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Abstract: Insertions of endogenous retroviruses cause a significant fraction of mutations in inbred
mice but not all strains are equally susceptible. Notably, most new Intracisternal A particle (IAP)
ERV mutagenic insertions have occurred in C3H mice. We show here that strain-specific insertional
polymorphic IAPs accumulate faster in C3H/HeJ mice, relative to other sequenced strains, and that
IAP transcript levels are higher in C3H/HeJ embryonic stem (ES) cells compared to other ES cells.
To investigate the mechanism for high IAP activity in C3H mice, we identified 61 IAP copies in
C3H/HeJ ES cells enriched with H3K4me3 (a mark of active promoters) and, among those tested,
all are unmethylated in C3H/HeJ ES cells. Notably, 13 of the 61 are specific to C3H/HeJ and are
members of the non-autonomous 1∆1 IAP subfamily that is responsible for nearly all new insertions
in C3H. One copy is full length with intact open reading frames and hence potentially capable of
providing proteins in trans to other 1∆1 elements. This potential “master copy” is present in other
strains, including 129, but its 5’ long terminal repeat (LTR) is methylated in 129 ES cells. Thus,
the unusual IAP activity in C3H may be due to reduced epigenetic repression coupled with the
presence of a master copy.

Keywords: transposable elements; endogenous retrovirus; mouse; C3H; IAP; epigenetics

1. Introduction

Transposable elements (TEs) are repeated DNA sequences that are generally grouped into two
classes depending on their transposition mechanism: retrotransposons copy themselves within the
genome through an RNA intermediate, while DNA elements transpose directly via a DNA molecule.
TEs have been observed in nearly all genomes analyzed to date, attesting to their effectiveness at
colonizing host genomes and contributing to genome size variation and diversity between and within
species [1,2]. Furthermore, TEs spread genome-wide regulatory sequences present within their
copies, allowing for the establishment of gene regulatory networks and playing an important role
in host genetic programs [3,4]. In humans, where TE sequences represent around half the genome,
relatively few TE mutations have been described, compared to other types of mutations, and all of
them are due to insertions of L1 Long interspersed elements (LINEs) or Short Interspersed Elements
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(SINEs) [5]. In mice, however, TEs are a major ongoing mutagenic source, responsible for up to 14–16%
of all published germ-line mutations in inbred strains [6–8]. Interestingly, the majority of mouse TE
insertional mutations are caused by endogenous retroviruses (ERVs), which are signatures of past
retroviral infections of the germ-line that integrated into the host genome and adopted an endogenous
life-cycle [7,8]. Around 10% of the mouse genome is composed of ERV sequences of many different
families [6,9]. Intracisternal A-particle sequences (IAP) [10], a particular ERV family, is responsible for
40% of all described TE mutations in inbred mice, as tabulated in our recent review [8]. Thousands of
IAP copies are found in the mouse genome, and while most of them are non-autonomous, around
600 appear full-length in the reference strain C57BL/6 and have identical long terminal repeats (LTRs),
suggesting recent transposition [11].

To restrict harmful TE activity, various cellular proteins and epigenetic mechanisms are employed
by host cells to silence ERVs and other TEs [2,12–15]. IAP elements in particular are generally
heavily methylated [16–18] and the target of repressive histone modifications, such as H3K9me3
deposited by the SETDB1/KAP1 complex [13,19,20], through Krüppel-associated box zinc finger
proteins (KRAB-ZFPs) [21]. The loss of these epigenetic repressive marks causes the activation of
IAP transcription [16,19,22] and can lead to somatic retrotransposition and oncogene activation in
mouse cancer models [23]. Interestingly, 46 IAP insertional mutations have been described in mice
and the strain of origin has been documented for 43 of them. Among these 43 cases, 36 have occurred
in C3H/HeJ mice, other C3H substrains or in a hybrid involving C3H, while only seven have been
identified in other mouse strains, as shown in Figure 1A (adapted from [8]). This extreme strain bias
suggests that the evasion of host silencing and the retrotransposition of IAPs occurs nearly exclusively
in C3H mice. Moreover, nearly all new IAP-induced mutations have been caused by insertions of
a particular non-autonomous, partly deleted subfamily, termed 1∆1 [7,8]. As further evidence of
the retrotranspositional activity of this subfamily in C3H mice, it has also been shown that at least
26 1∆1 IAP insertions, present in C3H/HeJ, are absent from the highly related C3HeB/FeJ substrain [24].
This IAP subfamily has a deletion in the gag-pol region, which creates a GAG-POL fusion protein
that facilitates retrotransposition in cis, but it still requires a source of GAG and POL in trans from
autonomous full-length IAPs in order to retrotranspose [25].

In this study, we investigated possible mechanisms for the extraordinary IAP activity in C3H
mice. We took advantage of sequences flanking IAP elements to identify specific copies located within
permissive chromatin regions in C3H/HeJ embryonic stem (ES) cells. We uncovered 61 IAP copies
associated with the permissive mark H3K4me3, among which only one copy is potentially capable of
generating the full complement of retrotransposition machinery. This potential “master copy” is also
present in other strains, including 129, but its chromatin state differs between C3H/HeJ and 129-derived
ES cells. Based on these observations, we propose that the unusually high activity of IAP in C3H mice
may be due to a combination of copy specific insertions and reduced epigenetic repression.

2. Materials and Methods

2.1. Biological Material

C3H/HeJ mES cells (Jackson laboratory, C3H/HeJ-PRX-C3H #2) were cultured on irradiated
feeders (CF-1 mouse embryonic fibroblasts, MEFs), and maintained on mouse ES cell media and
passaged every day. TT2 (C57BL/6 x CBA F1), J1 (129S4/SvJae) and C2 (C57BL/6NTac) ES cells were
cultured on mouse ES cell media on gelatinized plates and passaged every 48–72 h, as previously
described [20]. Mouse ES cell media is composed of DMEM, supplemented with 15% FBS (HyClone),
20 mM HEPES, 0.1 mM nonessential amino acids, 0.1 mM 2-mercaptoethanol, 100 units/mL penicillin,
0.05 mM streptomycin, leukemia inhibitory factor (LIF) and 2 mM glutamine. MEFs were cultured on
DMEM, supplemented with 10% FBS, and irradiated at early passages. For all downstream analyses,
C3H/HeJ ES cells were depleted of feeders before pelleting.
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2.2. Transposable Element Copies and SNP Analysis

IAP private copy numbers and SNP private numbers were retrieved from previously published
studies [26,27]. The statistical analysis of private IAP copies versus private SNPs was performed on
GraphPad prism by using a linear regression model with 95% confidence interval, by calculating the
cook distance (0.7403), which is superior to the 0.4 threshold suggesting C3H/HeJ is an influential
outlier and, finally, by computing the standard deviation of the residues with and without the C3H/HeJ
datapoints, showing a decrease by half in the absence of C3H/HeJ. All statistical analyses are in
agreement with C3H/HeJ, having accumulated more IAP copies than the other strains, as shown in
Figure S1.

IAP insertional polymorphism information was obtained from a previous study [26] and manual
annotation and presence in other strains of H3K4me3 C3H/HeJ copies were analysed using the Mouse strain
assembly hub (http://hgdownload.soe.ucsc.edu/hubs/mouseStrains/hubIndex.html) [28]. Finally, C3H/HeJ
IAP copies were retrieved from the C3H/HeJ genome (Accession: GCA_001632575.1/C3H_HeJ_v1).

