
DNA methylation enables transposable element-driven
genome expansion
Wanding Zhoua,b,1

, Gangning Liangc, Peter L. Molloyd, and Peter A. Jonese,1

aCenter for Computational and Genomic Medicine, The Children’s Hospital of Philadelphia, Philadelphia, PA 19104; bDepartment of Pathology and
Laboratory Medicine, University of Pennsylvania, Philadelphia, PA 19104; cDepartment of Urology, USC Norris Comprehensive Cancer Center, University of
Southern California, Los Angeles, CA 90089; dNutrition and Health Program, Health and Biosecurity, Commonwealth Scientific and Industrial Research
Organisation, North Ryde, NSW 2113, Australia; and eCenter for Epigenetics, Van Andel Institute, Grand Rapids, MI 49503

Contributed by Peter A. Jones, June 19, 2020 (sent for review December 12, 2019; reviewed by Haig Kazazian, Matthew C. Lorincz, and Dustin E. Schones)

Multicellular eukaryotic genomes show enormous differences in
size. A substantial part of this variation is due to the presence of
transposable elements (TEs). They contribute significantly to a
cell’s mass of DNA and have the potential to become involved in
host gene control. We argue that the suppression of their activities
by methylation of the C–phosphate–G (CpG) dinucleotide in DNA is
essential for their long-term accommodation in the host genome
and, therefore, to its expansion. An inevitable consequence of cy-
tosine methylation is an increase in C-to-T transition mutations via
deamination, which causes CpG loss. Cytosine deamination is of-
ten needed for TEs to take on regulatory functions in the host
genome. Our study of the whole-genome sequences of 53 organ-
isms showed a positive correlation between the size of a genome
and the percentage of TEs it contains, as well as a negative corre-
lation between size and the CpG observed/expected (O/E) ratio in
both TEs and the host DNA. TEs are seldom found at promoters
and transcription start sites, but they are found more at enhancers,
particularly after they have accumulated C-to-T and other muta-
tions. Therefore, the methylation of TE DNA allows for genome
expansion and also leads to new opportunities for gene control by
TE-based regulatory sites.
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Eukaryotic genomes contain much more DNA than necessary
for the protein-coding and noncoding genes they contain,

and they show as much as 64,000-fold variation in their sizes (1).
Although the functional significance of these size differences
remains enigmatic (2), much of the variability can be explained
by the presence of repetitive DNA, particularly transposable ele-
ments (TEs), which were identified by Barbara McClintock many
years ago (3). The human genome, for example, has three main
classes of TEs that together make up more than 45% of human
DNA: long interspersed nuclear elements (LINEs), short in-
terspersed nuclear elements (SINEs), and endogenous retro-
viruses (ERVs). These elements have inserted themselves and
transposed in eukaryotic germlines in waves during evolution
and have the potential to modify gene control in the host
organism (4–6).
Thirty years ago, Bestor (7) proposed that an important

function of DNA cytosine methylation was to silence the ex-
pression of TEs. Given the potentially lethal effects of ectopic
expression of these elements, methylation would allow for the
coexistence of TEs and the host in a type of host–parasite rela-
tionship. An important additional posit was that prokaryotic
DNA methyltransferases began by protecting the host from
foreign DNA integration but evolved into enzymes which
allowed for the coexistence of foreign DNA within the host ge-
nome (Fig. 1). The transition from the relatively narrow and rare
sequence specificities of prokaryotic DNA methyltransferases to
eukaryotic enzymes recognizing the simple and frequent C–
phosphate–G (CpG) dinucleotide therefore enabled the ac-
commodation of TEs in the host. Bird and others (8), using
methylation-sensitive restriction enzymes, subsequently found that

invertebrates had either very little or highly compartmentalized
regions of CpG methylation, whereas vertebrates had inter-
genic and far more widespread modification patterns (Fig. 1).
These insightful observations were made before the advent of

whole-genome sequencing and did not fully appreciate that cy-
tosine methylation was inherently strongly mutagenic (9). This is
due to a much-increased rate of C-to-T transition mutations at
methylation sites such as CpGs. In turn, this produces a strong
decrease in the observed/expected (O/E) ratio of CpGs (a
measure of the loss of CpG dinucleotides; Materials and Meth-
ods) in the DNA of organisms having CpG methylation. For
example, human DNA shows a CpG O/E ratio of about 0.25,
with methylated CpG sites having a half-life of about 35 million y
in the germline (10). By measuring the underrepresentation of
this dinucleotide in modern species, we can infer the prevalence
of CpG DNA methylation in evolutionary time.
By examining the complete DNA sequences of 53 organisms,

