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The origins of CpG islands (CGlIs) are not known. They are relatively short GC-rich
regions of DNA with a higher-than-expected occurrence of CpG dinucleotides compared
to most of the genome. They constitute less than 1% of the human genome but harbor
approximately 40% of all transcription start sites (TSSs). CGIs are usually modulated
by histone modifications in somatic cells or, in a minority of cases, permanently silenced
by CpG methylation. Those that do not have TSSs are called “orphan CGIs”. Here, we
show that CGIs containing TSSs almost never contain any of three major classes of trans-
posable elements (TEs) and orphan CGIs rarely do. We hypothesize that CGIs persist
across evolutionary time due to counterselection against TE insertion in the germ line.
The 99% of the vertebrate genome, which is not CG rich, contains 60% of TSSs and
putative enhancers. We postulate that conversion of an ancestral CpG-rich genome into
the current CpG-depleted version present in vertebrates may also have allowed reversible
DNA methylation to function in complex and dynamic gene control circuits. Therefore,
we propose an evolutionary model in which vertebrate TEs are indirectly responsible
for the existence of CGIs, and the formation of regulatory elements such as TSSs and
enhancers that can potentially utilize dynamic DNA methylation for gene control.

CpGislands (CGls) | transposable elements (TEs) | transcription start sites (TSSs) | DNA methylation

In a previous study of 53 eukaryotic species (1), we found a direct correlation between
genome size and TE content and an inverse correlation with the Observed/Expected (O/E)
CpG content. We argued that the original evolutionary benefit of DNA methylation was
the silencing of TEs, allowing for genome expansion. This, in turn, led to depletion of
the CpG sequence due to the spreading of DNA methylation into host DNA in the germ
line (1). Consistent with this hypothesis is the fact that methylated CpG dinucleotides
show an increased rate of C-T transition mutations relative to unmethylated sequences
(2). Also, organisms with compact genomes, such as Caenorhabditis elegans and Drosophila
melanogaster, have a lower proportion of TEs, little or no measurable DNA methylation,
less CpG suppression, and few if any CGIs. Among other processes, developmental pro-
grams in these organisms rely on histone variants and modifications, such as those applied
by the Polycomb Repressive Complex (PRC), to enable epigenetic regulation (3).

In contrast, vertebrate genomes are characterized by their large sizes, the occurrence of
widespread DNA cytosine methylation, mostly in the CpG dinucleotide sequence, and
the presence of a substantial proportion of TEs (1, 4, 5). In mammals, TEs are mainly
represented by long interspersed nuclear elements (LINEs), short interspersed nuclear
elements (SINEs), and long terminal repeats (LTRs) (6, 7). As will be discussed later,
components of evolutionary young versions of these elements fulfill the algorithmic criteria
used to identify CGIs, complicating the distinction between host and TE.

TEs exert a wide range of functions; they can be sources of genetic variation or be
actively involved in the regulation of the host genome, through processes that can occur
in combination with epigenetic mechanisms (8—11). The most abundant SINEs in the
human genome are A/uS elements, which are primate-specific and account for about 10%
of the genome. TEs have been shown to have the ability to mediate interactions between
transcription factors (TFs) and regulatory elements (8, 12, 13). However, active transpo-
sitions or genomic rearrangements mediated by TEs can be inherently deleterious. For
instance, TE insertions are associated with tumor evolution in somatic cells as well as with
potentially lethal mutations in the germline (14, 15). Consequently, epigenetic mecha-
nisms to suppress TE activity are essential (16-19).

DNA methylation silences TEs in the germline, protecting the complex host gene
expression programs during embryogenesis (20, 21). Additionally, as mentioned previously,
the deamination of 5-methylcytosine (5mC) to thymine (T) leads to C-to-T mutations,
further contributing to eventual loss of their transcriptional potentials (1, 22—24). While

PNAS 2025 Vol. 122 No.43 2502963122

Significance

Transposable elements (TEs)
constitute about half of the
vertebrate genome. Previously,
we provided evidence that TE
silencing by CpG methylation in
the germ line and subsequent
deamination resulted in strong
CpG depletion not only in the TEs
but also in the host genome.
Present day vertebrate genomes
are CpG poor except for the 1%
of the genome represented by
CpG islands (CGls). We propose a
theory that TEs are indirectly
responsible for the existence of
CGls through selection bias.
Additionally, the dilution of the
CpG sequence in the majority of
host DNA allowed for the
evolution of regulatory elements
(REs). These REs utilize reversible
DNA methylation for gene control
and include tissue-specific
transcription start sites and
enhancers.

