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Summary

Transposable elements are parasitic genomic elements that can be deleterious for host gene
function and genome integrity. Heterochromatic histone modifications are involved in the
repression of transposons. However, it remains unknown how these histone modifications mark
different types of transposons during embryonic development. Here we document the variety of
heterochromatic epigenetic signatures at parasitic elements during development in Xenopus
tropicalis, using genome-wide ChlIP-sequencing data and ChIP-gPCR analysis. We show that
specific subsets of transposons in various families and subfamilies are marked by different
combinations of the heterochromatic histone modifications H4K20me3, H3K9me2/3 and
H3K27me3. Many DNA transposons are marked at the blastula stage already, whereas at
retrotransposons the histone modifications generally accumulate at the gastrula stage or later.
Furthermore, transposons marked by H3K9me3 and H4K20me3 are more prominent in gene
deserts. Using intra-subfamily divergence as a proxy for age, we show that relatively young DNA
transposons are preferentially marked by early embryonic H4K20me3 and H3K27me3. In
contrast, relatively young retrotransposons are marked by increasing H3K9me3 and H4K20me3
during development, and are also linked to piRNA-sized small non-coding RNAs. Our results
implicate distinct repression mechanisms that operate in a transposon-selective and developmental
stage-specific fashion.

Keywords
Transposons; H4K20me3; H3K9me2/3; H3K27me3; piRNA; evolution

"Corresponding author, g.veenstra@science.ru.nl.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van Kruijsbergen et al.

Page 2

Introduction

Large parts of the human, mouse and frog genomes (resp. 46%, 37% and 35%) consist of
repetitive and transposable elements (TEs) (Lander et al. 2001; Waterston et al. 2002;
Hellsten et al. 2010). Different TEs can be distinguished based on their evolutionary origin
and functional properties (Koonin et al. 2015; Mufioz-L6pez & Garcia-Pérez 2010). DNA
transposons and retrotransposons represent two main classes with different replication
strategies. DNA transposons move through the genome via cut and paste or rolling cycle
mechanisms, while retrotransposons require RNA intermediates for a copy-paste mode of
amplification. Depending on the transcriptional regulatory elements that they are equipped
with, retrotransposons are divided further into subclasses: long terminal repeats (LTR), long
interspersed nuclear elements (LINE) and short interspersed nuclear elements (SINE).
Finally, within a subclass TEs are grouped into unique families and subfamilies based on
their evolutionary origin (Bao et al. 2015). Xenopus does contain all main repeat families
that are found in mammals. However, whereas most TEs in mammals fall in the
retrotransposon class, 70% of all TEs in Xenopus are DNA transposons (Hellsten et al.
2010).

It has been shown in human, mouse and frogs that TEs are actively and dynamically
transcribed during early embryogenesis (Grau et al. 2014; Levin & Moran 2011). TEs
contain functional elements, such as enhancers, promoters, polyadenylation signals,
insulators and transcription factor binding sites. As a consequence TE spreading has had a
major influence on host evolution (Friedli & Trono 2015). However, TEs also form a threat
for the integrity of the host genome, since insertion can cause loss-of-function mutations.
Insertion sites of retro- and DNA transposons in the Xenopus genome negatively correlate
with the location of exons (Shen et al. 2013). This implies that TEs are more often found
outside than inside coding regions, since gene disruption has a negative influence of survival
of the zygote. Besides the loss-of-function mutations, also the introduction of cis-regulatory
elements upon TE transposition can perturb host gene regulation (Friedli & Trono 2015).
Therefore hosts have developed repressive defense mechanisms that restrain TE proliferation
to some extent.

Various epigenetic modifications are involved in transcriptional repression. Besides DNA
methylation (mainly on CpG dinucleotides, meCG), multiple histone modifications are
involved in epigenetic silencing, such as histone H3 di- and trimethylation of lysine K9
(H3K9me2/3), histone H3 trimethylation of lysine K27 (H3K27me3) and histone H4
trimethylation of lysine K20 (H4K20me3) (Lu et al. 2008; Fischle et al. 2003; Schultz et al.
2002; Jacobs & Khorasanizadeh 2002). Whereas chromatin decorated with H3K9me2/3 and
H4K20me3 is often referred to as constitutive heterochromatin, chromatin with H3K27me3
is known as facultative heterochromatin, because it is found on genic regions in a cell type-
specific manner (Trojer & Reinberg 2007). The repressive histone modifications can mediate
transcriptional repression by chromosomal condensation via the recruitment of effector
proteins such as Heterochromatin protein 1 (HP1) (Jacobs & Khorasanizadeh 2002; Lu et al.
2008; Schultz et al. 2002; van Kruijsbergen et al. 2015).
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DNA methylation (meCG) is necessary for repressing distinct TEs in committed cells. For
example, in mouse fibroblasts repression of LINE and ERV retrotransposons is dependent on
meCG (Bulut-Karslioglu et al. 2014), but repression of Alu SINE retrotransposons rather
depends on H3K9me3 (Varshney et al. 2015). While needed in differentiated cells, meCG is
dispensable for repression of LINE and ERV in mouse embryonic stem (ES) cells (Bulut-
Karslioglu et al. 2014; Matsui et al. 2010; Karimi et al. 2011; Hutnick et al. 2010; Martens et
al. 2005).

