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Abstract

Background: Endogenous retroviruses (ERVs) are remnants of ancient retroviral infections of mammalian germline
cells. A large proportion of ERVs lose their open reading frames (ORFs), while others retain them and become
exapted by the host species. However, it remains unclear what proportion of ERVs possess ORFs (ERV-ORFs),
become transcribed, and serve as candidates for co-opted genes.

Results: We investigated characteristics of 176,401 ERV-ORFs containing retroviral-like protein domains (gag, pro,
pol, and env) in 19 mammalian genomes. The fractions of ERVs possessing ORFs were overall small (~ 0.15%)
although they varied depending on domain types as well as species. The observed divergence of ERV-ORF from
their consensus sequences showed bimodal distributions, suggesting that a large proportion of ERV-ORFs either
recently, or anciently, inserted themselves into mammalian genomes. Alternatively, very few ERVs lacking ORFs were
found to exhibit similar divergence patterns. To identify candidates for ERV-derived genes, we estimated the ratio of
non-synonymous to synonymous substitution rates (dN/dS) for ERV-ORFs in human and non-human mammalian
pairs, and found that approximately 42% of the ERV-ORFs showed dN/dS < 1. Further, using functional genomics
data including transcriptome sequencing, we determined that approximately 9.7% of these selected ERV-ORFs
exhibited transcriptional potential.

Conclusions: These results suggest that purifying selection operates on a certain portion of ERV-ORFs, some of
which may correspond to uncharacterized functional genes hidden within mammalian genomes. Together, our
analyses suggest that more ERV-ORFs may be co-opted in a host-species specific manner than we currently know,
which are likely to have contributed to mammalian evolution and diversification.

Keywords: Endogenous retrovirus, Retroviral-like protein domain, Open reading frame, Evolution, Divergence
pattern, Co-option, de novo gene

* Correspondence: so@tokai.acjp

1Department of Molecular Life Science, Tokai University School of Medicine,
Isehara, Kanagawa 259-1193, Japan

“Micro/Nano Technology Center, Tokai University, Hiratsuka, Kanagawa
259-1292, Japan

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13100-020-00224-w&domain=pdf
http://orcid.org/0000-0003-1760-3839
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:so@tokai.ac.jp

Ueda et al. Mobile DNA (2020) 11:29

Background

Transposable elements (TEs), also known as “jumping
genes”, constitute large portions of mammalian genomes.
It has been reported that up to 70%, of the human genome
originates from TEs [1-3]. Generally, TEs are categorized
as junk DNA [4]; however, many studies have shown that
they have, in fact, contributed greatly to mammalian evo-
lution [5-7]. Furthermore, TEs promote rearrangement of
chromosomal DNA [8], and can become sources of both
coding and regulatory sequences during the evolution of
host genomes [9-12]. In particular, specific types of long
terminal repeat (LTR) retrotransposons, including en-
dogenous retroviruses (ERVs), have been shown to de-
velop the ability to function as genes in several
mammalian tissues [13—17]. One of the most well-studied
ERV-derived genes is syncytin. Specifically, the human
syncytin-1 (ERVW-1) gene, which is derived from an enve-
lope (env) gene in human endogenous retrovirus (HERV)
type W (HERV-W), functions in cell fusion during placen-
tal development [18-21]. Interestingly, many of the mo-
lecular functions of ERV-co-opted genes remain the same
as those in viruses [16—18].

ERVs are thought to be derived from retroviruses
established in the germ line of various organisms in the
past. In the human genome, ERVs occupy approximately
8% of the human genome [1-3]. Many ERVs lose their
open reading frames (ORFs) by accumulating deletions
or mutations after integration. Thus, it is unclear what
proportion of ERVs in mammalian genomes possess
retroviral-like protein ORFs, have been under purifying
selection, and have maintained high transcriptional po-
tential. Thus far, genome-wide comparative analyses
using epigenomic and transcriptomic data have exam-
ined the regulatory regions of ERVs [22]; however, they
have not characterized ERV-derived protein-coding se-
quences. Recently, many whole transcriptome sequen-
cing (RNA-Seq) datasets have been accumulated in
public databases. One of the most comprehensive RNA-
Seq datasets was generated by the genotype-tissue ex-
pression (GTEx) study using 31 human tissues [23]. The
data was used to assemble a similar pipeline in the Com-
prehensive Human Expressed SequenceS (CHESS) pro-
ject and served to generate 20,352 potential protein-
coding genes, and 116,156 novel transcripts in the hu-
man genome [24]. A comparative analysis study focusing
on the protein-coding region of ERVs, especially which
are under purifying selection, using the new transcript
data, in combination with cap analysis of gene expres-
sion (CAGE) data [25], and epigenomic data will provide
new insight into the transcriptional potential, and func-
tionality of these regions.

To understand the characteristics of possible protein-
coding ERVs that possess ORFs for retroviral-like protein
domains (ERV-ORFs), including their transcriptional
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potential in mammalian genomes, we comprehensively ex-
amined ERV-ORFs in 19 mammalian species. We previ-
ously developed a database called gEVE (http://geve.med.
u-tokai.ac.jp) containing 176,401 ERV-ORFs containing at
least one functional viral gene motif found in 19 mamma-
lian genomes [26]. In this study, we analyzed ERV-ORFs
in the gEVE database using various transcriptome and epi-
genomic data in humans and mice including the above-
mentioned data. Several systematic searches were
performed to obtain ERV-ORFs at the domain level; these
studies were designed to detect ERVs in the human gen-
ome [27-30]. However, most of these studies were limited
to protein-coding ERVs in humans or mice, and primarily
examined ERV sequences that contained nearly full-length
ORFs or specific domains. Importantly, ERV-derived
genes have also been described that possess truncated
OREFs and play important roles in specific situations [31].
Moreover, multi-exon genes have been identified that
contain exons partially derived from ERV sequences [32].
Note that ERV-ORFs stored in the gEVE database do not
always possess ORFs starting with an initiation codon (i.e.
an ATG triplet); however, all must contain viral-like pro-
tein domains that were predicted using Hidden Markov
models (HMMs). The identified ORFs were primarily
from four ERV genes [gag (viral core proteins), pro (prote-
ases), pol (polymerase), and env (envelope)], all of which
are commonly found in viral amino acid sequences. In this
study, we performed genome-wide comparisons on the
number, divergence, genomic distribution, and transcrip-
tional potential for each protein domain in the ERV-ORFs
of mammals. Our findings are expected to improve the
understanding of the evolution and potential roles of un-
annotated ERV-derived genes.