Author contributions: J.S.Y., G.L, and P.AJ. designed
research; J.S.Y. and S.P. analyzed data and performed
experiments; and J.S.Y., S.P., and P.A/J. wrote the paper.

Reviewers: B.E.B., Harvard Medical School; and T.W.,
Washington University.

Competing interest statement: P.AJ. is consultant
for Zymo Research Corporation and Gangning Liang
is consultant for Pangea Laboratory. No competing
interests were disclosed by the other authors.

Copyright © 2025 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

").S.Y. and S.P. contributed equally to this work.

2To whom correspondence may be addressed. Email:
Peter Jones@vai.org.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2502963122/-/DCSupplemental.

Published October 24, 2025.

https://doi.org/10.1073/pnas.2502963122 1 of 9


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Peter.Jones@vai.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2502963122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2502963122/-/DCSupplemental
https://orcid.org/0000-0002-1090-8050
https://orcid.org/0000-0001-8664-922X
mailto:
https://orcid.org/0000-0001-8309-4767
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2502963122&domain=pdf&date_stamp=2025-10-17

Downloaded from https://www.pnas.org by 210.121.7.190 on November 24, 2025 from |P address 210.121.7.190.

20f9

recent findings suggest that replication errors, potentially involv-
ing polymerase € (Pol €), may also contribute to the generation
of C-to-T transition mutations (25), 5mC deamination appears
to be the primary cause of such mutations in the human
genome (206).

CpG is the only dinucleotide strongly depleted in the vertebrate
genome with the notable exception being the CpG islands (CGls).
These short CpG enriched regions represent less than 1% of the
total genomic DNA (27) but are associated with the transcription
start sites (TSSs), as a critical landmark for the promoters, of about
40% of all vertebrate genes (28-30). However, little is known
about their origins, particularly because the interplay between
CGIs and GC-rich TEs is difficult to disentangle. Here, we
hypothesize that CGIs persist because they resist or avoid TE
insertion across evolutionary time, thereby remaining unmethyl-
ated in the germ line. Their conservation is favored because they
often function as promoters of essential genes (31-34).

While CGIs have remained unmethylated in germlines, their
roles in somatic cells are frequently misunderstood. Somatic meth-
ylation of CGls is not frequent and not involved in the reversible
control of gene expression. Rather, it is used as a long-term silenc-
ing strategy for TEs and a minority of cellular genes such as those
on the inactive X-chromosome, germ cell-specific, and imprinted
genes (35). Reversible regulation of CGIs is instead achieved by
chromatin modifications analogous to the PRC mechanisms in
organisms lacking either DNA methylation or recognizable CGls
(3). This suggests that chromatin modifications other than DNA
methylation evolved early in evolution.

In this study, we expand on our earlier work (1) by also exam-
ining the effects of CpG depletion on the remaining 99% of the
genome which contains most regulatory elements (REs) including
60% of the TSSs and putative enhancers. We further explore the
interrelationships between TEs and CpG-poor TSSs. These TSSs
tend to have TEs in closer proximity than those located in CGls.
They are also more frequently associated with tissue-specific genes
(33, 36, 37), and they more often contain TEs at the TSS. An
important outcome of the generation of CpG poor functional
elements may therefore be the addition of an additional reversible
chromatin mark not available to organisms with more compact
genomes and no cytosine methylation. Overall, we propose a
model in which the occurrence of TEs in vertebrate DNA has
resulted in the preservation of CGIs derived from the ancestral
genome. Invasion of TEs into nonessential regions may also have
led to the evolution of new REs including TSSs and enhancers.
The erosion of high densities of the CpG sequence might therefore
have unlocked the potential for DNA methylation to participate
in gene modulation rather than simply participating in permanent
silencing for CGIs and present-day TEs.

