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ABSTRACT Endogenous retroviruses (ERVs) are sequences in animal genomes that origi-
nated from ancient retrovirus infections; they provide genetic novelty in hosts by being
coopted as functional genes or elements during evolution. Recently, we demonstrated
that endogenous elements from not only from retroviruses but also nonretroviral RNA
viruses are a possible source of functional genes in host animals. The remnants of ancient
bornavirus infections, called endogenous bornavirus-like elements (EBLs), are present in
the genomes of a wide variety of vertebrate species, and some express functional prod-
ucts in host cells. Previous studies have predicted that the human EBL locus derived from
bornavirus nucleoprotein, termed hsEBLN-2, expresses mRNA encoding a protein, suggest-
ing that hsEBLN-2 has acquired a cellular function during evolution. However, the detailed
function of the hsEBLN-2-derived product remains to be elucidated. In this study, we
show that the hsEBLN-2-derived protein E2 acts as a mitochondrial protein that interacts
with mitochondrial host factors associated with apoptosis, such as HAX-1. We also demon-
strate that knockdown of hsEBLN-2-derived RNA increased the levels of PARP and cas-
pase-3 cleavage and markedly decreased cell viability. In contrast, overexpression of E2
enhanced cell viability, as well as the intracellular stability of HAX-1, under stress condi-
tions. Our results suggest that hsEBLN-2 has been coopted as a host gene, the product of
which is involved in cell viability by interacting with mitochondrial proteins.

IMPORTANCE Our genomes contain molecular fossils of ancient viruses, called endog-
enous virus elements (EVEs). Mounting evidence suggests that EVEs derived from
nonretroviral RNA viruses have acquired functions in host cells during evolution.
Previous studies have revealed that a locus encoding a bornavirus-derived EVE,
hsEBLN-2, which was generated approximately 43 million years ago in a human
ancestor, may be linked to the development of some tumors. However, the function
of hsEBLN-2 has not been determined. In this study, we found that the E2 protein,
an expression product of hsEBLN-2, interacts with apoptosis-related host proteins as
a mitochondrial protein and affects cell viability. This study suggests that nonretrovi-
ral RNA viral EVEs have been coopted by hosts with more diverse functions than
previously thought, showing a pivotal role for RNA virus infection in evolution.

KEYWORDS bornavirus, endogenous viral element, paleovirology

ndogenous viral elements are remnants of ancient viral infections in animal
genomes. Most of these elements originate from retroviruses called endogenous
retroviruses (ERVs), which comprise approximately 8% of the human genome (1, 2).
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During long-term evolution as host DNAs, the vast majority of ERVs have accumulated
mutations and indels in the viral sequence, resulting in inactivation of viral proliferative
properties. On the other hand, it has been shown that some ERVs have evolved as
functional genes or regulatory elements to play pivotal roles in cellular processes (3).
An envelope-like protein derived from human ERV called syncytin is the best-known
example of cooption of a viral gene by a host. Syncytin is expressed in placental troph-
oblasts and functions in human embryo placentation (4). Another example is the
neuronal protein Arc, which may have originated from the Gag protein of ancestral ret-
roviruses. Arc acts as a vehicle of mRNA transport into dendrites, which is essential for
long-lasting memory in the mammalian brain (5, 6). Antiviral immunity is an acquired
function of ERVs. Protein products of certain ERVs can protect host cells from infection
or replication of newly invaded exogenous retroviruses (7, 8). Furthermore, regulatory
sequences in the long terminal repeats of ERVs control expression of host genes near
their integration sites (9). Although ERVs provide beneficial impacts to hosts, it has also
been suggested that human ERVs are involved in the pathogenesis of inflammatory
diseases or cancers, including lymphoma, leukemia, and carcinomas (10-13). These
findings indicate that ERVs, as genomic invaders, have had significant effects on host
evolution through assimilation with host genomic DNA.

Recent studies have revealed that integrated nonretroviral RNA virus DNA copies
are present in eukaryotic genomes. Endogenous bornavirus-like elements (EBLs) were
the first nonretroviral RNA virus elements discovered in vertebrate species (14, 15). The
family Bornaviridae includes three genera, Orthobornavirus in all vertebrates except for
amphibians, Carbovirus in reptiles, and Cultervirus in fishes. At present, EBLs closely
related to orthobornaviruses and carboviruses have been found in many mammals
(15). The genome of the primate lineage harbors at least eight independently inte-
grated EBLs. Orthology analyses have revealed that Simiiformes share EBL loci,
suggesting that ancient bornaviruses were integrated into our genomes before the
divergence of Platyrrhini and Catarrhini approximately 43 million years ago (16).
Members of the superorder Afrotheria, which includes elephants, aardvarks, golden
moles, and tenrecs, also have identifiable orthologs of EBLs, which were established in
the genome of a common ancestor of afrotherians at least 83.3 million years ago, indi-
cating long-term coevolution between bornaviruses and mammals (17).