Results

Characteristics of ERV-ORFs in 19 mammalian genomes
To characterize ERVs that are expressed as proteins in
mammalian species, we first compared 176,401 possible
protein-coding ERV-ORFs from 19 mammalian species
genomes obtained from the gEVE database [26]. ERV-
OREFs include ORFs of >80 amino acid (aa) residues that
encode domains in retroviral genes such as gag, pro, pol,
and env genes. Distribution of ERV-ORF length among
mammals are shown in Fig. S1. The number of ERV-
ORFs vary among mammalian genomes (Fig. 1a), as we
have reported previously [26]. In each genome, the pro-
portion of possible protein-coding ERVs relative to the
total ERVs, were found to range from 0.05-0.15%
(Fig. 1a). Specifically, within mice and cows, the propor-
tion of detectable ERV-ORFs was higher compared to
other species. Alternatively, we identified very few (43)
ERV-ORFs in the platypus genome (Fig. 1a); however,
this was to be expected as the number of ERVs is very
small in this species [33]. We then calculated the
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Fig. 1 Number of identified ERVs and Repbase annotations in 19 mammalian species. a The mammalian phylogeny showing the number of
identified ERV-ORFs. Background colors for each species’ name indicate that they have shared species classification equal or below the level of
order. Bar colors represent each domain. The proportion of ERV-ORFs identified compared to all ERV sequences in each species, are shown on the
right. Chimp, chimpanzee; Rhesus, rhesus macaque monkey. b Relative change in the number of each protein domain identified compared to
the mammalian average (4F) is shown on the y-axis. Colors of protein domains and mammalian classification are the same as those used in panel
a. ¢ Top 20 Repbase annotations for all ERV-ORFs in the human and mouse genomes. The x-axis represents the number of ERV-ORFs in each
annotated group. The ERV categories are significantly enriched in ERV-ORFs when compared to ERVs in each genome (chi-squared test, p-value <

0.07, FDR corrected)

proportion of ERV-ORF lengths to those of the total
ERVs in the genome of each species, and found that the
proportion was correlated (r=0.71, p-value <5.51 x
10~ %), which means that the amount of ERV-ORFs in
each genome reflected that of the total ERVs in the
genome.

We further compared mammalian ERV-ORFs at the
level of gene domains. To reduce the influence of gen-
ome qualities on the number of domains detected, we
calculated the relative fraction change (AF) from the
mammalian average for each domain fraction (Fig. 1b).
The species-specific characteristics observed in the AF
values were found in the gag and env gene, which exhib-
ited a AF of more than +0.25 in seven and nine species,
respectively (Fig. 1b). The largest difference from the

mammalian average in the env gene was observed in
opossum (AF=0.3). By contrast, the AF values for pro
and pol were similar among mammalian species, many
of which had AF within +0.25. Exceptions were found in
mice in which the pro gene showed a dramatic increase
(AF =1.8). Platypuses showed quite unique compositions
in their gag and pro genes with very small AF values
(0.14 and 0.12, respectively).

We next examined which ERV groups from the
Repbase database [34] were enriched in human and mice
ERV-ORFs (herein we employed the term “group” rather
than the Repbase classification of “families/sub-families”
for ERVs to avoid confusion with species classification).
Top 20 enriched ERV groups were shown in Fig. 1c. A
large proportion of the detected ERVs in humans were
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found to be HERV-H and HERV-K, and IAPE (Intracis-
ternal A-type Particles elements with an Envelope) in
mice (Fig. 1c). HERV-H represents both young and an-
cient HERV groups, which was inserted into the com-
mon ancestral genome of simians and prosimians [35],
while HERV-K is described as containing younger
HERVs [36, 37]. In addition, the Intracisternal A-type
Particles elements (IAP) in mice is one of the ERV
groups that continue to be active in mice [38]. This high
proportion of ERV-ORFs identified in the mouse gen-
ome is likely due to the presence of many active ERVs.

We identified divergent fragments of ERV-ORFs using
the Repbase consensus sequences and compared them
with ERVs excluding ERV-ORF regions (hereafter re-
ferred to as non-ERV-ORFs). We hypothesized that
newer elements would be closer to the consensus, and
older ones would be further. Thus, we were able to esti-
mate the age of ERV-ORFs by comparing the divergence
spectra to their consensus sequences. We first deter-
mined the medians of Kimura 2-parameter divergence
values [39] between ERV-ORFs and Repbase consensus
sequences, and found that the medians of divergence
were quite different from those of non-ERV-OREFs,
which were approximately 22-28% in all eutherians
(Fig. 2 and Fig. S2). The ERV-ORFs showed clear bi-
modal distributions (supported by dip test, p-value <
0.01, false discovery rate (FDR) corrected, see Methods)
in many mammalian species save for dogs, sheep, goats,
and opossum, with two modes of approximately 2-7%
(younger) and 39-45% (older). It should be noted that in
specific species the distribution patterns revealed that bi-
modality was not statistically supported in dogs, sheep,
goats and opossum (dip test, p-value >0.01, FDR cor-
rected, Fig. 2). Although these distribution patterns were
relatively similar among closely related species, such as
non-human primates and rodents, overall, the distribu-
tions varied significantly between species (Fig. 2).

We next determined how many ERV-ORFs serve as
raw materials for the assembly of multi-exon genes.
Comparison of our observed ERV-ORFs with those in
Ensembl gene and protein annotations revealed that 15
and 22 ERV-ORFs were constituents of ordinary multi-
exon genes in humans and mice, respectively (Table S1,
non-pink shaded cells for human and mouse genes). It is
also intriguing that large numbers of these multi-exon
genes were found in sheep (302 out of 324 genes) and
opossum (389 out of 396 genes) (Fig. S3). The number
of genes containing ERV-ORFs, as predicted by HMM
not RepeatMasker [3], were quite large in sheep (18 out
of 324 genes) and horse (25 out of 32 genes).

Thus far we observed differences in the presence, type,
and divergence of ERV-ORFs among mammals. The
high proportion of ERV-ORFs identified in the mouse
genome (Fig. 1la) is likely due to the presence of many
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active ERVs, such as IAP (Figs. 1c and 2). Although
some IAP groups contain env genes, many do not [40,
41], which may support the observation in mice of rela-
tively higher AF in gag and pro, and lower AF in env.
These results indicate that many ERV-ORFs in mice may
be derived from the young ERVs that possess ORFs by
chance. Similar phenomena may have occurred for other
species, such as primates, as the frequencies of the diver-
gence with modes of approximately 2—7% were larger than
those with 39-45%, which is likely to be boosted by the
younger ERVs, such as ERVK (Figs. 1c and 2). However,
we also confirmed that the divergence of most known
ERV-derived genes in the Ensembl database were also sep-
arated into two groups, young and old (Fig. $4), suggesting
that not all young ERV-ORFs remained by chance. To
identify candidates for ERV-derived genes, it is important
to reduce the number of such ERV-ORFs that possess
OREFs by chance, which may not function as genes but ra-
ther remain ORFs simply because they are too young to
have undergone sequence decay. We thus investigated se-
lection pressure as well as transcriptional potential of the
ERV-ORFs to better understand the characteristics of
ERV-ORFs which are likely to be candidates for ERV-
derived genes in mammals.