2.3. IAP Expression Analysis

Total RNA was extracted (two biological replicates for each ES cell line) with the All Prep
DNA/RNA mini kit from Qiagen (Hilden, Germany). RNA was treated with the Turbo DNA-free kit
from Ambion (Austin, TX, USA) in order to remove DNA. Then 1 µg total RNA extracts was reverse
transcribed with SuperScript II reverse transcriptase system [Invitrogen (Carlsbad, CA, USA)]. We
synthesized two different cDNAs (65 ◦C for 5 min, 25 ◦C for 5 min, 50 ◦C for 60 min and 70 ◦C for 15
min)—a control reaction with no reverse transcriptase to test for DNA contamination and a pool of
total cDNA synthesized with random primers. The cDNA samples were diluted 10-fold and PCR was
carried out using Fast SYBR Green Master Mix [Applied Biosystems (Foster City, CA, USA)] using
specific primers for each gene analyzed. Primers were chosen overlapping the internal deletion found
in 1∆1 copies for full-length copies, surrounding the deletion for 1∆1 copies and primers downstream
of the deletion within the pol gene for total IAP copies. The quantitative PCR cycling conditions were
20 s at 95 ◦C (1 cycle) and then 3 s at 95 ◦C, followed by 30 s at 60 ◦C (45 cycles). Reactions were done
in duplicate and standard curves were calculated from serial dilutions of cDNA. The quantity of the
transcripts was estimated relative to the expression of tubulin, actin and TBP (TATA binding protein),
chosen as the most stable genes out of six reference genes tested using the GeNorm method [29] with
the equation “Absolute quantity = “Efficiency of primersˆ (−Ct)”. Primer efficiencies were equivalent
and chosen between 1.9 and 2. All primers are listed in Table S1. GraphPad Prism was used for data
visualization and statistical testing (Anova with Dunnett’s pos-hoc test).

2.4. Native ChIP-Seq

Chromatin immunoprecipitation was performed as previously described [19]. Ten million TT2
and feeder depleted C3H/HeJ cells were harvested for nChIP-seq using antibodies against H3K4me3
(Abcam ab1012, 5 µL) and H3K9me3 (Active Motif 39161, 5 µL). Illumina library construction was
performed as described in [30]. Paired-end sequencing (100 bp) was performed on an Illumina
HiSeq 2000. Data from this study have been submitted to GEO (GSE152208).

Raw reads were filtered for low quality, and adapter sequences were trimmed with Trimmomatic [31].
Clean reads were mapped against the reference genome C57BL/6J, (mm10, Accession: GCA_000001635.6/

GRCm38.p4) and the draft C3H/HeJ genome (Accession: GCA_001632575.1/C3H_HeJ_v1) with
Bowtie2 [32], with an overall alignment from 90 to 95%. Multiple mapped reads or reads that aligned with
more than two mismatches were excluded from subsequent analyses. Peak calling was performed for each
bowtie2 bam file against their controls using MACS2 software [33] and an FDR cut-off of 0.01. Bedtools [34]
was used to intersect the IAP copies (±250 bp) with the narrow peaks from the previous analyses.

http://hgdownload.soe.ucsc.edu/hubs/mouseStrains/hubIndex.html
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2.5. Other Data Sets

Peaks and bigwig of H3K4me3 datasets for ModEncode Bruce4 ES cells (C57BL/6, GSM769008) and
E14 ES cells (129/Ola, GSM1000124) [35] were downloaded from the new Cistrome data browser [36].
Bedtools [34] was used to intersect the IAP copies (± 250 bp) with the narrow peaks from the
downloaded datasets.

2.6. Enrichment Profiles

The enrichment profiles were generated from bigwig files using deeptools suite [37] and ggplot2
package [38] from R. We estimated H3K4me3 enrichment around gene transcriptional start sites of
all the datasets studied, as shown in Figure S1, by using the computeMatrix function from deeptools
with reference-point and the following parameters: –referencePoint TSS -a 3000 -b 3000 -bs 50. We also
compared the enrichment of H3K4me3 or H3K9me3 around the flanking regions of IAP copies (i) in
C3H/HeJ, absent in C3H/HeJ but present either in (ii) C57BL/6, (iii) 129 or (iv) common to all strains.
For this, we used the computeMatrix function with scale-regions mode with the following parameters:
-b 3000 -a 3000 –bs 1 -m 1.

2.7. Native ChIP-qPCR

ChIP-qPCR was performed as previously described [20]. Ten million C3H/HeJ feeder depleted cells
were pelleted in duplicates and antibody references and quantities were equivalent to the nChIP-seq
method. Immunoprecipitated DNA was quantified by using the PicoGreen system from Invitrogen.
Then, 0.05 ng/µL of ChIP material was analyzed in technical duplicates through quantitative PCR
(Fast SYBR Green Master Mix from Applied Biosystems) by comparing the amplification of Input
DNA relative to immunoprecipitated DNA (IP) using the formula “Efficiency of primers(CtInput – CtIP)”,
where the efficiency is calculated through serial dilutions of Input DNA (primers efficiencies were all
between 1.9 and 2.1).The primers are available in Table S1.

2.8. Bisulfite Analysis of IAP Copies and Their Flanking Sequences

Bisulfite conversion PCR, cloning and sequencing were carried out as described previously [39].
All the sequences included in the analysis either displayed unique methylation patterns or unique C to
T non-conversion errors after the bisulfite treatment of the genomic DNA. This avoids considering
several PCR-amplified sequences resulting from the same template molecule. All sequences had a
conversion rate greater than 95%. Sequences were analyzed with the Quma free online software
(RIKEN, Kobe, Japan) [40]. Primers are listed in Table S1.

2.9. Size Determination of C3H/HeJ H3K4me3-IAP Copies

C3H PacBio long reads were aligned to the mm10 reference genome using NGMLR (v0.2.7) [41].
Insertions were called computationally by structural variant callers pbsv (v2.2.2) (https://github.com/

PacificBiosciences/pbsv) [42] and Sniffles (v1.0.11) [41]. The size estimation of C3H copies absent from
the C57BL/6 genome was conducted by intersecting IAP coordinates with PacBio-derived insertions at
the corresponding locations using Bedtools (v2.29.2) [34]. PCR amplification was also performed to
confirm IAP copy sizes—the primers are available in Table S1.

The chrX potential master copy was sequenced by genome walking, using primers available
in Table S1. The sequence was deposited in GenBank (accession MT559331) and is also present in
Supplementary Data 1 (along with GAG, PRO and POL amino acid sequences). The orthologous copy
is also found in the 129 genome and has been previously sequenced [43].

https://github.com/PacificBiosciences/pbsv
https://github.com/PacificBiosciences/pbsv


