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DNA methylation is an essential epigenetic modification, present in both unique DNA sequences and repetitive elements,
but its exact function in repetitive elements remains obscure. Here, we describe the genome-wide comparative analysis of the
5mC, 5hmG, 5fC, and 5caC profiles of repetitive elements in mouse embryonic fibroblasts and mouse embryonic stem cells.
We provide evidence for distinct and highly specific DNA methylation/oxidation patterns of the repetitive elements in both
cell types, which mainly affect CA repeats and evolutionarily conserved mouse-specific transposable elements including
IAP-LTRs, SINEs Bim/B2m, and LIMd-LINEs. DNA methylation controls the expression of these retroelements, which
are clustered at specific locations in the mouse genome. We show that TDG is implicated in the regulation of their unique
DNA methylation/oxidation signatures and their dynamics. Our data suggest the existence of a novel epigenetic code for
the most recently acquired evolutionarily conserved repeats that could play a major role in cell differentiation.

[Supplemental material is available for this article.]

DNA methylation is an epigenetic modification essential for
mammalian development (Okano et al. 1999). In mammals, the
cytosine bases at position 5 in CpG dinucleotides are modified ge-
nome-wide by dedicated methyl-transferases to produce 5-methyl-
cytosine (5mC), which can be further oxidized by the Ten eleven
translocation (TET1, 2, and 3) enzymes (Tahiliani et al. 2009;
Ito et al. 2010, 2011; He et al. 2011) to S-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), and S-carboxylcytosine (ScaC).
Recent data showed that both 5fC and 5caC can be excised and re-
paired to regenerate unmodified cytosines by the concerted action
of thymine DNA glycosylase (TDG) and the base excision repair
(BER) enzymes (Cortellino et al. 2011; He et al. 2011; Maiti and
Drohat 2011). In mammalian genomes, the CpG dinucleotides
are underrepresented. Unusually dense clusters of CpG dinucleo-
tides, called CpG islands (CGIs), are present and overlap with the
promoter regions of >70% of the genes (Illingworth et al. 2010;
Deaton and Bird 2011). Despite their high CG content, CGIs are
mainly unmethylated. The current view holds that the CpG dinu-
cleotide remains the primary site for DNA methylation, but there is
emerging evidence for non-CpG methylation in several mammali-
an cells and tissues, including embryonic stem cells (ESCs), in-
duced pluripotent stem cells (iPSC), oocytes, and the brain
(Lister et al. 2009, 2013; Laurent et al. 2010; Tomizawa et al.
2011; Xie et al. 2012; Ziller et al. 2013).

More than two-thirds of the mammalian genome consists
of repetitive elements (de Koning et al. 2011), including long ter-
minal repeats (LTR), long interspersed nuclear elements (LINE),
and short interspersed nuclear elements (SINE), major satellites
and simple repeats (Mouse Genome Sequencing Consortium
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2002). Previous data suggest that at least some of these repeat ele-
ments are methylated in ESCs (Shen et al. 2013) and undergo an
extensive demethylation during plant development (Gehring
et al. 2009). No comprehensive data are, however, available for
the DNA genome-wide methylation pattern of repeat elements
in differentiated mammalian cells. The biological significance of
repetitive element methylation/oxidation remains elusive.
Whereas the hypomethylation of repetitive elements appears to
be a hallmark of cancer cells (Howard et al. 2008; Ehrlich 2009;
Baba et al. 2010), how this is related to cancer development is poor-
ly understood.

In this study, by using DNA immunoprecipitation sequenc-
ing (DIP-seq), we have carried out a genome-wide comparative
analysis of the DNA methylation/oxidation patterns of repetitive
elements in both differentiated mouse embryonic fibroblasts
(MEFs) and pluripotent ESCs. Our data decipher a dynamic combi-
natorial DNA methylation code at repetitive elements that could
play a major role in cell differentiation and define novel DNA reg-
ulatory regions within the mouse genome.

Results

The available data showed that TDG could be implicated in the dy-
namics of genome-wide distribution of methylated cytosines
(Cortellino et al. 2011; He et al. 2011; Maiti and Drohat 2011).
To further analyze this in detail in differentiated cells, we per-
formed, by using highly specific antibodies (Supplemental Fig.
1a), two independent SmC, ShmC, 5fC, and ScaC DIP-seq experi-
ments in wild-type and Tdg-deficient MEFs (Supplemental Fig. 1b)
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and determined their genome-wide distribution patterns
(Supplemental Fig. 1c). This approach allows a high coverage of re-
petitive elements and profiling of all CpNs within the genome
(Down et al. 2008). We paid particular attention to the modified
cytosine patterns of repeat elements, since no study has yet ad-
dressed this problem in mammalian cells at the genomic level.
In parallel, RNA-seq experiments were carried out on the same
samples. Correlation of the DIP-seq and the RNA-seq data allowed
us to dissect the cross talk between the cytosine modifications and
transcription.

Accumulation of cytosine modifications at repeats in MEFs

Analysis of genome-wide sequencing data identified 24%-42% of
reads as uniquely mapped and 58-76% of reads with multiple hits
(Fig. 1A). The unique reads can be mapped to specific genomic
sites, whereas the multihit reads, which represent repetitive ele-
ments (Dreszer et al. 2012), can only be assigned to their specific
repeat family. Since the majority of the reads mapped to repetitive
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Figure 1.

elements, we first studied the DNA methylation/oxidation pattern
of individual repeats by analyzing uniquely mapped reads (Fig. 1B)
and then extended the study to include also “unmappable” multi-
hit reads by assigning them to their unique repeat family (Fig. 1C;
Methods). Importantly, this second analysis allowed extension of
the results obtained with individual repeat elements to their corre-
sponding family.