Transcriptional potential and selective pressure of ERV-
ORF

To investigate whether ERV-ORFs are expressed as
mRNAs, we examined the presence of transcription start
sites (TSS) of ERV-ORFs using the CAGE data in the
FANTOMS5 database [25]. CAGE data are derived from
1816 human samples from various tissues, primary cells,
and cell lines. Using this data, we can detect ERV-ORFs
with transcriptional potential. We assessed the presence
of TSS near all of the ERV data sets, and further com-
pared ERVs with and without ORFs that were located
downstream of the TSS. We calculated the number of
ERV-ORFs and non-ERV-ORFs located within each bin
of 1000bp from the TSS, and found that significantly
fewer ERV-ORFs were located within 20,000 bp of TSS
compared to non-ERV-ORFs in humans and mice
(Fig. 3a and Fig. S5). We next examined which cell types
contain active TSSs located upstream of ERV-ORFs in
human expression profiles within CAGE data in the
FANTOMS5 database. We performed principal compo-
nent analysis (PCA) analyses using profiles from 38 differ-
ent cell lines or tissues types, all of which had a minimum
of ten available samples for analysis and found that these
active TSSs located near ERV-ORFs were segregated into
clearly defined groups for different cell types. Principally,
in the expression profile of ERV-ORFs, embryonic stem
(ES) cells, H9 embryoid body (H9EB) cells, and induced
pluripotent stem (iPS) cells were separated into three
groups (Fig. 3b, top). Specifically, osteoclasts established a
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noticeably clear group. Moreover, human body tissue
samples, including those from ovaries, muscles, and
retinal pigment epithelium (RPE) formed individual
groups, part of which overlapped with each other,
and merged to form one large group in the profile of
ERV-ORFs (Fig. 3b, top). Interestingly, the distinct
groups of ERV-ORF differed from those of non-ERV-
ORF profiles (Fig. 3b, bottom). Monocytes and mac-
rophages were also clearly separated from iPS, ES,
and HO9EBJ/ES cells, suggesting that ERV-ORFs exhib-
ited unique characteristics of transcription that dif-
fered from that of non-ERV-OREFs.

However, the ERV-ORFs with transcriptional potential
may have been present by chance after recently becom-
ing inserted into the host genome as was observed with
an endogenous bornavirus-like nucleoprotein element
(EBLNSs) expressed in simians [42]. To determine which
ERV-ORFs were not simply present by chance, we inves-
tigated the type and strength of selective pressure on
ERV-ORFs by estimating ratios of non-synonymous to
synonymous substitution (dN/dS) of ERV-ORFs. To this
end, we first identified syntenic sequences to human
ERV-ORFs in non-human mammalian genomes, and ex-
tracted the sequences when the length of non-human
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ERV-ORFs was >90% of that of humans (as shown in
Fig. 3¢c). In this step, we obtained sequence alignments
for approximately 58.4% (7524/12,879) of human ERV-
OREFs and calculated pairwise dN/dS ratios using a max-
imum likelihood-based approach [43]. The pairwise dN/
dS ratios of each ERV-ORF were plotted in Fig. 3d and
those between human and non-primate mammalian spe-
cies were under 1, suggesting that, in such diverse spe-
cies pairs, the ERV-ORFs that conserved the synteny
may be under purifying selection (Fig. 3d). Between hu-
man and non-human primates, 5414 ERV-ORF pairs
showed dN/dS <1; however, the dN/dS ratios varied
greatly depending on ERV-ORF pairs.

Given that LTR, in particular a 5" LTR, could poten-
tially function as a promoter for ERV-derived genes, the
distance between the gene and their respective TSS
should be similar to that of the original ERV structure.
Therefore, the distance depends on which ERV domain
the ERV-ORFs has originated from. We thus assessed
the relationship between TSS and domain types of ERV-
ORFs. We first used ERV-ORFs located within ten
known ERV-derived single-exon genes (Table S1, pink
shaded cells for human and mouse genes) and the clos-
est TSSs in humans and mice; these ERV-ORFs were lo-
cated approximately 7000 bp from the TSS (Table S1,
Dist_TSS column). Four ERV-ORFs in ERV-derived
genes were located within 1000 bp of the TSS; however,
the remainder, specifically those within the pol and env
domains, were found 1821 bp to 7086 bp downstream of
the TSS (Table S1). Within mice, the ERV-ORFs within
known ERV-derived genes demonstrated a similar pat-
tern (0 bp to 5402 bp) as that observed in humans (Table
S1). The distance range to TSS was relatively long com-
pared to that of ordinary genes, which may have caused by
ERV-derived genes using their own 5" LTR as a promoter.
We next applied this result to all our ERV-ORF data sets
with dN/dS ratios less than 1 in primate pairs, located
within 10,000 bp downstream of TSS. We plotted the range
of distance between TSS and each domain category of
ERV-ORFs with transcriptional potential and found that
the median distance increased along the ERV structure of
the domain in the order: gag-pro-pol-env (Fig. S6A). These
results demonstrated that the tendency for TSSs to be lo-
cated near ERV-ORFs were derived from their own 5" LTR.
However, the distance range was relatively large in all do-
main categories so that we set a cut-off of 10,000 bp for the
distance between TSS and ERV-ORFs to detect ERV-ORFs
with transcriptional potential, which can be candidates of
ERV-derived genes in this study.

To further understand the relationship between selec-
tion pressure and Kimura 2-parameter divergence of
ERV-ORFs, we used two groups of ERV-ORFs in the
human-chimpanzee pair: the first was located within 10,
000 bp downstream of TSS with dN/dS ratios less than 1
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(ERV-ORFs with transcriptional potential), and the sec-
ond had no limitation for dN/dS ratio or distance to
TSS applied (all ERV-ORFs). We extracted 705 ERV-
ORFs with transcriptional potential from human-
chimpanzee pairs and compared their divergence distri-
butions with those of all ERV-ORFs (Fig. 3e) and found
an increase in the median value of the Kimura 2-
parameter divergence of ERV-ORFs with transcriptional
potential from that of all ERV-ORFs (from 10 to 12%,
Wilcoxon rank sum test, p-value < 3.1 x 10™°), demon-
strating that the divergence of ERV-ORFs with transcrip-
tional potential was significantly higher than that of all
ERV-ORFs. Furthermore, the statistical differences in di-
vergence between ERV-ORFs with transcriptional poten-
tial and all ERV-ORFs were also observed between
human-gorilla and human-orangutan pairs (549 and 428
pairs, Wilcoxon rank sum test, p-value <1.3x 10 °
and < 8.6 x 10~ % FDR corrected, respectively). This con-
firmed that ERV-ORFs with relatively small divergence
(< 7%), which were likely recently inserted into the ge-
nomes, may include ERV-ORFs that remain by chance
alone. Of note, ERV groups showing a significant de-
crease in the proportion compared to those expected
from all ERV-ORFs in humans were HERV-H and
HERV-K groups (Fig. S6B).

