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Switching roles for DNA and histone methylation
depend on evolutionary ages of human
endogenous retroviruses

Hitoshi Ohtani,’-* Minmin Liu,'-* Wanding Zhou,' Gangning Liang,?

and Peter A. Jones'

"Van Andel Research Institute, Grand Rapids, Michigan 49503, USA; ?Department of Urology, Keck School of Medicine,
University of Southern California, Los Angeles, California 90089, USA

We provide a comprehensive genomic and epigenomic map of the more than 500,000 endogenous retroviruses (ERVs) and
fragments that populate the intergenic regions of the human genome. The repressive epigenetic marks associated with the
ERVs5, particularly long terminal repeats (LTRs), show a remarkable switch in silencing mechanisms, depending on the evo-
lutionary age of the LTRs. Young LTRs tend to be CpG rich and are mainly suppressed by DNA methylation, whereas
intermediate age LTRs are associated predominantly with histone modifications, particularly histone H3 lysine 9 (H3K9)
methylation. Young LTRs can be reactivated by treatment with the DNA methylation inhibitor 5-aza-2’-deoxycytidine
(5-aza-CdR) alone, but their level of expression is much increased by 5-aza-CdR treatment plus knockdown of one of several
H3K9 methyltransferases or of the H3K27 methyltransferase EZH2. The removal of cytosine methylation led to rapid,
widespread increases in H3K9me3 in the LTRs. Intermediate age LTRs had lower CpG densities and were not up-regulated
by 5-aza-CdR treatment, but they were sensitive to knockdown of H3K? methyltransferases. Unlike the situation in embry-
onic stem cells, the polycomb repressive complex (PRC2) has a minor role in LTR suppression by itself and is only a player
after removal of cytosine methylation in the analyzed cancer cell line. Up-regulation of LTRs and induction of “viral mim-
icry” is rapidly becoming of interest for predicting cancer patient response to epigenetic therapies. Understanding the

mechanism for LTR suppression is of major importance in order to improve patient treatment strategies.

[Supplemental material is available for this article.]

Transposable elements including Alus, long interspersed nuclear
elements (LINEs), and endogenous retroviruses (ERVs) make up
>40% of the human genome, yet they have been refractory to map-
ping and epigenomic analysis due to their highly repetitive nature
(Gregory 2005). Epigenomic analysis of these elements has not
been reported, and they are often specifically excluded from map-
ping projects because of the difficulty in precisely determining
their locations. New developments in sequencing technology,
coupled with software that can map specific repetitive elements,
have simplified this task (Treangen and Salzberg 2011; Kim et al.
2013), as reported in recent genome-wide studies of repetitive ele-
ments (GOKke et al. 2015; Liu et al. 2016; Brocks et al. 2017). Here,
we focused on the location of epigenomic marks (including DNA
methylation and histone modifications) on the approximately
450,000 long terminal repeats (LTRs) that are the putative promot-
ers of ERVs. We concentrated on mapping their distributions in
the intergenic regions, excluding those located between the tran-
scription start sites and transcription end sites of protein coding
genes and long noncoding RNAs (lincRNAs). This was done to sim-
plify the expression profiles, because it was more likely that the
transcripts were being driven by the LTRs rather than being includ-
ed in the transcription unit driven by a host gene. The majority of
human LTRs are functionally inactive, but a minority are expressed
in somatic cells; some LTRs can be expressed following the removal
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of repressive epigenetic marks (Niwa and Sugahara 1981; Seifarth
et al. 2005; Rowe et al. 2010; Anwar et al. 2017; Brocks et al.
2017). Recent studies on mouse embryonic cells have reported
that LTR silencing mechanisms depend on DNA methylation, het-
erochromatin conformation, and the PRC2 complex (Leung and
Lorincz 2012; Walter et al. 2016), but less is known about the epi-
genetic silencing mechanisms of LTRs in human cancer cells.

Because the expression of ERVs is potentially dangerous
to the host cell (Tang et al. 2015), understanding the repressive
mechanisms is important. Earlier studies have implicated the
aberrant expression of ERVs in autoimmune disease pathogenesis
(Kassiotis and Stoye 2016). However, this “enemy within” may
also play a beneficial role in cancer therapy. For example, inducing
their expression may improve the responses of patients who are
treated with DNA demethylating drugs, because a state of “viral
mimicry” can be induced that encourages destruction of the cancer
cells by the innate and adaptive immune systems (Chiappinelli
et al. 2015; Roulois et al. 2015; Liu et al. 2016).

We present a comprehensive map of the distribution of LTRs
within the intergenic regions of human somatic cell DNA, and we
show that the silencing mechanisms differ depending upon the
evolutionary age of the particular LTR family. DNA methylation
is a major mechanism responsible for repression of LTRs that
have more recently transposed into the human germline. The

© 2018 Ohtani et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publication
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majority of LTR sequences that are of intermediate and old evolu-
tionary ages are associated with H3K9me2/3 marks. However,
H3K27me3, the mark of the PRC2 repressive complex (Mozzetta
et al. 2015), does not play a direct role in LTR silencing, although
the complex is key to the silencing of developmentally important
genes (Azuara et al. 2006; Bernstein et al. 2006; Sharma et al. 2010).
Our data provide extensive maps of intergenic LTR distribu-
tion and the epigenetic marks with respect to evolutionary age,
and it demonstrates how these repressed sequences can be reacti-
vated following a lessening of histone and DNA methylation.
This information will be important in the design of clinical trials
to increase the sensitivity of a patient’s
tumor cells to treatment.