Results

CGls Are Enriched for TSSs and Depleted of TEs. The definition of
CGIs was first formulated by Gardiner-Garden and Frommer (31)
before accurate mapping of TEs was possible (31). They defined
CGlIs as being at least 200 bp in length with a G + C content >50%
and an (O/E) CpG ratio of greater or equal to 0.6. This definition
is often still used, but it includes evolutionary young SINEs, and
the 5’UTRs of LINES and ERVs (LTRs) which are about 300 to
500 bp in length and easily fulfill these algorithmic criteria (38)
(SI Appendix, Table S1). Earlier, we proposed a more stringent
definition to help exclude young TEs from the data given that we
are interested in the host DNA and its ability to act as a TSS for
cellular genes (33) and TE can initiate CpG loss in host DNA (1).
In the current paper, we used a cutoff for length of 400 bp rather
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than 200 bp, given that the interval of 200 to 400 bp is largely made
up of TEs rather than host TSSs (SI Appendix, Fig. S1). We also
assessed directly the percentages of TE-derived DNA fragments in
the CGIs we examined, to make sure we were not excluding small
remnants of ancient TEs in our analysis.

We first examined the colocalization of human CGIs and TSSs
and found, as expected, that TSSs are preferentially located within
CGlIs (Fig. 1A4). Given that neither CGls nor TSSs are randomly
distributed across the genome, we used a permutation test to ran-
domly select equal-sized intervals within 1 Mb of actual CGI
locations. We identified 21,586 CGIs using these criteria. TSSs
are enriched in CGls, as almost 60% of CGIs have TSSs, com-
pared to the 3.4% expected if distributions were random (Fig. 1B).
We then examined the co-occurrence of TEs with CGIs and found
that TE presence within CGls is far less abundant than in the
surrounding DNA (Fig. 1C). Note that the content of TEs in
GCls is less than it appears visually due to the fact that the pixels
are proportionally larger than the actual densities. Quantitation
of the actual contributions of each TE-derived DNA to the total
DNA content in the CGISs revealed that SINEs account for 2.5%,
LINEs 0.9%, and LTRs 1.3% of the sequences in these regions
(Fig. 1D). This is significantly less than that found in the sur-
rounding 100 kb of DNA on both sides of the CGIs (Fig. 1D).
Fig. 1D also shows that SINEs are more prevalent than expected
in the vicinity of these actively transcribed genes compared to the
total SINE content of human DNA. The reason for the enrich-
ment of SINEs in euchromatin is not known but was first recog-
nized some time ago (39).

Next, we examined the mouse genome and found 12,399 CGls
with an even higher enrichment of TSSs (S Appendix, Fig. S2A)—
almost 78% of CGls have TSSs (8] Appendix, Fig. S2B). We also
observed that both SINEs and LTRs were depleted in CGls
(SI Appendix, Fig. S2 Cand D). Surprisingly, LINEs were enriched
in CGIs relative to surrounding DNA (87 Appendix, Fig. S2D).
These observations align with previous reports in which LINE
elements were shown to be more active in mice than in humans,
where they play a prominent role in shaping the genome (40-42).
Therefore, in both mouse and human, TEs are generally but not
always depleted from CGls, suggesting a conserved evolutionary
constraint for TE insertions into CGIs.

CGls Differ Depending on TSS Presence. The exclusion of TEs
from human and, to a lesser extent, mouse CGIs could have at
least two explanations. The higher prevalence of CpG could be
inherently resistant to TE insertion. Alternatively, the insertion
of TEs in the germline might be negatively selected against,
leading to a survivorship bias in the examined genomes. To begin
distinguishing between these possibilities, we categorized CGls
based on the presence (TSS_CGIs) or absence of a TSS within the
boundaries of the island region. The latter have been named “orphan
CGIs” (43), which despite lacking TSSs, can still have regulatory
functions, such as being enhancers (44-46). Interestingly, it has
recently been shown that the turnover of orphan CGlIs between
species contributes to regulatory innovation (47).

We found that TSS_CGIs are larger, have more CpG dinucle-
otides, and have a higher O/E CpG ratio than orphan CGlIs
(Fig. 24) and are more depleted of TEs than orphan CGlIs (Fig. 2
B and (). In detail, TSS_CGIs, SINEs, LINEs, and LTRs
accounted for only 1.8, 0.3, and 0.2%, respectively, of the total
nucleotides (Fig. 2C). These TEs were also found to be 11- to
57-fold less abundant in TSS_CGIs than in the surrounding 100
kb regions, which is higher than that observed for orphan CGls
(Fig. 2D), clearly illustrating the preferential exclusion of TEs
from TSS_CGIs over evolutionary time. TE depletion in orphan
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Fig. 1. TSSs are frequently located within CGls, while TEs are often depleted from these regions. (A) CGls were plotted according to width and aligned by midpoint,
and TSSs were placed relative to each CGl. (B) Percentage of coincidence with TSSs for actual CGls (Actual) or random intervals of identical lengths and similar
locations to CGls (Expected) (C) SINEs, LINEs, and LTRs are plotted relative to CGls. Note that the content of TEs in CGls is less than it appears visually because
the pixels are proportionally larger than the actual densities. (D) Percentage of total nucleotides corresponding to TE according to the three main categories
SINE, LINE, and LTR. These were measured inside of CGls and 50 kb flanking regions.