Omics analyses of ERV-ORFs
To predict which ERV-ORFs are expressed in a variety
of tissues, we performed comparative analyses using a
wide range of transcriptome and histone mark data gen-
erated by next-generation sequencing. We first com-
pared observed ERV-ORFs from our study with
quantified transcriptome data derived from 31 human
tissues generated in the GTEx study [23] from the CHES
S database [24]. We found that a total of 279 ERV-ORFs
overlapped with transcripts in the CHESS database. Of
these, 7 ERV-ORFs were found to correspond to genes
containing exons derived from ERV sequences predicted
only by HMM, not by RepeatMasker (Table S1). The
proportion of ERV-ORFs identified in CHESS transcripts
was 3.5%. For each domain, the fraction was 3.0, 2.9, 3.5,
and 4.7% in gag, pro, pol, and env, respectively. We per-
formed the chi-squared test to examine whether a pref-
erence exists for each domain identified as CHESS
transcripts. Comparisons of the observed numbers of
ERV-ORF domains that were identified as CHESS tran-
scripts with the expected numbers calculated from the
fraction of all ERV-ORF domains within the human gen-
ome showed that the env segment was relatively large
compared to the other domains (observed 89, expected
66); however, this result was not statistically significant
(chi-square test, p-value < 0.16).

Since myoblast cells were reported to express syncy-
tins during myogenesis [44, 45], we also analyzed RNA-
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Seq data from human and mouse differentiating myo-
blasts. The relevant expression data from human pri-
mary myoblasts (12 runs) and mouse C2C12 cells (16
runs) were collected from the sequence read archive
(SRA) database (see Supplementary Table 3 for details).
Following gene mapping and quantification, the expres-
sion data of ERV-ORFs having a minimum of ten nor-
malized read counts in the human and mouse myoblasts
were extracted. The RNA-Seq data were analyzed from
four (Days 0-3) and three (Days 0, 3, 6) time points after
differentiation had begun in humans and mice, respect-
ively. PCA plots successfully captured the difference in
ERV-ORF expression at each time point (Fig. 4a and Fig.
S7). From these plots, 51 and 586 ERV-ORFs were iden-
tified as having a minimum of ten normalized read
counts in all samples at the same differentiation stage in
humans and mice, respectively. In both species, a num-
ber of ERV-ORFs exhibited high expression levels
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throughout the entire differentiation process, including
ERV3-1 in humans, and AH000833 and AI506816 in
mice (Fig. 4b and Fig. S8). Other known genes/tran-
scripts such as Pegl0, AC016577 and PPHLNI1 in
humans, and syncytin-A and Asprv in mice were also
detected, however, their expressions were low. Many
ERV-ORFs detected in the myoblast differentiation were
unreported transcripts, derived from all four ERV do-
mains of ERV1, ERVK, and ERVL, some of which exhib-
ited stage-specific expression patterns (Fig. 4b and Fig.
S8). It is noteworthy to mention that in ERV-ORFs
expressed during human muscle cell differentiation, only
eight were also identified in GTEx transcripts.

One of the features associated with transcribed gene
body is the chromatin mark of trimethylated histone H3
at lysine 36 (H3K36me3) [46, 47]. We, therefore, applied
this feature to identify ERV-ORFs with transcriptional
potential as proteins. We obtained the histone mark data
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Fig. 4 Overlapping human ERV-ORFs with functional data in various tissues and cell lines. a PCA plot illustrating the ERV-ORFs expressed during
the four stages of human primary myoblast differentiation (three replicates in each stage) for the first two principal components (PC1 and PC2).
Differentiation status was indicated by color. DO: undifferentiated myoblasts, D1-3: 1-3 days after myoblast differentiation began. The proportion
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of H3K36me3 (9 and 6 cell/tissue types in humans and
mice, respectively) from ChIP-Atlas [48], and identified
the ERV-ORFs overlapping with this mark in a mini-
mum of four samples from each cell/tissue type. From
these results we identified 51 and 250 ERV-ORFs over-
lapping with the mark, in humans and mice, respectively.
Further, a higher proportion of samples containing ERV-
ORFs with H3K36me3 in each cell/tissue type showed
cell type specific patterning (Fig. 4c and Fig. S9). We also
identified several ERV-ORFs marked by multiple cell
types; some of which were the fourth exon of CNBP
(cellular nucleic acid-binding) genes in humans and
mice, yet others were unreported ERV-ORFs. All ERV-
ORF domains were determined contain the H3K36me3
mark in humans and mice. However, a portion of the
domain expression exhibited tissue specificity; for ex-
ample, in humans, the pro domain was found exclusively
in liver cells. We also analyzed the relationship between
TSSs and ERV-ORFs with transcriptional potential,
which were detected by comparing RNA-Seq and his-
tone mark data (Fig. 3a). A significantly larger propor-
tion of ERV-ORFs with transcriptional potential were
located downstream of TSS compared to non-ERV-
OREFs, especially within 1000 bp in humans [FDR cor-
rected p-value < 0.05]. When comparing numbers of the
two types of ERV-ORFs within each bin of 2000 bp, we
found a significantly larger proportion of ERV-ORFs
with transcriptional potential within 4000 bp from TSS
compared to non-ERV-ORFs in humans and mice
(Fig. 3a and Fig. S5, p-value < 0.01, FDR corrected).

