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Abstract

Retroviruses have infiltrated vertebrate germlines for millions of years as inherited endogenous retroviruses (ERVs).
Mammalian genomes host large numbers of ERVs and transposable elements (TEs), including retrotransposons and DNA
transposons, that contribute to genomic innovation and evolution as coopted genes and regulators of diverse functions. To
explore features distinguishing coopted ERVs and TEs from other integrations, we focus on the potential role of ZBED6 and
repeated ERV domestication as repurposed Syncytin genes. The placental mammal-specific ZBED6 is a DNA transposon-
derived transcription regulator and we demonstrate that its binding motifs are associated with distinct Syncytins and that
ZBED6 binding motifs are 2- to 3-fold more frequent in ERVs than in flanking DNA. Our observations suggest that ZBED6
could contribute an extended regulatory role of genomic expression, utilizing ERVs as platforms for genomic innovation
and evolution.
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1. Introduction

Mammalian genomes contain large numbers of repetitive
sequences deriving from transposable elements (TEs), including
DNA and retrotransposons. Additionally, retroviruses have infil-
trated host germline cells during millions of years and have be-
come inherited endogenous retroviruses (ERVs) (Jern and Coffin
2008). These TEs and ERVs provide substrate for genomic inno-
vation and evolution as coopted genes that have been repur-
posed by the host as regulators of diverse functions
(Hayward et al. 2013; Chuong et al. 2017) in a process referred to
as molecular domestication (Volff 2006; Feschotte and Pritham
2007; Sinzelle et al. 2009). The extent to which ERVs are repur-
posed by the host and which discriminating features are facili-
tating this genomic novelty compared to the vast majority of
non-coopted ERVs is pertinent questions for improved under-
standing of mammalian evolution and host pathogen
associations.

Syncytin proteins, which are involved in trophoblast cell–cell
fusion and formation of syncytia during placental development,
are the results of multiple independent ERV domestications. In
each case, the retroviral env gene has been repurposed from its
normal function of producing surface and transmembrane pro-
teins for retroviral and host cell membrane fusion (Lavialle et al.
2013). About ten non-orthologous ERVs in eight host lineages
have been repurposed to contribute cell–cell fusion activities
(Lavialle et al. 2013; Denner 2016). It is thus conceivable that the
independent ERV domestications improved a primordial pla-
cental function and that these domestications were facilitated
by mammalian-specific qualities that promoted cooption of cer-
tain ERVs with specific features distinguishing them from the
vast pool of non-coopted ERVs in mammalian genomes.

ZBED (Zinc-finger BED-type domain containing) genes derive
from domesticated DNA transposons and contribute diverse
regulatory functions in vertebrate host genomes (Hayward et al.
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2013). The mammalian-specific ZBED6 is shown to regulate host
expression by binding to conserved motifs adjacent to host
genes (Markljung et al. 2009) and is thus an intriguing candidate
for further analysis as a potential cofactor to non-orthologous
domesticated ERVs, Syncytin expression, and effects on placen-
tal development. ZBED6 is integrated into an intron of ZC3H11A
(Zinc Finger CCCH-Type Containing 11A) (Markljung et al. 2009)
and appears to be expressed from the same promoter as
ZC3H11A already during embryo development, which is in line
with temporal expression of ZBED6 as a potential regulator of
Syncytin expression during, for instance, placenta formation.

Here, we explore the ERV catalogue (Sperber et al. 2007;
Hayward et al. 2015) to assess sequence features in, or flanking,
ten non-orthologous ERV-derived Syncytins in eight different
host species, and compare with tens of thousands non-coopted
ERVs to better understand common aspects of these gene
domestications. Overall it is plausible that the coopted ERVs
contain features influencing their expression that other ERVs
lack, and we search for sequence motifs that could constitute
such features with specific attention to those potentially associ-
ated with ZBED6 binding.