Recent evidence has shown that, similarly to ERVs, endogenous nonretroviral RNA
virus elements might have been coopted by hosts during evolution. Some EBLs still
retain relatively long open reading frames (ORFs) and are transcribed into RNAs in host
cells. The transcript of an EBL derived from orthobornavirus nucleoprotein (N) in the
human genome, named hsEBLN-1, affects the expression of a neighboring gene (18). It
has also been demonstrated that hsEBLN-1 is involved in cell cycle transition, cell
growth, apoptosis induction, and microtube organization (19, 20). Interestingly, antivi-
ral function against exogenous Borna disease virus 1 (BoDV-1) was found in an EBL in
the thirteen-lined ground squirrel genome, itEBLN, and its expression was detected in
some tissues of squirrels. The recombinant itEBLN protein strongly suppressed BoDV-1
replication in cultured cells as a dominant negative competitor of the BoDV-1 N pro-
tein (21). Furthermore, we demonstrated that both rodent and primate EBLs are pres-
ent in PIWI-interacting RNA (piRNA)-generating regions of host genomes at a rate that
is much more frequent than expected by chance and that they express piRNAs with
the potential to protect against bornavirus infection by acting as antisense nucleotides
to viral N mRNAs (22). Moreover, bats of the genus Eptesicus have carried a preserved
EBL element derived from the ancient bornaviral RNA polymerase gene, with an intact
open reading frame (ORF) of 1,718 amino acids, for more than 11.8 million years (23).
All of these observations indicate that not only retroviruses but also nonretroviral RNA
viruses have served as a source of genetic novelty and have resulted in significant ge-
nome evolution in hosts.

We have previously shown that some EBLs in the human genome are ubiquitously
expressed in several tissues (18). Among them, hsEBLN-2, which encodes a 273-amino
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acid ORF with high homology to the orthobornavirus N protein, has been reported to
interact with other cellular proteins, suggesting that it encodes a functional protein
(24). However, the detailed functions of hsEBLN-2 and its product remain to be eluci-
dated. In this study, we show that the hsEBLN-2-derived protein E2 acts as a mitochon-
drial protein that interacts with mitochondrial host factors associated with apoptosis.
Moreover, we demonstrate that knockdown of hsEBLN-2 RNA induces PARP and cas-
pase-3 cleavages and then reduces cell viability. These results suggest that hsEBLN-2
has been exogenously adapted as a host gene and has acquired functions related to
cell viability through interactions with other mitochondrial proteins.

RESULTS

Expression profile of hsEBLN-2. hsEBLN-2, which is located on chromosome 3 at
locus 3p13, is inserted within an intron region of the PPP4R2 gene and is flanked by an
AluSx element at the 3’ end of the hsEBLN-2 sequence (16). In previous studies, we
detected the transcript containing the hsEBLN-2 sequence in various tissues and cell
lines (16, 18); however, its detailed profiles have not yet been determined. Based on
the UCSC genome browser, H3K4me3/H3K27Ac chromatin immunoprecipitation
sequencing (ChIP-seq) around the hsEBLN-2 locus revealed weak H3K27Ac and DNase-
sensitive regions upstream of the hsEBLN-2 gene (Fig. TA). ChIP-Atlas data predict that
some enhancer or transcription factors bind upstream of the hsEBLN-2 locus (see Table
S1 in the supplemental material), predicting the transcription potential of this locus.