We then examined enriched ERV groups based on
Repbase classification in ERV-ORFs with transcriptional
potential, which were identified using three functional
datasets (CHESS, myoblast RNA-Seq, and H3K36me),
and compared them with those of all ERV-ORFs de-
tected in the human genome. The top 10 enriched ERV
groups in ERV-ORFs with transcriptional potential are
shown in Fig. 4d (p -value <0.05, chi-squared test, FDR
corrected). Some enriched ERV groups were more
prominent in ERV-ORFs with transcriptional potential
compared to all ERV-ORFs detected in humans. For ex-
ample, when comparing top 10 enriched ERV groups,
the proportion of the HERVK3 group significantly in-
creased in all three functional datasets compared to that
in all ERV-ORFs in humans (Fig. 1c and Fig. S10). By
contrast, the proportion of the HERV-H group in ERV-
OREFs with transcriptional potential was significantly de-
creased from that in all ERV-ORFs in humans (Figs. 1c
and 4d, and Fig. S10). Similarly, differences in the
enriched ERV groups were observed among the three
datasets of ERV-ORFs with transcriptional potential.
Specifically, high proportions of the HERV-E and HERV
S71 groups were observed in ERV-ORFs from the CHES
S database, yet were not observed in ERV-ORFs
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identified using the other functional datasets. Con-
versely, the fractions of HERVK9 and HERVH48 groups
were found to be highly enriched in ERV-ORF from
H3K36me3 histone dataset compared to those detected
in CHESS datasets. The histone datasets contain a larger
variety of samples, including iPS, ES, and cancer cell
lines, while CHESS datasets are obtained exclusively
from human tissues. In ERV-ORFs from myoblast RNA-
Seq, the proportion of the HERV-K group was signifi-
cantly increased compared to that of all ERV-ORFs de-
tected in humans (Figs. lc, 4d, chi-squared test, p-
value < 0.001, FDR corrected), which accounts for nearly
60% of ERV groups in the ERV-ORFs from myoblast
RNA-Seq. However, enrichment of the HERV-K group was
observed only in ERV-ORFs from myoblast RNA-Seq.
Hence, the differences in the ERV-ORF groups may result
from differences in sample types used in each project. In-
deed, the ERV-ORFs detected via three different functional
datasets were quite different (Fig. 4e). Although we identified
408 ERV-ORFs with transcriptional potential, only 15 were
identified in both the CHESS and histone datasets. More-
over, since myoblast cells were not included in two of the
datasets, only 11 ERV-ORFs were found to be overlapped
with those in CHESS and histone datasets. These observa-
tions confirmed that ERV-ORFs were tissue-specific, and ap-
proximately 3.2% (408/12,879) and 2.3% (752/32,062) of
ERV-ORFs may be transcribed as proteins in humans and
mice, respectively.

We also compared dN/dS ratios between all ERV-
ORFs and ERV-ORFs with transcriptional potential in
primates, and found that the dN/dS ratios with tran-
scriptional potential only for baboons, macaques and
marmosets were significantly smaller than those of all
ERV-ORFs (p-value <0.05, Wilcoxon rank sum test,
FDR corrected). Moreover, the dN/dS ratios of ERV-
ORFs between apes were significantly small when they
were shared by at least four non-human primates (Fig. 4f,
Wilcoxon rank sum test, p-value < 0.05, FDR corrected).
In the sets for chimpanzee, gorilla, and orangutan, ap-
proximately 81, 74, and 72% of ERV-ORFs were below
dN/dS 1, respectively. This showed that ERV-ORFs de-
tected by functional data still contain sequences that are
not under purifying selection. Out of 408 ERV-ORFs,
which were detected using three different functional
datasets, 93 had dN/dS < 1, demonstrating that approxi-
mately 22.3% of ERV-ORFs considered to exhibit high
transcriptional potential, were under purifying selection.

Genome-wide comparison of ERV-ORFs

The current ERV groups classified by Repbase are based
on nucleotide identity; we, therefore, postulated that sev-
eral unique ERV-derived genes exist that originated from
different ERV groups. However, we do not know
whether there is certain ERV-ORF domains or amino
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acid sequences are preferentially retained in different lin-
eages to generate novel ERV-derived genes, including
ERV-ORFs, even if they belong to different ERV groups
in mammals. We also do not know whether amino acid
sequences of ERV-derived genes, including ERV-ORFs,
tend to be unique as they exhibit high transcriptional
potential. To better understand such relationships be-
tween sequence types of ERV-derived genes in mam-
mals, we conducted a genome-wide cluster analysis on
ERV-ORFs using CD-HIT [49]. Cross-species ERV clus-
tering provided important predictions for the number of
sequence types (different amino acid sequences) in the
19 examined mammalian species. After clustering ERV-
ORF sequences, we obtained 96,938 to 8749 clusters at
the levels of >90% to =50% sequence identity, respect-
ively (Fig. 5a). Furthermore, among ERV genes, the
number of clusters identified for pol genes (Fig. 5a) were
more variable, while that for pro genes was less variable.
We assigned cluster IDs for each cluster by correspond-
ing the number of sequences in the cluster with the
length of the reference sequences.

Cluster analysis identified numerous clusters shared
between multiple species, which had not been detected
by clustering of nucleotide ERV sequences. Generally,
genes shared among mammals have 260% of shared
amino acid identity; however, many ERV-ORFs were
shown to be lineage-specific, and made lineage-specific
clusters at this identity level; many clusters were found
to be shared between primates, rodents, or bovids,
whereas less to no, shared clustering occurred in opos-
sum and platypuses (Fig. 5b). This might because opos-
sum and platypus are genetically diverged compared to
other mammalian lineages. Using clustering patterns and
human RNA-Seq data, we determined the degree of
shared ERV-ORFs with transcriptional potential by
examining whether the ERV-ORFs were derived from
human, primate, or multi-species clusters. Many of the
human ERV-ORFs identified in transcripts via RNA-Seq
that were detected in transcripts in the CHESS database,
and in myoblast differentiation transcriptome data, were
also found in clusters of primates (apes and old-world
monkeys) at the level of 80% (primate homologs share
roughly >80% identity). Furthermore, more than half of
the clusters contain only small numbers (< 10) of pri-
mate ERVs, indicating they are unique sequences (Fig.
S11). These human ERV-ORFs with transcriptional po-
tential were also in primate clusters even at the level of
>60% identity (Fig. 5¢). Overall, the clustering of gag and
env domains were shared between similar species; many
of which were shared among closely related species such
as primates, while other gag clusters were shared among
distantly related species. Additionally, the pro domain
cluster, containing transcripts found in the CHESS data-
base, was relatively small, and appeared to be more
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specific to apes compared to other species gene categor-
ies. The clusters containing human ERV-ORFs that over-
lapped with RNA-Seq transcripts with known ERV gene
annotations, are highlighted in Fig. 5c. Many of these
genes, save for syncytin-1, were found in clusters com-
prised of a smaller number of sequences (<10). Further,
of the total 12,879 human ERV-ORFs examined in this
study, only 223 sequences were human-specific (un-clus-
tered unique sequences or human-specific clusters).
Moreover, from the ERV-ORFs that overlapped with
RNA-Seq data transcripts, only two sequences were found
to be un-clustered. Mouse ERV-ORFs showed a similar
tendency, although the species specificity was stronger
than humans. For example, 18,730 sequences out of the
total 32,063 ERV-ORFs were mouse-specific, and 349 out
of 586 ERV-ORFs detected in the RNA-Seq data were de-
termined to be in mouse-specific clusters. Only 15 ERV-
OREFs were unique sequences in the mouse genome.