Peak calling using uniquely mapped reads, which represent
24%-42% of tags, revealed that Tdg knockdown leads to a strong
accumulation of 5fC and ScaC peaks and a slight decrease of
SmC and ShmC peaks (Fig. 1D). Surprisingly, 80%-90% of these
unique peaks overlap with the RepeatMasker database (RMSK), fur-
ther supporting our finding that repetitive elements in MEF cells
represent the vast majority of cytosine modification targets (Fig.
1E). In agreement with this, only 198 genes showed relatively
marked expression change upon Tdg knockdown (Supplemental
Fig. 1d). As expected, modified cytosines were strongly underrepre-
sented at CGIs (Supplemental Fig. 1e). Forty-five percent of the
5mC called peaks were found at SINEs (Fig. 1E), which represent
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Preferential accumulation of 5mC, 5hmC, 5fC, and 5caC at repetitive elements in MEFs. (A) Percentages of uniquely mapped and multihit reads

in total mapped reads (average of two replicates). (B,C) Flowchart of computational analyses used in this study using uniquely mapped reads (B) and in-
cluding multihit mapped reads (C). (D) Venn diagrams showing the overlap between 5mC, 5hmC, 5fC, and 5caC peaks in control (shSCR) and Tdg-de-
ficient MEFs (shTDG). (E) Percentages of peaks overlapping with repetitive elements using the UCSC RepeatMasker database. (F) Bar graph representation

of the peak accumulation (fold change, fc=

log,-ratio shTDG/shSCR) at repetitive elements in response to Tdg knockdown in MEFs. (G) Heatmaps with

hierarchical clustering showing Spearman’s rank correlations between all pairwise comparisons. Spearman correlations were calculated using the raw
read count across all types of repeats analyzed. Note that the 5ShmC, 5fC and 5caC profiles were closely clustered.
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7.5% of the mouse genome (Supplemental Fig. 1g). On the other
hand, on average, >50% of the called ShmC, 5fC, and 5caC peaks
were found at simple repeats (Fig. 1E), which accounts for only
2.3% of the mouse genome (Supplemental Fig. 1g). Tdg knock-
down leads to an accumulation of 5fC and 5caC peaks at all repet-
itive elements with the exception of LINEs, accumulating only
5caC peaks (Fig. 1F). In addition, a strong overlap between
5hmC, 5fC, and 5caC peaks was observed (Supplemental Fig. 1f).
This result was further confirmed by the correlation matrix coeffi-
cient for the repetitive elements (calculated by using total mapped
reads), which showed a close clustering between these three oxi-
dized forms (Fig. 1G).

Of note, Tdg knockdown leads also to a twofold increase of
5fC and 5caC peaks at nonrepetitive elements, showing that the
action of TDG is not restricted to repetitive elements. Taken collec-
tively, these data revealed a marked and overall Tdg-deficient-de-
pendent accumulation of 5fC and 5caC in MEFs.

Specific DNA methylation profiles at recently integrated IAP
LTRs in differentiated MEFs and pluripotent ESCs

In order to perform a comparative analysis of cytosine modifica-
tion patterns between the repeat elements in differentiated MEFs
and pluripotent ESCs, we compared our data on MEFs with reads
overlapping with the RMSK database from previously published
data sets for ESCs (Shen et al. 2013). In addition, we reanalyzed
them independently. We first characterized the Tdg-deficient-de-
pendent changes in DNA methylation at LTR retrotransposons
(also known as endogenous retroviruses [ERVs]) in MEFs. For sim-
plicity, we will collectively further refer to LTR retrotransposons as
LTRs. The RMSK database distinguishes between elements corre-
sponding to external domains (LTR.y, containing the regulatory
regions of the LTR) from those corresponding to internal domains
(LTRint, containing the coding sequences of the proteins, neces-
sary for the life cycle of the integrated viruses) (Fig. 2A) within
the different LTR families. With this in mind, we carried
out independent analyses for these two regions. Heatmaps were
generated using uniquely mapped reads on internal domains
(LTRypny) with a 2-kb cutoff to eliminate truncated and degenerated
LTRs (Fig. 2B). The corresponding normalized densities of SmC,
ShmC, 5fC, and ScaC signals are presented in Figure 2C. Our
data revealed a striking enrichment of SmC exclusively at the ex-
ternal repeats of the Intracisternal A Particle (IAP) LTR family
ERVK (Fig. 2C,D). These last results are intriguing, since IAP repeats
represent 5.6% of the mouse genome (Supplemental Fig. 1g) and
are the evolutionarily least truncated LTR subfamily (Fig. 2E)
with the highest conservation score and CG content (Fig. 2B,F).

Relative enrichment calculations including multihit reads
(Fig. 2G, left; Supplemental Fig. 2a, left) further confirmed the
5SmC enrichment of the IAP-LTR external regions (log,>3,
~10-fold), but also revealed a moderate SmC enrichment at their
internal domain (log, = 1.5, approximately threefold). This moder-
ate methylation correlated with the intermediate CG level of the
IAP-LTR internal regions (Fig. 2B,F), but was barely observed in
the heatmap generated with uniquely mapped reads (Fig. 2B),
due to their inability to be mapped by the existing approaches
(Fig. 2H). Our data illustrate a direct correlation between the ob-
served methylation level and the CG density of the different LTR
retroelement regions. Overall, we observe SmC enrichment at ev-
ery LTR region whenever the CG density exceeds the average
mouse genome density (0.83 CpG per 100 bp).

We next investigated how the methylcytosine density im-
pacts LTR element transcription in MEF cells (Fig. 2I). The high lev-
els of methylation of the IAP family suggest that their transcription
is repressed. Accordingly, LTRex: IAPs showed the highest SmC
density (10-fold higher than the rest) and the lowest transcription
level (three- to fourfold lower than the rest) (Fig. 2J). In agreement
with the absence of change in SmC densities, the knockdown of
Tdg had no effect on LTR transcription.

The methylation patterns of LTR retrotransposons in ESCs
showed, however, striking differences when compared to these
in MEFs. For example in ESCs, LTR . IAPs exhibited a threefold
lower enrichment for SmC than MEFs and a significant enrich-
ment for ShmC (Fig. 2G, upper right). Moreover, we detected an
accumulation of 5fC and 5caC in response to Tdg knockdown at
LTRex¢ of several IAP subfamilies (Supplemental Fig. 2a, right).
Similarly, the external domain of several mouse-specific non-IAP
ERVK and ERV1 subfamilies showed an enrichment for oxidized
methylated cytosines, with a specific accumulation of ScaC in
the absence of TDG (Supplemental Fig. 2a, right). Importantly,
ERVK and ERV1 internal domains (LTRy,¢) tend to be depleted in
SmC (Fig. 2G, lower right; Supplemental Fig. 2b, right). Taken col-
lectively, these data suggest that the evolutionarily conserved LTRs
harboring a high CG content are dynamically regulated by TDG in
ESCs, but stably methylated during cell differentiation.