Using publicly available RNA sequencing (RNA-seq) data, we analyzed the expres-
sion levels of hsEBLN-2, TOMM20 (which encodes a mitochondrial protein), HPRT1 (a
housekeeping gene), and PPP4R2 across eight human cell lines of different origins
(GM12878, H1-hESC, K562, Hela-S3, HepG2, HUVEC, OL, and HEK293T cells). The
expression levels were divided into three groups based on FPKM values (Fig. 1B), as fol-
lows: the lower quartile was defined as low expression, the interquartile range as mod-
erate expression, and the upper quartile as high expression. hsEBLN-2 RNA was found
to be expressed in all cell lines analyzed, and fragments per kilobase per million
(FPKM) values for hseBLN-2 RNA ranged from approximately 0.2 to 3. These data
showed that hsEBLN-2 RNA expression is relatively low in most cell lines but moderate
in OL cells derived from human oligodendrocytes. In addition, no correlation in the
expression levels was found between PPP4R2 and hsEBLN-2 RNAs, suggesting that the
hsEBLN-2 RNA is transcribed independently of the PPP4R2 promoter. We therefore per-
formed next-generation sequencing analysis using OL cells and found that hsEBLN-2
RNA is expressed in these cells, albeit at a lower level than that of PPP4R2 exons (Fig.
1C). To further confirm translation of hsEBLN-2 RNA, we searched Peptide Atlas for pep-
tides from hsEBLN-2 and detected expression of multiple peptides within the sequence
region in several tissues, such as the ovary, breast, and blood plasma (Fig. 1D).
Furthermore, examination of publicly available data sets in GTEx (25) and the Protein
Atlas (26) revealed high expression of hsEBLN-2 RNA in the tibial nerve, ovary, and
bone marrow. These data suggest that hsEBLN-2 RNA is expressed and translated into
protein.

E2 protein localizes to mitochondria. To understand the possible function of the
hsEBLN-2 product, we first generated an E2 protein expression plasmid and transfected
it into OL cells. Intracellular localization of E2 was detected using the anti-E2 polyclonal
antibody we generated. As shown in Fig. 2A, the recombinant E2 protein clearly colo-
calized with the mitochondrial protein TOM20 but not with the endoplasmic reticulum
(ER) marker CellLight ER-red fluorescent protein (RFP), indicating that E2 is a mitochon-
drial protein. Western blot analysis revealed that two bands at approximately 24 and
30kDa were induced in transfected cells (Fig. 2B, arrowheads). It has been shown that
the vast majority of mitochondrial proteins have a mitochondrial targeting signal
(MTS) at the N terminus of their precursor, which is cleaved upon/after mitochondrial
import (27); this suggests that the two bands detected by Western blotting represent
the precursor and cleaved forms of E2, respectively. To confirm this, we generated an
E2 protein that was Flag tagged at either the N or C terminus. As shown in Fig. 2C, a
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FIG 1 Expression profile of hsEBLN-2 in the human genome. (A) A schematic diagram showing the
position of hsEBLN-2 on human chromosome 3 (chr 3) at locus 3p13 and a UCSC genome browser view
(UCSC Genome Browser on Human Assembly; December 2013) (53) showing coverage of H3K4me3 and
H3K17Ac chromatin immunoprecipitation sequencing (ChIP-seq) reads and DNase hypersensitive sites of
GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK, and NHLF cells. (B) Expression level of hsEBLN-2 (pink),
PPP4R2 (green), TOMM20 (orange), and HPRT1 (blue) RNAs in human-derived cell lines. Each violin plot
and box plot show the distribution of the expression levels of genes in each cell line. (C) IGV genome
browser view showing the depth of RNA-seq reads mapped to the genomic region of the hsEBLN-2
locus. (D) Sequences of the hsEBLN-2 region registered in the Peptide Atlas (http://www.peptideatlas
.org/) are shown. Displayed peptides are observed from several tissues, including ovary, breast, and
blood plasma.

24-kDa band was detected only in cells transfected with C-terminally tagged E2. This
result indicates that the N terminus of the E2 protein was cleaved. We next predicted
the cleavage region at the E2 N terminus by using Mitoprot and MitoFates (27-29),
which can predict a mitochondrial targeting sequence and cleavage site in the N-ter-
minal region of input proteins. As illustrated in Fig. 2D, a cleavage site was predicted at
amino acid 54. The recombinant protein in which green fluorescent protein (GFP) is
fused to amino acids 1 to 60 of E2 (AA1-60) at the N terminus colocalized with TOM20
in transfected cells (Fig. 2E), confirming that the N-terminal region of E2 functions as
an MTS. The fact that the N-terminal region of the E2 protein lacks detectable homol-
ogy with the BoDV-1 N protein (Fig. 2D) indicates that the MTS was acquired after
hsEBLN-2 integration into the genome.