Many human ERV-OREFs identified via RNA-Seq ana-
lysis were found to be shared among primates, while
some ERV-ORFs were found in multiple shared clusters.
Indeed, of the clusters at the level of 60% identity, we
identified 60 clusters that were shared among >8 mam-
malian species (Fig. 5d). The largest shared ERV-ORF
domain category was for the pol gene, which had 27
clusters shared between species. The remaining ERV
gene domains contained a similar number of cross-
species clusters (12, 11, and 10 for gag, pro, and env, re-
spectively). Although nine clusters contained known an-
notated genes or reported transcripts (Fig. 5d and Table
S1), many of the ERV-ORFs identified in the clusters
were previously unreported; seven clusters contain hu-
man ERV-ORFs with transcriptional potential but not
known ERV-derived genes. Although no clusters con-
taining mouse ERV-ORFs with transcriptional potential
were found, this might be explained by the different
number of species for primates and rodents used in the
analysis. Interestingly, 15 of these multi-species clusters
did not contain human ERV-ORFs.

Nine of these clusters remained following the extrac-
tion of >8 shared species clusters at the level of >80%
identity, and 21 clusters remained when extracting clus-
ters shared among >10 mammalian species (Fig. S12).
Further, there were fewer multi-species ERV-ORF clus-
ters identified in rodents and opossum. Instead, these
species exhibited larger numbers of species-specific clus-
ters and unique ERV sequences (Fig. 5d, right panels).
The species-specific clusters in these species were abun-
dant in pol genes, while there were no multi-species
shared clusters observed in analysis of platypuses.

Discussion
We comprehensively identified ERV-ORFs in 19 mam-
malian species, with differences in their domain fractions



Ueda et al. Mobile DNA

(2020) 11:29

Page 11 of 17

>

O

Clusters containing human ERV-ORFs with trascriptional potential

Transcript potential
Known ERV gene

Human
Chimpanzee
Gorilla
Orangutan
Baboon
Rhesus
Marmoset
Mouse
Rat

Rabbit
Dog

Cat

Horse

Pig

Sheep
Goat

Cow
Opposum
» Platypus

Fig. 5 (See legend on next page.)

Multi-species shared cluster

gag

hl

iy |
ﬂmﬂ-ﬂ

b |

Single-s

0 100 20

Sequence No

pecies Uncluster

Sequence No
0 300 0O 100 200 300

Tqﬂmm”?ﬂwmﬂmwlﬂh—”_ﬁ"*

rmwmwmwmwmw1mmWWMmm

— Counts
[0} O-gag
@ -/ pro M 400
= -m- pol 55
5]
% 10 B... Clustered e 7
2 P
@
=}
3104'
0]
Y
5]
—
S0
IS
> an
4 ‘
T T T T T {Opposum ]
S I~ o 8 2 piaypus [ IR || HEEN
' CoOOTCCOyOUREDRE QDA 2 E
. . . 160 120 80 40 O m'gEggagggﬂ‘gg@&ggo:
Sequence identity for clustering (%) " 558 282 E2 ¢ 2 50°8
S 2 S
N m Ape m Rodent Horse
Mammalian lineage — o\qyorld  ms Rabbit Eventoed
~ Prosimian == Carnivor Opossum
o
o 6 gag |s pro pol |° env
i (42 clusters) . (27 clusters) |10 (92 clusters) | 4 (44 clusters)
g 4
Qo
E 3 3 ERVWE-2
Z TAF1 5 5 2 ERVW-1 AKR1B15
g 2 FAM90A1 \ Peg10 - \
2 FAM90A26 /
g v cnep |1 Peg10 v 1 ERV3-‘I
g o 0 L 0 0 —
%)

Domain

D Gag
D Pro
. Pol
. Env

Identity (%)
100

90
80
70
60

Not found




Ueda et al. Mobile DNA (2020) 11:29

Page 12 of 17

(See figure on previous page.)

Fig. 5 Summary of ERV sequence clustering. a Number of ERV-ORF clusters associated with each ERV-ORF domain. The x-axis represents the
sequence identity established via clustering. The y-axis represents the number of clusters and also shows the original number of sequences
before clustering occurred (gray shaded area) for comparison. A logarithmic scale was used on the y-axis. b Pairwise comparison of shared
sequences clustered at 260% identity level in 19 mammalian species. The color bar represents the number of shared sequences. Gray indicates
that no shared sequences were identified. C) The number of ERV-ORF sequences in each cluster containing at least one human ERV-ORF
identified in the CHESS database. The x-axis represents clusters with 260% identity; however, the cluster name is not shown due to limited space.
Individual bar colors indicate which ERV-ORFs in each cluster are derived from which species shown in Fig. 1a [e.g. Apes (blue) contain ERV-ORFs
from human, chimpanzee, gorilla, and/or orangutan]. Clusters containing ERV-derived genes are indicated by red triangles and the specific gene
name. d ERV-ORF clusters shared among at least eight species at 260% identity levels. Domain names are shown on the top. Clusters containing
ERV-ORFs with transcriptional potential (purple triangle) and known genes (red triangle) are highlighted. The red-scale color bar represents the
percent identities for sequences against a reference sequence within the cluster. The highest identity in each species is shown. Blue represents
the absence of a specific sequence in the given cluster. The clusters containing human ERV-ORFs with transcriptional potential (purple triangle)
and known mammalian ERV genes (red triangle) were indicated on the top of heatmap. The amount of sequences forming single-species clusters
(middle) and those that failed to form any cluster (right) are also shown for each species

noted between species (Fig. 1a and b). This is the first re-
port, to our knowledge, that presents data on the genome-
wide prediction of ERV-ORFs at the domain level in a
wide range of mammalian species. We applied dN/dS ana-
lyses to human ERV-ORFs and found that approximately
42% (5414/12,879) of the ERV-ORFs showed dN/dS ratios
<1, which can be considered to be under purifying selec-
tion. Further, we confirmed that approximately 9.7%
(1243/12,879) of these ERV-ORFs with dN/dS < 1 exhib-
ited transcriptional potential. Although the proportion of
ERV-ORFs that function as potential candidates for ERV-
derived genes was small, there may be unidentified
protein-coding genes in these ERV-ORFs.