DNA methylation dynamics at the evolutionarily youngest SINEs

SINEs are interspersed repeats that make up to 7.5% of the mouse
genome (Supplemental Fig. 1g) and comprise two mouse-specific
families, Blm and B2m, which correspond to the most recently in-
tegrated (Mouse Genome Sequencing Consortium 2002) and the
most conserved elements (Supplemental Fig. 3a). Heatmaps of
SmC/ShmC/5fC/5caC/CG densities at SINEs ranked by families re-
vealed a strong cytosine modification enrichment occurring at the
mouse-specific CG-rich B1m and B2m families in MEFs (Fig. 3A).
The CG density of Blm elements is on average twofold higher
than that of B2m elements (Supplemental Fig. 3a). Accordingly,
the SmC density was approximately twofold higher at the Blm
family than at the B2m family (Fig. 3B). Normalized density curves
clearly showed that the mouse-specific SINEs are highly methylat-
ed and their oxidation is dynamically regulated by TDG (Fig. 3C;
Supplemental Fig. 3b). The preceding results suggest that tran-
scription of the most conserved SINEs is repressed by DNA meth-
ylation. To test this, individual mouse-specific Blm elements
were ranked by conservation score, and heatmaps were generated.
A strong correlation was observed between their phylogenetic con-
servation, CG density, and DNA modification density (Fig. 3D,E).
Average transcription level revealed that the most conserved Blm
SINEs are the most repressed and most methylated (Fig. 3D,E).
Although a net conversion from ShmC to 5caC was observed at
B1m SINEs in the absence of TDG, their SmC level was not affect-
ed. In line with this, knockdown of Tdg had no effect on Blm SINE
transcription.

The available data indicated that SINEs are implicated in chro-
matin domain anchoring and gene regulation (Lunyak et al. 2007;
Ichiyanagi 2013). If this was the case, these species-specific SINEs
should be located at distinct functional loci within the mouse ge-
nome and should show a distinct methylation pattern. To test this,
we first analyzed the distance to a transcription start site (TSS) dis-
tribution of mouse-specific SINEs according to their SmC level. A
highly statistically significant correlation between SmC density
and proximity to the TSS was observed (Supplemental Fig. 3c¢).
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scription levels at LTR., elements (length >200 bp) in control and Tdg-deficient MEFs. (/) Histogram showing the negative correlation between methylation
density and transcription level of LTR.,. elements in control and Tdg-deficient MEFs.

Genome browser visualization revealed that the methylated
mouse-specific SINEs are clustered around CGIs (Supplemental
Fig. 3d, upper), close to the TSS (Supplemental Fig. 3d, lower).

This result was further validated by measuring the average distance
to the TSS of B1m and B2m elements as a function of their SmC
level (Fig. 3F,G). Altogether, our data revealed that the
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sities at SINEs (n=1,511,580), sorted by family. Tags were counted within 500 bp around the SINE center. (B) 5mC densities in control MEFs for the in-
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scription levels in control and Tdg-deficient MEFs at B1m retroelements ranked by conservation score (n=185,667). (E) Curves representing cytosine mod-
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transcription of species-specific SINEs integrated around TSSs are
highly regulated by DNA methylation (Fig. 3H).

These data were further supported by the calculated relative
enrichment of all cytosine modifications using total mapped
reads. The results confirmed the global hypermethylation status
of mouse-specific SINEs over ancestral SINEs and their TDG-depen-
dent regulation in MEFs (Fig. 31, left). Comparative analysis re-
vealed a specific hydroxymethylation of these mouse-specific
SINEs in ESCs (Fig. 31, right).

DNA methylation patterns of LINEs

LINEs are autonomous retrotransposons making up ~20% of the
mouse genome (Supplemental Fig. 1g; Mouse Genome Sequenc-
ing Consortium 2002). Most of LINEs are defective due to trunca-
tion or accumulation of mutations over time (for review, see Edgell
et al. 1987; Sookdeo et al. 2013). Indeed, only 1% of annotated
LINEs are intact (length>5 kb) and potentially active (Castro-
Diaz et al. 2014). The majority of full-length LINEs are represented
by the strongly conserved mouse-specific L1Md family, which cov-
ers 2.8% of the mouse genome (Supplemental Fig. 1g) and exhibits
the highest CG density (Supplemental Fig. 4a,b). This family con-
tains a 5’ UTR functioning as a promoter, two open reading frames,

ORF1 and ORF2, and a 3' UTR containing a poly(A) signal. To an-
alyze the 5SmC/5hmC/5fC/5caC distribution at intact LINEs in
MEFs, we generated heatmaps of SmC/5hmC/5fC/5caC/CG densi-
ties and transcription levels at L1Md ranked by their appearance in
the mouse genome (Castro-Diaz et al. 2014). Two distinct clusters
were identified: cluster 1, containing the youngest subfamilies
LIMd_T, L1IMd_A, and L1M{_Gf (0.5-1.5 million years old) with
a CG-rich 5" UTR region; and cluster 2, containing the oldest sub-
families L1IMd_F, L1Md_F2, and L1Md_F3 (3.5-4.5 million years
old) with a lower CG density at their 5" UTR region (Fig. 4A). Aver-
age SmC/5hmC/5fC/5caC signals at L1Md in control and Tdg-de-
ficient MEFs show two distinct profiles: (1) a hypermethylated 5’
UTR region of the evolutionarily recent L1IMd subfamilies; and
(2) TDG-dependent dynamics of the 5SmC oxidation derivatives
along their coding sequence in the oldest subfamilies (Fig. 4B).
In addition, three individual L1Md elements representative of
the two described clusters are visualized in Supplemental Fig. 4c.
We hypothesized that the LINEs, characterized by methylcy-
tosine oxidation dynamics along their ORFs are more prone to ac-
tivation compared with LINEs hypermethylated on their 5" UTR.
Accordingly, RNA-seq analysis revealed that the oldest L1Md ele-
ments are globally more transcribed than the youngest (Fig. 4C).
In addition, a stronger enrichment of H2A.Z and Pol2 at promoters
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Figure 4. Distinct TDG-dependent DNA methylation patterns at full-length L1Md. (A) Heatmaps of 5mC/5hmC/5fC/5caC/CG densities and transcrip-
tion levels in control and Tdg-deficient MEFs at full-length L1Md elements (length >5 kb, n=12,916), sorted relative to their appearance in the mouse
genome. Tag densities were collected in 50-bp sliding windows spanning 2 kb (divided in 10 bins) of the length-normalized L1Md (divided in 40
bins). Two distinct clusters are identified: cluster 1, containing the youngest subfamilies LIMd_T, LIMd_A, and L1Mf_Gf (0.5-1.5 million years old);
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deficient MEFs (left) and ESCs (right). (*) P-value <0.05.
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of the oldest L1IMd elements was found. We conclude that the CG-
rich promoters of the recently integrated LINEs are silenced by
DNA methylation, whereas the oldest ones are more transcribed,
oxidized along their coding sequences, which is actively removed
by TDG. Of note, a net conversion from ShmcC to S5caC observed in
the absence of TDG had no effect on their transcription states (Fig.
4C).