A substantial part of TEs in pre-gastrula E6.25 mouse embryos is marked with H3K9me2
and/or H3K27me3 (Zylicz et al. 2015). However, less than 1% of the marked TEs showed
increased expression in mouse embryos and ES cells lacking the G9a and EZH2
methyltransferases responsible for these modifications (Dong et al. 2008; Leeb et al. 2010;
Maksakova et al. 2013; Zylicz et al. 2015). In contrast, the transcription of TEs marked with
H3K9me3 increased in mouse ES cells deficient for the H3K9me3 methyltransferases
SETDBL1 or SUV39H1,2 (Wolf & Goff 2009; Matsui et al. 2010; Karimi et al. 2011; Bulut-
Karslioglu et al. 2014). H4K20me3 was found to function downstream of H3K9me3 in
silencing retrotransposons (Matsui et al. 2010). However, H4K20me3 can also function
independently of H3K9me3, as occurs at DNA transposon family Charlie in mouse ES cells
and at the retrotransposon family IAP in quiescent cells (Bierhoff et al. 2014; Martens et al.
2005). All together these studies have demonstrated that heterochromatic histone
modifications are needed to restrain TEs.

Targeting of histone modifiers to TEs can be achieved via small non-coding RNAS such as
piRNAs. piRNAs are derived from the transcribed RNA intermediates of retrotransposons,
which are bound by Argonaute proteins (Vagin et al. 2006; Kalmykova et al. 2005). These
Argonaute protein-containing complexes interact with H3K9 methyltransferases (SUV39
and SETDB) and are targeted to genomic DNA by the piRNAs (Klenov et al. 2011; Wang &
Elgin 2011; Sienski et al. 2012; Le Thomas et al. 2013; Rozhkov et al. 2013; Sienski et al.
2015). A second mechanism to recruit histone modifiers involves DNA-binding zinc-finger
proteins. The zinc-finger protein KRAB-ZFP interacts with TRIM28/KAP1 and the H3K9
methyltransferase SETDB1/ESET (Wolf & Goff 2009; Frietze et al. 2010; Rowe et al.
2010). A third way to recruit histone modifiers involves transcription factors. H3K9me2
catalyzing enzymes G9a/GLP are guided to their genomic targets via interaction with DNA-
binding proteins, such as REST and SNAIL1 (Dong et al. 2012; Roopra et al. 2004).

piRNA and KAP1 driven recruitment mechanisms change over evolutionary time (Castro-
Diaz et al. 2014; Pezic et al. 2014). piRNA dependent H3K9me3 deposition occurs at full
length LINES, but not at degraded LINES in germ cells (Pezic et al. 2014). Zinc-finger
proteins bind to specific DNA motifs and co-evolve with TEs (Jacobs et al. 2014). KAP1
also binds more often at relatively young subfamilies of LINE L1 in human and mouse ES
cells (Castro-Diaz et al. 2014). The youngest LINE L1s, however, are not bound by KAP1
either and are silenced via a meCG dependent mechanism (Castro-Diaz et al. 2014).

It has been shown that H3K9me3 is required for repression of retrotransposons in
gastrulating Xenopus embryos (Herberg et al. 2015). Furthermore, also in frogs small RNAs
are involved in repression of TEs by mediating deposition of H3K9me3 and H4K20me3
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(Faunes et al. 2012; Harding et al. 2014). However, it is not known which TEs are repressed
by histone modifications and what the dynamics are during development. Here we report on
the histone modifications present on all TEs of different classes and families using genome-
wide ChIP-sequencing data and ChIP-gqPCR analysis. We show that specific subsets of TEs
in different families and subfamilies are marked by different combinations of
heterochromatic histone modifications and that these patterns have different developmental
dynamics and are more prominent in gene deserts. We show that early embryonic marking of
retrotransposons is linked to small RNAs. Using intra-subfamily divergence as a proxy for
age, we show that relatively young DNA transposon subfamilies are marked by early
embryonic H4K20me3 and H3K27me3, while at relatively young retrotransposon
subfamilies H3K9me3 and H4K20me3 accumulate during development. Our study
implicates dynamic repression mechanisms that operate in a developmental stage-specific
and a TE-selective fashion.

Materials and methods

Animal procedures

ChIP-gPCR

Xenopus tropicalis embryos were obtained by in vitro fertilization. Embryos grew at 23°C in
10% Marc’s Modified Ringer’s solution (MMR) (88 mM NaCl; 2 mM KCI; 2 mM CaCly; 1
mM MgCl,; 5 mM HEPES, pH 7.4) and were dejellied in 10% MMR + 3% cysteine (pH
7.8-8). Animal use was conducted under the DEC permission (Dutch Animal
Experimentation Committee) RU-DEC 2012-116 and 2014-122 to G.J.C.V.