We also noted that entire ERV-ORFs were significantly
depleted near the TSS in humans and mice. This may
support the low transcriptional potential of ERV-ORFs
as a whole. If specific epigenetic changes occur in close
proximity to ERV-ORFs with low transcriptional poten-
tial, they subsequently begin to be expressed, which may
lead to development of diseases as described in previous
studies [50, 51]. This may provide an explanation for
why ERV-ORFs become depleted close to TSS in tran-
scriptionally active regions, to avoid potential detrimen-
tal secondary effects to their expression. Hence, these
preserved ERV-ORFs in transcriptionally inactive regions
may function as the raw materials required for con-
structing new exons for multi-exon genes composed of
non-ERV-derived exons during mammalian evolution.
Indeed, we identified ERV-ORFs that were exonized in
known Ensembl multi-exon genes. Further, the numbers
of ERV-containing genes varied among mammalian spe-
cies (Fig. S3); horse, sheep, and opossum contained a lar-
ger number of these genes compared to other
mammalian species. It is unclear whether this observa-
tion reflected the difference in exonization potential of
ERV-ORF or simply in gene annotation quality. Never-
theless, differences, although small, were observed in the
number of ERV-ORFs identified in well-annotated hu-
man and mouse genomes (Fig. S3). We also found that

certain ERV-ORFs partially overlapped with known gene
exons (e.g. AKRIBI15, UBXNS, and PPHLNI in humans)
containing splice variants. This suggests that, as reported
in a previous study [52], ERV-ORFs may be transcribed
as alternative transcript variants. It is interesting to note
that known multi-exon genes have been identified as
containing ERV-ORFs as predicted by HMM alone, sug-
gesting that these ORFs may be originated from ERVs.
Moreover, similar numbers of these genes were identi-
fied in all examined mammals, save for horses, sheep,
and platypuses. Considering that orthologs of these
genes were found in different species (e.g. CNBP, GIN],
SUGP2, in chickens and CTSE in humans and mice),
these ERV-ORFs may have been co-opted before the
evolutionary divergence of birds and mammals.

The ERV-ORF expression results may also suggest that
the promoter regions of ERVs were co-opted rather than
the ORFs. Previous studies have reported that promoter
regions, most notably for ERV LTRs, have been co-
opted as tissue-specific, or alternative promoters in
mammalian cells (well summarized in [53]). The LTR
promoter usage in a given cell may also be inferred
from RNA-Seq data. When analyzing promoter usage,
the expression levels were often accumulated and ap-
plied to each ERV group, such as HERV-K and
MERV-L. Thus, if only a certain ERV-ORF is func-
tional, this accumulated data may cause underestima-
tion of the actual ORF expression levels. In our
analysis of myoblast RNA-Seq data, we presented the
expression of each ERV-ORF locus separately (Fig. 4b)
and confirmed that the level of dN/dS ratios in each
ERV-ORF loci varied. This showed that ERV-ORFs in
the same ERV group experienced different levels of
selection including neutral selection. Indeed, we de-
tected 93 human ERV-ORFs showing dN/dS <1 in the
comparisons with functional data. We believe this
level of detailed expression analysis will assist in re-
vealing the function of ERV-ORFs by identifying indi-
vidual ERV-OREF loci.
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Combinatorial analysis of functional datasets and clus-
ter analysis for ERV-ORFs in humans and mice revealed
that many expressed ERV-ORFs were tissue- and
lineage-specific. This is consistent with previous studies
showing that specific ERV genes, such as ERVW-1, are
expressed in limited tissues [18, 54—56] and are shared
exclusively among apes [57]. In addition, we demon-
strated that fractions of each viral-like protein domain in
ERV-ORFs varied among mammalian lineages (Fig. la
and b). Further, ERV-ORF fractions containing tran-
scriptional potential with dN/dS<1 were not signifi-
cantly different from those of entire ERV-ORFs in
humans. Moreover, we observed that the fractions of
viral-like protein domains among mammalian linages
were quite different, implying that the fractions of
retroviral-like domains within ERV-derived genes also
differ among mammalian lineages, and are differentially
transcribed in different tissues, which may affect lineage-
specific characteristics at varying levels.

Together, our results suggest that a certain portion of
mammalian ERV-ORFs may be co-opted in a lineage-
specific manner, many of which were not described be-
fore. Such sequences are likely to have contributed to
mammalian evolution and diversification. However,
functional data is currently very limited. Thus, further
ERV-ORF studies employing the functional data from
multiple species may provide a deeper understanding of
mammalian evolution.

Conclusions

We investigated what proportion of ERVs possessing
ORFs (ERV-ORFs) are under purifying selection, become
transcribed, and serve as candidates for co-opted genes
in mammalian genomes using various functional data.
We found that approximately 9.7% of the ERV-ORFs
showed dN/dS <1, which exhibit high transcriptional
potential in humans. We also showed that fractions of
each protein domain in the ERVs varied among mam-
malian species, indicating that the function of ERV-
derived genes, which have not been identified yet, may
be different among mammals. Taken together, our study
suggests that more ERVs may have been co-opted as
genes in a lineage-specific manner than we know, which
are likely to have contributed to mammalian evolution
and diversification.

Methods

Extraction of ERV-ORFs

All sequences and annotations for potential protein-
coding ERV-ORFs from 19 mammalian genomes were
used in this study were obtained from the gEVE database
[26] (http://geve.med.u-tokai.ac.jp). Species names and
corresponding genome versions used in this study are
summarized in Table S2. We classified ERV-ORF
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sequences by domains predicted by HMMER version
3.1b1 (hmmer.org) with HMM profiles and/or RetroTec-
tor [58] as provided in the gEVE database. We further
separated ERV pol and LINE-ORF2 domains as previ-
ously described [26]. We first calculated the fraction of
ERV-ORF domains within a species, and obtained the
average for each domain across all 19 mammals. We
then further divided the original domain fractions for
each species by the mammalian average and obtained
fold changes for all domains.

Enrichment of ERV-ORF groups

We first obtained all ERV sequences in the human and
mouse genomes using RepeatMasker version 4.03 [3]
with the Repbase database (downloaded on Apr 23,
2014) as the reference database. We extracted the ERVs
located within ERV-ORFs for each species and calcu-
lated the length of ERVs located within the ERV-ORFs
by each ERV group, as well as the expected lengths,
which were estimated by the proportion of those of all
ERVs in the genome. Using the observed and expected
length values, we performed chi-square test with chisq.t-
est function implemented in R (p-value <0.001 for both
human and mouse). Using adjusted standardized resid-
uals obtained from the test, we further performed the re-
sidual analysis. The final p-values were calculated by
pnorm function of R and adjusted by FDR. For Fig. 4d,
expected length values were calculated using all ERV-
ORFs, and the expected values were then compared with
the observed values of ERV-ORFs detected by three
functional datasets (TSS, CHESS, myoblast). To calculate
the relative fraction change (AF), we first obtained the
total number of each domain (gag, pro, pol, and env) and
its fraction within a species. Using the fractions, we cal-
culated mammalian average fractions for four domains.
Then, each species AF was calculated by dividing the do-
main fraction of the species by the mammalian average.