we can confirm the validity of Bestor’s original hypotheses and
have uncovered some concepts, namely that the integration of
TEs leads not only to genome expansion and methylation of the
TE DNA but also to the methylation of the flanking host DNA.
While the evolutionary driver for expansion remains unknown,
there is a clear correlation between genome size and CpG un-
derrepresentation, suggesting that DNA methylation led to
substantial increases in DNA mass. We also confirmed earlier
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suggestions that TEs can contribute to the formation of new cis-
regulatory DNA elements actually bound by transcription factors
in living cells. However, in general, this contribution results in a
modest number of binding events compared with those contrib-
uted by non-TE DNA and often requires that the TEs have

undergone evolutionary alterations in the form of C-to-T and
other mutations.

Results
Genome Size and the CpG O/E Ratio Are Negatively Correlated. We
used whole-genome DNA-sequencing data for invertebrates and
vertebrates to assess the CpG O/E ratio, size of the genome, and
percentage of the genome occupied by TEs (Fig. 2A). Inverte-
brates have small genomes, few TEs, higher percentages of
coding sequence, and little CpG loss because they do not have
strong intergenic CpG methylation (11). Fish and amphibians
have intermediate-size genomes and relatively few TEs, but their
lower CpG O/E ratio did show some CpG loss. Birds are strongly
CpG-deficient even though they have relatively smaller genomes
and a lower percentage of TEs. It has been suggested that birds
may have lost substantial portions of their genomes during the
transition to flight (2), and DNA methylation may have first
allowed for a genome expansion before that loss. Most tetrapods
show a two- to three-fold increase in genome size relative to fish,
with a high percentage of TEs and fewer CpGs.
For the 53 organisms examined, Fig. 2B shows a positive linear

relationship between genome size and TE content (Spearman’s

Fig. 1. Model illustrating differing roles for DNA methylation in handling
exogenous DNA. DNA methylation in prokaryotes is part of their restriction/
modification system of host defense. Invertebrates can accommodate TE
DNA to a limited extent due to low prevalence of DNA CpG methylation.
Vertebrates, especially mammals, have extensive CpG methylation on a ge-
nomic scale and can tolerate high levels of TEs.

A

B C D

Fig. 2. DNA methylation enabled genome expansion via TEs in higher-order vertebrates. (A) Genome size (billion bp), % TE, % coding sequence (CDS), and
CpG O/E ratio, shown on a taxonomy tree. (B) Total number of TE bases versus genome size. (C) CpG O/E ratio versus genome size. *Fish includes Actino-
pterygii (ray-finned fishes), Chondrichthyes (cartilaginous fishes), and lamprey (a jawless fish) but not coelacanth. **Although part of Tetrapoda, birds (Aves)
are colored separately. (D) Average methylation levels of gene exons and TEs in different organisms.
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ρ = 0.97, P < 2.2 × 10−16) and Fig. 2C shows an inverse rela-
tionship between the CpG O/E ratio and genome size (Spear-
man’s ρ = −0.48, P < 2.8 × 10−6). We also used data from whole-
genome bisulfite sequencing of extant species to determine the
distribution of CpG methylation (as opposed to CpG depletion)
within them (SI Appendix, Fig. S1). Species with larger genomes
have higher levels of intergenic DNA methylation, which is
mostly attributable to the methylation of TEs (Fig. 2D). In in-
vertebrates such as sea squirts and early jawless vertebrates such
as lamprey, the TEs are less methylated relative to the genic
regions. The ERVs are an exception; they are relatively more
methylated compared with other TEs in early vertebrate evolu-
tion (Fig. 2D). In most vertebrates having a substantial TE
content (Fig. 2A), we found that all TE families had equal or
higher methylation than did gene exons (Fig. 2D). A likely ex-
planation is that the TEs are able to play a role in the increase of
genome size because transcriptional suppression by DNA
methylation reduces their possible deleterious consequences to
the host (Fig. 1).