Viruses 2020, 12, 783 5 of 17

3. Results

3.1. IAP Accumulation in Mouse Strains

A previous comprehensive analysis of IAP content in the reference mouse strain C57BL/6 reported
a total copy number of 5872, which includes all subfamilies of various ages as well as ~3000 solitary
LTRs [11]. Among the young IAP subfamilies, over half are insertional polymorphisms [26,44].
Sequence comparisons of 12 laboratory strains revealed that 93 IAP copies in C3H/HeJ are absent
from all other strains [26]. However, although 84% of described IAP mutations occurred in C3H or
in a C3H background, as shown in Figure 1A, the accumulation of IAP copies, specifically in the
C3H/HeJ genome, is not obvious, as other strains harbor as many or more IAP private copies, as shown
in Figure 1B. Nonetheless, if IAP elements have been particularly active in C3H mice since strain
divergence, private IAP copies that are not highly detrimental would accumulate at a faster rate in C3H,
compared to other strains. We mined genomic sequence data available on the 12 mouse laboratory
strains [26,27] and compared the accumulation of single nucleotide polymorphisms (SNPs) specific to
a single strain with the number of strain-specific IAP copies, as shown in Figure 1C. The SNP pattern
reflects general divergence between the strains and, if the rate of retrotransposition has been similar
across strains, one would expect the numbers of strain-specific TE insertions to closely correlate with
strain-specific SNPs. However, the number of IAPs observed only in C3H/HeJ is significantly higher
than expected, based on the strain-specific SNP pattern, as shown in Figure 1C, and the standard
deviation of residuals can be seen in Figure S2. Such bias is not observed for another well-known
active ERV, ETn/MusD, that shows a less marked strain-specific bias in A/J mice, as shown in Figure S2,
as noted previously for mutagenic insertions [7,8]. Furthermore, the pattern of strain-specific L1 LINE
insertions closely follows the SNP pattern, as shown in Figure 1C, suggesting that L1 is not unusually
active in any of the commonly used laboratory strains. Such findings support the premise that IAP
elements, in particular, have been unusually active in C3H/HeJ mice since the derivation and separation
of inbred laboratory strains. However, it should be noted that the vast majority of the thousands of
IAP copies in the genomes of inbred mice were inserted prior to the separation of the strains.

3.2. IAP Expression in Mouse ES Cells

The earliest reported IAP-induced mutations in C3H mice occurred in the 1950s [8], but the
most recent reported case occurred in 2014 [45], revealing that such elements are still active in this
strain. We analyzed IAP transcript steady-state levels in a panel of ES cells derived from C3H/HeJ,
C57BL/6 and 129 mice, as shown in Figure 2. Specifically, we determined the transcript levels of 1∆1
and full-length (those containing intact gag and pol genes) IAPs in a panel of ES cells from different
strains. IAP transcript levels are significantly higher in C3H/HeJ ES cells compared to the other strains,
for both putative full-length copies and the 1∆1 subfamily. Such findings are in agreement with IAP
expression levels observed in C3H/He tissues compared to C57BL/6 and STS/A mice [46]. Notably,
levels of 1∆1 transcript are 30-fold higher than those of putative full-length copies, as shown in Figure 2,
and, as mentioned above, are known to accumulate in C3H sub-strains [24]. Indeed, 1∆1 copies are
preferentially transposed over IAP full-length elements [25]. Nevertheless, 1∆1 cannot transpose
autonomously and hence depends on the transposition machinery of other IAP copies.
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Anova with Dunnett’s pos-hoc test was performed and standard deviation is shown. * p-value < 0.05,
** p-value < 0.005.
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3.3. Permissive IAP Copies in C3H/HeJ ES Cells

Transcription start sites of canonical IAP RNAs occur within the 5’ LTR, while polyadenylation
occurs within the 3’LTR. As flanking sequences in IAP transcripts are lacking, it is not possible to
discriminate between highly similar active and silent copies in transcriptomic datasets. However,
we and other groups have previously demonstrated that IAP LTRs, serving as gene alternative promoters,
are associated with permissive histone marks (H3K4me3) and are hypomethylated [17,47,48]. Hence,
in order to pinpoint potential transcriptionally active IAP copies in the C3H genome, we searched for
H3K4me3 enrichment at IAP flanking sites (+/− 250 bp) in C3H/HeJ ES cells. In order to maximize the
chances of finding IAP permissive copies, we first mapped the H3K4me3 reads against the reference
genome (C57BL/6) and searched for enriched peaks in the flanking sequences of previously described
IAP copies present in the C3H/HeJ genome [26]. We also mapped the H3K4me3 reads against the
C3H/HeJ draft genome and searched for enriched peaks in the flanking sequences of annotated IAP
copies. We uncovered 61 IAP copies associated with H3K4me3 chromatin, as shown in Table S2.
Note that all copies in Table S2 have been given an identifier number that we will refer to throughout
the manuscript. For all copies absent from the reference genome, we estimated their size by intersecting
IAP coordinates with PacBio-derived insertions specific to C3H, and validated estimates with PCR
amplification (detailed in the methods section). Two copies of unknown remain size. The majority
of identified copies are annotated as belonging to the young IAP subfamilies (EY, LTR1 and LTR2),
as shown in Figure 3A, with the caveat that the annotation of copies absent from the reference genome
relies on the C3H/HeJ preliminary genome annotation. While most of the detected H3K4me3 IAP
elements are solo LTRs (43 copies), as shown in Figure 3B, 13 copies found in a permissive state
are the same size as 1∆1 copies (~5.2 Kb). Notably, 12 of these are absent from the other laboratory
strains, as shown in Table S2, potentially explaining the high expression of 1∆1 IAP copies observed in
C3H/HeJ ES cells, as shown in Figure 2. Finally, only one copy is considered full-length—a 7.2 kb IAP
LTR1 element.

Since the repressive chromatin mark (H3K9me3) is enriched on IAP elements in ES cells of other
strains [13], we measured this mark on IAPs in C3H/HeJ ES cells to investigate if a general lack of
IAP repression is evident. We performed H3K9me3 ChIP-seq in C3H/HeJ ES cells and found high
enrichment in IAP flanking sequences compared to H3K4me3, as shown in Figure 3C. We confirmed
that potential full-length or 1∆1 copies are indeed the target of H3K9me3 by performing H3K9me3
ChIP-qPCR on LTR-int regions, as shown in Figure S3. Hence, the C3H/HeJ genome is capable of
targeting IAP copies with the repressive H3K9me3 mark, but at least 61 copies are able to potentially
escape host silencing, as shown in Figure S4 and Figure 3D, for representative genome browser views.

In order to confirm that H3K4me3 enrichment in IAP flanking sequences is a surrogate for
permissive IAP copies in agreement with previous studies [17,47,48], we determined the DNA
methylation status of four IAP copies enriched for H3K4me3 in C3H/HeJ ES cells, as shown in Figure 3E,
namely the potential full-length copy (IAP #60), two 1∆1 elements (IAP #30 and #28) and a solitary
LTR (IAP #44). All copies were hypomethylated, confirming their permissive states. In addition,
CpGs flanking the IAP copies are also hypomethylated, reinforcing the hypothesis that sequences
flanking permissive IAPs are marked by a permissive chromatin structure. Comparison of the DNA
methylation of both LTRs in two 1∆1 H3K4me3-marked copies revealed that the 3’LTR sequences were
hypermethylated compared to 5’LTRs, as shown in Figure 3E. In contrast, we previously demonstrated
that IAP 5’LTRs of repressed elements remain hypermethylated even if close to permissive regions,
while 3’LTR methylation is more relaxed [17].
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Figure 3. The C3H/HeJ ES cell genome has 61 IAP copies associated with H3K4me3. (A) Distribution
of IAP subfamilies among the 61 H3K4me3-IAPs. Most IAP subfamilies are young (LTR1, lTR2 and EY).
(B) Distribution of IAP types among the 61 H3K4me3-IAPs. (C) Average H3K4me3 and H3K9me3 in the
flanking regions of all IAP insertions in the C3H/HeJ genome. The red arrow and line represents the IAP
insertion site. (D) IGV genome browser view of IAP copies, either fixed (top panel) or C3H/HeJ specific
(bottom panel), enriched in H3K9me3 in C3H/HeJ and lacking H3K4me3. For comparison, the closest
H3K4me3-marked promoter is shown. (E) Bisulfite analysis of four H3K4me3-IAPs, including the
full-length copy. Empty circles are unmethylated CpGs and full circles are methylated ones. An arrow
depicts the IAP sense and a line above the CpG circles represents the CpG within the LTRs. In red,
IAP insertions; in blue, genes; in black, intergenic regions.
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3.4. IAP Copies Are Able to Recruit Permissive Chromatin