We next investigated the L1Md LINEs distribution through-
out the genome. We observed a strong enrichment of full-length
LINEs in genes involved in brain development (Supplemental
Fig. 4e). The specific DNA methylation pattern found at L1Md
family in MEF cells was further validated by analyses of total
mapped reads (Fig. 4E, left; Supplemental Fig. 4d, left). Surpris-
ingly, L1IMd were depleted in cytosine modifications in ESCs
(Fig. 4E, right; Supplemental Fig. 4d, right), suggesting that the reg-
ulation of LINE transcription by methylation takes place during
differentiation.

DNA methylation dynamics at CA repeats

Simple repeats are made up of variable numbers of successive re-
peating units with various lengths (for review, see Ellegren
2004). Heatmaps of SmC/5hmC/5fC/5caC/CA densities for simple
repeats revealed a clear enrichment of all SmC oxidation deriva-
tives specifically at CA repeats in MEFs (Fig. 5A). Note that the an-
tibodies we have used are highly specific for the individual SmC
oxidized forms of the CA repeats, thus ruling out the possibility
of nonspecific association of the antibodies with repeats (Fig.
5B). Normalized density curves (Fig. 5C) and genome browser
views (Supplemental Fig. Sb,c) confirmed that CpA dinucleotides
are mainly oxidized and regulated by TDG. Indeed, Tdg knock-
down leads to a strong density accumulation of both 5fC and
5caC (~50% increase) (Fig. SC, right). Of note, the depletion of
TDG weakly affects the density of both SmC and 5ShmC (Fig. 5C,
left). Since the ShmC, 5fC, and 5caC patterns track closely the
CpA content of simple repeats (Fig. 5A), and the CA repeats exhibit
a 50-fold higher CA than CG density (Supplemental Fig. 5a), the
preceding results suggest that the cytosine within the CpA dinucle-
otides could also be methylated. To analyze this, CA repeats were
ranked by CpA dinucleotide repetition number, and heatmaps
were generated (Fig. 5D). Interestingly, a strong correlation is
seen between CA density and ShmC, 5caC, and 5fC densities.
Average modification density calculations further confirmed the
close correlation between the number of CpA repetitions and their
modification enrichments (Fig. 5E). The occurrence of 5SmC oxida-
tion at CA repeats prompted us to study the ability of TDG to excise
an oxidized cytosine in sequences that do not contain CpG. In
vitro assays showed that recombinant TDG efficiently excised a
formylcytosine in both CpG and CpA contexts, but not in synthe-
sized sequences containing either CpC or a CpT (Fig. SF). Likewise,
the dioxygenase activity of the Naegleria Tet-like protein has a
strong preference for SmCpG and 5mCpA (Hashimoto et al.
2014). These results further validate the occurrence of DNA meth-
ylation/oxidation at CA repeats in MEFs.

Since CA repeats have been implicated in transcription and
splicing regulation (Naylor and Clark 1990; Gebhardt et al. 1999;
Pravica et al. 1999; Shimajiri et al. 1999; Gabellini 2001; Hui
et al. 2003), we sought to determine whether CA repeat modifica-
tions occurred randomly or at specific locations within the mouse
genome. Annotation of CA repeats using HOMER software re-
vealed that >40% of CA repeats are associated with introns, and
their ShmC density increases with their proximity to a TSS (Fig.

5G; Supplemental Fig. 5d). Altogether, these data revealed that
the densest CA repeats are the most modified and the closest to
TSSs, which point to their potential role in transcription regula-
tion. Bearing this in mind, we next studied the relationship be-
tween cytosine modifications, Pol2, and H3K9me3 distributions
and the expression level of genes containing or not CA repeats
(with a cutoff of [CA]n > 100 bp) (Supplemental Fig. Se). Using cod-
ing genes from the Ensembl 67 database, we were able to identify
8,595 (CA)n-containing genes and 10,456 (CA)n-free genes. Inter-
estingly, the two classes of genes showed a very distinct Pol2 and
H3K9me3 profiles (Fig. SH-K). Although the density of Pol2 fol-
lowed the transcription level, we observed a much stronger accu-
mulation of Pol2 on (CA)n-free genes than (CA)n-containing
genes at equivalent transcription level (Fig. SH,I). As expected,
we found a strong accumulation of H3K9me3 at silenced genes
with a much stronger association with (CA)n-containing genes
(Fig. 5],K).