Transposable Elements Can Initiate CpG Loss in Host DNA. The data
in Fig. 2 are consistent with the idea that TEs are likely re-
sponsible for both the expansion of the genome and its subse-
quent CpG depletion. We next asked whether the de novo
methylation of a TE results in CpG loss not only in the TE but
also in the surrounding host DNA. We used Alu elements as
examples because unlike LINEs and ERVs, which are CpG-rich
only in their promoter/long terminal repeat (LTR) regions, Alus
are CpG-rich throughout their 280-bp sequences before their
initial insertion or transposition (10, 12). We know that Alus can
act as “methylation centers” after insertion into host DNA,
whereby methylation subsequently spreads into the flanking
DNA (13–15). To determine whether such methylation spread-
ing might subsequently result in CpG loss in the flanking host
DNA over evolutionary time, we arrayed Alu elements in the
human genome according to their age and then generated a
heatmap of the surrounding host CpG content (Fig. 3A). Evo-
lutionarily older Alus show more CpG loss on their immediate
flanks than younger ones.
To confirm this genome-wide analysis, we focused on a rela-

tively recent AluY insertion into intron 6 of the TP53 gene which
took place in Old World monkeys and apes after they had sep-
arated from New World monkeys (10). We studied eight primate
species and confirmed a reduction in the CpG density of intron 6
in Old World monkeys and apes compared with New World
monkeys (Fig. 3B). On the other hand, such a relationship was
not seen in intron 10 of the same gene in which a more ancient
AluS insertion took place in a common ancestor of both Old and
New World monkeys (Fig. 3B). Collectively, these results suggest
that an unmethylated, CpG-rich TE inserted into the germline is
suppressed by DNA methylation, and that methylation can
subsequently be spread into the surrounding DNA, leading
eventually to the loss of CpG sites in neighboring DNA.

Evolutionarily Old TEs Are Found at Enhancers but Not at
Transcription Start Sites. Next, we determined the distribution of
TEs with respect to transcription start sites (TSSs) and enhancers
(Fig. 4). An earlier study looked at the promoter as a broad
region and found that 25% of such regions harbor TEs (16).
After determining exact TSS locations (Ensembl release 87), we
found that all three classes of TEs, irrespective of their evolu-
tionary ages, were in fact strongly excluded from TSSs and that
their frequency increased as a function of distance from a TSS
(Fig. 4A). TE frequency is defined as the ratio of sequences
originating from TEs found in TSSs or enhancers compared with
host sequences found in all elements investigated. This rela-
tionship is consistent with our earlier report that fewer TEs are
found at bidirectional promoter regions in which two proximal

TSSs are oriented away from each other (17). Interestingly, the
distribution curves showed decreased occupancy downstream of
the TSS relative to upstream, with the asymmetry best exhibited
by ERVs. A possible explanation for the asymmetry is that newly
inserted TEs might interfere with transcription pausing or first-
intron splicing (18). Alternatively, they might be too long to be
accommodated in the 5′ untranslated region, therefore under-
going negative selection in these positions.
In contrast to their absence at TSSs, ERVs were found at the

centers of enhancers at similar frequencies to the surrounding
host DNA; LINEs and SINEs were found at lower frequency

B

A

Fig. 3. Neighboring CpG density in flanking DNA is negatively correlated
with the evolutionary age of SINEs (Alu). (A) More than a million Alu ele-
ments in the human genome are arrayed according to their evolutionary
ages estimated by decreasing CpG density (defined as the number of CpGs
per base pairs of DNA sequence). We used density rather than O/E ratios for
this analysis because we assume GC content is relatively stable within short
distances. Densities of 800-bp sequence flanking every Alu element were
then calculated using a sliding 100-bp window and displayed as a heatmap.
Details are described in Materials and Methods. (B) Reduced CpG density of
TP53 intron 6 excluding an AluY which was inserted in Old World monkeys
and apes, compared with New World monkeys which do not contain AluY;
P = 0.057, Wilcoxon’s rank-sum test, two-tailed. No significant difference is seen
in intron 10 of TP53 where a more ancient AluS insertion took place in the
common ancestor of primates; P = 0.34, Wilcoxon’s rank-sum test, two-tailed.
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(Fig. 4B). The presence of TEs at these locations was dependent
on their evolutionary age, as assessed by the CpG O/E ratio.
Young Alu families, as exemplified by AluY (19), were notably
rare in enhancers relative to intermediate-age AluS and older
AluJ family members (Fig. 4C). Because of the problem of
mapping younger TEs that have not accumulated sufficient dis-
tinguishing mutations, we focused on mappable AluY copies to
derive these data displayed in Fig. 4C.
Older LINE elements (LINE2) were slightly overrepresented