As a subset of the 61 H3K4me3-IAPs is located near CpG islands or gene transcription start sites
(TSSs), as shown in Table S2, we wondered if H3K4me3 domains, typically associated with such features,
influenced the chromatin state of these IAPs. Hence, we searched for H3K4me3 enriched empty sites
(i.e., sites devoid of such copies), in other mouse strains. We performed H3K4me3 ChIP-seq in TT2 cells
(C57BL/6 × CBA), and also took advantage of ModEncode and analyzed C57BL/6 (Bruce4) and 129/Ola
(E14), H3K4me3 datasets. Overall, empty sites are devoid of H3K4me3, as shown in Figure 4A and
Figure S5, for ModEncode data and Figure 4B for example browser views. More specifically, there are
27 copies absent from the C57BL/6 genome, but only four empty sites are enriched in H3K4me3 in
Bruce4, and three in TT2. For 129/Ola, out of 28 empty sites, only five are in a permissive chromatin
state. Most of these few H3K4me3-enriched empty sites were within 2 kb of a CpG Island promoter,
or genic TSS, suggesting that, in these cases, the permissive chromatin of the nearby gene likely
spread to the IAP inserted in the C3H/HeJ genome, as shown in Figure 4C, for example. Overall,
however, empty sites are generally devoid of H3K4me3, indicating that IAP copies are able to recruit
H3K4me3-permissive chromatin.

1 
 

 

Figure 4. IAP copies are able to recruit H3K4me3 chromatin. (A) Average enrichment of H3K4me3 in
TT2 (C57BL/6 × CBA) and C3H/HeJ ES cells in 27 regions flanking IAP copies present in C3H/HeJ and
absent from C57BL/6 and CBA. The red arrow and line represents the IAP insertion site. (B,C) IGV
genome browser view of IAP copies inserted in C3H/HeJ and absent from other mouse strains.
IAP copies #43 and #28 are able to recruit H3K4me3 (B), while the empty sites in TT2, Bruce4 and E14
show no H3K4me3 enrichment. For comparison, the closest H3K4me3-marked promoter is shown.
IAP copies #3 and #30, present only in C3H/HeJ, are inserted within H3K4me3-marked regions (C),
as seen in the empty sites of TT2, Bruce4 and E14. (D) Bisulfite analysis of two empty sites in TT2 cells
corresponding in C3H/HeJ to the full-length insertion (IAP copy #60) and a 1∆1 insertion in the Ppp1r21
gene (IAP copy #28). The methylation profile in C3H/HeJ cells, presented in Figure 3E, is shown here
for comparison. Empty circles are unmethylated CpGs, full circles are methylated ones. The arrow
inside the IAP insertion box depicts the IAP direction and the line above the CpG circles represents
the CpGs within the LTRs. Red boxes are IAP insertions; in blue, genes; in black, intergenic regions.
The red arrow head represents the C3H/HeJ IAP insertion site in the empty C57BL/6 genome.
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We next measured DNA methylation at the empty sites of two H3K4me3-IAPs (IAP #60 and IAP
#28, present in C3H/HeJ and absent from C57BL/6). CpGs flanking the insertion site of IAP copies are
hypermethylated in TT2 ES cells, as shown in Figure 4D, while hypomethylated in C3H/HeJ. Such data
suggest not only that IAP copies are able to recruit permissive chromatin, but such a permissive state
can also spread to nearby sequences.

3.5. Difference in Chromatin State of Specific IAP Copies between Mouse Strains

Forty H3K4me3 IAP copies in C3H/HeJ are also present in other mouse strains, as shown in
Table S2. These include the single full-length “master” copy on the X chromosome (IAP #60), as detailed
in the following section). A comparison of H3K4me3 in the flanking sequences of common copies
between all ES cells studied (29 copies) revealed a clear enrichment in C3H/HeJ relative to other ES cells,
as shown in Figure 5A and Figure S6 for ModEncode profiles, and two examples shown in Figure 5B.
More specifically, 11 E14, 11 Bruce4 and 2 TT2 copies are associated with H3K4me3, while 11 common
copies are in a permissive state exclusively in C3H/HeJ ES cells. The DNA hypomethylation of
common IAP copies enriched for H3K4me3 only in C3H/HeJ ES cells is also specific to C3H/HeJ.
Indeed, the full-length IAP copy (IAP #60), hypomethylated in C3H/HeJ ES cells, is also present in the
129 genome, but the LTR is highly methylated in J1 ES cells, along with flanking CpGs, as shown in
Figure 5C. Another IAP solo LTR (IAP #44) is hypermethylated in TT2 ES cells while hypomethylated
in C3H/HeJ ES cells, as shown in Figure 5C. Taken together, these observations indicate that a few
C3H/HeJ IAPs are able to escape host silencing mechanisms.

3.6. Evidence for an Active “Master Copy” in the C3H Genome

The 7106 bp full-length H3K4me3-enriched IAP copy identified in the C3H/HeJ genome contains
two nearly identical LTRs (LTR1) (one single mismatch), an intact primer binding site (PBS) and
encodes functional IAPez retrotransposition machinery—namely full gag, pro and pol ORFs, as shown
in Figure 6A and Supplementary Data 1. It is, therefore, likely to be a retrotranspositionally competent
IAP or at least produce the retroviral proteins necessary for the retrotransposition of non-autonomous
IAPs, such as 1∆1. We searched for disruptions in known repressor sequences, such as the SHIN
region (short heterochromatin inducing sequence), a 160 bp segment in the gag gene capable of
triggering heterochromatin formation [49], although a direct role for this segment in suppressing IAP
retrotransposition has not been tested. The full-length IAP copy contains a nearly intact SHIN region,
despite being associated with H3K4me3, as shown in Figure 6B and Supplementary Data 1.

No identical copies are found in the reference C57BL/6 genome. However, we were able to detect, by
blast against the NCBI nucleotide database, the orthologous IAP copy in the 129/Sv genome, which was
fortuitously sequenced as part of a X-inactivation study (GenBank: AJ421480.1) [43]. These orthologous
IAP copies are extremely similar, as expected (99% identical), as shown in Supplementary Data 1,
and there are no differences in key regulatory elements (5’LTR, PBS or SHIN region). When searching
for similar IAP copies in NCBI databases, we detected two previously described IAP sequences derived
from the mouse C3H/HeJ genome—AtrnmgL (GenBank: FJ854357.1) and Q14 (Genbank accession
AB099818.1). The AtrnmgL mutant allele was caused by the insertion of a full-length IAP in an intron of
the Attractin gene in C3H/HeJ [50]. The Q14 sequence, along with several 1∆1 IAP copies, were isolated
as novel somatic insertions in radiation-induced acute myeloid leukemia (AML) cell lines from C3H/He
mice [51]. Our C3H full-length IAP copy is similar to both the AtrnmgL and Q14 elements (percentage
identities of 98% and 93%, respectively), with most mismatches and indels observed within the
LTRs. It is important to note that these IAP mutation sequences are different, with Q14 showing a
100 bp insertion in the 5’LTR, not present in the AtrnmgL nor the C3H/HeJ candidate master copy
uncovered here. Therefore, in C3H/HeJ mice, more than one autonomous copy might be responsible
for IAP retrotransposition.