We then analyzed the methylation/oxidation profiles of
(CA)n-free and (CA)n-containing genes. Surprisingly, we observed
a positive correlation between gene body methylation and tran-
scription level specific for (CA)n-containing genes (Fig. SL, first
row of panels). In the absence of TDG, an accumulation of SmC
density specifically for highly transcribed (CA)n-containing genes
(Fig. SL, first row of panels) was observed. Since 90% of 5SmC peaks
were detected within repetitive elements (Fig. 1E), we conclude
that the methylation of repeats within gene bodies positively cor-
relate with their transcription. This correlation is only seen for
(CA)n-containing genes, which suggest that this class of genes con-
tains more repetitive elements and hence could correspond to
longer genes. In agreement, (CA)n-containing genes were found
eight times longer than (CA)n-free genes (96 versus 12 kb)
(Supplemental Fig. 5f). In contrast to SmC distribution, the oxida-
tion patterns of (CA)n-containing genes negatively correlate with
their transcription (Fig. SL, second to fourth row of panels). In sup-
port, Tdg knockdown leads to a stronger accumulation of 5fC and
ScaCatrepressed (CA)n-containing genes (Fig. 5L, third and fourth
row of panels).

Relative enrichment calculations including multihit reads for
each cytosine modification at different simple repeat families con-
firmed that CA repeats are specifically enriched in SmC oxidized
forms (Supplemental Fig. 5g, left; Supplemental Fig. Sh, left).
Surprisingly, these repeats were strongly enriched in 5mC in
ESCs (Supplemental Fig. 5g, right). Clustered heatmap densities
of cytosine modification levels at CA repeats in ESCs and MEFs re-
vealed that the highly methylated CA repeats in ESCs correspond
to those harboring the strongest SmC oxidized forms in MEFs (Sup-
plemental Fig. 5i). Together our data show that the densest CA re-
peats are preferentially methylated in ESCs, oxidized, and
dynamically regulated by TDG during differentiation in a tran-
scription-dependent manner. Since CA methylation was shown
by bisulfite sequencing to occur in Drosophila and mammals main-
ly in the CAC trinucleotide context (Laurent et al. 2010; Lister et al.
2013; Guo et al. 2014; Takayama et al. 2014), we investigated
whether this motif is also preferentially modified at simple repeats.
Our analysis identified the CAC trinucleotide as the main motif tar-
geted by SmC oxidation at simple repeats in MEFs (Supplemental
Fig. 5h, right). Collectively, these results highlight the TDG-depen-
dent DNA methylation dynamics at conserved CA repeats that are
located closer to TSSs compared to degenerate CA repeats. The dis-
tinct methylation/oxidation patterns found in MEFs and ESCs may
reflect an active role of these modifications in shaping the tran-
scriptional reprogramming taking place during differentiation.
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windows spanning 2 kb (divided in 10 bins) of the length-normalized gene bodies (divided in 40 bins). Within both groups, genes were then sorted in
quartiles according to their expression level. (L) Average 5mC/5hmC/5fC/5caC signals in control and Tdg-deficient MEFs within CA repeat-containing
and CA repeat-free gene bodies expressed at different levels. Tag densities were collected in 100-bp sliding windows spanning 2 kb (divided in five
bins) of the length-normalized gene bodies (divided in 50 bins).
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We finally analyzed the occurrence of cytosine modifications
at major satellites and DNA transposons. Major satellites showed a
unique cytosine modification pattern conserved between MEFs
and ESCs, characterized by a specific 5SmC and 5fC enrichment
(Supplemental Fig. 6a). In contrast, DNA transposons did not
show any enrichment in cytosine modifications (Supplemental
Fig. 6b).

Discussion

Here, we present a genome-wide comparative analysis of DNA
methylation/oxidation profiles of repetitive elements in both
MEFs and ESCs. We found major differences in the DNA methyla-
tion/oxidation patterns of repetitive elements in these cells. The
majority of DNA methylation/oxidation patterns are dynamically
regulated by TDG and occur mainly at both the CA repeats and the
most recently acquired transposable elements corresponding to
mouse-specific repeats with high CG content. We show that these
elements are not distributed randomly throughout the mouse ge-
nome, but are clustered with respect to the TSS and hence, may act
as novel cis-acting regulatory elements (Fig. 6).

Overall, we observed an enrichment of DNA methylation in
repetitive elements whenever the CG density exceeded 0.83 CpG
per 100 bp, which is the average mouse genome density. For exam-
ple, the IAP retroviruses, which have the highest CG density,
showed the highest methylation enrichment. In ESCs, this subfam-
ily was partially methylated and enriched in ShmC, but was fully
methylated in MEFs, which suggests that their permanent
inactivation during differentiation is important to prevent inser-
tional mutagenesis. Accordingly, IAP transcription is constrained
by methylation (Walsh et al. 1998), and LTR elements were found
excluded from gene-rich regions (Medstrand et al. 2002), likely
because of their potential to alter transcription. LTR families
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harboring an intermediate CG density (such as ERV1 and
non-IAP ERVK) showed DNA methylation/oxidation dynamics
specific to ESCs accumulating the more oxidized forms in the ab-
sence of TDG, whereas the evolutionarily oldest CG-poor ERVL
family escaped methylation. Collectively, our data revealed that
methylation level of CG-rich LTRs is highly dynamic during
differentiation.

DNA methylation-regulated, mouse-specific SINEs are con-
centrated around CGIs. This peculiar localization could have pro-
found consequences on neighboring gene expression. Human B1
SINEs have been shown to influence the activity of downstream
gene promoters, with acquisition of DNA methylation and loss
of active histone marks (Estecio et al. 2012). Mouse Blm and
B2m SINEs might act as boundary elements that protect CGIs
against pervasive methylation; hence, they could be used by
ESCs (where the SINEs are not methylated) to maintain the undif-
ferentiated state. Consequently, SINE hydroxymethylation could
regulate the transcriptional circuit that sustains the pluripotent
state before subsequent methylation silencing during differentia-
tion. Nevertheless, we cannot rule out the possibility that the
higher concentration of recently acquired SINEs close to a TSS re-
flects their higher probability to insert into highly transcribed, ac-
cessible chromatin structure. In agreement with this, genes bound
by insulator proteins, known to function as barriers to heterochro-
matin spreading, show a higher frequency of SINEs than unbound
genes (Estecio et al. 2012).