E2 interacts with mitochondrial proteins. In a previous study, several proteins were
reported to interact with the E2 protein using a large-scale human protein-protein interac-
tion mapping assay (Table 1) (24); however, the certainty and details of the interaction
between each protein were not analyzed. To better understand the function of E2, we
sought to determine binding partners by an immunoprecipitation assay with tandem affin-
ity purification-tagged E2 (TAP-E2). Here, we used 293T cells, which have a higher transfec-
tion efficiency than that of OL cells. As shown in Fig. 3A and B, SDS-PAGE followed by mass
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FIG 2 Mitochondrial targeting of the E2 protein. (A) Subcellular localization of E2. OL cells were transfected with the E2 expression plasmid or empty
plasmid and stained with an anti-E2 antibody. An anti-TOM20 antibody and CellLight endoplasmic reticulum (ER)-red fluorescent protein (RFP) were used
to visualize mitochondria and the ER, respectively. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) and observed by fluorescence
microscopy. Bars, 10 um. (B and C) The E2 protein is cleaved in transfected cells. (B) 293T cells were transfected with the control (lane 1) or E2 expression
plasmid (lane 2), and the E2 protein was detected by Western blotting with an anti-E2 antibody. (C) 293T cells were transfected with the E2 expression
plasmid tagged with Flag at the C (lane 1) or N terminus (lane 2) of the protein, and the E2 protein was detected by Western blotting with an anti-Flag
antibody. (D) The E2 protein contains a mitochondrial targeting signal. The full-length and N-terminal 60 amino residues of the Borna disease virus 1
(BoDV-1) N and E2 proteins are shown in the schematic diagram. Sites in the E2 protein homologous or similar to those in the N protein are indicated by
black lines. The green line indicates hydrophobic amino acids, and the yellow line indicates basic amino acids. The arrowheads indicate the predicted
cleavage positions by mitochondrial processing peptidase predicted by both Mitoprot and MitoFates. The red and blue lines indicate the binding site of
TOM20 and the positively charged amphiphilicity high score region predicted by MitoFates, respectively. N, BoDV-1 N; E2, hsEBLN-2. (E) The N terminus of
BoDV-1 N contains a putative mitochondrial targeting signal (MTS). OL cells were transfected with plasmids expressing green fluorescent protein (GFP)
fused with the N-terminal 20 amino acids (aa) (AA1-20), 40 aa (AA1-40), and 60 aa (AA1-60), and their localization was detected by fluorescence microscopy
after staining with an anti-TOM20 antibody. Bars, 10 wm.

TABLE 1 Predicted and confirmed interaction partners of E2 protein

Gene symbol Full gene name Main location? Related biological process®
Predicted interaction
partners
STK16 Serine/threonine kinase 16 Cytosol Protein autophosphorylation
TUSC2 Tumor suppressor candidate 2 Cytosol Cell cycle
CAB39 Calcium binding protein 39 Nucleoli fibrillar center Cell cycle arrest
FANCC Fanconi anemia complementation group C Nucleoplasm DNA damage, DNA repair
AP1S1 Adaptor-related protein complex 1 sigma Golgi apparatus and Protein transport
1 subunit vesicles
WRAP73 WD repeat containing, antisense to TP73 Not available Cilium biogenesis/degradation
C200rf24 Chromosome 20 open reading frame 24 Cytosol Mitochondrial respirasome assembly
ATG12 Autophagy related 12 Not available Autophagosome assembly
PRKAB1 Protein kinase AMP-activated noncatalytic Cytosol Fatty acid biosynthesis

subunit beta 1

Confirmed interaction

partners
HAX-1 HCLS1-associated protein X-1 Mitochondria Negative regulation of apoptotic process
AIFM Apoptosis-inducing factor mitochondria- Mitochondria Positive regulation of apoptotic process
associated 1
TUFM Tu translation elongation factor, Mitochondria Mitochondrial translational elongation

mitochondrial

9Information on main location and related biological process were obtained from The Human Protein Atlas (https://www.proteinatlas.org/) (26).
bInformation on main location and related biological process were obtained from UniProt (https://www.uniprot.org/) (52).
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FIG 3 The E2 protein interacts with mitochondrial proteins. (A) Tandem affinity purification (TAP) assay of the E2 protein. 293T cells were
transfected with pCTAP-E2 (TAP-E2) or the control empty plasmid (Ctrl) and processed for TAP assays. After SDS-PAGE, the gel was stained
by silver staining, and the specific bands were evaluated by mass spectrometry. (B) TAP detection of proteins of interest was confirmed by
Western blotting with specific antibodies against each protein. (C) Plasmids expressing E2 and hemagglutinin (HA)-tagged interacting
proteins were cotransfected into 293T cells, and localizations were detected using anti-E2 and anti-HA antibodies. Bars, 10 um. (D) Pulldown
assay of E2-interacting proteins. 293T cells were cotransfected with plasmids expressing E2 and HA-tagged E2-interacting proteins.
Immunoprecipitation was conducted using an anti-HA antibody and detected with anti-HA and E2 antibodies. (E) Exogenous expression of
the E2 protein. 293T cells were transfected with the HA-tagged HAX-1 plasmid, and 24 h after transfection, immunoprecipitation was
performed with an anti-HA antibody. An arrowhead indicates full-length endogenous E2 protein detected with the anti-E2 antibody.
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spectrometry revealed that the E2 protein interacts with TUFM (Tu translation elongation
factor, mitochondrial), AIFM (apoptosis-inducing factor mitochondria-associated 1), and
HAX-1 (HCLS1-associated protein X-1), all of which are known as mitochondrially localized
proteins. Furthermore, we observed colocalization of E2 with these interacting proteins at
mitochondria in 293T cells transfected with hemagglutinin (HA)-tagged interacting proteins
(Fig. 3C). A coimmunoprecipitation assay using cells transfected with the E2 expression plas-
mid and each HA-tagged host protein confirmed their interactions (Fig. 3D). Moreover, we
detected the endogenous E2 protein as a faint band by immunoprecipitation with the HA-
HAX protein (Fig. 3E). These observations suggest that the E2 protein plays a role with
known interacting partners as a mitochondrial protein.