in the centers of enhancers relative to the flanking DNA;
younger (LINE1) sequences were less frequent (Fig. 4D). The
same dependence on evolutionary age was seen with three
classes of ERVs (Fig. 4E); the older class III (ERVL) family was
overrepresented at enhancer centers relative to the younger class
I and class II (ERVK) (Fig. 4E), likely due to the accumulation
of C-to-T transitions or to having a lower CpG content when
originally inserted. These data suggest that the likelihood that a
TE will serve a regulatory function is increased by C-T and other
mutations acquired over time.
Our genome-wide TE analysis suggests that DNA methylation

and the C-to-T mutation consequences are factors in how TEs
can provide a source of host regulatory elements. The insertion
of a TE has been proposed to speed up the process of enhancer
creation by providing extra DNA containing preexisting regula-
tory sequences compatible with the host transcription factors
(20). However, based on our findings, it seems more likely that
insertion followed by de novo methylation of CpG sites in the
germline causes C-to-T transitions that, along with other muta-
tions, results in the generation of new regulatory elements both
within the integrated TE and in the surrounding host DNA.

The Evolutionary Drive for TE-Derived Transcription Factor Binding
Sites Is Dependent on the Genomic Context. The presence of mul-
tiple transcription factor binding sites (TFBSs) in TE-derived
DNA led to the hypothesis that TEs might provide a ready
source of DNA that could be co-opted by the cell to help reg-
ulate gene expression (16, 21, 22), summarized in previous re-
views (23, 24). We queried the potentials for each TE class to
harbor binding motifs and compared these with the actual
binding of TFs in living cells as measured by chromatin

immunoprecipitation (ChIP). First, we found that the occupancy
of TE-derived TFBSs is largely determined by genomic position
and the local chromatin state. TE-derived binding motifs are less
frequently (1.5%) bound by a TF relative to host-derived binding
motifs (4.7%) (SI Appendix, Fig. S2). Second, TE-derived DNA
close to gene promoters was more likely to have a bound TF (SI
Appendix, Fig. S3), suggesting more frequent regulatory func-
tions exerted by TE-derived DNA in gene proximity. Likewise,
TE-derived sequences are less likely to account for the actual
binding of TFs compared with host-derived sequences at virtually
all distances to the promoters (SI Appendix, Fig. S3). Third,
many active binding events mapped to TEs were associated with
the inherent promoters of TEs. For example, analysis of TF
enrichment (SI Appendix, Fig. S4A) identified RPC155/POLR3A,
an RNA polymerase (RNAP) III subunit, as the only TF whose
binding was increased in SINEs out of 148 TFs assayed in the
ENCODE data (SI Appendix, Fig. S4 B and E). Likewise, TF-
binding events mapped to LINEs and ERVs were best repre-
sented by RNAP II subunits and associated general transcription
factors such as POLR2A, TAF1, and TBP. Fourth, CpG-rich,
LTR-bearing ERVs were more likely to be bound by transcrip-
tion initiation-associated TFs than were CpG-poor ERV frag-
ments.
We compared CpG-rich copies and CpG-poor copies in each

TE family and were able to identify a subset of TFs for which
binding motifs would likely be gained after 5-methylcytosine
deamination (Fig. 5). Gains were most notable in young TE
families such as AluY (P = 1.1 × 10 −14, two-sided Wilcoxon test)
(Fig. 5A). Older TE families such as AluJ (Fig. 5A), most LINEs
(Fig. 5B), and most ERVs (Fig. 5C) tended to reach mutational
homeostasis, where further CpG deamination does not lead to
many more gains of binding motifs. This result is also supported
by the existence of multiple TFBSs in LINEs and SINEs, but only
in CpG-poor copies. The heatmaps (Fig. 5, Right) show that

A B

C D E

Fig. 4. TEs are infrequently located at TSSs but can generate enhancers
when mutated. (A) TEs (SINEs, LINEs, and ERVs) are almost never located at
TSSs. The y axes represent the ratios of TE-generated TSSs compared with all
TSSs and are unit-less. The color of the axes represents each class of TE and
matches the color of the corresponding curve displayed. (B) Compared with
TSSs, TEs are more frequently located in enhancers. (C–E) Young TEs are
rarely seen bearing enhancer elements whereas older (mutated) TEs slowly
evolved into enhancer elements.