The lineage-specific LINE families L1IMd showed TDG-depen-
dent cytosine modification dynamics in MEFs according to their
evolutionary age: the youngest subfamilies present mainly a
hypermethylated 5" UTR, whereas the oldest subfamilies show a
TDG-dependent methylation dynamic throughout their ORFs.
In agreement, the oldest L1Md elements are more active, and their
highly dynamic ShmC/5fC/5caC profiles follow transcriptional
directionality, peaking at the beginning
of the first ORF and diminishing toward
the 3’ UTR. These L1Mds are, as expected,
characterized by high Pol2 and H2A.Z as-
sociation levels. These intact LINEs also
exhibited a nonrandom genomic distri-
bution, being concentrated in genes in-

P‘ Sud volved in synapse and neuron function.
The biological significance of this geno-

} 5hmC mic distribution could reflect a specific
role in gene regulation and genome orga-

} 5fC nization in brain given that LINEs have
F been implicated in several fundamental
beat processes such as differentiation and de-
velopment (Speek 2001; Nigumann et

;)" ;f:e-:dﬂei; al. 2002; Matlik et al. 2006; Slotkin and
dynamic Martienssen 2007; Faulkner et al. 2009;

Muotri et al. 2010). Consistent with

Posiive corrataton s, DNA - methylation dynamics at

L1Md were not observed in ESCs suggest-
ing a specific function in differentiated
cells.

Another important aspect of this
study is the identification of CA methyl-
ation enrichment at simple repeats. Our
data show that simple repeats with the
highest CA density are preferentially
methylated in ESCs, but hydroxymethy-
lated and formyl/carboxylated in MEFs,

|f+
\j; with transcription
=)
?_L Negative correlation
with transcription
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accumulating the more oxidized forms in the absence of TDG.
The biological significance of the switch from methylation to ox-
idation during differentiation remains unclear for the moment,
but the occurrence of 5mC/ShmC on CA repeats at close distanc-
es to the TSS suggests an important role of these elements in the
control of gene expression (Naylor and Clark 1990; Gebhardt
et al. 1999; Pravica et al. 1999; Shimajiri et al. 1999; Gabellini
2001; Hui et al. 2003). In agreement, ShmC and 5fC/5caC accu-
mulation in the absence of TDG target preferentially silenced
(CA)n-containing genes. The ability of recombinant TDG protein
to excise formylcytosine exclusively in CpG and CpA contexts
further validates the implication of CA repeats in genome regula-
tion/organization. Our data support previous observations, ob-
tained by bisulfite sequencing or ShmC-specific restriction
enzyme PvuRtsll approaches, describing non-CG methylation
in brain, oocytes, ESCs, iPSC, and flies (Laurent et al. 2010;
Tomizawa et al. 2011; Xie et al. 2012; Lister et al. 2013; Ziller
et al. 2013; Sun et al. 2015) and provide straightforward evidence
for its occurrence in the CAC motif at simple repeats. CA repeat
methylation/oxidation dynamics could also play an important
role in brain development. Recent work reported their hypome-
thylation is associated with autism (Papale et al. 2015), and
MECP2 has been shown to repress gene expression in brain tis-
sues by binding to methylated CA sites within long genes
(Gabel et al. 2015).

We hypothesize that the TDG-dependent cytosine DNA
methylation/oxidation dynamics, specific to both CA repeats
and the youngest lineage-specific transposable elements, may con-
stitute a novel epigenetic code with an as yet unknown role in ge-
nome organization and function (Fig. 6). Indeed, retroelement
insertions are major drivers of evolutionary changes within species
(Cordaux and Batzer 2009; Burns and Boeke 2012; Mita and Boeke
2016), and the observed retroelement methylation dynamics
could be strongly implicated in evolution. Alterations of this
code could be associated with disease development. This may be
particularly true for tumorigenesis, since strong hypomethylation
of repeats is observed in cancer cells (Howard et al. 2008; Ehrlich
2009; Baba et al. 2010).

Methods

Isolation of primary MEFs

Embryonic fibroblasts were isolated from mouse embryos at em-
bryonic day 10.5 (genetic background C57BL/6) as previously de-
scribed (Obri et al. 2014). MEFs were kept in culture for no more
than 1 mo.

Lentiviral knockdown of Tdg

shRNA targeting Tdg (shTDG-1, 5'-CCAGCAGGATTTAATGGTATT
-3’ and shTDG-2, 5-GCCACGAATAGCGGTGTTTAA-3') or the
control shRNA (5'-CCTAAGGTTAAGTCGCCCTCG-3') were
cloned into pLKO.1-blast vector (Addgene). To generate lenti-
viruses, the transducing vectors were cotransfected into 293T cells
using Effectene Transfection Reagent (Qiagen). The supernatant
was harvested at 48 h after transfection. To generate control and
Tdg-knockdown cells, MEFs were infected with lentivirus in a
six-well plate. Blasticidine (10 pg/mL) was added to the medium
(DMEM containing 10% FBS) 24 h after infection to select infected
cells. Cells were selected by blasticidin for 10 d and were subcul-
tured when necessary until being harvested.

RT-qPCR analysis

Total RNAs were purified from subconfluent MEFs using standard
methods and subjected to reverse transcription using random
primers (Promega) and the SuperScript II reverse transcriptase
(Invitrogen). Real-time quantitative PCR was done with the
LightCycler 480 SYBR Green I Master kit (Roche) and the
Mastercycler Realplex apparatus (Eppendorf). PCRs were per-
formed with the oligonucleotide pairs 5-GCCAGATGTGCT
CAGTTTCC-3" and 5'-CTGCCTCATAGCCTGGATCA-3' for Tdg
and 5'-GGCTGTATTCCCCTCCATCG-3' and 5'-CCAGTTGGTAA
CAATGCCATGT-3' for Actb. Results were normalized to Actb.