Embryos were fixed in 1% formaldehyde, methanol-free (Thermo Scientific #28906) for 30
minutes. Formaldehyde was quenched with 125 mM glycine in 25% MMR. Embryos were
homogenized in a low-salt buffer (20 mM Tris, pH 8; 70 mM KCI; 1 mM EDTA; 10%
glycerol; 5 mM DTT,; 0.125% Igepal; cOmplete Protease Inhibitor Cocktail (Roche
#04693132001)) (300 embryos/2 mL) and sonicated until DNA fragments had a size of
0.2-2 kb. Yolk was removed by spinning it down. For each ChlP, chromatin extract from 15
embryo equivalents was two-fold diluted with IP buffer (50 mM Tris, pH 8; 100 mM NacCl,;
2 mM EDTA; 1 mM DTT,; 1% Igepal; Complete Protease Inhibitor Cocktail) for overnight
incubation with the antibody: anti-H3K9me2 (Diagenode C15410060, 1 pg); anti-H3K9me3
(Abcam ab8898, 2 g); anti-H4K20me3 (Abcam ab9053, 2 ug). DNA bound by antibody
was captured using 1/10 volume of Dynabeads Protein G during a 1 hour incubation. The
beads were washed with ChlP1 buffer (IP buffer + 0.1% deoxycholate), ChIP2 buffer
(ChIP1 buffer + 400 mM NacCl), ChlP3 buffer (ChIP1 buffer + 250 mM LiCl), ChIP1 buffer
and TE buffer (10 mM Tris-Cl, pH 7.5; 1 mM EDTA). Chromatin was eluted from the beads
in 0.1 M NaHCO3, pH 8.8 + 1% SDS. NaCl (final 25 mM) and 5 pg proteinase K were
added for reversal at 65°C. DNA was purified by phenol:chloroform:isoamyl alcohol
(25:24:1) extraction. DNA was precipitated by adding 1/10 volume NaOAc (3M, pH 5.2),
2.5 volumes ethanol and glycogen (2 pg/pL) at —20°C. DNA was washed in 70% ethanol
and dissolved in TE. gPCR was carried out with iQ Custom SYBR Green Super mix
(BioRad) on a CFX96 Real-Time PCR Detection System (BioRad) using an annealing
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temperature of 60°C. Primers for gPCR (Supplementary table 5) were designed in Primer3
(v.0.4.0) and purchased from Biolegio (Nijmegen, The Netherlands).

Data analysis

Mapping—We used RepeatMasker (version open-4.0.3) to identify repeats in Xenopus
tropicalis genome JGI17.1 using all frog repeats in the included RepBase repeat library
(release 20130422). ChIP data (Hontelez et al. 2015) (read length = 42 bp, Supplementary
table 6) was mapped to the reference Xenopus tropicalis genome JGI7.1 using BWA version
0.6.1-r104 (Li & Durbin 2009). Duplicates were marked using bamUltil version 1.0.2 (http://
genome.sph.umich.edu/wiki/BamuUtil). RNA-seq reads (Collart et al. 2014) (Ribozero, 4 hpf
& 7 hpf, read length = 60 bp) were mapped with GSNAP (version 2012-07-20) (Wu & Nacu
2010). After adapter clipping with fastx_clipper (part of FASTX Toolkit 0.0.13.2) (http://
hannonlab.cshl.edu/fastx_toolkit/), small RNA reads (Harding et al. 2014) were mapped
with BWA using standard settings (read length in Fig. 4A). MethylC-seq reads (read length
> 105 bp) (Bogdanovic et al. 2016) were mapped to in silico bisulfite-converted reference
genome JGI7.1 with Bowtie alignment algorithm as described previously (Bogdanovic¢ et al.
2016), but with allowing two mismatches in the seed. For this mapping we excluded multi-
mappers (reads mapping to multiple locations), after which >90% of all genomic C was
covered.

Quantification of reads

Duplicate reads were removed from the ChlP-seq data (samtools view -F 1024). After
eliminating duplicate reads (but not multimapped reads) Reads Per Kilobase of transcript per
Million mapped reads (RPKM) was calculated for all annotated transposons using
peakstats.py (version 2.1) (http://dx.doi.org/10.5281/zenodo0.50023). Enrichment for the
histone modifications was calculated by dividing the RPKM of ChIP-seq data by the RPKM
of an input control track (non-ChlPed, stage 9, all reads excluding duplicates). This division
over the input control track corrects for inaccuracies in the genome assembly, as repetitive
DNA is hard to assemble into larger contigs. The calculation of enrichment values relative to
stage 30 input DNA gave similar results, which is expected because embryos of different
stages contain the same genomic DNA (Supplementary Fig. 1).

Peakstats.py (using —remove_dup option to eliminate duplicated reads) was also used to
calculate RPKM for RNA and small RNA at each annotated transposon location.

We calculated the fraction meCG ((sum of all Cs)/(sum of all C+Ts)) for each annotated
transposon for which C+T coverage > 4 using bedtools map (version 2.20.1), output sum
(Quinlan & Hall 2010). Next, subfamily annotation according to Repbase was used to
calculate median RPKM (for small RNA), average RPKM (RNA), or median enrichment
(over input for ChlIP or fraction for meCG) for each transposon subfamily (Supplementary
table 1). Subfamily sizes are included in Supplementary table 4: ‘number of sequences in
subfamily library’.
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Blast alignment

After aligning the Repbase derived Xenopus repeat library to the Xenopus tropicalis genome
(assembly JGI7.1) we generated subfamily specific sequence libraries (with a maximum of
1000, evenly distributed along the chromosomes). For each sequence forming part of each of
these libraries, we performed a BLAST search against its whole subfamily and summed the

result of the obtained bitscore divided by its length Z; (Bitscore [i] /Length [i]). This
quantity that scales linearly with the number of homologs of a sequence and its level of
similarity serves as an approximation of the recent activity of the gene family.