A

B

C

Fig. 5. Effect of CpG loss in TEs on their TF motif densities. Each dot in the
graphs (Left) represents one TF. Rows of heatmaps correspond to TE sub-
families and columns correspond to TFs. CpG-rich and CpG-poor groups are
not explicitly shown. In the heatmaps, each color shows the difference be-
tween the two groups for each TF. (A) CpG-poor SINEs are associated with
more TF-binding motifs; P = 1.1 × 10−14 (AluY), 8.2 × 10−8 (AluS), and 6.2 ×
10−4 (AluJ). **P < 1 × 10−4, *P < 0.01. (B) Comparison of CpG-rich and CpG-
poor LINEs; P = 3.5 × 10−8 (L1) and 3.5 × 10−6 (L2). (C) Comparison of CpG-rich
and CpG-poor ERVs; P = 0.011 (ERVL-MaLR), 0.006 (ERV1), and 0.004 (ERVK).
Statistical significance was assessed using a two-sided Wilcoxon’s test.
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methyl-binding proteins such asMECP2,MBD2, and KAISO lose
binding sites as a result of CpG loss, as expected.
We studied TF binding specific to each TE family and found

increased binding of TRIM28/KAP1 was seen for ERVs, unlike
for SINEs and LINES (SI Appendix, Fig. S4G). TRIM28 is known
for its role in transcriptionally corepressing ERVs by binding to
the ERV-targeting KRAB zinc-finger proteins (KZNFs) and
subsequently mobilizing additional repressor proteins such as
SETDB1, HP1, and the nucleosome remodeling and deacetyla-
tion (NuRD) complex (25). This binding is representative of TFs
evolving to indirectly target TE sequences for their suppression,
often in a non–sequence-specific way. Although ERVs are more
likely to be bound by TFs than are SINEs and LINEs (SI Ap-
pendix, Fig. S4 B–D), many ERV-binding events are not
sequence-specific; instead, they are associated with the local
chromatin states of either active promoters or NuRD-mediated
heterochromatinization. These results show diverse modes of
TE-TFBS co-evolution, with some TFs evolving to target specific
TE-associated genomic elements and chromatin states while
others attracted to TFBS evolved from TE sequences. These
distinct modes do not always follow a simple model of TE in-
sertions delivering host fitness advantages by providing TFBSs
and regulating host gene expression.

Host DNA Is More Likely to Harbor TFBSs than TE-Derived DNA. The
analysis above shows that some TEs can contribute to the gen-
eration of TFBSs, leading to the question of how often they
actually participate in gene control networks relative to non-TE
DNA. We calculated the TF-binding motifs and TFBSs (as
identified by ChIP) in various genomic locations. Overall, we
found that TEs are most common in intronic and intergenic
regions and make up about 45% of total human DNA (Table 1).
Known motifs for TFBSs were distributed almost equally in both
TEs and non-TE DNA. However, bound (and therefore poten-
tially functional) TFBSs in SINEs and LINEs were more fre-
quent in introns than in intergenic DNA. On the other hand, TF
binding in ERVs was more common in intergenic regions.
TEs contributed to 16% of the occupied TFBSs found in total

cellular DNA (Table 1). ERVs were the largest contributor,
associated with 7% of the occupied TFBSs. This is in contrast to
the count of TF-binding motifs, in which TEs, and SINEs in

particular, were found to harbor a similar (if not greater) number
of binding motifs relative to non-TE–derived DNA (Table 1,
Middle), consistent with SI Appendix, Fig. S2 and prior studies
(26–28). Overall, therefore, TEs make up 45% of the genome yet
contribute 16% of the occupied TFBSs, and TFBSs are two to six
times more likely to be located in non-TE–derived DNA than
TE-derived DNA genome-wide in somatic cells (SI Appendix,
Table S1). As discussed above, this conclusion that TF binding is
more common in non-TE sequences than TE sequences holds
after correcting for the distance to the nearest TSSs (SI Appen-
dix, Fig. S3).