Results o
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Genome-wide mapping of intergenic

ERVs and their epigenetic marks

The ancestral primate germline has been
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etal. 2016). Transcriptionally competent
ERVs tend to be CpG rich and to acquire
cytosine methylation in the germline,
which is probably essential for their si-
lencing. Because of the well-known
tendency of 5-methylcytosine (SmC) to
deaminate to thymine (Duncan and
Miller 1980), the ERVsand other transpos-
able elements (such as Alus and LINEs)
show a progressive depletion of CpG con-
tent as a function of their evolutionary
ages after colonization of the germline
(Yang et al. 1996; Egger et al. 2004). It
has been difficult to precisely map the N
position of ERVs because of their repeti-
tive nature, but this has changed with
the advent of long-read sequencing tech-
nologies and computational approaches
that allow for the mapping of distinct
ERVs to particular genomic regions.

We first determined the location of
ERVs based on RepeatMasker (Smit et al.
2013-2015) and their associated epige-
netic marks by whole-genome bisulfite
sequencing (WGBS) and H3K9me3 ChIP-
seq in the human colon cancer cell line
HCT116 (Fig. 1A). To simplify the epige-
netic profiles, we focused most of our
analyses on ERVs located in intergenic
regions. In addition, we excluded ERVs
overlapping with lincRNAs to determine
the transcripts emanating from ERV ele-
ments. Roughly 25% of the more than
700,000 ERV elements in the human ge-
nome are found within gene bodies and
lincRNAs; the remaining 75% are located
in intergenic regions (Supplemental Fig.
S1). The intergenic ERVs are widely dis-
tributed throughout the genome and are
found almost everywhere except at cen-
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tromeric regions and transcription start sites (Fig. 1A,B; Takai and
Jones 2004). The densities of ERVs were positively correlated with
the H3K9me3 mark (Fig. 1C), and they tend to be concentrated in
regions of heterochromatin, which are marked by the presence of
H3K9me3.

Role of DNA methylation in ERV silencing

We examined the potential role of DNA methylation in the silenc-
ing of ERV transcription in intergenic regions. We first compared
the cytosine methylation levels in HCT116 cells to that in

intergenic ERVs
>3500 0

Read counts of
H3K9me3 IP
>2x10°% 0

H3K9me3 IP read counts (x10%)

o . p <0.0001

0 o= = — . \

0 1 2 3 4
Number of ERVs in 10-Mbp

Genome-wide distribution of intergenic ERVs. (A) Circular genome mapping of ERV density,
DNA methylation, and H3K9me3 (heterochromatin mark). The first track (outermost) represents the chro-
mosome ideogram. Dark bands indicate heterochromatin regions, and red bands indicate centromeres.
The second track represents the number of ERVs in each 10-Mb bin shown as histograms. The third track
indicates beta values of DNA methylation of ERVs averaged in the bins, and the fourth track indicates the
total read counts of H3K9me3 IP in the bins. In general, regions of high ERV density correlated with high
levels of DNA methylation or heterochromatin marks. (B) Enlargement of Chromosome 2 in A.
(C) Scatterplot represents the correlation between ERV density and enrichment of H3K9me3. The x-
axis and y-axis correspond to the second and fourth tracks in A, respectively.
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ylated: beta value <0.4). P-values were calculated using the x

HCT116: (RPKM) reads per kb per million mapped reads.

derivative DKO1 cells, in which ~95% of the methylation has been
removed by genetic knockout of DNMT3B and partial removal
of DNMT1 (Rhee et al. 2002; Egger et al. 2006). Most of the ERV
sequences in the wild-type cells lost methylation in the DKO1
cells, although a small subset retained partial methylation (Fig.
2A). This implies that the methylation is functionally important
in ERV suppression, an argument made by the Surani group to
explain the continued methylation of a subset of ERVs during
the extensive genome-wide demethylation of the human germ
line after fertilization (Tang et al. 2015). In particular, the evolu-
tionarily young ERVK family is more resistant to extensive ge-
nome-wide demethylation during human germline development
(Tang et al. 2015). The evolutionarily young ERVK family was sig-
nificantly (P<0.01) more methylated than the remaining ERVs,
suggesting that they required methylation for their quiescence
and cancer cell survival (Fig. 2A). However, virtually no ERV main-
tained the 90%-100% methylation found in the parent HCT116
cells. This is unlike the situation we observed for a subset of host
gene promoters in the same cell line (De Carvalho et al. 2012).
By performing total RNA-seq on four cell lines (HCT116, HL-
60, MCF-7, and HepG2), we determined the approximate number
of intergenic ERVs that could be up-regulated by treatment with
5-aza-CdR to evaluate how many ERVs were inducible and, by
inference, had functional promoters (Supplemental Fig. S2A;
Supplemental Table S1). We identified a mapping rate of ~90%
after unique mapping of 75-bp RNA-seq; therefore, we believe
that the majority of LTR elements can be detected as shown in
Methods. We again focused on the intergenic ERVs, because it is
difficult to distinguish whether some ERVs are up-regulated due to
changes in expression of host genes following drug treatment
(Supplemental Fig. S2B,C). About 8000 ERVs were expressed in the
four cell lines (read counts more than 20), and about 4000 ERVs
were up-regulated by more than twofold after a transient 24-h