Generation of plots

Results

Plots were generated in R. PAM clustering of subfamily median enrichment for H4K20me3,
H3K9me2/3 and H3K27me3 was done using the package “cluster”, version 2.0.3. Heatmaps
of the clustering were visualized with “heatmap.2()” using the “gplots” package, version
2.17.0 (http://cran.r-project.org/web/packages/gplots/index.html). All other plots were
generated with the package “ggplot2”, version 2.1.0 (http://ggplot2.org).

Majority of transposons not decorated by repressive histone modifications

We have generated genome-wide epigenome reference maps, including the constitutive
heterochromatin modifications H4K20me3, H3K9me2 and H3K9me3 (Hontelez et al. 2015).
These marks were profiled for Xenopus tropicalis embryos in developmental stages 9, 10.5,
12.5, 16 and 30, which represent blastula, early gastrula, late gastrula, neurula and
organogenesis. We observed that most enrichment for these heterochromatin modifications
is found in the non-unique portion of the genome and that they show different dynamics
during development (Fig. 1A, B). We validated peaks sets of the ChIP-sequencing data using
ChIP-gPCR, and also checked whether quantitative differences in ChlP-sequencing signals
across developmental stages could be reproduced by ChIP-gPCR (Supplementary Fig. 2).
The heterochromatin-marked repeats can be found at intronic regions (Fig. 1A), as well as in
relatively close proximity to genes, for example downstream of noggin (Fig. 1B). Given that
35% of the X.tropicalis genome consists of TEs and that some TEs obviously are not
enriched for heterochromatic histone modifications (Fig. 1A, B), we wondered what the
distribution of histone modifications over distinct TEs is.

Transposable elements can be classified into DNA transposons and retrotransposons, with
subclasses, families and subfamilies for each (Fig. 1C, Supplementary table 1). In our
analysis we included ChlIP-sequencing reads that can map to multiple locations to identify
the genomic locations of repeats enriched for heterochromatic histone modifications. To
identify the TE subfamilies that are enriched for these histone modifications, we calculated
the median Reads Per Kilobase per Million mapped reads (RPKM) for each TE subfamily.
The enrichment was calculated by dividing the subfamily median RPKM by the median
RPKM of the input track (Supplementary table 1, see Methods). Most retro- and DNA
transposon subfamilies were not or barely enriched for H4K20me3, H3K9me2 or H3K9me3
(Fig. 1D).
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Heterochromatic modifications are expected to be enriched at subtelomeric and pericentric
chromatin. This is also observed for most Xenopus chromosome-sized scaffolds, showing
moderate enrichment (~1.5-2.5-fold) of H4K20me3 and H3K9me3 throughout development
and of H3K9me?2 at the blastula stage, in large 100 kb bins of genomic sequence (Fig. 1E, F,
G, Supplementary Fig. 3).

Dynamics and co-occurrence

To gain insight into the global dynamics and co-occurrence of histone modifications at TEs,
a clustering analysis of retro- and DNA transposon subfamilies was performed, using the
subfamily median enrichments for H4K20me3, H3K9me2/3 and H3K27me3 (Fig. 2A, B,
Supplementary table 2, 3). Furthermore, we also quantified the behavior of the histone
modifications for the most strongly enriched retro- and DNA transposons (>2-fold compared
to background) (Fig. 2C, D).

The majority of enriched retrotransposons subfamilies gained H3K9me3 and H4K20me3
between blastula (stage 9) and early gastrula (stage 10.5) (Fig. 2A, clusters 1, 2, 4). In
contrast, cluster 5 of the DNA transposon subfamilies was strongly enriched mainly for
H4K20me3 and H3K27me3 at the blastula stage, but subsequently lost these histone
modifications later in development (Fig. 2B). These differences were also reflected in the
enrichment of all retrotransposons and DNA transposons that were at least two-fold enriched
over input for one of the marks in one stage of development (Fig. 2C, D). Despite the
divergent heterochromatic signatures of retro- and DNA transposons, for both TE classes the
most strongly enriched clusters also had the lowest transcript levels (Supplementary Fig. 4)
(Collart et al. 2014). Their distinct dynamic patterns, which can also be observed at
individual loci (Fig. 1A), suggest that retro- and DNA transposons interact differently with
the host during the course of embryonic development.

At both retrotransposons and DNA transposons, the levels of H4K20me3 and H3K9me3
were more similar to each other than to H3K9me2 (Fig. 2A, B and Supplementary Fig. 5 and
6). Even though subfamilies decorated with one of the three constitutive heterochromatin
marks were often also marked by the other two marks, the strength of the enrichment for the
three marks was different. For example, in cluster 1 of retrotransposons H3K9me2 was
relatively abundant compared to H4K20me3 and H3K9me3 (Fig. 2A), whereas for the DNA
transposons in cluster 2 H3K9me3 marking was relatively strong compared to H4K20me3
and H3K9me2 (Fig. 2B).