Discussion
DNA methylation has roles in the control of gene expression at
the levels of transcription initiation and elongation as well as in
the function of regulatory elements such as promoters, en-
hancers, and insulators; those roles are relatively well under-
stood (29). Its role as a suppressor of the transcription of TEs
(30) is also widely accepted. In this paper, we suggest that the
increase in eukaryotic genome size is a result of the interplay
among TE insertion, DNA methylation, and 5-methylcytosine
deamination. Although we focus on a simplified vision for the
role of DNA methylation as primarily a defense mechanism, our
model does not preclude other roles for DNA methylation in
conferring selective evolutionary advantage. For example, Regev
et al. (31) have argued that its role in gene control might have
preceded its participation in TE suppression, thus contributing to
genome evolution in additional ways.
The main features of our model are presented in Fig. 6. TEs

are initially CpG-rich in their promoters and can insert and
transpose while they have a high CpG O/E ratio. The insertion of
a TE into the germline is potentially lethal to the host unless its
transcription can be blocked by a process such as DNA cytosine
methylation. Interestingly, they can insert widely in the genome
but are almost completely excluded from host TSSs, suggesting
that this might be immediately lethal to the host.
The evolution of prokaryotic DNA methylases into enzymes

with the CpG recognition sequence allowed for the accommo-
dation of silenced TEs in vertebrate genomes and therefore to
massive genome expansion. A well-recognized consequence of
TE methylation is the spread of methylation into the host DNA,

Table 1. Occupied transcription factor binding sites are more prevalent in non-TE–derived DNA

Region SINE (1 × 106) LINE (1 × 106) ERV (1 × 106) Non-TE DNA

Bases (1×106) Exon 8 6 4 113
Intron 228 301 102 839

Intergenic 161 332 162 643
Total 397 638 268 1,595

% genome 14 22 9 55
SINE + LINE + ERV 45%

Number of TF-binding motifs (1×106) Exon 2 1 1 29
Intron 63 52 20 173

Intergenic 43 53 30 126
Total 108 106 51 326

% genome 18 18 9 55
SINE + LINE + ERV 45%

Number of TFBSs occupied in adult tissues (1×103) Exon 23 24 31 2,524
Intron 251 464 372 4,966

Intergenic 150 337 487 3,578
Total 425 825 890 11,068

% genome 3 6 7 84
SINE + LINE + ERV 16%

Transposable elements make up 45% of the human genome and provide a similar fraction of potential binding motifs but harbor only 16% of the actual TF
binding. A small subset of TF motifs can overlap with multiple regions (e.g., both exons and introns) and are double-counted, causing their sums to be
unequal to the genome-wide counts.
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which results eventually in the striking inverse correlation we
found between the CpG O/E ratio and the genome size of the
organism. The spread of methylation and rarely demethylation
from TEs was previously demonstrated in locus-specific manner
for Alu (10) and L1 (32) sequences through comparative anal-
ysis, underscoring their role in creating the epigenetic and
eventually the genetic landscape of the mammalian germline.
The central role of cytosine methylation in repressing the

transcription of evolutionarily young TEs (i.e., those more re-
cently inserted) has been well-described (5, 33). The potentially
lethal effects of inappropriate ERV expression have been sug-
gested by the observation that a group of young ERVs is not
demethylated even during the programmed genomic demethy-
lation in preimplantation embryonic development (34, 35) and in
primordial germ cell development (36). Further, mice have
evolved a specialized Dnmt3c that targets ERVs during devel-
opment (37). The DNA methylation at TEs in mammalian
germlines has also been suggested to be guided by host factors
including Piwi-interacting RNA (piRNA) (38, 39).
In synergy with DNA methylation-mediated TE silencing,

other mechanisms may also contribute to the host’s tolerance of
TEs on both the transcriptional and posttranscriptional level.
Two notable candidates that act on the transcriptional level are
KZNFs (40, 41) and the tumor suppressor protein p53, which
both evolved roughly contemporaneously with the TE-mediated
genome expansion and genome-wide DNA methylation in ver-
tebrates (42, 43). KZNFs silence gene transcription by cooper-
ating with the transcriptional corepressor TRIM28 and the
NuRD complexes. ZNF91 and ZNF93 have undergone fast,

recent evolution in primates to keep up with the accumulation of
mutations that allow TEs to escape host suppression (44). The
tumor suppressor p53 is known for its interaction with DNMT3A
(45) and for cooperation with DNA methylation in the epige-
netic silencing of transposable elements (46).
On the posttranscriptional level, an array of host factors has