Interestingly, comparative analysis of the genomic region flanking this “master copy” in sequence
assemblies of 16 available mouse strains [28] reveals it to be present in multiple strains in addition to
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C3H/HeJ, namely A/J, BALB/cJ, CBA/J, FVB/NJ, LP/J, 129S1 and NOD, although its full structure in
these other strains is not known due to incomplete sequencing through the IAP. Notably, of the seven
reported IAP germ line mutations that did not occur in C3H or in a C3H hybrid [8], one occurred
in the old "Bussy stock" and, of the other six, five occurred in strains with the master copy or in
a hybrid involving those strains—namely BALB, A-strain mice or CBA, as shown in Table 1 in [8].
Only one IAP mutation definitively occurred in a strain lacking this copy—namely DBA/2J [52,53].
Hence it is tempting to speculate that the presence of this “master” copy is important for germ line IAP
retrotransposition, at least since the divergence of inbred strains.
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Figure 5. (A) Average profile of H3K4me3 at the flanking sites of 29 IAP copies common to C3H/HeJ,
129 and C57BL/6 in C3H/HeJ and TT2 ES cells. The red arrow and line represents IAP insertion
site. (B) IGV genome browser view of two common copies (IAP #44 and # 47) showing H3K4me3
only in the C3H/HeJ strain. One can observe the enrichment of H3K4me3 at a nearby CpG island
promoter in all four ES cells. (C) Bisulfite analysis of two H3K4me3-IAPs in J1 (129S4/SvJae) and
TT2 (C57BL/6 × CBA F1) ES cells, including the full-length copy (IAP #60) and a solo LTR (IAP #44).
The methylation profile in C3H/HeJ cells, presented in Figure 3E, is shown again for comparison.
Empty circles are unmethylated CpGs, full circles are methylated ones. The arrow depicts the IAP
direction and the line above the CpG circles represents the CpG within the LTRs. In red, IAP insertions;
in black, intergenic regions. LTR: long terminal repeat.
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Figure 6. The IAP master copy. (A) Diagram of the potential IAP master copy (IAP #60) with intact
open reading frames coding gag, pro and pol, an intact PBS region (green) and the presence of the
repressive SHIN region (pink). (B) IGV genome browser view of the master copy, which is present in
the C3H/HeJ genome along with the 129 genome (E14 ES cells), but is absent from the C57BL/6 genome
(Bruce4 and TT2 ES cells). H3K4me3 enrichment is only observed in the C3H/HeJ cells. The position of
the insertional polymorphic master copy is depicted in red. (C) Model of IAP transposition in C3H
mice. The C3H master copy is present in several mouse strains, but its permissive state may be specific
to C3H mice. The synthesis of functional retrotransposition machinery is, therefore, possible in C3H,
and allows 1∆1 transposition in trans. Colored circles represent proteins produced by full-length
IAP (GAG and POL) and a GAG-POL fusion protein produced by 1∆1 IAP copies, which facilitates
their retrotransposition.
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As discussed above, the 5’ LTR and internal region of this copy in 129-derived ES cells is heavily
methylated, in contrast to its state in C3H/HeJ ES cells, as shown in Figure 5C. This observation
suggests that, in the C3H background, this particular copy may be subject to less epigenetic repression.
Interestingly, there is a decrease in methylation in the two CpGs surrounding the IAP insertion site
of the full-length copy in C57BL/6 ES cells, suggesting that this insertion site might be propitious for
permissive marks.

4. Conclusions

During mouse evolutionary history, the IAP family of retrotransposons has been very successful
in colonizing the genome with thousands of copies. However, since the establishment of inbred strains,
this colonization appears to have largely ceased, with C3H being the notable exception. Here we have
shown that IAP insertions are accumulating more rapidly in C3H/HeJ compared to other sequenced
strains, which is in accord with the fact that most documented germ line mutations due to new
IAP insertions have occurred in C3H/HeJ or other C3H sub-strains [8]. Indeed, although our study
used C3H/HeJ ES cells and genomic sequences, it is probable that other, less commonly used C3H
sub-strains are also susceptible to IAP retrotransposition. We have also shown that a number of
1∆1 IAP copies, specific to C3H/HeJ, have generated open chromatin in ES cells (unmethylated and
marked with H3K4me3) and hence could be transcriptionally active. The much higher transcript
levels of 1∆1 elements in C3H/HeJ ES cells compared to other strains is likely due to the activity
of these copies. Unfortunately, because of their near identity, we cannot determine which specific
loci are actually transcriptionally active. Notably, despite the fact that hundreds of 1∆1 sequences,
as part of the reference C57BL/6 genome, are in Genbank, database searches using published sequences
from mutation-causing 1∆1 elements from C3H mice reveal that the only identical matches are
sequences from 1∆1 elements responsible for other mutation cases in C3H (unpublished observations).
This suggests that many of these new insertions arise from just a few “transcriptionally hot” 1∆1 loci in
the C3H genome.

The reverse transcription of 1∆1 mRNAs, no matter how abundant, and their subsequent
reintegration into the genome requires a source of GAG and POL proteins from coding-competent
elements. Here we have identified a single IAP copy with full open reading frames that is marked
with H3K4me3 and harbors an unmethylated 5’ LTR in C3H/HeJ ES cells. While the epigenetic state of
this copy in germ cells is unknown, this putative “master copy” could be the source of IAP proteins
enabling the germ line retrotransposition of 1∆1 elements. Notably, this copy is not unique to C3H/HeJ
but, at least in 129/Ola ES cells (E14), is heavily methylated. While more work is necessary to investigate
the epigenetic state of this copy in other strains, our data suggest that its activity in C3H/HeJ mice
facilitates the high retrotransposition of IAP elements, specifically in this strain. It is important to stress
that all the ES cells studied here were cultured on standard media rather than 2i media [23]. Therefore,
the level of DNA methylation is likely higher than in inner cell mass cells [54,55], even though no
reactivation of IAP copies has been observed in 2i conditions [55]. More important, H3K9me3 IAP
deposition remains high in 2i-mouse ES cells [56]. Finally, we are likely missing other potentially
permissive IAP copies due to the difficulty of mapping reads in repeated sequences. Although we took
advantage of nearby sequences, some IAP copies inserted into other repeats were likely missed by
our analysis.

In conclusion, it is probable that more than one factor contributes to high IAP “activity” in the
C3H strain, as shown in Figure 6C. One factor could be a deficiency in the epigenetic repression of
IAPs as a result of strain-specific differences in silencing pathways or proteins, such as those encoded
by KRAB zinc finger genes [15,21,57], which are highly polymorphic between strains [28,58]. If such a
deficiency exists, it must be subtle, or this trait would have been purged from the strain. However,
even a subtle difference could, over time, allow for the accumulation of neutral IAP insertions in the
C3H genome and an occasional mutation with phenotypic consequences. It appears that, at least some
members of the 1∆1 subfamily, in particular, escape transcriptional silencing in a C3H background,
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possibly because its partly deleted structure lacks sequences targeted by KRAB zinc finger proteins
or other components of the silencing machinery [15,57]. A second factor could be the presence of
the full-length coding-competent “master copy”, which is present in several strains but is likely
subjected to less repression in C3H/HeJ. Future efforts to elucidate the molecular basis for the continued
retrotransposition of IAP elements in this strain should shed light on our understanding of host
defenses against such activity and of strategies by the IAP family to circumvent these defenses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/7/783/s1,
Figure S1: H3K4me3 enrichment in TSSs for all datasets studied. Figure S2: Supporting data for Figure 1. Figure S3:
ChIP-qPCR of H3K9me3 and H3K4me3 for IAP copies. Figure S4: Permissive IAP C3H/HeJ copies H3K4me3
and H3K9me3 average profile. Figure S5: H3K4me3 enrichment in empty sites of Bruce4 and E14. Figure S6:
H3K4me3 enrichment in flanking regions of common copies of C3H/HeJ, 129 and C57BL/6 of Bruce4 and E14.
Supplementary Data 1: DNA and protein sequences of the full length “master” IAP copy, along with alignments
between IAP #60 and the orthologous copy in 129. Table S1: Primer sequences. Table S2: H3K4me3 IAP copies in
C3H/HeJ ES cells.