CGIs may reflect the fact that they have functional roles, such as
acting as enhancers, although the degree of depletion is less pro-
nounced compared to TSS_CGIs (Fig. 2 B-D).

While the mouse genome showed slightly smaller sizes of CGIs,
most of the features of TSS_CGIs were well conserved between
mouse and human (87 Appendix, Fig. S34). By discriminating
between the two types of CGIs, we observed that LINE insertions
in CGIls were mostly located in orphan CGls (SI Appendix,
Fig. S3B); 50% in orphan CGIs wversus 1% in TSS_CGIs
(81 Appendix, Fig. S3Cand 3D). Interestingly, we found that most
LINEs located in CGls belonged to relatively young LINE subfam-
ilies, known to have transposition potential, in both human and
mouse (8] Appendix, Fig. S3D). As discussed earlier, LINE 5"UTRs
fulfill the numerical criteria of a CGI (SI Appendix, Table S1) so
that 50% of these orphan CGls are probably not derived from the
host DNA but represent the creation of new “CGIs” by TEs which
may not have acquired a biological function. Altogether, these data
suggest that there has been selection pressure against TE invasion
in TSS_CGIs, while orphan-CGIs are apparently more likely to

contain TEs, and these are conserved features across species.
TE Insertions Are More Common in CpG Poor than CGI_TSSs.

Building upon our prior findings of strong TE exclusion at all
annotated TSSs regardless of CGI status (1), we investigated
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this phenomenon in more detail by analyzing the distribution
of TEs around TSSs categorized as either CGI associated
(CGL_TSS) or CpG poor (non-CGI_TSS) (Fig. 3). Almost
none of the three TE classes were found at CGI_TSSs, which is
consistent with our previous analysis (Fig. 1). In contrast, they
were more often observed at non-CGI_TSS (Fig. 3B). A small
portion of TSSs, all of which belong to non-CGI_TSSs, had
TEs exactly overlapping the TSS. This observation aligns with
the notion that these elements could have been repurposed as
regulatory elements, such as alternative promoters, throughout
evolution (8).

Interestingly, as observed previously (1), there was a pronounced
decrease in the densities of all three TE classes downstream of the
TSSs (Fig. 3B). One explanation for this observation is that TEs
may interfere with the initial phases of transcriptional elongation,
leading to evolutionary selective pressure to reduce the presence
of TEs downstream of the TSS. In general, the mouse genome
showed similar features (ST Appendix, Fig. S4).

Previously, we reported that all three classes of TEs were more
frequently centered at enhancers than TSSs (1). Importantly, the
frequencies of their occurrence were markedly age-dependent and
evolutionary older versions, which had lost CpG sites were more
likely to be present at these regulatory elements (REs). This loss
of CpG sites was accompanied by changes in the binding sites for
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TFs associated with the aged TEs (1). Thus, CpG depletion in

TEs can result in the generation of new REs.

TEs Near Non-CGI_TSSs Have Limited Effects on Gene Expression.
It is possible that the TE sequence per se has a functional role in
the regulation of genes in which the promoter, as opposed to the
actual TSS, co-occurs with a TE. To test this possibility, we selected
two well-characterized “stemness” genes, POUS5FI (also known as
OCT4), and NANOG, contain Al elements, in their promoters
291 bp and 213 bp upstream of the TSS, respectively (Fig. 4). An
evolutionarily old Al (Alu]) is located in the promoter of OCT4
(Fig. 4A), likely inserted into the genome about 65 Mya (12).
In the promoter of NANOG, a copy of the most abundant A/u
element in the human genome, an intermediate-age A/uS (~37
Mys old), is present (13) (Fig. 4B). It is important to note that the
Alus in question are not the most studied ones in stemness (48),
which are located about 6 kb upstream.