Intergenic LTRs

Expression of silenced intergenic LTRs can be induced by 5-aza-CdR in HCT116 cells. (A) A
smoothing scatterplot showing the correlation between DNA methylation level of intergenic ERVs in
HCT116 (x-axis) and DKO1 (y-axis) cell lines. The cold-to-warm color scale indicates a low-to-high den-
sity of intergenic ERVs. The dotted line represents the beta value of DNA methylation at 0.4 in DKO1. Each
pie chart represents the percentage of ERVK in the two groups (retained: beta value >0.4, and demeth-

test for comparisons with the two groups:
(**) P< 0.01. (B) Heatmap showing the expression of up-regulated 988 intergenic LTRs after 5-aza-CdR
treatment. Red indicates expression levels of LTRs from total RNA-seq in PBS or 5-aza-CdR-treated

exposure to S-aza-CdR (Supplemental
Fig. S2D,E). We then concentrated our
attention on LTRs, which are putative
promoters capable of initiating transcrip-
tion. Approximately 2500 LTRs were in-
volved in the up-regulated ERVs in the
four cell lines (Supplemental Fig. S2F).
About 1000 of the up-regulated LTRs
were identified in HCT116 (Fig. 2B). The
expression patterns of ERVs were replicat-
ed in two independent experiments
(Supplemental Fig. S3). The vast majority
of LTRs were not inducible by pharmaco-
logical inhibition of DNA methylation in
any of the four cell lines tested, suggesting
that most of LTRs in intergenic regions
are not transcriptionally competent.
However, our study was limited to only
four cell lines, which showed small over-
laps between the up-regulated LTRs after
treatment with 5-aza-CdR (Supplemental
Fig. S2F). Clearly, the number and type
of LTRs expressed after DNA demethyla-
tion was cell-type-specific, suggesting
that other factors (such as specific tran-
scription factors) are required for expres-
sion. The total number of potential
transcriptionally competent LTRs will re-
quire analysis of many more cell lines.
In addition, induction of LTRs leads to activation of the viral
defense pathways (Chiappinelli et al. 2015; Roulois et al. 2015).
We confirmed this activation in all four cell lines (Supplemental
Fig. S2G), and the patterns of viral defense gene up-regulation by
5-aza-CdR were also cell-line-specific. Further studies will be neces-
sary to determine the tumor type specificity for treatment response.
As reported previously, certain transcription factors might
also be responsible for the regulation of evolutionarily young
LTRs (Du et al. 2016; Brocks et al. 2017; Sundaram et al. 2017).
Transcription factor binding motifs, including SP1 and GATA2,
are conserved in LTR12C elements up-regulated by DNA methyl-
transferase and histone deacetylase inhibitors (Brocks et al. 2017).
We confirmed the conservation of transcription factor binding mo-
tifs of up-regulated LTR12C elements in this study (Supplemental
Fig. S4): The transcription factor binding DNA motifs of SP1
and GATA2 were conserved in LTR12C elements up-regulated by
5-aza-CdR treatment.

PBS
5-Aza-CdR

RPKM
_ .
1

— °
e

Different histone lysine 9 methyltransferases silence distinct LTRs

Because we were mainly interested in the abilities of LTRs to
initiate transcription, we used siRNAs to knock down a subset
of potential repressors including histone lysine methyltransferases
targeting H3K9me2/3 (EHMT2; also known as G9a, SETDBI,
SETDB2, SUV39H1, and SUV39H2), H3K27me3 (EZH2), and the
scaffold protein TRIM28 to determine the roles of these proteins
in silencing LTRs within HCT116 cells. RNA-seq analysis of the
LTR regions following knockdown (KD) of individual factors
showed increased expression of different LTRs in all targeted KD
approaches (Fig. 3A; Supplemental Table S2).

KDs of SETDB2, SUV39H2, and EZH2 were only marginally
effective at inducing LTR transcripts, so they were not widely in-
volved in silencing of these LTRs. However, the EHMT2, SETDB1,
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Intergenic LTRs

FC (siSUV39H1 / siNon-target)

because multiple members of LTR classes
are present in the genome (Goke et al.
2015), and only subsets of these can be
activated by altering methylation marks
(Supplemental Fig. S2A). The youngest
LTR class, ERVK (Vargiu et al. 2016),
showed a statistically higher CpG density
relative to the older ERV1 and ERVL

Figure 3. EHMT2, SETDBT1, and SUV39H1 are required to maintain silencing of some LTRs in HCT116
cells. (A) The expression of up-regulated 791 intergenic LTRs after knockdown (KD) of represented genes.
Red indicates the expression level of LTRs based on total RNA-seq in Nontarget (control), SETDB2,
SUV39H2, EZH2, TRIM28, EHMT2, SETDB1, and SUV39H1 KD samples. (B) The fold expression changes

in SETDBT and SUV39H1 KD samples.