Author Contributions: Conceptualization, R.R. and D.L.M.; molecular biology validation, L.G. and R.R.;
bioinformatics analysis, M.G.-F., Y.Z., A.F. and R.R.; resources M.C.L. and C.R.B.; writing—original draft
preparation, R.R. and D.L.M.; writing—review and editing, R.R. and D.L.M.; funding acquisition, D.L.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was primarily funded by a grant from the Natural Sciences and Engineering Research
Council of Canada to D.L.M. Work from the C.R.B. laboratory was funded by a Director’s Innovation Fund award
from the Jackson Laboratory and an R35 from the National Institute of General Medical Sciences (R35 GM133600).
M.C.L. is funded by the Canadian Institutes of Health Research (PJT-153049).

Acknowledgments: We thank Carol Chen and Julie Brind’Amour for assistance with the ChIP-seq. We also thank
Jason Kuo and Parithi Balachandran for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Elliott, T.A.; Gregory, T.R. Do larger genomes contain more diverse transposable elements? Bmc Evol. Biol.
2015, 15, 69. [CrossRef] [PubMed]

2. Bourque, G.; Burns, K.H.; Gehring, M.; Gorbunova, V.; Seluanov, A.; Hammell, M.; Imbeault, M.; Izsvak, Z.;
Levin, H.L.; Macfarlan, T.S.; et al. Ten things you should know about transposable elements. Genome Biol.
2018, 19, 199. [CrossRef] [PubMed]

3. Feschotte, C. Transposable elements and the evolution of regulatory networks. Nat. Rev. Genet. 2008, 9,
397–405. [CrossRef] [PubMed]

4. Rebollo, R.; Romanish, M.T.; Mager, D.L. Transposable Elements: An Abundant and Natural Source of
Regulatory Sequences for Host Genes. Annu Rev. Genet. 2012, 46, 21–42. [CrossRef] [PubMed]

5. Hancks, D.C.; Kazazian, H.H. Roles for retrotransposon insertions in human disease. Mob. DNA 2016, 7, 9.
[CrossRef] [PubMed]

6. Consortium, M.G.S. Initial sequencing and comparative analysis of the mouse genome. Nature 2002, 420,
520–562. [CrossRef] [PubMed]

7. Maksakova, I.A.; Romanish, M.T.; Gagnier, L.; Dunn, C.A.; van de Lagemaat, L.N.; Mager, D.L.
Retroviral Elements and Their Hosts: Insertional Mutagenesis in the Mouse Germ Line. PLoS Genet.
2006, 2, e2. [CrossRef]

8. Gagnier, L.; Belancio, V.P.; Mager, D.L. Mouse germ line mutations due to retrotransposon insertions.
Mob. DNA 2019, 10, 15. [CrossRef]

9. Stocking, C.; Kozak, C.A. Murine endogenous retroviruses. Cell. Mol. Life Sci. 2008, 65, 3383–3398. [CrossRef]
10. Kuff, E.L.; Lueders, K.K. The intracisternal A-particle gene family: Structure and functional aspects.

Adv. Cancer Res. 1988, 51, 183–276.
11. Qin, C.; Wang, Z.; Shang, J.; Bekkari, K.; Liu, R.; Pacchione, S.; McNulty, K.; Ng, A.; Barnum, J.; Storer, R.

Intracisternal A particle genes: Distribution in the mouse genome, active subtypes, and potential roles as
species-specific mediators of susceptibility to cancer. Mol. Carcinog. 2010, 49, 54–67. [CrossRef] [PubMed]

http://www.mdpi.com/1999-4915/12/7/783/s1
http://dx.doi.org/10.1186/s12862-015-0339-8
http://www.ncbi.nlm.nih.gov/pubmed/25896861
http://dx.doi.org/10.1186/s13059-018-1577-z
http://www.ncbi.nlm.nih.gov/pubmed/30454069
http://dx.doi.org/10.1038/nrg2337
http://www.ncbi.nlm.nih.gov/pubmed/18368054
http://dx.doi.org/10.1146/annurev-genet-110711-155621
http://www.ncbi.nlm.nih.gov/pubmed/22905872
http://dx.doi.org/10.1186/s13100-016-0065-9
http://www.ncbi.nlm.nih.gov/pubmed/27158268
http://dx.doi.org/10.1038/nature01262
http://www.ncbi.nlm.nih.gov/pubmed/12466850
http://dx.doi.org/10.1371/journal.pgen.0020002
http://dx.doi.org/10.1186/s13100-019-0157-4
http://dx.doi.org/10.1007/s00018-008-8497-0
http://dx.doi.org/10.1002/mc.20576
http://www.ncbi.nlm.nih.gov/pubmed/20025072


Viruses 2020, 12, 783 15 of 17

12. Crichton, J.H.; Dunican, D.S.; Maclennan, M.; Meehan, R.R.; Adams, I.R. Defending the genome from the
enemy within: Mechanisms of retrotransposon suppression in the mouse germline. Cell. Mol. Life Sci. 2014,
71, 1581–1605. [CrossRef] [PubMed]

13. Leung, D.C.; Lorincz, M.C. Silencing of endogenous retroviruses: When and why do histone marks
predominate? Trends Biochem. Sci 2012, 37, 127–133. [CrossRef]

14. Molaro, A.; Malik, H.S. Hide and seek: How chromatin-based pathways silence retroelements in the
mammalian germline. Curr. Opin. Genet. Dev. 2016, 37, 51–58. [CrossRef] [PubMed]

15. Wolf, G.; Greenberg, D.; Macfarlan, T.S. Spotting the enemy within: Targeted silencing of foreign DNA
in mammalian genomes by the Kruppel-associated box zinc finger protein family. Mob. DNA 2015, 6, 17.
[CrossRef] [PubMed]

16. Walsh, C.P.; Chaillet, J.R.; Bestor, T.H. Transcription of IAP endogenous retroviruses is constrained by cytosine
methylation. Nat. Genet. 1998, 20, 116–117. [CrossRef]

17. Rebollo, R.; Miceli-Royer, K.; Zhang, Y.; Farivar, S.; Gagnier, L.; Mager, D.L. Epigenetic interplay between
mouse endogenous retroviruses and host genes. Genome Biol. 2012, 13, R89. [CrossRef]

18. Ekram, M.B.; Kim, J. High-throughput targeted repeat element bisulfite sequencing (HT-TREBS):
Genome-wide DNA methylation analysis of IAP LTR retrotransposon. PLoS ONE 2014, 9, e101683. [CrossRef]

19. Karimi, M.M.; Goyal, P.; Maksakova, I.A.; Bilenky, M.; Leung, D.; Tang, J.X.; Shinkai, Y.; Mager, D.L.; Jones, S.;
Hirst, M.; et al. DNA Methylation and SETDB1/H3K9me3 Regulate Predominantly Distinct Sets of Genes,
Retroelements, and Chimeric Transcripts in mESCs. Cell Stem Cell 2011, 8, 676–687. [CrossRef]