been identified which sense and respond to transposable element
activation. RNA helicases such as MDA5 and RIG-I were found
to target ERV transcripts activated from DNMT inhibitor ad-
ministration (47). Host factors such as piRNA, ZAP, RNaseL,
MOV10, and TREX1 suppress retrotransposition through sensing
and degrading cytoplasmic viral RNA or complementary DNA.
RNA editors such as APOBEC/AID enzymes enable posttrans-
lational modification of TE transcripts, limiting its retro-
transposition capacity. Viral suppression can also occur
indirectly. For instance, enzymes that affect the level of the
dNTP pool limit TE transcription and replication (48). These
mechanisms have been summarized in previous reviews (49).
Although it is tempting to suggest that TEs become activated

for the selective advantage of the host, the hypothesis that TE
activity rewires regulatory networks (16, 22, 50) is complicated at
several levels. There is a discrepancy between the motif provided
by a TE and the actual TFBS occupancy (SI Appendix, Table S1).
For example, Alu sequences are known to harbor a compendium
of sequence-binding motifs for nuclear receptors such as RAR,
VDR, and LXR (26, 27), but most of the occupancy by these TFs
lies in non-TE genomic territory in the human soma (SI Ap-
pendix, Table S1). We saw a disproportionately smaller number
of TFBSs in the TE-derived DNA (Table 1) relative to the 45%
of TF motifs the human genome harbors. This is consistent with
prior reports of a lack of direct evidence that TEs are conclu-
sively used as cis-regulatory elements (51). The occupancy—and
therefore the actual use—of motifs could depend on the devel-
opmental stage. Certain TFBSs are co-opted only when the
epigenetic suppression is lifted, for example, by the global epi-
genetic remodeling occurring in early embryonic development.
This is also consistent with earlier discoveries highlighting the
more active use of TE-derived TFBSs in regulating stem cell
renewal and differentiation (52, 53). Evolutionary age may play a
significant role in the adoption of TE-derived TFBSs, because
newly inserted TEs are not the most common starting material
for TFBS generation. We have shown here that most of them
need to be mutated to be optimized for such exaptation, which is
consistent with previous observations in ERVs (54) and Alu el-
ements (55) that C-to-T and other mutations are needed to
complete TE co-option.
The emergence of whole-genome DNA methylation had

profound implications as to how the genome evolved. DNA
methylation will be the key to understanding how incremental
evolution was replaced by a system of TEs and host DNA in-
tricately interacting, coevolving, and contributing to regulatory
innovations in greatly enlarged genomes. Our work suggests an
unrecognized role for DNA methylation in enabling genome
expansion and the increase in DNA mass.

Materials and Methods
Genome Data and Transposable Element Statistics. The genome sequence and
transcript annotation was retrieved from Ensembl release 87 (47 vertebrates)
and Ensembl metazoa (6 invertebrates) release 38 (56). This diverse collection
covers 43 tetrapods (including 38 mammals and 5 birds). The phylogenetic
tree was obtained by pruning the National Center for Biotechnology In-
formation taxonomy. We controlled the quality of the included assembly by
requiring a minimum scaffold N50 of 200 kb. The CpG observed/expected
ratio was calculated by the CpG density—which is N(CpG)/N, where N(CpG) is
the number of CpG dinucleotides and N is the length of the genome—
divided by the expected CpG density, N(C) × N(G)/(N × N), where N(C) is the
number of cytosines and N(G) is the number of guanines. Transposable el-
ement coverage was estimated using annotation provided by the Ensembl
database. A list of public methylome datasets reanalyzed in the study can be
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Fig. 6. CpG methylation contributes to TE-mediated genome expansion
and ultimately to CpG depletion by deamination and neofunctionalization
of TEs in the expanded genome. The model depicts an early genome with no
TEs and the unmethylated CpG sites shown as open circles and methylated
CpGs as solid black circles. At this stage, the CpG O/E ratio is about 1. In-
sertion and transposition of a TE lead to its de novo methylation (shown as
black circles) and silencing of the TE. Methylation can then spread into the
flanking host DNA. Methylated CpGs have an enhanced mutation frequency
relative to unmethylated CpGs and a half-life of about 35 million y in the
primate germline (10). Over evolutionary time, this leads to an overall de-
pletion of CpGs in the entire genome with the exception of CpG islands (11)
and ultimately to the creation of new functional elements such as enhancers,
depicted by the decreasing number of methylation sites and a decrease in
CpG O/E ratio.
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found in SI Appendix, Table S2. The chromatin accessibility in human early
embryos was obtained from a recent study (57).