To test the effect of these Alu insertions on transcriptional
activity, we generated luciferase constructs in which the candi-
date Alu was either included or absent from the canonical pro-
moter. The OCT4 luciferase construct (2.6 kb region upstream
of TSS) and NANOG construct (1.8 kb region upstream of TSS)

are not at CGI and contain both the proximal enhancers and

https://doi.org/10.1073/pnas.2502963122

promoters, respectively. We transfected them into NCCIT cells,
a surrogate for human embryonic stem cells, in which both
OCT4 and NANOG are highly expressed as all the necessary TFs
for their expression are also present (49). The OCT4 transcrip-
tional activity was slightly, but significantly, stimulated in the
absence of A/u/ (Fig. 44). In contrast, NANOG’s transcriptional
activity was only slightly decreased with the ablation of the A/uS
(Fig. 4B). In neither case did the presence or absence of the Alu
markedly alter transcription when upstream or downstream host
sequences were either present or not (Fig. 4 A and B). These Alus
therefore have modest effects, if any, on the promoter
functions.

Next, we tested whether in vitro methylation of the CpGs
included in these constructs with the bacterial methylase Sss/
would downregulate luciferase expression by either promoter
(Fig. 5 A and B). Once again, the presence or absence of the Alu
in either promoter had little discernible effect on the ability of
DNA methylation to inhibit luciferase expression. We had earlier
investigated the temporal acquisition of DNA methylation on
these promoters during differentiation (50). The Alus in OCT4
and NANOG were largely bereft of endogenous cytosine methyl-
ation when the genes were expressed but became more methylated
after retinoic acid treatment, in concert with the other upstream

pnas.org
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non-CGI_TSSs in the human genome. TSSs within CGls (pink) show very little immediate proximity to TEs but starting around 1.5 kb upstream show a higher
frequency of TE positioning compared to non-CGI_TSSs (blue).

regions. Also, it has been reported that these A/us become demeth- Discussion
ylated in heterokaryons during reprogramming (51). Together,

these observations suggest that the methylation state of TEs mir- The results of our current analysis, which are an extension of our
rors the flanking host promoter sequences with limited effects on  previous work (1), reveal remarkable differences between the com-
transcription. position of promoters that contain CGls and those that do not.
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significantly reduced transcriptional activity, regardless of Alu element presence.

CGlIs contain the start sites for more than 40% of all TSSs or
promoters and are characterized by the absence of TEs. Although
orphan CGIs exhibit a slightly higher prevalence of TEs, their
functions have not been extensively studied. However, they do
contain functional elements such as a novel class of strong enhanc-
ers that are highly active and evolutionarily conserved (46).

The concept that CGIs exist because they are not methylated
in the germ line was proposed some time ago by Antequera and
Bird (52, 53), however a mechanism for their resistance to de novo
methylation was not apparent. We hypothesize that CGls, par-
ticularly those associated with housekeeping or developmentally
important genes and which are evolutionarily older than tissue-
specific genes (32, 34), have been maintained during evolution
by escaping TE invasion. They have survived the evolutionary
depletion of CpG because they are essential for the cell and devel-
opment and are largely subject to epigenetic control by chromatin
modifications involving histones and other chromatin compo-
nents (3). Indeed, based on this concept, the use of the geomor-
phological term “islands” may be misleading, CGIs might be
better described as “mesas” or “buttes”, remnant regions remaining
after the evolutionary erosion of a CpG-rich ancestral genome.
The concept of “mesas” is perhaps best appreciated by the fact that
divergent genes often share a CGI promoter (54-57). Some bidi-
rectional genes are approximately 500 My old (58). This is con-
sistent with the idea that the CGIs represent remnants of the
ancient genome which has resisted TE invasion (56). Further
support for this concept comes from observations that organisms
with compact genomes such as C. Elegans or D. Melanogaster either
have a very small or low percentage of TEs and no cytosine meth-
ylation. They also have few, if any CGlIs (59, 60), suggesting that
both TEs and DNA methylation are required for their presence.