2. Results and discussion

Ten Syncytin loci in eight species genome assemblies were lo-
cated and accessed from the UCSC genome browser (http://ge
nome.ucsc.edu/), and screened for ZBED6 consensus binding
motifs (50-GCTCG-30) (Markljung et al. 2009). Guided by the out-
come of previous CHiPseq experiments (Markljung et al. 2009),
we focused on 1,000 nt search distances up- and downstream
start positions for Syncytins and ERVs (including detected
50LTRs). We identified nine canonical ZBED6 binding motifs
within 1,000 nt up- and downstream Syncytin starts in eight of
ten genome assemblies (Table 1). The screening failed to iden-
tify ZBED6 binding motifs within 1,000 nt of the Syncytin-Ten1
start, possibly due to the comparatively lower quality of the
Tenrec assembly and annotation. Neither could we identify
ZBED6 binding motifs associated with Syncytin-Opo1, which
could be due to the mammalian-specific ZBED6 gene missing
from the genome, as it is not detectable in the Opossum assem-
bly. ZBED6 binding motifs are therefore likely not under selec-
tive pressure in this host lineage. This is also in line with the
favored mode of gestation in marsupials being an external
pouch instead of the short-lived placenta (Cornelis et al. 2015;
Guernsey et al. 2017). Overall, it is striking that 80 per cent of the
non-orthologous domesticated ERV-derived Syncytin genes have
ZBED6 binding motifs adjacent to their start positions.

Next, we screened the ERV catalogue (Hayward et al. 2015)
for the eight species genome assemblies above, focusing on
1,000 nt flanking the start positions for ERVs (i.e. the 50LTR, if
detected) identified by the RetroTector software (Sperber et al.
2007), to establish the overall frequencies of ERVs and ZBED6
binding motifs (Table 2). From the eight genome assemblies, we
identified 26,266 ERVs and also note low ERV counts in the
Tenrec assembly, which could be explained by the reasoning
above. From the identified ERVs, we found 10,016 ZBED6 binding
motifs located within 1,000 nt of starting positions from 7,834
ERVs. It is thus approximately a 30 per cent chance to find
ZBED6 binding motifs associated with ERVs in these genome as-
semblies, in contrast to the 80 per cent chance to find ZBED6
binding motifs inside equivalent intervals around domesticated
ERV-derived Syncytin genes (Fisher P< 0.05). To explore motif-
associated ERV relationships, we could search 6,498 of the 7,835
motif-associated ERVs against previous phylogenetic T
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classifications (Hayward et al. 2015), observing that 153 motif-
associated ERVs (of 542 ERVs in the phylogeny deriving from
corresponding genome assemblies) located across the retroviral
diversity at frequencies expected from overall ERV representa-
tion (about 37% gamma- and 31% beta-like ERVs, Fisher P> 0.4),
and that epsilon-like ERVs classified mainly in the Opossum were
fewer than expected (<10%). In addition, to narrow the scope
and evaluating whether ZBED6 binding motifs were more likely
associated with ERVs related to coopted Syncytins than associ-
ated with related non-coopted ERVs, we isolated Syncytin-1 re-
lated ERVs from the human genome assembly (hg38). ZBED6
binding motifs were associated with 25 of 80 ERVs (31%) in this
group, which is not significantly different from the overall
expected 30 per cent frequency in Table 2 (Fisher P> 0.8).
Together, these results demonstrate that motif-associated ERVs
are found across the retroviral diversity and are not limited to
specific subclades. However, this observation does not exclude
potential contributions from other shared sequence features
within motif-associated ERVs.

Summarizing distances for ZBED6 binding motifs relative to
ERV start positions identified by RetroTector (Sperber et al. 2007;
Hayward et al. 2015), we note a striking increase in motifs im-
mediately inside the ERV sequence, compared to upstream
flanking DNA (Fig. 1). On average, the 50-end of ERVs (including
detected 50LTRs) present about 2- to 3-fold more ZBED6 binding
motifs compared to upstream flanking DNA, suggesting that
these ERVs could serve as binding platforms for ZBED6-
mediated regulation of transcription. These results present an
intriguing connection with the higher-than-expected ZBED6
binding motif frequency associated with the repurposed ERV-
derived Syncytins (80% compared to 30% for ERVs in general)
that warrants further investigation.