Alu CpG Densities. We downloaded human repeat masker data (58, 59) and
grouped 1,142,278 Alu elements by internal CpG density. For each group, we
computed the fraction of CpGs in the ±800-bp flanking region using a
100-bp overlapping window. The CpG density, defined as the number of
CpGs per base pair of DNA sequence, was then plotted as a heatmap.
Analysis of TP53 intronic Alu insertion used the following genome assem-
blies and TP53 transcripts: ENST00000617185 (GRCh38, human),
ENSPTRT00000016033 (Pan_tro_3.0, chimpanzee), ENSNLET00000012443
(Nleu_3.0, gibbon), ENSMLET00000060690 (Mleu.le_1.0, mandrill),
ENSMICT00000052203 (Mmur_3.0, lemur), ENSSBOT00000024929 (SaiBol1.0,
squirrel monkey), ENSCCAT00000047260 (Cebus_imitator-1.0, capuchin), and
ENSTSYT00000028083 (Tarsius_syrichta-2.0.1, tarsier). Gibbon and squirrel
monkey have extra Alu element insertion into intron 10 and the extra Alu
elements were excluded from the host sequence CpG density calculation, in
addition to the shared AluS insertion.

TEs around TSSs and Enhancers. We studied transposable element frequency
for each of the 100-bpwindows evenly positioned from the transcription start
sites. Transcription start sites were obtained by collapsing the TSSs of mes-
senger RNA transcripts included in Ensembl release 87. For the enhancer
analysis, we studied the 15-state chromHMM annotation generated from the
Roadmap Epigenome Project (60). We considered a region to be an enhancer
only if it was found to be either a strong enhancer or poised enhancer in
more than 50 samples. We centered these regions and probed 3,000 bp
upstream and downstream of the enhancer region and computed the fre-
quency of observing transposable elements. To normalize by flanking re-
gion, we equalized the y axis of each plot using the last 300 bp from both
ends for the repetitive element classes plotted in the same panel in order to
highlight the relative depletion for each TE category.

TFBS-Generating Potentials. TF-binding motifs were obtained by scanning the
human genome sequence (GRCh37) using FIMO (61). We studied 402 core
motifs included in the HOCOMOCO database (version 11) (62). CpG density
was defined as the observed CpG over the expected CpG: N(CpG) × N/(N(C) ×
N(G)), where N(CpG), N(C), and N(G) are the number of CpG dinucleotides,

number of cytosines, and number of guanines, respectively. High-CpG TEs
were defined as having CpG density >0.3 and low-CpG TEs as having CpG
density <0.2. Only SINEs greater than 200 bp in length and LINEs greater
than 3,000 bp in length were included to avoid fragments. The overlap
between TF-binding motifs and TEs was computed by BEDTools (63) and
normalized by the length of the TEs. For TF-binding events, we collected
narrow peaks for 508 ChIP-seq (ChIP sequencing) experiments of 148 TF
binding sites in 84 cell lines from the ENCODE project. We computed the
frequency of TE presence in the 3-kb flanking sequence centered on each TF
binding site. Only mappable TFBSs were considered. Genome mappability
was downloaded from the UCSC ENCODE data track (https://genome.ucsc.
edu/cgi-bin/hgFileUi?db=hg19&g=wgEncodeMapability). We used a 50-mer
track and excluded regions of mappability less than 0.5. TEs overlapping
with nonmappable regions were excluded from the analysis. Only ChIP-seq
peaks in mappable regions were included in the analysis to sidestep arbi-
trariness in placing multimapping reads. The TFBS potential of a TE was
characterized by its enrichment at the TFBS apex normalized by the flanking
genomic region (SI Appendix, Fig. S4A). In other words, for each TF, we
computed the enrichment score of the TE in the center of the TFBS. The
enrichment score was defined as the relative TE depletion of the TFBS center
with respect to the flanking region. Different TFBSs were clustered using
uniform manifold approximation and projection by TE enrichment.

TE Enrichment in the Human Genome. We downloaded exon definitions and
transcript definitions for humans from GENCODE database release 26. Exonic
regions were merged from all of the exons from all isoform definitions. TE
definitions were downloaded from RepeatMasker (58). For each 100-bp
nonoverlapping window in the genome, we computed the density of TFBSs
and compared it with the distance of the window to the transcription
start site.

Data Availability. All of the data were retrieved from public data repositories
(Materials and Methods).
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