and SUV39H1 histone methyltransferases apparently directly sup-
pressed subsets of LTRs. Although they targeted the modification
of the same lysine residue, the abilities of these histone methyl-
transferases to silence the LTRs was most likely dependent on their
different roles in modifying specific chromatin regions. For exam-
ple, EHMT2 and SETDB1 are considered to be methyltransferases
active in euchromatic and facultative heterochromatic regions,
whereas SUV39H1 is more active in constitutive heterochromatic
regions (Mozzetta et al. 2015). The gene knockdown study also
demonstrated that KD of TRIM28 elicited the expression of a
unique subset of LTRs, consistent with the idea that the chromatin
regulators examined are specialized with respect to their abilities to
induce LTR expression (Rowe et al. 2010).

The different abilities of SETDB1 and SUV39H1 KDs to
cause LTR expression are explored in the scatterplot in Figure 3B.
Although both enzymes are H3K9 trimethyltransferases, they
silenced distinct LTR elements (with some overlap), and the results
were confirmed by quantitative RT-PCR (Supplemental Fig. S5).
These data also showed the specificity of histone methyltransfer-
ases in silencing LTRs in different epigenomic regions.

Distinct LTRs are silenced by DNA or histone methylation

We next compared the 988 LTRs up-regulated by inhibition of
DNA methylation to the 791 up-regulated by knockdown of the
subset of histone methyltransferases examined earlier and found
that there was little overlap (Fig. 4A; Supplemental Fig. S6). The
929 LTRs uniquely up-regulated by 5-aza-CdR treatment had
significantly higher densities of CpGs (defined as the number of
CpGs per 100 bp) than the 732 up-regulated by histone methyl-
transferase KDs or the remaining 448,387 (Fig. 4B). Most LTRs
(the 448,387) were not affected by treatment with either histone
methyltransferase KDs or DNA methylation inhibition and had
lower CpG densities than those responding to treatment.

FC (siSETDB1 / siNon-target)

(Supplemental Fig. S7). Gypsy, which is
the oldest of the LTRs, showed the lowest
CpG density. These data are consistent
with many observations that the methyl-
ation of CpG sequences in the germline
results in their subsequent mutation
from CpG to TpG due to the enhanced
mutational frequency at methylated
CpGs (Duncan and Miller 1980; Yang
etal. 1996). We also estimated evolution-
ary ages of 368 LTR families based on CpG density and divergence
level of intergenic LTRs to their consensus sequence using Repeat-
Masker. The two indexes to estimate evolutionary age were correlat-
ed with each other (Supplemental Fig. S8A,B). The 929 LTRs up-
regulated by 5-aza-CdR treatment shown in Figure 4B had signifi-
cantly lower divergence levels than the 732 specifically up-regulat-
ed by HMT KDs or the remainder (Supplemental Fig. S9).

Most of the LTRs up-regulated by 5-aza-CdR were consider-
ably younger than those up-regulated by histone methyltransfer-
ase KD, and this correlated with the age of the LTR families
(Fig. 4C; Supplemental Table S3). We normalized the number of
up-regulated LTRs in each family by using the number of LTRs
in the family and by accounting for the fact that evolutionarily
old LTR families are more numerous than young LTR families
(Supplemental Fig. S8B). The up-regulation of younger LTRs by
5-aza-CdR was also confirmed in the HL-60, MCF-7, and HepG2
cell lines (Supplemental Fig. S10). These data suggest that the pri-
mary mechanism for suppression of evolutionarily young LTRs
(which have high CpG densities) is DNA methylation, whereas in-
termediate age LTRs (lower CpG density) are regulated by histone
modifications. A majority of the evolutionarily oldest members of
the families, such as the ERVL and Gypsy, are not capable of initi-
ating transcription following either DNA methylation inhibition
or knockdown of histone methyltransferase enzymes (Fig. 4C).
Consistent with these results, CpG sites in evolutionarily young
LTRs were methylated at higher levels than in evolutionarily old
LTRs (Fig. 4D). An inverse correlation was found between evolu-
tionary age and the H3K9me3 and H3K9me2 marks on LTRs
(Fig. 4E; Supplemental Fig. S11). Evolutionarily older LTRs were
primarily associated with H3K9me2/3 marks; younger LTRs were
less frequently associated with such marks. These results are con-
sistent with the HMT KD study (Fig. 4C) in that evolutionarily
young LTRs were not highly up-regulated after HMT knockdown.
The results were confirmed by use of ENCODE ChIP-seq data
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boxes on 5-aza-CdR, HMT KDs, siEHMT2, siSETDB1, and siSUV39H1 indicate uniquely up-regulated LTRs in each group. “Remainder” refers to LTRs that
were not up-regulated by any treatment. Each box represents the data between the 25th and 75th quartiles. The whiskers are drawn down to the 10th
percentile and up to the 90th percentile. The differences between the 5-aza-CdR or HMT KDs groups and remainder are significant. P-values were calcu-
lated using Mann-Whitney U test: (***) P<0.001. (C) The distribution of normalized number of up-regulated LTRs in each family. Blue bars indicate the
number of up-regulated LTRs per 1000 LTRs in each LTR family (top). Green bars indicate average CpG density in each member in 368 LTR families (middle).
Sliding window analysis represents the normalized number of up-regulated LTRs along CpG density (bottom); window size was 30 LTR families. P-values
were calculated using the Wilcoxon signed-rank test for comparisons with the two groups: (*) P<0.05; (**) P<0.01. (D) The correlation between CpG
density (evolutionary age) and DNA methylation of LTR families. () The correlation between CpG density (evolutionary age) and H3K9me3 of LTR families.
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(Supplemental Fig. S12; The ENCODE Project Consortium 2012).
DNA methylation is therefore dominant in the control of LTRs
especially for evolutionarily young LTRs, whereas histone modifi-
cation plays a more important role in the regulation of intermedi-
ate age LTRs.