20. Rebollo, R.; Karimi, M.M.; Bilenky, M.; Gagnier, L.; Miceli-Royer, K.; Zhang, Y.; Goyal, P.; Keane, T.M.;
Jones, S.; Hirst, M.; et al. Retrotransposon-Induced Heterochromatin Spreading in the Mouse Revealed by
Insertional Polymorphisms. PLoS Genet. 2011, 7, e1002301. [CrossRef]

21. Wolf, G.; de Iaco, A.; Sun, M.-A.; Bruno, M.; Tinkham, M.; Hoang, D.; Mitra, A.; Ralls, S.; Trono, D.;
Macfarlan, T.S. KRAB-zinc finger protein gene expansion in response to active retrotransposons in the murine
lineage. eLife 2020, 9, e56337. [CrossRef] [PubMed]

22. Shimosuga, K.I.; Fukuda, K.; Sasaki, H.; Ichiyanagi, K. Locus-specific hypomethylation of the mouse IAP
retrotransposon is associated with transcription factor-binding sites. Mob. DNA 2017, 8, 20. [CrossRef]

23. Howard, G.; Eiges, R.; Gaudet, F.; Jaenisch, R.; Eden, A. Activation and transposition of endogenous retroviral
elements in hypomethylation induced tumors in mice. Oncogene 2008, 27, 404–408. [CrossRef] [PubMed]

24. Frankel, W.N.; Mahaffey, C.L.; McGarr, T.C.; Beyer, B.J.; Letts, V.A. Unraveling genetic modifiers in the gria4
mouse model of absence epilepsy. PLoS Genet. 2014, 10, e1004454. [CrossRef]

25. Saito, E.-S.; Keng, V.W.; Takeda, J.; Horie, K. Translation from nonautonomous type IAP retrotransposon is a
critical determinant of transposition activity: Implication for retrotransposon-mediated genome evolution.
Genome Res. 2008, 18, 859–868. [CrossRef] [PubMed]

26. Nellaker, C.; Keane, T.; Yalcin, B.; Wong, K.; Agam, A.; Belgard, T.G.; Flint, J.; Adams, D.; Frankel, W.;
Ponting, C. The genomic landscape shaped by selection on transposable elements across 18 mouse strains.
Genome Biol. 2012, 13, R45. [CrossRef]

27. Keane, T.M.; Goodstadt, L.; Danecek, P.; White, M.A.; Wong, K.; Yalcin, B.; Heger, A.; Agam, A.; Slater, G.;
Goodson, M.; et al. Mouse genomic variation and its effect on phenotypes and gene regulation. Nature 2011,
477, 289–294. [CrossRef]

28. Lilue, J.; Doran, A.G.; Fiddes, I.T.; Abrudan, M.; Armstrong, J.; Bennett, R.; Chow, W.; Collins, J.; Collins, S.;
Czechanski, A.; et al. Sixteen diverse laboratory mouse reference genomes define strain-specific haplotypes
and novel functional loci. Nat. Genet. 2018, 50, 1574–1583. [CrossRef]

29. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F.
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 2002, 3, research0034.1. [CrossRef]

30. Brind’Amour, J.; Liu, S.; Hudson, M.; Chen, C.; Karimi, M.M.; Lorincz, M.C. An ultra-low-input native
ChIP-seq protocol for genome-wide profiling of rare cell populations. Nat. Commun. 2015, 6, 6033. [CrossRef]

31. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114–2120. [CrossRef]

32. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
[CrossRef]

http://dx.doi.org/10.1007/s00018-013-1468-0
http://www.ncbi.nlm.nih.gov/pubmed/24045705
http://dx.doi.org/10.1016/j.tibs.2011.11.006
http://dx.doi.org/10.1016/j.gde.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26821364
http://dx.doi.org/10.1186/s13100-015-0050-8
http://www.ncbi.nlm.nih.gov/pubmed/26435754
http://dx.doi.org/10.1038/2413
http://dx.doi.org/10.1186/gb-2012-13-10-r89
http://dx.doi.org/10.1371/journal.pone.0101683
http://dx.doi.org/10.1016/j.stem.2011.04.004
http://dx.doi.org/10.1371/journal.pgen.1002301
http://dx.doi.org/10.7554/eLife.56337
http://www.ncbi.nlm.nih.gov/pubmed/32479262
http://dx.doi.org/10.1186/s13100-017-0105-0
http://dx.doi.org/10.1038/sj.onc.1210631
http://www.ncbi.nlm.nih.gov/pubmed/17621273
http://dx.doi.org/10.1371/journal.pgen.1004454
http://dx.doi.org/10.1101/gr.069310.107
http://www.ncbi.nlm.nih.gov/pubmed/18456863
http://dx.doi.org/10.1186/gb-2012-13-6-r45
http://dx.doi.org/10.1038/nature10413
http://dx.doi.org/10.1038/s41588-018-0223-8
http://dx.doi.org/10.1186/gb-2002-3-7-research0034
http://dx.doi.org/10.1038/ncomms7033
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1038/nmeth.1923


Viruses 2020, 12, 783 16 of 17

33. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.;
Brown, M.; Li, W.; et al. Model-based Analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef]
[PubMed]

34. Quinlan, A.R.; Hall, I.M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics
2010, 26, 841–842. [CrossRef] [PubMed]

35. Stamatoyannopoulos, J.A.; Snyder, M.; Hardison, R.; Ren, B.; Gingeras, T.; Gilbert, D.M.; Groudine, M.;
Bender, M.; Kaul, R.; Canfield, T.; et al. An encyclopedia of mouse DNA elements (Mouse ENCODE).
Genome Biol. 2012, 13, 418.

36. Zheng, R.; Wan, C.; Mei, S.; Qin, Q.; Wu, Q.; Sun, H.; Chen, C.-H.; Brown, M.; Zhang, X.; Meyer, C.A.; et al.
Cistrome Data Browser: Expanded datasets and new tools for gene regulatory analysis. Nucleic Acids Res.
2018, 47, D729–D735. [CrossRef]

37. Ramírez, F.; Ryan, D.P.; Grüning, B.; Bhardwaj, V.; Kilpert, F.; Richter, A.S.; Heyne, S.; Dündar, F.; Manke, T.
deepTools2: A next generation web server for deep-sequencing data analysis. Nucleic Acids Res. 2016, 44,
W160–W165. [CrossRef]

38. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
39. Reiss, D.; Zhang, Y.; Mager, D.L. Widely variable endogenous retroviral methylation levels in human placenta.

Nucleic Acids Res. 2007, 35, 4743–4754. [CrossRef] [PubMed]
40. Kumaki, Y.; Oda, M.; Okano, M. QUMA: Quantification tool for methylation analysis. Nucleic Acids Res.

2008, 36, W170–W175. [CrossRef]
41. Sedlazeck, F.J.; Rescheneder, P.; Smolka, M.; Fang, H.; Nattestad, M.; von Haeseler, A.; Schatz, M.C.