In contrast, non-CGI_TSSs more often contain TEs at the start
sites, in line with the hypothesis that TEs may provide the oppor-
tunity for the incorporation of novel regulatory DNA elements
during evolution (8). However, the majority of non-CGI_TSS or
enhancers are not centered on TEs. This is consistent with the idea
that the presence of TEs in the genome has resulted in a decrease
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in the CpG content of these regions (1). This progressive loss of
CpG dinucleotide may have allowed for the evolution of a greater
variety of options for TFs to interact with these start sites which,
unlike CGIs, are more frequently associated with younger
tissue-specific genes rather than the older widely expressed genes
(32, 34). Further support for this hypothesis also comes from the
analysis of TSS turnover events in the mouse and human genomes,
where high turnover rates are more common in non-CGlIs than
CGIs (61). Since turnovers often require the evolution of new TSSs,
the depletion of CpGs may facilitate the generation of new TSSs in
both host and TE-derived DNA. As mentioned earlier, our previous
analysis of enhancers demonstrated that evolutionarily old TEs with
decreased CpG content are found at enhancers (1). Also, Klein et al.
have suggested that CpG deamination at enhancers is an important
force driving enhancer modulation during primate evolution (62).
TEs may therefore indirectly contribute to tissue-specific gene
expression and enhancers in CpG-poor regions in a manner that
has not been previously appreciated for genetic innovation. It is
supported by the fact that CGI genes like housekeeping genes often
rely on a limited number of TFs, such as SP1. On the other hand,
tissue-specific genes require a more extensive repertoire of TFs that
form complex regulatory networks (29, 63-65). A recent report
also supported the idea that housekeeping genes utilize promoter
clustering as an alternative regulatory mechanism (66), unlike cell
identity genes which rely on enhancer—promoter looping.

We outline these concepts in Fig. 6. With the coevolution of
TE invasion and the DNA methylation machinery, considerable
genome expansion was possible. Subsequently, DNA methylation
of the flanking CpG sites in the germline with the TEs serving as
centers for methylation, results in the gradual loss of CpG content
both in the TE and host sequence, due to deamination process
and C-to-T conversion during evolution. CGIs are protected from
TE insertion, likely because they play functional roles in house-
keeping gene expression and development during embryogenesis.
This also results in tissue-specific genes with their CpG-poor pro-
moters and other REs, such as enhancers, becoming competent
to use reversible DNA methylation to participate in gene
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Fig. 6. Roles of TEs and DNA methylation in shaping the genome. We propose an updated version of the roles of TEs and DNA methylation as a follow up to our
earlier work (1). In this model, the ancestral genome was relatively compact and rich in CpGs, resembling the genome of organisms that lack DNA methylation.
The subsequent coevolution of TEs and DNA methylation machinery led to significant genome expansion. After TE insertion, the methylation of TEs and
neighboring sequences initiated a gradual decline in CpG content within these regions. This process, coupled with the natural rate of C-to-T mutations, resulted
in the loss of CpG sites over evolutionary time. CGls have escaped large-scale invasion by TEs, likely due to their essential role in controlling TSSs (CGIs_TSS)
and enhancers (orphan CGls) during development. TSSs are distributed across the genome as follows: 42% reside within CGls, 5% are located within TEs, and
the remaining 53% are found outside of both CGls and TEs. In this context, CGls have evolved more like “mesas” or “buttes”, rather than “islands”, evading the
evolutionary depletion of CpG sites due to their critical role in housekeeping functions. TEs could also have provided opportunities by depletion of CpG sites
for the generation of TFs binding sequences (Non-CGI_TSS) and REs evolution, such as enhancers. Additionally, TEs act as substrates for extensive genome
rearrangement and recombination, which is not represented in this figure. We propose that the interplay between TE insertion and DNA methylation facilitated
the evolution of more specialized, tissue-specific gene transcription. It also allowed for dynamic DNA methylation to participate in multiple-layer epigenetic

controls. Image credit: adapted from ref. 1.

expression control (67-71), which allows for dynamic DNA meth-
ylation to participate in multiple-layer epigenetic controls.

In summary, the use of the term “junk DNA” fails to capture
the profound symbiosis between the host genome and the TEs.
Reduction of the CpG frequency in both the TE and the host
DNA has most likely led to the existence of genomic landmarks
(CGIs or “Mesas) which can easily be recognized by TFs and serve
as TSSs for 40% of all genes, many of which are essential for
survival or organismal development. TEs can also function as part
of REs (1, 8), but their most consequential contribution is prob-
ably the reduction of the CpG content of the remaining 99% of
the genome, allowing for DNA methylation to function as a “tun-
able” but heritable epigenetic mark. Also, as the CpG content of
the TEs themselves decreases during evolution, their presence near
non-CGI_TSSs does not appear to interfere with gene control, as
we demonstrated for OCT4 and NANOG. The expansion of the
genome by TEs might therefore have given rise to more options
for gene control not available to organisms with compact genomes.