Synergy between inhibition of DNA and histone methylation
in induction of LTRs and viral defense genes

We observed increases in H3K9me2/3 in the LTRs after transient
treatment with 5-aza-CdR (Fig. 5A; Supplemental Fig. S13), which
demonstrated potential epigenetic switching after DNA methyla-
tion inhibition, possibly to maintain LTR silencing, and which
suggested that synergistic effects could be expected from inhibit-
ing both DNA methylation and histone modifications. Thus,
we next tested whether 5-aza-CdR treatment plus the knockdown
of a histone methyltransferase or TRIM28 (“dual depletion”)
would show synergy. In general, we observed strongly increased
expression of LTRs up-regulated by S5-aza-CdR alone (Fig. 5B;
Supplemental Table S4).

There is a concern regarding the knockdown efficiencies of
HMTs, which were between 50% and 80% (Supplemental Fig.
S14A,B), so that our experiments may have identified fewer tran-
scriptionally competent ERVs than the total number of potentially
transcribed LTRs. Nevertheless, it seems unlikely that further
knockdown would result in up-regulation of evolutionarily young
LTRs, because the H3K9me2/3 was largely absent from them (Fig.
4E,; Supplemental Fig. S11). The knockdown of SETDB2, SUV39H2,
and EZH2, which showed limited up-regulation of LTRs by them-
selves (Fig. 3A), showed increases in up-regulation of multiple LTRs
when combined with 5-aza-CdR treatment (Fig. 5B). Although
knockdown of EZHZ2 alone showed little LTR up-regulation, it pro-
duced an altered spectrum of up-regulated LTRs with 5-aza-CdR
treatment. This is probably due to a process in which removal of
DNA methylation leads to the subsequent recruitment of EZH2,
resulting in suppression by the polycomb repressive complex
PRC2 (Lay et al. 2015). Therefore, the same kinds of chromatin dy-
namics appear to be used both by LTRs and genes. LTRs up-regulat-
ed in dual depletion experiments were more often evolutionarily
young LTRs (Fig. 5C). Thus, dual depletion of epigenetic silencing
marks overcame histone modification-induced silencing and led
to synergistic up-regulation of LTRs.

In summary, evolutionarily young LTRs are predominantly
silenced by DNA methylation, whereas intermediate age LTRs are
silenced by histone methylations (H3K9me2/3). Therefore, the si-
lencing mechanism switched from DNA methylation to histone
methylation during host genome evolution (Fig. SD).

The induction of LTRs results in a state of viral mimicry, in
which viral defense genes are up-regulated in response to the pres-
ence of double- and single-stranded RNA in the cytoplasm
(Chiappinelli et al. 2015; Roulois et al. 2015). We therefore
examined the spectrum of viral defense genes induced by the
knockdowns alone or by combination with 5-aza-CdR. Few viral
defense genes were up-regulated by histone lysine methyltransfer-
ases KD alone, but many were up-regulated by 5-aza-CdR alone or
by dual depletion (Fig. 6A; Supplemental Table S5). Knockdown of
EZH2, EHMT2, or SUV39H1 produced enhanced expression of
the viral defense genes after 5-aza-CdR treatment. The synergy
for expression changes of ERV and viral defense gene were also
confirmed by quantitative RT-PCR showing up-regulation of an
intact evolutionarily young ERV (ERV-Fc2) and a key pathogen rec-
ognition receptor involved in type I interferon signaling pathway

(DDXS8; also known as RIG-I) (Fig. 6B). ERV-Fc2 is a member of
the ERV1 family, but some ERV1 families are younger than ERVK
families (Supplemental Fig. S8B). A detailed analysis of immune
response pathways also showed that some pathways are further
up-regulated by the dual depletion with 5-aza-CdR plus knock-
down of EZH2, EHMT2, or SUV39H1 (Fig. 6C). The data again
showed a synergy between DNA methylation inhibition and a sub-
set of histone-modifying enzymes.

To summarize, knockdown of histone modifiers did not cause
arobust up-regulation of viral defense genes, so induction of inter-
mediate age LTRs might not activate the viral mimicry pathway.
Inhibiting DNA methylation led to the activation of viral defense
genes, whose up-regulation was associated with the expression of
evolutionarily young LTRs (Supplemental Fig. S15). However, fur-
ther studies are needed to elucidate the detailed mechanisms by
which evolutionarily young LTRs activate the innate immune sys-
tem. Dual depletion with 5-aza-CdR plus histone methyltransfer-
ase KD produced strong increases in the expression of viral
defense genes, probably in response to the increased up-regulation
of the evolutionarily young LTRs (Figs. 5C, 6A). Those young LTRs
might be the trigger for activation of viral defense genes. However,
not all of them may play key roles, because further activation of
viral defense genes was not seen in dual depletion by SETDBI
KD plus 5-aza-CdR (Figs. 5B, 6A).