To evaluate genomic effects of ZBED6 binding to ERVs, we
accessed differential gene expression data from fetal muscle tis-
sue samples generated by short-read RNA sequencing of ZBED6
wildtype and knockout mice (Younis et al. 2018). ZBED6 binding
motif-associated ERVs, identified in the mouse genome assem-
bly (mm10, Table 2), overlapped with two of fifty-seven signifi-
cant mouse ZBED6 knockout differential expression genes
(Ephb1, Dock3) (Younis et al. 2018), indicating that ERVs could
provide docking platforms to ZBED6 for regulatory effects on ad-
jacent gene expression. Next, we intersected all mapped reads
with the 9,338 identified mouse ERV positions (assembly

version mm10) of which 3,583 ERVs present 4,663 ZBED6 binding
motifs (Table 2) and found that some loci were expressed while
other ERVs did not yield any mappable reads, suggesting differ-
ential expression across the genome. Interestingly, among all
expressed ZBED6 binding motif-associated ERVs across the ge-
nome, we found a significant 25 per cent increase in normalized
ERV read counts in ZBED6 knockout mouse fetal muscle
tissue samples compared to the wildtype equivalent (Wilcoxon
paired rank test P: 1.1 � 10�118). This result agrees with previous
indications that ZBED6 acts primarily as a regulatory repressor
for adjacent gene expression (Markljung et al. 2009). Data sug-
gest that ZBED6 could have additional negative regulatory func-
tion across the genome not associated with specific motifs in
ERVs.

To summarize, we demonstrate that binding motifs for the
domesticated DNA transposon derived and mammalian-
specific ZBED6 are associated with ERVs across host genomes
and are over-represented near coopted ERV-derived Syncytin
genes. It is clear that ZBED6 binding motifs are not a strict re-
quirement for regulating Syncytin expression during mamma-
lian placenta formation, as ZBED6 knockout mice survive and
produce litters (Younis et al. 2018). However, our bioinformatic
screening suggests that ZBED6 binding motifs could contribute
to effects on adjacent gene expression because of the significant
25 per cent difference in ERV expression between ZBED6 wild-
type and knockout mice. Further confirmation of temporal
effects of ZBED6-associated regulation of transcription during
placenta formation requires additional samples, which are cur-
rently not available and thus out of scope for this study. It is
possible that ZBED6 could have additional regulatory function
across the genome not associated with specific motifs in ERVs,
and additional studies along these lines with experimental con-
firmations are warranted.

In conclusion, we present observations justifying further
investigations testing the hypothesis that domesticated TEs,
such as the mammalian-specific ZBED6, perform regulatory
functions in vertebrate host DNA and are able to utilize the
abundance of ERVs and the binding motifs provided by those
elements as substrate for this regulation, similarly to other re-
cently demonstrated regulatory proteins such as TRIM28
(Fasching et al. 2015; Brattas et al. 2017), for tuning expression
levels, genomic innovation and thus evolution.
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Figure 1. ERV associated ZBED6 binding motif (50-GCTCG-30) counts within

1,000 nt flanking ERV start positions. Negative distances (red) indicate canonical

motif counts in upstream flanking DNA and positive distances (blue) indicate

motif counts in 50-ERV sequence.

Table 2. ERVs and associated ZBED6 binding motifs.

Assembly ERV.Tota ERV.Motifsb Motifsc

hg38 4,101 1,050 1,331
mm10 9,338 3,583 4,663
canFam3 928 286 441
speTri2 1,980 728 977
monDom5 6,980 1,197 1,294
oryCun2 960 299 420
BosTau8 1,714 604 769
echTel2 265 87 121
P

26,266 7,834 10,016

aIdentified ERVs by RetroTector analysis (Sperber et al. 2007; Hayward et al.

2015).
bNumber of ERVs associated with ZBED6 motifs (50-GCTCG-30) within 1,000 nt

flanking ERV start positions.
cZBED6 binding motif (50-GCTCG-30) counts within 1,000 nt flanking ERV start

positions.
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