Materials and Methods

Genome Data and Statistics. All sequence analyses were carried out using
the hg38 human and mm10 mouse genome assemblies. TE annotations were
downloaded from RepeatMasker: hg38 - Dec. 2013 - open-4.0.5 - Repeat Library
20140131,and mm10-Dec.2011 - open-4.0.5 - Repeat Library 20140131. Human
and mouse TSSs were obtained from refTSS 4.0 0 (72). CGl locations were derived
from UCSC based on an unmasked genome. There are 51,402 CGI in unmasked
hg38 based on criteria from Gardiner-Garden & Frommer criteria (31), which is
(G + C) content of 0.50 or greater and an observed to expected CpG dinucleotide
(O/E) ratio of 0.60 or greater, within a sequence window of 200 bp or greater. This
number dropped to 21,856 when a threshold of 400 bp or larger was used. Typically,

PNAS 2025 Vol. 122 No.43 2502963122

researchers use a set of CGIs which have been derived from a masked genome in
orderto exclude repetitive DNA. For example, SINEs-ALUY, which, in the active form, is
about300 bp long,is 57% GC, and has a CpG OE = 0.95 and so would be considered
a CGls spuriously. We found that unmasked_CGl annotated regions, smaller than
400 bp, were more likely to be DNA that was mostly or only repetitive and TE DNA,
whereas unmasked_CGls larger than 400 bp were more likely to be masked_CGls
plus repetitive and TE DNA. In terms of numbers, unmasked_CGls consist of 29,586
small(200to 400 bp)intervalsand 21,816 large intervals, while the (normally used)
masked_CGls consist of 9,411 small intervals and 18,538 large intervals.

Interval positioning and overlap measurements were computed with bedtools
V2.31 and/or R implemented GenomicRanges V1.58.0. By default, Granges are
1-based sequences while bedtools and UCSC files are 0-based, meaning that
some discrepancies for 1 bp overlapping intervals are possible.

Permutation testing was used in Fig. 1B to calculate the expected background
TSS/interval overlap rate. Because TSS and TEs are not randomly distributed across
the genome, an appropriate comparison for the expected association should
exclude empty regions or other portions of the genome where TSS, TEs, and CGls
are not located. The same number and size distribution (as for actual CGl intervals)
of randomized intervals was selected from sequence within 1 Mb of actual CGl
positions. The random sets were generated 1,000 times and compared to TSS
locations to determine the expected TSS-CpG association frequency.

Luciferase-Based Transcription Assays. Luciferase vectors were cloned into
the pCpGL basic vector (73). For methylated plasmid, Luciferase vectors were
subjected to in vitro methylation by methyltransferase M.Sssl in the presence
of methyl group donor S-adenosylmethionine (SAM). NCCIT cells were plated in
6-well plates, and 24 h later, luciferase constructs were transfected into the cells
using Lipofectamine LTX (Invitrogen) according to the manufacturer's protocol.
Cells were lysed 24 h later, and luciferase assays were performed using a Dual-
Luciferase® Reporter Assay System (Promega, Madison, WI) on a single automatic
injection Mithras (Berthold technologies, Bad Wildbad, Germany) luminometer
following the manufacturer's instructions. Luciferase readings were taken as
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singlets. Ratios of Renilla- to Firefly-luciferase readings were recorded for each
experiment, and triplicates were then averaged.

Cell Culture. Embryonic carcinoma NCCIT cells (American Type Culture Collection)
were cultured in RPMI 1640 (Life Technologies) supplemented with 10% fetal
bovine serum.

Data, Materials, and Software Availability. No new data was generated for
this research; all genomic sequence and annotation data came from publicly
available sources, as referenced. Primary data used consists of; RepeatMasker:
hg38 - Dec. 2013 - open-4.0.5 - Repeat Library 20140131, and mm10 - Dec.
2011 -open-4.0.5 - Repeat Library 20140131, at https://www.repeatmasker.org
(74). Human and mouse TSSs were obtained from refTSS 4.0 0, at https:/reftss.
riken.jp (72). Genomicinterval and statistical analysis were done using standard
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