Accurate detection of complex structural variations using single-molecule sequencing. Nat. Methods 2018, 15,
461–468. [CrossRef]

42. Kosugi, S.; Momozawa, Y.; Liu, X.; Terao, C.; Kubo, M.; Kamatani, Y. Comprehensive evaluation of structural
variation detection algorithms for whole genome sequencing. Genome Biol. 2019, 20, 117. [CrossRef]
[PubMed]

43. Chureau, C.; Prissette, M.; Bourdet, A.; Barbe, V.; Cattolico, L.; Jones, L.; Eggen, A.; Avner, P.; Duret, L.
Comparative sequence analysis of the X-inactivation center region in mouse, human, and bovine. Genome Res.
2002, 12, 894–908. [PubMed]

44. Zhang, Y.; Maksakova, I.A.; Gagnier, L.; de Lagemaat, L.N.V.; Mager, D.L. Genome-wide assessments reveal
extremely high levels of polymorphism of two active families of mouse endogenous retroviral elements.
PLoS Genet. 2008, 4, e1000007. [CrossRef] [PubMed]

45. Barau, J.; Teissandier, A.; Zamudio, N.; Roy, S.; Nalesso, V.; Herault, Y.; Guillou, F.; Bourc’his, D. The DNA
methyltransferase DNMT3C protects male germ cells from transposon activity. Science 2016, 354, 909–912.
[CrossRef] [PubMed]

46. Ishihara, H.; Tanaka, I.; Furuse, M.; Tsuneoka, K. Increased Expression of Intracisternal A-Particle RNA
in Regenerated Myeloid Cells after X Irradiation in C3H/He Inbred Mice. Radiat. Res. 2000, 153, 392–397.
[CrossRef]

47. Ekram, M.B.; Kang, K.; Kim, H.; Kim, J. Retrotransposons as a major source of epigenetic variations in the
mammalian genome. Epigenetics 2012, 7, 370–382. [CrossRef]

48. Kazachenka, A.; Bertozzi, T.M.; Sjoberg-Herrera, M.K.; Walker, N.; Gardner, J.; Gunning, R.; Pahita, E.;
Adams, S.; Adams, D.; Ferguson-Smith, A.C. Identification, Characterization, and Heritability of Murine
Metastable Epialleles: Implications for Non-genetic Inheritance. Cell 2018, 175, 1259–1271. [CrossRef]

49. Sadic, D.; Schmidt, K.; Groh, S.; Kondofersky, I.; Ellwart, J.; Fuchs, C.; Theis, F.J.; Schotta, G. Atrx promotes
heterochromatin formation at retrotransposons. Embo Rep. 2015, 16, 836–850. [CrossRef]

50. Gunn, T.M.; Inui, T.; Kitada, K.; Ito, S.; Wakamatsu, K.; He, L.; Bouley, D.M.; Serikawa, T.; Barsh, G.S.
Molecular and phenotypic analysis of Attractin mutant mice. Genetics 2001, 158, 1683–1695.

51. Ishihara, H.; Tanaka, I.; Wan, H.; Nojima, K.; Yoshida, K. Retrotransposition of limited deletion type of
intracisternal A-particle elements in the myeloid leukemia cells of C3H/He mice. J. Radiat Res. (Tokyo) 2004,
45, 25–32. [CrossRef]

52. Weimar, W.R.; Lane, P.W.; Sidman, R.L. Vibrator (vb): A spinocerebellar system degeneration with autosomal
recessive inheritance in mice. Brain Res. 1982, 251, 357–364. [CrossRef]

http://dx.doi.org/10.1186/gb-2008-9-9-r137
http://www.ncbi.nlm.nih.gov/pubmed/18798982
http://dx.doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
http://dx.doi.org/10.1093/nar/gky1094
http://dx.doi.org/10.1093/nar/gkw257
http://dx.doi.org/10.1093/nar/gkm455
http://www.ncbi.nlm.nih.gov/pubmed/17617638
http://dx.doi.org/10.1093/nar/gkn294
http://dx.doi.org/10.1038/s41592-018-0001-7
http://dx.doi.org/10.1186/s13059-019-1720-5
http://www.ncbi.nlm.nih.gov/pubmed/31159850
http://www.ncbi.nlm.nih.gov/pubmed/12045143
http://dx.doi.org/10.1371/journal.pgen.1000007
http://www.ncbi.nlm.nih.gov/pubmed/18454193
http://dx.doi.org/10.1126/science.aah5143
http://www.ncbi.nlm.nih.gov/pubmed/27856912
http://dx.doi.org/10.1667/0033-7587(2000)153[0392:IEOIAP]2.0.CO;2
http://dx.doi.org/10.4161/epi.19462
http://dx.doi.org/10.1016/j.cell.2018.09.043
http://dx.doi.org/10.15252/embr.201439937
http://dx.doi.org/10.1269/jrr.45.25
http://dx.doi.org/10.1016/0006-8993(82)90754-5


Viruses 2020, 12, 783 17 of 17

53. Hamilton, B.A.; Smith, D.J.; Mueller, K.L.; Kerrebrock, A.W.; Bronson, R.T.; van Berkel, V.; Daly, M.J.;
Kruglyak, L.; Reeve, M.P.; Nemhauser, J.L.; et al. The vibrator Mutation Causes Neurodegeneration via
Reduced Expression of PITPα: Positional Complementation Cloning and Extragenic Suppression. Neuron
1997, 18, 711–722. [CrossRef]

54. Bagci, H.; Fisher, A.G. DNA Demethylation in Pluripotency and Reprogramming: The Role of Tet Proteins
and Cell Division. Cell Stem Cell 2013, 13, 265–269. [CrossRef] [PubMed]

55. Leitch, H.G.; McEwen, K.R.; Turp, A.; Encheva, V.; Carroll, T.; Grabole, N.; Mansfield, W.; Nashun, B.;
Knezovich, J.G.; Smith, A.; et al. Naive pluripotency is associated with global DNA hypomethylation.
Nat. Struct Mol. Biol 2013, 20, 311–316. [CrossRef] [PubMed]

56. Deniz, Ö.; de la Rica, L.; Cheng, K.C.L.; Spensberger, D.; Branco, M.R. SETDB1 prevents TET2-dependent
activation of IAP retroelements in naïve embryonic stem cells. Genome Biol. 2018, 19, 6. [CrossRef]

57. Bruno, M.; Mahgoub, M.; Macfarlan, T.S. The Arms Race Between KRAB–Zinc Finger Proteins and
Endogenous Retroelements and Its Impact on Mammals. Annu. Rev. Genet. 2019, 53, 393–416. [CrossRef]

58. Krebs, C.J.; Larkins, L.K.; Khan, S.M.; Robins, D.M. Expansion and diversification of KRAB zinc-finger genes
within a cluster including Regulator of sex-limitation 1 and 2. Genomics 2005, 85, 752–761. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0896-6273(00)80312-8
http://dx.doi.org/10.1016/j.stem.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24012367
http://dx.doi.org/10.1038/nsmb.2510
http://www.ncbi.nlm.nih.gov/pubmed/23416945
http://dx.doi.org/10.1186/s13059-017-1376-y
http://dx.doi.org/10.1146/annurev-genet-112618-043717
http://dx.doi.org/10.1016/j.ygeno.2005.03.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Biological Material 
	Transposable Element Copies and SNP Analysis 
	IAP Expression Analysis 
	Native ChIP-Seq 
	Other Data Sets 
	Enrichment Profiles 
	Native ChIP-qPCR 
	Bisulfite Analysis of IAP Copies and Their Flanking Sequences 
	Size Determination of C3H/HeJ H3K4me3-IAP Copies 

	Results 
	IAP Accumulation in Mouse Strains 
	IAP Expression in Mouse ES Cells 
	Permissive IAP Copies in C3H/HeJ ES Cells 
	IAP Copies Are Able to Recruit Permissive Chromatin 
	Difference in Chromatin State of Specific IAP Copies between Mouse Strains 
	Evidence for an Active “Master Copy” in the C3H Genome 

	Conclusions 
	References