Interestingly, the facultative heterochromatin mark H3K27me3 co-occurred with constitutive
heterochromatin marks during late blastula and early gastrula (Fig. 2A, B). The correlation
of H3K27me3 was highest with H4K20me3 on DNA transposons, but only during these
early stages (DNA transposons Spearman rho 0.9 and 0.1, retrotransposons 0.8 and 0.1 at
resp. stages 9 and 30). A substantial number of DNA transposon subfamilies was already
marked with H3K27me3 at stage 8, before the onset of zygotic genome activation (Fig. 2B),
which is different from the H3K27me3 dynamics observed on genic regions, where
H3K27me3 starts to accumulate between blastula and gastrula stages (Hontelez et al. 2015;
van Heeringen et al. 2014). To examine the occurrence of the other modifications at early
blastula stages, we performed ChIP-qPCR for H3K9me2/3 and H4K20me3. At one gypsy
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and two helitron elements the H3K9me2 modification was found at stage 8, and for one
harbinger element H3K9me2/3 and H4K20me3 were already enriched before stage 9; for the
most part however, these histone modifications strongly increased between stages 8 and 9
(Supplementary Fig. 7).

Whereas retro- and DNA transposons had different dynamic patterns, the various TE
subclasses, families and subfamilies could not be distinguished by heterochromatic histone
modification signatures (Fig. 2A, B; subfamily indicated by color code in side-bar). For
example, subfamilies belonging to two of the largest retrotransposon families L1 (subclass
LINE) and Gypsy (subclass LTR) were assigned to all four clusters (Fig. 2A). Similarly,
subfamilies belonging to the same family of DNA transposons were spread over all clusters
(Fig. 2B). These data document the variation in heterochromatic histone modifications
within TE classes and families.

Gene density and repressive histone modifications

Given the variability in histone marking between TE subfamilies, we wondered whether the
genomic environment could be involved in the observed differences. Cis-regulatory elements
within TEs can potentially perturb transcription regulation when located near or within the
genes (Casa & Gabellini 2012). Hence, regulation of TEs in a gene-dense context might be
different from TEs located in gene-poor loci.

Gene densities (genes/Mbp) were calculated for annotated TEs by counting the number of
genes within 1 megabase of the centre of the TE. Median gene density was calculated for all
TE subfamilies (Supplementary table 1) and subfamilies were grouped according to the
clusters of Fig. 2. Strikingly, subfamilies from the retrotransposon clusters (clusters 2 and 4)
with the highest enrichment for H4K20me3 and H3K9me3 were located at relatively gene-
poor regions (Fig. 3A). The gene densities of subfamilies from the DNA transposon clusters,
however, were more similar to each other (Fig. 3B).

To probe these relationships further, we analysed the correlation between gene density and
repressive histone modifications. TE subfamilies were ranked by gene density and the
subfamily median enrichment for the histone modifications in stage 9 and 30 were plotted
(Fig. 3C, D respectively). At stage 30 gene density and constitutive heterochromatin marks
were inversely correlated for both retro- and DNA transposons, which was more pronounced
for H4K20me3 and H3K9me3 compared to H3K9me2 (Fig. 3D). Furthermore, these inverse
patterns are less evident earlier in development (Fig. 3C). No inverse patterns with gene
density could be observed for the facultative heterochromatin mark H3K27me3, the
enhancer-binding protein p300, or the active promoter mark H3K4me3 (Supplementary Fig.
8).

Together these results imply that TEs with heterochromatic marks are more likely to be
located in in gene deserts, most likely reflecting a TE integration bias (Shen et al. 2013).

H4K20me3, H3K9me3 and small RNAs co-occur at retrotransposons

Upon zygotic genome activation, Polycomb Repressive Complex 2 (PRC2) catalyzes
H3K27me3 deposition on genic regions lacking DNA methylation (Hontelez et al. 2015).
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On the other hand, DNA methylation can stimulate H3K9me3 deposition in genic regions by
recruiting histone H3K9 methyltransferase SETDB1 (Matsumura et al. 2015). Small RNAs
can also direct deposition of heterochromatin modifications, since it guides protein
complexes that recruit H3K9 methyltransferases (Klenov et al. 2011; Wang & Elgin 2011,
Sienski et al. 2012; Le Thomas et al. 2013; Rozhkov et al. 2013). We examined to which
extent DNA methylation and small RNAs could be involved in depositing heterochromatin
modifications at TEs.

We used recently published bisulfite sequencing profiles (Bogdanovic et al. 2016) to analyze
the DNA methylation status of TEs (Supplementary table 1). Median DNA methylation at
stage 9 was calculated for all TE subfamilies, and subfamilies were grouped according to the
clusters described in Fig. 2 (Supplementary Fig. 9). High DNA methylation levels were
observed for all subfamily clusters (methylation fraction > 0.9). This indicates that DNA
methylation status does not distinguish between TEs that do or do not obtain repressive
histone modifications. Furthermore, it indicates that H3K27me3 is not deposited according
to DNA methylation logic at TEs, in contrast to what has been observed for genic regions
(Hontelez et al. 2015).