Divergence of ERV-ORFs

We used a utility script “calcDivergenceFromAlign.pl” in
RepeatMasker [3] to calculate CpG adjusted divergence
information (substitutions levels calculated by Kimura-
two parameter [39] for ERV-ORFs). The R package ver-
sion 3.4.4 [59] was used to calculate the medians for
each specie’s genome. We determined the modes of di-
vergence using the R package LaplacesDemon version
16.1.1 [60]. To determine whether the divergence distri-
bution was bimodal, we calculated Hartigans’ dip statis-
tic [61] and p-value using the R package diptest [62].
Wilcoxon rank sum tests were performed to compare
the differential divergence levels between ERV-ORFs
with transcriptional potential and all ERV-ORFs in
human-ape pairs with dN/dS<1 using Wilcox.test
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function of the R package. The p-values were adjusted by
FDR [63] using the p.adjust function of the R package.

RNA-Seq analysis

RNA-Seq data for human and mouse myoblast differen-
tiation were downloaded from the NCBI SRA; https://
www.ncbi.nlm.nih.gov/sra). For humans, we used 12
RNA-Seq datasets from skeletal muscle cells under the
SRA study number SRP033135 [64]. We obtained 14
RNA-Seq datasets from C2C12 cell differentiation under
the SRA number SRP036149 to analyze mouse myoblast
differentiation. The accession number of runs used in
this analysis are summarized in Table S3. After trim-
ming the sequences using fastp version 0.12.5 [65] with
the following set parameters: -q 20 -1 30, reads were
mapped onto the human (GRCh38), and mouse (mm10)
genomes using HISAT2 version 2.1.0 [66] with the de-
fault option. StringTie version 1.3.4b [67] and DESeq2
version 1.18.1 [68] were used to quantify and evaluate
EVE expression. In this analysis, we performed mapping
and quantification for ERV-ORF transcripts by using in-
house ERV gene transfer format (GTF) files, which were
available in the gEVE database. After normalizing for
size and filtering the data (removing small read counts <
10 aa), we log transformed the count data using the rlog
transformation function of the DESeq2, which minimizes
the detection of sample differences for transcripts with
small counts, and normalizes the counts with respect to
the library size. We then performed PCA analysis using the
standardized read counts. PCA plots were generated using
the built-in R function prcomp. For human RNA-Seq data,
expression data was sorted based on the total sum of each
ERV-ORF expression profile, and the extracted top 100
ERV-ORF transcripts. The standardized counts were then
represented in a heatmap, which was generated using the R
package pheatmap version 1.0.10 [69].

Analysis using Ensembl gene annotations

To investigate whether ERV-ORFs were incorporated in
known trassnscript in mammals, we obtained exon coor-
dinates of protein-coding genes from Ensembl Genes 84
database in BioMart. We compared the coordinates of
each exon with those of ERV-ORFs using the intersect
function of BEDTools version 2.26.0 [70]. We identified
overlapping ERV-ORFs with at least 10% of length of
overlapping each Ensembl exon.

Analysis using CHESS

To investigate the functionality of ERV-ORFs, we ob-
tained RNA-Seq datasets from the GTEx project [23] in
GFF format from the CHESS v.2.1 database [24]. We
generated a bed file from the coordinates of each exon
in the GFF file and compared the coordinates with those
of ERV-ORFs using the intersect function of BEDTools
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version 2.26.0 [70]. We then identified ERV-ORFs with
at least 10% overlapping exons with CHESS transcripts.
For analysis, we used only CHESS transcripts with anno-
tation of protein-coding genes and unknown transcripts.

Analysis using H3K36me3 histone mark

We obtained histone mark data for H3K36me3 from the
Peak Browser in ChIP-atlas [48] with threshold for sig-
nificance set at 50. To extract mark positions with
strong evidence, we used only those marks that were de-
tected in a minimum of five samples. Further, for com-
parison of H3K36me3 marked ERV-ORFs among cell
types, we only used the histone marks obtained from
more than ten samples in each tissue or cell.

Analysis using FANTOM data

To predict which ERV-ORFs become transcribed, we an-
alyzed CAGE data from FANTOMS5 [25]. Human and
mouse CAGE data (bed files, read count data, and sam-
ple information table) were retrieved from the FAN-
TOMS5 data repository. We converted ERV-ORF
coordinates into hgl9 assembly using the UCSC Lift-
Over tool [71], and identified the ERV-ORF and non-
ERV-ORF located downstream of TSSs using the closest
function in BEDTools version 2.26.0. To determine
which of the differences in number of ERV-ORF and
non-ERV-ORFs near TSS were significant, Fisher’s exact
test was performed using built-in R function. The ex-
pected number of ERV-ORF located downstream of
TSSs with a bin size of 1000 bp and 2000 bp was esti-
mated using the fraction of non-ERV-ORF with the
same bin size. To control for the FDR, we performed
multiple-test correction with FDR [63] using the p.adjust
function in the R package. PCA analysis for TSS data
was performed using the same procedure as described
for the RNA-Seq data. For the PCA plot of TSSs, we
used only TSSs located within 2000 bp upstream of
ERV-OREFs to reduce the number of data to handle in R.

dN/dS analysis

To predict signals of selections on ERV-ORFs, we gener-
ated human-centered pairwise alignments by selecting
only non-human sequences with length > 90% of human
ERV-ORFs. The nucleotide and amino acid alignments
were aligned using MAFFT version 7.394 using the auto
option [72]. These aligned sequences were further ap-
plied to generate alignments containing the right ORFs
by Perl program pal2nal.pl [73]. Using these alignments,
we calculated pairwise dN/dS ratios with PAML version
4.9i (runmode = -2, CodonFreq =2, NSsites=0) [43].
Wilcoxon rank sum tests were performed to determine
statistical significance for dN/dS ratios between ERV-
OREF groups. The p-values were corrected by FDR in the
R package.
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Cluster analysis

We obtained ERV-ORF alignments and clustered each
domain with the CD-HIT program [49] for 50-90%
shared sequence identity. The CD-HIT program clusters
sequences by finding the longest reference sequence in
each cluster group and performs subsequent calculations
to identify all sequences that contain the reference se-
quence [49]. This clustering step was repeated in a
round-robin fashion for each ERV domain category. We
assigned cluster IDs for each cluster by corresponding
the number of sequences in the cluster with the length
of the reference sequences. We then extracted the se-
quence that contained the highest level of homology
with the reference sequence for each species within each
cluster and generated matrices for heatmaps. Manipula-
tion of this data was accomplished using in-house Perl
scripts. Heatmaps was visualized using the geom_tile
function of the R package ggplot2 [74].

Data manipulations and visualizations

For all analyses employed in this study, we used in-
house programs developed with Perl, Python, AWK, and
Shell script as well as R package dplyr [75] and rehape
[76] for processing and manipulation of the data. For
visualization, we used ggplot2 version 2.2.1 with RColor-
Brewer [77] in the R package.
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