RNA-seq

After isolation of total cellular RNA from subconfluent MEFs, li-
braries of template molecules suitable for strand-specific high-
throughput DNA sequencing were created using the TruSeq
Stranded Total RNA with Ribo-Zero Gold Prep Kit (# RS-122-
2301, llumina). Briefly, starting with 300 ng total RNA, the first
step involved the removal of cytoplasmic and mitochondrial
ribosomal RNA (rRNA) using biotinylated, target-specific oligos
combined with Ribo-Zero rRNA removal beads. Following purifica-
tion, the RNA was fragmented into small pieces using divalent cat-
ions under elevated temperature. The cleaved RNA fragments were
copied into first-strand cDNA using reverse transcriptase and ran-
dom primers, followed by second-strand cDNA synthesis using
DNA Polymerase I and RNase H. The double-stranded cDNA frag-
ments were blunted using T4 DNA polymerase, Klenow DNA poly-
merase and T4 PNK. A single “A” nucleotide was added to the
3’ ends of the blunt DNA fragments using a Klenow fragment
(3’ to 5’ exo minus) enzyme. The cDNA fragments were ligated
to double-stranded adapters using T4 DNA Ligase. The ligated
products were enriched by PCR amplification (30 sec at 98°C; [10
sec at 98°C, 30 sec at 60°C, 30 sec at 72°C] x 12 cycles; 5 min at
72°C). Then surplus PCR primers were removed by purification us-
ing AMPure XP beads (Agencourt Biosciences). Final cDNA librar-
ies were checked for quality and quantified using the 2100
Bioanalyzer (Agilent). The libraries were loaded in the flow cell at
7 pM concentration, and clusters were generated in the Cbot and
sequenced in the Illumina HiSeq 2500 as single-end 50 base reads
following Illumina’s instructions. Image analysis and base calling
were performed using RTA 1.17.20 and CASAVA 1.8.2. Reads
were mapped onto the mm9 assembly of the mouse genome by us-
ing TopHat (Trapnell et al. 2009) and the Bowtie aligner
(Langmead et al. 2009). Quantification of gene expression was per-
formed using HTSeq-0.5.4p3 (http://www-huber.embl.de/users/
anders/HTSeq) and gene annotations from Ensembl release 67.
Read counts have been normalized across libraries with the statis-
tical method proposed by Anders and Huber (Anders and Huber
2010) and implemented in the DESeq Bioconductor library.

5mC/5hmC/5fC/5caC DNA immunoprecipitation assays

DNA immunoprecipitation assays were done as previously de-
scribed (Shen et al. 2013) with some modifications. Briefly, 10 pg
DNA was used as input, then 2 uL 5SmC antibody (Active Motif,
39649), 4 pL ShmC antibody (Active Motif, 39791), 1 pL 5fC
anti-serum or 0.5 pL 5caC anti-serum (Yi Zhang) were used to im-
munoprecipitate modified DNA. DNA and antibodies were incu-
bated at 4°C overnight in a final volume of 500 pL DIP buffer
(10 mM sodium phosphate pH 7.0, 140 mM NaCl, 0.05% Triton
X-100). The bound material was recovered after incubation with
30 pL blocked protein G Dynabeads (beads washed three times
with 1 mL DIP buffer and incubated for 4 h minimum with BSA
1 mg mL~! and yeast tRNA 0.5 mg mL™"). The beads were washed
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three times with 1 mL DIP buffer, then treated overnight with
RNase A at 65°C in the presence of 300 mM NaCl and then treated
4 h with proteinase K at 55°C. Immunoprecipitated DNA was pu-
rified by phenol-chloroform extraction followed by ethanol pre-
cipitation. Four independent DNA immunoprecipitations per
replicate were pooled for each condition before sequencing analy-
sis. For each independent replicate, SmC, ShmC, 5fC, and 5caC
DIP assays were performed using the same batches of genomic
DNA.

ChIP assay

H3K9me3 and Pol2 ChIP experiments were performed as previous-
ly described (Obri et al. 2014). Briefly, 50 png sonicated chromatin
isolated from subconfluent MEFs was immunoprecipitated using
1 pL antibody anti-H3K9me3 (Abcam, ab8898) or 5 pg antibody
anti-Pol2 (Santa Cruz, sc-9001 X). Five independent chromatin im-
munoprecipitations were pooled for each antibody before se-
quencing analysis.

ChlIP-seq, DIP-seq, and computational analyses

ChIP-seq and DIP-seq were performed on an Illumina HiSeq 2500
as single-end 50 base reads following Illumina’s instructions.
Image analysis and base calling were performed using RTA
1.17.20 and CASAVA 1.8.2. Reads were mapped to the mouse ge-
nome (mm?9) using Bowtie (Langmead et al. 2009) using the fol-
lowing arguments “-m 1 -strata -best -y -S -1 40 -p 2.” Peak
detection was performed running MACS (Zhang et al. 2008)
(http://liulab.dfci.harvard.edu/MACS/) using data sets normalized
to 10 million uniquely mapped reads under settings in which the
input fraction was used as negative control (effective genome size:
1.87x10°%; tag size: 50; b width: 300; P-value cutoff for peak detec-
tion: 1x107°). Detected peak summits were annotated using
HOMER (http://homer.ucsd.edu/homer/ngs). Heatmaps, global
clustering, and quantitative comparisons of the ChlIP-seq/DIP-
seq data were performed running seqMINER (Ye et al. 2011)
(http://bips.u-strasbg.fr/seqminer/), using data sets representing
the average of replicates normalized to 10 million uniquely
mapped reads. As reference coordinates, we used the annotated
RepeatMasker (RMSK) database (for repetitive elements) or the
Ensembl 67 database (for coding genes) of the mouse genome
(mm9). The replicate average densities were normalized in reads
per million mapped reads (rpm). In order to characterize the rela-
tionship between cytosine modification density and transcription
level in repetitive elements, we computed average normalized den-
sities (for DIP-seq data sets) and average transcription level (for
RNA-seq data sets) per repetitive element (reads per kilobase per
million reads [rpkm] or reads per kilobase per hundred million
reads [rpk100m], as indicated). When clustered, the collected val-
ues were subjected to k-means clustering coupled to linear-based
normalization. The conservation score assigned to each individual
repeat element corresponds to the Smith Waterman alignment
score provided by the RMSK database.

Generation of WIG tracks for peak visualization

To visualize peaks in the genome browser, WIG track files were
generated using WigMaker for each data set. Scores represent tag
numbers (average of two replicates) per 10 million uniquely
mapped reads (reads per 10 million reads [rp10m)]).