To assess the relationship between small RNAs and histone modifications we used a small
RNA data set of stage 8, 10 and 18 embryos, size-selected for a range of 18-30 nucleotides
(Harding et al. 2014). Small RNAs with a length of 28-29 nucleotides, most likely piRNA
(Lim & Kai 2015), were most abundant among small RNA reads mapping to TEs (Fig. 4A,
Supplementary Fig. 10). Approximately five-fold more small RNA reads mapped to
retrotransposons than to DNA transposons (Fig. 4A), despite the fact that the sequence
coverage of DNA transposons in the collection of repetitive elements exceeds that of
retrotransposons by a factor of 2.5. Small RNA reads mainly mapped to approximately a
quarter of all TE subfamilies (Supplementary Fig. 11, Supplementary table 1). Although
small RNA coverage of TE subfamilies changed to some extent during development, their
ranking for small RNA coverage was largely stable (Supplementary Fig. 11, Supplementary
table 1).

Next, we compared the small RNA data with our repressive histone modification profiles.
Median small RNA coverage (RPKM in stage 8) was analyzed for the different clusters of
TE subfamilies (cf. Fig. 2). Interestingly, small RNAs were most abundant for the
retrotransposon cluster with the strongest enrichment for H4K20me3 and H3K9me3 (Fig.
4B, C). Moreover, the clusters with most small RNA transcripts corresponded with the
clusters lowest in gene density (Fig. 3A, B, Fig. 4B, C). To probe these relationships further,
we analysed the correlation between small RNA and repressive histone modifications. TE
subfamilies were sorted based on abundance of small RNA during stage 8. Subsequently
subfamily median enrichments for the histone modifications were plotted. At stage 9
H4K20me3 and H3K9me3 were predominantly present at retrotransposon subfamilies that
exhibited relatively strong small RNA coverage (Fig. 4D, E, to the right of red line, median
RPKM >0). Retrotransposons with less small RNA did obtain these repressive histone
modifications later in development (Fig. 4D, E, left of red vertical line). By contrast, the
correlations between H4K20me3 or H3K9me3 and small RNA were less pronounced for
DNA transposons (Supplementary Fig. 12). Furthermore, the pattern of H3K9me2
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enrichment was different from the other modifications as it was not correlated with small
RNA (Supplementary Fig. 12, 13).

We found similar trends when comparing small RNA occurrence with H3K27me3
enrichment at TEs in early developmental stages (Fig. 4F, Supplementary Fig. 12). At stage
9, H3K27me3 is predominantly present at retrotransposon subfamilies that exhibit relatively
strong small RNA coverage. However, TE subfamilies earliest enriched for H4K20me3 and
H3K9me3 remained marked with these modifications, while H3K27me3 diminished during
development.

These results show that the presence of small RNA in the embryo is linked to
heterochromatic histone modifications at retrotransposons.

Epigenetic variation within TE families derived from age of TE

TE subfamilies that belong to the same TE family do have variable epigenetic signatures
(sidebar Fig. 2A, B). It has been reported that both small RNA-dependent and KAP1-
dependent recruitment of histone modifying enzymes occur at relatively young TEs (Pezic et
al. 2014; Castro-Diaz et al. 2014). We therefore asked if TE age provides an explanation for
the variation in epigenetic regulation within TEs families.

For each subfamily we performed a sequence alignment for all individual TEs within the
subfamily. Parasitic elements erode by mutations over evolutionary time. Therefore, we
expected young TE subfamilies to have higher alignment scores than old subfamilies. We
used the alignment bitscore as a proxy for age (Supplementary table 4). Bitscores were
corrected for TE fragment length (Supplementary Fig. 14).

Alignment scores were analyzed for the clusters of TE subfamilies (cf. Fig. 2A, B) (Fig. 5A,
B). Among the retrotransposon clusters, the cluster most strongly enriched for H4K20me3
and H3K9me3 (cluster 2) had the highest alignment score (Fig. 5A). This indicates that this
cluster contained the youngest retrotransposon subfamilies. Among the DNA transposons,
the cluster that increased in H3K9me3 binding (cluster 2) also had a higher alignment score
than the clusters that lacked heterochromatic histone modifications (cluster 1, 3) (Fig. 5B).
DNA transposon subfamilies with the highest alignment scores were in cluster 5. This
indicates that the DNA transposons that lost repressive marks from blastula to tailbud
(cluster 5) were younger than the DNA transposons that acquired H3K9me3 during these
developmental stages (cluster 2).

These results indicate that recruitment of histone modifying enzymes occurs at relatively
young retro- and DNA transposons. Furthermore, our study implies that different repression
mechanisms operate at young relative to older DNA transposons.

Discussion

TEs can form a threat for the integrity of the host genome (Friedli & Trono 2015). To protect
host genome integrity, inserted TEs should be tightly regulated during embryogenesis. In
most cases the repression of TEs is independent of genes, but in some cases regulatory
sequences of protein-coding genes are regulated by heterochromatic histone modifications.
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For example, H4K20me3 and the Kmt5b and -5¢ (Suv4-20h1 and -h2) methyl transferases
play a role in the repression of the mouse Oct4 (Pou5f1) and Xenopus oct25 (pou5f3.2) gene
and the regulated exit from pluripotency during lineage commitment (Nicetto et al. 2013). In
some cases TEs and their active repression may have been co-opted to stably repress genes
during development. Our study indicates that TE subfamilies acquiring heterochromatic
histone modifications are relatively young. Our data documents the variation in
heterochromatic histone modifications within TE classes and families. Not only genomic
location and evolutionary age are linked to these differences, but also small RNA abundance.