Overall, we have shown that expression of the LTRs is regulat-
ed by both the DNA and histone methylation, and we have dem-
onstrated a synergy between the two for the up-regulation of the
viral defense signature (Supplemental Fig. S15). Therefore, phar-
macological inhibition of DNA methylation concurrent with
targeting histone methyltransferases might substantially increase
the state of viral mimicry. Our data also show a synergy between
the two main silencing mechanisms, in which the DNA methyla-
tion signal is dominant with evolutionarily younger LTRs, and in-
termediate age LTRs rely on histone modification.

Discussion

Our results provide genome-wide information on the distribution
of intergenic LTRs with respect to evolutionary age and the chro-
matin features associated with them. We have found important
and unexpected changes in the epigenetic marks presumably
used to suppress the activities of these potentially dangerous ele-
ments. Subsets of evolutionarily younger LTRs, which have high
CpG density and high levels of CpG methylation, can be reactivat-
ed by 5-aza-CdR treatment alone, suggesting that DNA methyla-
tion plays a dominant role in their suppression. The potential
deleterious effects of their expression are underscored by the
fact that many ERVs retain partial methylation even in cells that
have a 95% reduction in genomic 5-methylcytosine. It is also
interesting that similar ERV families escape demethylation in the
human germline during germ cell specification, once again
suggesting that their activities are not compatible with cellular
viability (Tang et al. 2015). In both of these cases, the ERV CpG
methylation is not maintained near 100%, which is different
from what we have reported for the promoters of coding genes
in the HCT116 and DKO1 cells (De Carvalho et al. 2012).

We also provide an approximate number of the LTRs that
have the capability of initiating transcription following demethy-
lation of either DNA or histones, thus extending the data of Brocks
et al. (2017), who focused on DNA methylation and histone acet-
ylation. Approximately 5000 LTRs were found as transcripts after
the treatment of four cell lines with 5-aza-CdR. Only about 800
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of them could be reactivated by the knockdown of H3K9me2/3
methyltransferases in HCT116 cells. The results suggest that only
a minority of the total intergenic 450,000 LTRs are transcriptional-
ly competent. However, because our study was limited to only four
cell lines, the total number of transcriptionally competent LTRs
will require analysis of many more cell lines and primary tissues.
We found a change in silencing mechanisms that was related
to the evolutionary ages of the LTRs. Many of the intermediate age
LTRs were silenced by histone lysine 9 methyltransferase activity,
and although the methyltransferases modify the same lysine
residue, different LTRs were up-regulated following knockdown
of particular classes of methyltransferases. It has been reported
that EHMT2, SETDB1, and EZH2 are required for ERV silencing
(Leeb et al. 2010; Karimi et al. 2011; Leung and Lorincz 2012;
Maksakova et al. 2013; Kato et al. 2018), but SUV39H1/H2 mainly
targets major satellite and intact LINEs (Bulut-Karslioglu et al.
2014). LTRs only show a minor up-regulation in SUV39H1/H2

double-knockout mouse embryonic stem cells (Elsdsser et al.
2015). Our studies suggest that SUV39H1/H2 are involved in the
silencing of LTRs in human cancer cells. In addition, although
the function of SETDB2 remains poorly characterized, our finding
suggests SETDB2 is involved in LTR silencing, which is interesting
because it is induced during infection by influenza virus (Schliehe
et al. 2015).

Our data showed that EHMT2, SETDB1, and SUV39H1 were
involved in silencing LTRs in human somatic cells. Another
three lysine methyltransferases—SETDB2, SUV39H2 and EZH2—
had minimal effects on silencing: Few LTRs were up-regulated
following their knockdown. On the other hand, these enzymes
showed synergistic up-regulation of LTRs when DNA methylation
was inhibited. SETDB2 had low levels of RNA expression, which
might be a reason why it did not play a key role in LTR silencing.
The absolute expression level of SUV39H1 RNA was lower than
that of SUV39H2 or EZH2. Since the latter two HMTs were not
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involved in LTR silencing, the absolute expression levels may
not be an essential factor in identifying HMTs required for LTR
silencing.