Repeat analysis

For repeat analyses, reads were aligned to repetitive elements in
two passes. In the first pass, reads were aligned to the nonmasked

mouse reference genome (NCBI37/mm9) using BWA v.0.6.2 (Li
and Durbin 2009). Positions of the reads mapped uniquely to
the mouse genome were cross-compared with the positions of
the repeats extracted from UCSC (RMSK table in the UCSC data-
base for mouse genome mm?9), and reads overlapping a repeat se-
quence were annotated with the repeat family. In the second pass,
reads not mapped or multimapped to the mouse genome in the
previous pass were aligned to RepBase v.18.07 (Jurka et al. 2005) re-
peat sequences for rodent. Reads mapped to a unique repeat family
were annotated with their corresponding family name. Finally, we
summed up the read counts per repeat family of the two annota-
tion steps. Data were normalized based upon library size. For en-
richment analysis, normalized read counts of DIP samples per
repeat family were divided by normalized read counts of matched
input samples and expressed as log, fold enrichment (average of
the two replicates). Significance of the difference of repeat read
counts between DIP and input samples was assessed using the
Bionconductor package DESeq. To avoid over- or underestimating
fold enrichments due to low sequence representation, repeat fam-
ilies with less than 100 mapped reads per DIP sample were exclud-
ed from further analysis.

Dinucleotide composition analyses

CG and CA heatmaps were generated using custom perl scripts
wrapping BEDTools v.2.26.0 utilities (Quinlan and Hall 2010)
and developed with custom functions. The scripts generated ma-
trices of dinucleotide counts per bin in regions of interest.
TreeView v.3.0 (Saldanha 2004) was then used to plot heatmaps
from generated matrices.

Dot blot assay

Ten nanograms denatured oligos (CG-containing oligos: 5'-
GCATCGTACGGAATCGCTTCTAGCCGGACATTAGCGATXGAT
CGATCAGGCTCGTAGGTACTCGACGGCAATCGTTAG-3" or
(CA)o-containing oligos: 5'-CTAACGATTGCCGTCGCACACACA
XACACACACAGATCGCTAATGTCCGC-3’; X=C, SmC, ShmC,
5fC, or 5caC) were spotted onto a positively charged membrane
(Amersham Hybond-XL). The membrane was then baked at 80°C
and blocked for 1 h with 5% nonfat milk in TBST buffer (10 mM
Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween-20). Membranes
were then incubated overnight with a 1:500 dilution of 5mC,
ShmC, 5fC, or 5caC antibodies. After three rounds of washing
with the blocking solution, membranes were incubated with a
1:20,000 dilution of HRP-conjugated anti-mouse (for SmC) or
anti-rabbit (for ShmC, 5fC, and 5caC) IgG secondary antibody. The
membranes were then washed with TBST and treated with ECL.

TDG purification

The mouse His-tagged Tdg cDNA was cloned in a pET28b vector
and expressed in the BL21-CodonPlus-RIL-pLysS (Stratagene)
strain. A 1-L culture was grown in LB medium at 37°C until
ODggg of 0.5 was reached before induction with 1 mM IPTG for
3 h at 25°C. Cells were lysed in 15 mL of buffer containing 20
mM Tris-HCl pH 7.65, 500 mM NaCl, 10% glycerol, 0.01%
NP40, 20 mM imidazole, and 0.2 mM PMSF, and protease inhibitor
cocktail tablets (Roche) in the presence of lysozyme at 1 mg/mL
and sonicated on ice. The clarified supernatant was applied
to cOmplete His-Tag Purification Resin (Roche), washed with
50 mM imidazole, and eluted with 300 mM imidazole using buffer
containing 10 mM Tris-HCl pH 7.65, 150 mM NacCl, 10% glycerol,
and 0.01% NP40. The eluate fraction was diluted two times with
sodium phosphate buffer (50 mM sodium phosphate pH 7,
1 mM DTT, 1 mM EDTA), incubated with SP sepharose fast flow
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bead (GE Healthcare), extensively washed with sodium phosphate
buffer containing 100 mM NaCl, and eluted with sodium phos-
phate buffer containing 500 mM NacCl. The eluate fraction was de-
salted with PD-10 Sephadex G-25 columns (GE Healthcare)
previously equilibrated with TGEN buffer (20 mM Tris-HCl pH
7.65, 10% glycerol, 3 mM MgCl,, 0.1 mM EDTA, 0.01% NP40).

Glycosylase assay

The DNA substrates for enzymatic activity assays were prepared by
annealing equimolar amounts of the following oligonucleotides
(top_78mer, 5'-CTAACGATTGCCGTCGAGTACCTACGAGCCTG
ATCGATCXATCGCTAATGTCCGGCTAGAAGCGATTCCGTACGA
TGC-3' ; X= G, A, T, or C; and bottom_78mer, 5'-GCATCGTA
CGGAATCGCTTCTAGCCGGACATTAGCGATSfCYATCGATCAGG
CTCGTAGGTACTCGACGGCAATCGTTAG-3; Y=G, A, T,orC)ina
buffer containing 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 100
mM NaCl. DNA substrates were 5'-end labeled on the bottom strand
(bottom_78mer) with [y-*?P]JATP and T4 polynucleotide kinase.
Reaction mixtures (10 pL) containing 20 mM Tris-HCI pH 7.65,
50 mM NaCl, 5% glycerol, 1 mM DTT, 0.1 pg/pL BSA, and 2 nM
of end-labeled substrates was incubated 15 min at 37°C with the in-
dicated concentration of TDG (from 5 to 100 nM). The reaction was
stopped by adding 1 uL 1 M NaOH and 10 pL formamide buffer
(90% formamide, 10 mM EDTA, 0.1% blue bromophenol). The
mixture was heated 5 min at 95°C before loading on a 12% denatur-
ing polyacrylamide gel.

Published data sets

To calculate normalized density of H2A.Z at L1Md (Fig. 4D), we
used our previously published data sets obtained in MEFs and
deposited in GEO under accession number GSE51579 (Obri et al.
2014). To determine the relative enrichment for each cytosine
modification at repeat families in control and Tdg-deficient ESCs,
we downloaded data sets deposited in GEO under accession num-
ber GSE42250 (Shen et al. 2013) and performed an independent
analysis of reads as described in the “repeat analysis” section.

Data access

All raw and processed data obtained in MEFs (RNA-seq, ChIP-seq,
and DIP-seq) have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE66438.
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