Epigenetic dynamics
Retrotransposons that gained H3K9me3 during Xenopus development also gained
H4K20me3. This similar behavior of modifications at retrotransposons is different from
what has been observed in mouse embryos, where H3K9me3 appears a few cleavage cycles
before H4K20me3 (Burton & Torres-Padilla 2014). Furthermore, H3K9me3 is never
completely removed during mouse early development, since de novo H3K9me3 deposition
already occurs before parentally inherited H3K9me3 is fully diluted out (Burton & Torres-
Padilla 2014). We, however, could barely detect H3K9me3 before zygotic genome
activation, which suggests that the mark is being removed more drastically than what has
been described for mice. This seems to be true for many histone modifications, which appear
to be largely absent before the mid-blastula transition, to be re-established in the blastula or
at subsequent stages (Akkers et al. 2009; Hontelez et al. 2015; van Heeringen et al. 2014).

The histone modification differences between frog and mice may originate from the
difference in the duration of the embryonic cell division cycles. Before gastrulation, cell
cycles in Xenopus are completed in 30 minutes, while mouse embryos reach the two cell
stage 24 hours after fertilization (O’Farrell et al. 2004). From work with Drosophila
embryos it is known that histone modifications are re-established on newly replicated
chromatin with a delay depending on the histone modification (Petruk et al. 2013; Petruk et
al. 2012), so it is possible that the developmental acquisition of these modifications depends
on cell cycle lengthening.

The dynamics of heterochromatic histone modifications at retro- and DNA transposons are
different. While most retrotransposons in our study gained heterochromatic marks, a
substantial subset of DNA transposon subfamilies lost them during development.
Interestingly, this inversed dynamics at the two TE classes might be linked to the disparate
risk of TE amplification. Retrotransposons use RNA intermediates; therefore amplification
of retrotransposons is more likely to take place after zygotic genome activation. DNA
transposons, however, can only increase in copy number if their transposition occurs during
S phase of the cell cycle. This can occur if a transposon cut from one of the newly
synthesised daughter strands is pasted into a region that has not replicated yet, resulting in
an additional copy in one of the two daughter cells. Therefore, DNA transposons may form a
bigger threat for the integrity of the host genome when genome replication occurs more
frequently, which is before zygotic genome activation. The repressive histone modification
dynamics (Fig. 2A, B) may therefore partly reflect amplification risk at different times of
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development as well as the activity of the mechanisms that generate the defensive histone
modification response.

Recruiting histone modifiers

piRNAs bind to Argonaute complexes and can mediate silencing of TEs by recruiting H3K9
methyltransferases SUV3-9 and SETDB1 (Klenov et al. 2011; Wang & Elgin 2011; Sienski
etal. 2012; Le Thomas et al. 2013; Rozhkov et al. 2013). Once H3K9me3 is deposited, HP1
can bind to this mark and recruit SUV4-20, which catalyzes H4K20me3 (Jacobs &
Khorasanizadeh 2002). In our study 28 bp long small RNAs mostly aligned to
retrotransposon clusters (cluster 2 and 4) which were also marked by H3K9me3 and
H4K20me3. Therefore, it is likely that during Xenopus embryogenesis piRNAs are involved
in guiding H3K9 and H4K20 methyltransferases to retrotransposons.

In contrast to the H3K9me3-enriched retrotransposons, the DNA transposon cluster (cluster
2) that gained substantial H3K9me3 marking during development was not enriched for small
RNAs. This suggests that DNA transposons recruit H3K9 methyltransferases in a piRNA
independent way, for example via KRAB domain-containing zinc-finger proteins, which
bind TRIM28/KAP1 and SETDBL1 (Frietze et al. 2010).

We found another intriguing set of DNA transposon subfamilies (cluster 5) that was heavily
marked with H4K20me3 independent of H3K9me3 deposition. We could not identify a link
between small RNAs and these TEs. At ERVs in mouse ES cells, H3K9me3 binding by HP1
protein was important for spreading of H4K20me3, but was dispensable for initial
H4K20me3 deposition (Maksakova et al. 2011). So, piRNA and H3K9me3-HP1
independent recruitment mechanisms can guide H4K20 methyltransferases to TEs, for
example by long non-coding RNA. Recently, it was shown that SUV4-20H2 is recruited to
IAP retrotransposons by long non-coding RNA in quiescent and terminally differentiated
cells (Bierhoff et al. 2014). This process was also independent from H3K9me3 and HP1.

Retrotransposons minimally enriched for H3K9me3 often did obtain H3K9me2. SUV3-9
(KMT1A) can catalyze both methylation forms, whereas methyltransferase G9a (EHMT2)
can catalyze dimethylation, but not trimethylation of H3K9 (Rice et al. 2003). Therefore,
recruitment of G9a rather than Suv3-9 could result in selective dimethylation of H3K9.
Furthermore, the low correlation between piRNA and H3K9me2 indicates that it is unlikely
that piRNA-dependent mechanisms (involving Suv3-9 or Setdb1l) are involved in the
recruitment of H3K9 di-methyltransferases. Additionally, H3K9me2-mediated TE silencing
can also be achieved independent of KAP1 at MERVLs in mouse ES cells (Maksakova et al.
2013). Instead of piRNA or KAP1-driven mechanisms, DNA-binding proteins might be
involved in guiding H3K9 dimethyltransferases towards TEs. It has been shown, for
example, that REST, SNAIL1 and JARID2 recruit G9a/GLP (Shirato et al. 2009; Roopra et
al. 2004; Dong et al. 2012).