Our findings demonstrate that some demethylated LTRs re-
mained silenced by an epigenetic switch, which recruits other
repressive marks such as H3K9me2/3 or H3K27me3 (Schones
et al. 2014; Walter et al. 2016). This may explain why knockdown
of these lysine methyltransferases cannot up-regulate LTRs but
can synergize up-regulation in combination with DNA methyla-
tion inhibitors. We found that knockdown of EZH2 had a signifi-
cant influence on the levels and types of LTRs up-regulated
following 5-aza-CdR treatment, although knocking down EZH2
by itself had little effect. In addition, our results showed that, un-
like SUV39H1, SUV39H2 was necessary for LTR silencing only after
loss of DNA methylation, whereas SUV39H2 encodes a histone H3
lysine methyltransferase that shares 59% identity with SUV39H1
(O’Carroll et al. 2000). The “epigenetic switch” in silencing mech-
anisms also is known to occur during development or disease; for
example, primordial germ cells undergo a reciprocal loss of DNA
methylation and gain of H3K9 methylation at mitotic/meiotic
arrest (Cantone and Fisher 2013), and loss of DNA methylation
leads to accumulation of H3K27me3 in gene promoters in colon
cancer cells (Lay et al. 2015). We show that an epigenetic switch
at LTRs occurs during host genome evolution (Supplemental Fig.
§16), and that 5-aza-CdR treatment was capable of eliciting the
switch at evolutionarily young LTRs. Basal DNA methylation sta-
tus might therefore be a key effector in determining the silencing
mechanism.

The intermediate age LTRs up-regulated by KD of histone
methyltransferases did not elicit a strong antiviral response. This
suggests that the viral mimicry response, which may be crucial
for patient responses to epigenetic drugs, depends on the expres-
sion of younger LTRs silenced by DNA methylation. However, it
is important to remember that three histone methyltransferases
(EHMT2, SUV39H1, and EZH2) that produced little LTR expression
when knocked down alone had strong synergistic effects with
DNA demethylation in up-regulating the viral defense system.
Preliminary data from our laboratory shows that combination
treatment with a DNA methylation and an EHMT2 inhibitor may
be useful in epigenetic therapy for cancer patients (M Liu, S
Thomas, A DeWitt, W Zhou, Z Madaj, H Ohtani, SB Baylin, G
Liang, PA Jones, in prep.). Although some studies have suggested
that the LTR transcripts might be detected by host innate immune
sensors, the type of LTR has not yet been characterized (Blomberg
2000; Colmegna and Garry 2006; Roulois et al. 2015). Our results
therefore show previously unknown links between evolutionarily
young LTRs and the host viral defense system.

In summary, evolutionarily young LTRs are silenced by DNA
methylation, whereas intermediate age LTRs are silenced by his-
tone methylation. The evolutionarily old LTRs are more likely inac-
tivated by the accumulation of loss-of-function genetic mutations.

Methods

Cell lines and drug treatment

HCT116 (colorectal carcinoma), HL-60 (acute myeloid leukemia),
MCEF-7 (breast carcinoma), and HepG2 (hepatocellular carcinoma)
cells were obtained from the American Type Culture Collection
(ATCC). DKOL1 cells (biallelic knockout of DNMT3B and hypomor-
phic DNMT1452 in HCT116 cells) were a gift from Drs. Bert
Vogelstein and Steve Baylin. HCT116 and HL-60 cells were treated

with PBS (control) or 300 nM 5-aza-CdR for 24 h. For MCF-7 and
HepG2 cells, the dose and exposure time were 100 nM and 72 h.
All cells were harvested 5 d after treatment.

RNA-seq

Total RNA from cell lines was purified using a Direct-zol RNA
MiniPrep Kit (Zymo Research). cDNA libraries were prepared
using RNA HyperPrep Kits with RiboErase (KAPA Biosystems), ac-
cording to the manufacturer’s instructions, and were sequenced
as single-end 75 bases on a NextSeq 500 instrument (Illumina).
Sequencing reads were aligned against the human GRCh37/hg19
reference genome to report consistent results with our previous
study (Liu et al. 2016) by using TopHat2 v.2.1.0 (Kim et al. 2013)
or HISAT (Kim et al. 2015). The mapping rates were between
89% and 96%. Reads per kb per million mapped reads (RPKM) val-
ues were calculated using uniquely mapped reads. The number
of overlapping mapped reads with ERV elements was obtained
using BEDTools (Quinlan and Hall 2010). The definitions of
ERV elements were based on RepeatMasker. According to the
RepeatMasker, ~98% of the ERV elements were found in both of
GRCh37 and GRCh38 reference genomes. Pathway enrichment
analysis was performed by Gene Ontology (Ashburner et al.
2000; The Gene Ontology Consortium 2017).

siRNA transfection

siRNA-mediated gene knockdown was performed using
DharmaFECT2 transfection reagents (Dharmacon) with siRNA at
25 nM final concentration. All cells were harvested 3 d after trans-
fection. SMARTpool siRNAs targeting histone methyltransferase
were obtained from Dharmacon (siEHMTZ2: M-006937-01-0005;
siSUV39H1: M-009604-02-0005; siSUV39H2: M-008512-00-0005;
SiSETDB1: M-020070-00-0005; siSETDB2: M-014751-00-0005;
siEZH2: M-004218-03-0005). siRNA targeting TRIM28 was ob-
tained from Sigma-Aldrich (NM_005762). Nontargeting siRNA
(D-001210-01-20) was used as control.

RT-qPCR

cDNA synthesis was performed with an iScript cDNA Synthesis Kit
(Bio-Rad) after DNA digestion by TURBO DNase (Thermo Fisher
Scientific), according to the manufacturer’s instructions. qPCR
reactions were carried out in CFX96 Real-Time PCR Detection
System (Bio-Rad) with a KAPA SYBR FASTqQPCR KIT. The condi-
tions of qPCR reaction were as follows: 3 min at 95°C followed
by 40 cycles of 10 sec at 95°C, 20 sec at 60°C, and 20 sec at 72°C.
Primers are listed in Supplemental Table S6.

Dual depletion of DNA and histone methylation

Dual depletion of DNA and histone methylation was carried out by
combining 5-aza-CdR treatment and siRNA-mediated gene knock-
down. HCT116 cells were treated with 300 nM 5-aza-CdR or PBS
for 24 h and transfected with siRNAs 2 d after treatment. Cells
were harvested 5 d after 5-aza-CdR treatment.

Whole-genome DNA methylation analysis

NOMe-seq data on HCT116 and DKO1 were obtained from our
previous study (Lay et al. 2015). Reads were aligned to the NCBI
human reference genome assembly GRCh37 using BSMAP (Xi
and Li 2009) with the following parameters: “-p 27 -s 16 -v 10 -q 2
-A AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACA
CGACGCTCTTCCGATCT -A AGATCGGAAGAGCGTCGTGTA
GGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT.”
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We marked duplicated reads using Picard tools (http://
broadinstitute.github.io/picard, version 1.38). Reads with non-
unique mapping were filtered out. We also filtered out three bases
from the 5 end of the first read in pair to avoid reported
nonconversion due to reannealing close to adaptor sequences
(Berman et al. 2011). The DNA methylation rate of cytosine in
HCG sequence context was extracted using BISCUIT tools (https
://github.com/zwdzwd/biscuit). Cytosines overlapping mutations,
including C to T mutations identified from the complementary
strands, were excluded. Methylation rates on the cytosine and its
neighboring cytosine on the complementary strand in an HCGD
sequence context were merged. Merged cytosine methylation
rate with fewer than 10 reads of coverage were excluded from
analysis.

ChlP-seq

Single nucleosome preparation was performed according to the
Dilworth laboratory native ChIP protocol (Brand et al. 2008).
Briefly, 5-aza-CdR-treated (or control) HCT116 cells (107 cells)
were harvested, washed twice, and resuspended in ice-cold buffer
N (15 mM Tris pH 7.5, 15 mM NaCl, 60 mM KCl, 8.5% [w/v]
sucrose, 5 mM MgCl,, 1 mM CaCl,, 1 mM DTT, 200 uM PMSF,
and 1x cOmplete Mini EDTA-free Protease Inhibitor Cocktail
[Roche]). To prepare nuclei, cells were lysed in 1 mL lysis buffer
(buffer N supplemented with 0.3% NP-40 substitute [Sigma]) for
10 min at 4°C, and nuclei were collected by centrifugation (500g
for 5 min at 4°C), resuspended in 1 mL of buffer N, and then sed-
imented through 7.5 mL sucrose cushion (10 mM HEPES pH 7.9,
30% [w/v] sucrose, 1.5 mM MgCl,) at 13,000g using a Sorvall
swinging bucket for 12 min at 4°C. To isolate single nucleosomes,
the nuclei were digested with MNase (1 unit Worthington MNase
per 70 pg of chromatin for 10 min at 37°C). The nucleosomes were
then purified by hydroxyapatite chromatography and adjusted
to a concentration of 20 pg/mL with ChIP buffer 1 (25 mM Tris
pH 7.5, 5 mM MgCl,, 100 mM KCl, 10% [v/v] glycerol, and
0.1% [v/v] NP-40 substitute) and analyzed using 2% agrose gel.
H3K9me2 and H3K9me3 ChIP were performed as previously
described (Grzybowski et al. 2015), using 5 pg of nucleosomes
pulled down with 10 pg of anti-H3K9me2 (Abcam ab1220) or
anti-H3K9me3 (Active Motif AM39161) antibody on Dynabeads
Protein G (Invitrogen) for 2 h at 4°C. Ten percent of the initial
chromatin for each IP was set aside to serve as ChIP input. The
beads were washed 3x with ChIP buffer 2 (10 mM Tris pH 7.5,
5 mM MgCl,, 300 mM KCl, 10% [v/v] glycerol, and 0.1% [v/V]
NP-40 substitute), twice with ChIP buffer 3 (10 mM Tris pH 7.5,
250 mM LiCl, 1 mM EDTA, 0.5% sodium deoxycholate, and
0.5% [v/v] NP-40 substitute), and twice with 1 x TE buffer, followed
with two elution steps in elution buffer (50 mM Tris pH 7.5, 1 mM
EDTA, and 1% [w/v] SDS). After proteinase K (Roche) digestion (for
1 hat 65°C), sample DNA was purified using Agencourt AMPure XP
beads (Beckman Coulter) prior to qPCR analysis. Sequencing
libraries were prepared using TruSeq ChIP Library Prep Kit
(llumina) and sequenced as single-end 75 bases on a NextSeq
500 instrument (Illumina) at the Van Andel Research Institute
Genomics Core. This procedure yielded between 90 and 120 mil-
lion sequence reads per sample, >85% of which aligned to human
genome version GRCh37 (UCSC Genome Bioinformatics Group).

Data access

Raw and processed data sets from this study have been submitted
to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.
nlm.nih.gov/geo/) under accession numbers GSE108177 and
GSE108205.
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