Concluding remarks

Overall, our study shows that epigenetic regulation is variable between TE subfamilies. The
epigenetic variation we described can very well rely on different strategies to recruit histone
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modifiers. Therefore it will be interesting to decipher the interplay of the factors involved in
different recruitment mechanisms like piRNA, KAP1 and DNA-binding proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

H4K20me3 and H3K27me3 mark specific DNA transposons during early
development

Retrotransposon subfamilies acquire H3K9me3 and H4K20me3 during
development

Retrotransposon subfamilies decorated with H3K9me3 and H4K20me3
generate small RNA

Relatively young retro- and DNA transposon obtain heterochromatic histone
marks
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Fig. 1. A subset of transposons acquires H4K20me3, H3K9me2 or H3K9me3
A, B) Genome browser views of the first intron of ptpn3 (panel A) and downstream of nog

(panel B), showing H4K20me3 (grey), H3K9me2 (blue) and H3K9me3 (purple) signal
(RPKM) at TEs in developmental stages 9, 12.5 and 30 (top to bottom). C) TEs can be
classified in DNA and retrotransposons, with subclasses, families and subfamilies. D)
Distribution of histone modification enrichment at retrotransposon (left) and DNA
transposon (right) subfamilies. Median H4K20me3, H3K9me2 and H3K9me3 enrichment
over input was calculated for all TE subfamilies. For each subfamily we used the stage (9,
10.5, 12.5, 16 or 30) with maximal enrichment. E, F, G) Chromosome scale enrichment of
histone modifications at Scaffold 6. Histone modification RPKM enrichment over input
DNA of E) H4K20me3, F) H3K9me2 and G) H3K9me3 was calculated in bins of 100kb.
Top: stage 9. Bottom: stage 30.
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Fig. 2. Variation in repressive histone modification dynamics at retro- and DNA transposons
A) Retro- and B) DNA transposon subfamilies were clustered (PAM, cluster-bar right of

heatmap) based on median enrichment over input for H4K20me3, H3K9me2/3 and
H3K27me3 during stages 9, 10.5, 12.5, 16 and 30. The family to which a subfamily belongs
is depicted in the left side-bar. C, D) The general dynamics of median enrichment of
repressive histone marks were plotted for only enriched (>2-fold over input) C) retro- and D)
DNA transposon subfamilies. The upper and lower hinges correspond to the 25t and 75t
percentiles and the horizontal line in between represents the median.
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Fig. 3. Strongest enrichment for H4K20me3 and H3K9me3 at transposons in gene desert
For each TE subfamily the median gene density was calculated 500.000 bp up- and

downstream of the center of each TE. A) Retro- and B) DNA transposon subfamilies were
grouped according to clusters determined in Fig. 2A, B. Median gene densities for the
subfamilies were plotted for each cluster. The left and right hinges correspond to the 25t
and 75" percentiles and the vertical line in between represents the median. C, D) All TE
subfamilies were ranked by gene density and median H4K20me3 (left), H3K9me2 (middle)
and H3K9me3 (right) enrichments during stage C) 9 and D) 30 were plotted for retro- (blue)
and DNA transposon (red) subfamilies. Loess was used as smoothing method, with a 0.95
confidence interval. Spearman correlation between histone mark and gene density was
determined (left corner).
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Fig. 4. Small RNA aligns to retrotransposon subfamilies that obtain H4K20me3, H3K9me3 and
H3K27me3 first

A) Stage 8 small RNA reads that aligned to retro- (blue) and DNA transposons (red) were
split based on nucleotide length and counted. B, C) Median small RNA (RPKM stage 8) was
calculated for each TE subfamily and plotted according to B) retro- and C) DNA transposon
clusters determined in Fig. 2A, B. The left and right hinges correspond to the 251 and 75t
percentiles and the vertical line in between represents the median. D, E, F) All TE
subfamilies were ranked by amount of small RNA (stage 8) and median D) H4K20me3 E)
H3K9me3 and F) H3K27me3 enrichments were visualized for retrotransposons. Histone
marks were plotted for stage 9, 10.5, 12.5, 16 and 30 (left to right). The line was plotted
using Loess smoothing method, with a 0.95 confidence interval (line shade). All subfamilies
left of the red line have a median small RNA RPKM of zero.
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Fig. 5. Transposon clusters enriched with H3K9me3, H4K20me3 and H3K27me3 contain
relatively young TEs

A, B) TEs belonging to the same TE subfamily were pairwise aligned to each other using
BLAST. The median alignment score was determined for each TE subfamily by dividing the
bitscores by the length of the aligned sequences. A) Retro- and B) DNA transposons were
grouped according to clusters determined in Fig. 2A, B. The median alignment scores of the
subfamilies were plotted for each cluster. The left and right hinges correspond to the 25t
and 75 percentiles and the vertical line in between represents the median. The alignment
scores of retro- and DNA transposons cannot be directly compared to each other, because of
differences in library sizes (Supplementary Fig. 14A, B).
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