A possible link of E2 protein to the cellular stress response. Among the interact-
ing proteins identified, AIFM and HAX-1 have been reported to be associated with apo-
ptosis; AIFM binds to the mitochondrial intima and is thought to act as an NADH
oxidase (30). In addition, AIFM is cleaved by proteases activated downstream of apo-
ptosis-inducing signals, such as PARP, and migrates to the nucleus, causing DNA frag-
mentation and caspase-independent apoptosis (31). In contrast, HAX-1, located in both
the ER and the mitochondria, is associated with the maintenance of mitochondrial
function and protection from apoptosis (32). HAX-1 is known to promote cell survival
by attenuating signals from mitochondria under stress conditions (33).

As both AIFM and HAX-1 are involved in apoptosis, we focused on whether the
function of E2 is also related to cell viability and apoptosis. To examine this, we
knocked down endogenous hseBLN-2 RNA by using antisense oligonucleotides (ASOs)
in OL and Hela cells and investigated PARP and caspase-3 cleavages, hallmarks of apo-
ptosis. As depicted in Fig. 4A to C, ASOs reduced hsEBLN-2 RNA and significantly
increased the levels of PARP and caspase-3 cleavages in both cell lines. Furthermore,
the viability of cells treated with ASOs was markedly decreased (Fig. 4D). In contrast,
OL cells overexpressing E2 showed slightly but significantly increased viability com-
pared with that of control cells after stress induction by H,O, treatment (Fig. 4E). Note
that overexpression of E2 appeared not to increase the cell viability in Hela cells, since
the cells are relatively sensitive to cell damage induced by plasmid transfection. These
results indicate that expression of E2 may confer durability to cellular stress by sup-
pressing apoptosis.
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FIG 4 The E2 protein is involved in cell viability. (A) OL and Hela cells were transfected with antisense oligonucleotides (ASOs) against hsEBLN-2 RNA (ASO
1 and 2) and control ASO (Ctrl), and relative levels of hsEBLN-2 RNA were quantified by real-time reverse transcription-PCR (RT-PCR). Values are presented
as the mean = standard error (SE) of three independent experiments. (B and C) OL and Hela cells were transfected with each ASO, and PARP and caspase-
3 cleavages were detected with an anti-PARP antibody and an anti-caspase-3 antibody. Relative expression levels of cleaved proteins were calculated by
the band intensity based on Western blotting. Values are presented as the mean = SE of three independent experiments. Statistical significance was
analyzed by two-tailed t test. *, P<0.05" **, P<0.01. (D) Knockdown of hsEBLN-2 RNA reduces cell viability. OL and Hela cells were transfected with ASOs,
and cell viability was measured by the WST-1 assay. Values are presented as the mean = SE of three independent experiments. Statistical significance was
analyzed by two-tailed t test. *, P<0.05; **, P<<0.01. (E) E2 overexpression increases stress resistance. OL and Hela cells were transfected with E2
expression (E2) and control empty (Ctrl) plasmids, and 24 h after transfection, the cells were treated with 400 uM H,O, for 24 h. Cell viability was measured
by the WST-1 assay. Values are presented as the mean = SE of six or three independent experiments. Statistical significance was analyzed by two-tailed t
test. *, P<<0.05. (F) OL cells were transfected with E2 or control empty plasmid (Ctrl) and treated with 100 ng/ml cycloheximide (CHX) for 2, 3, and 4h.
Expression levels of HAX-1 and tubulin were detected by Western blotting, and band intensities were measured by Imagel). Values are presented as the
mean * SE of three independent experiments.

Finally, to investigate the mechanism underlying the function of the E2 protein, we
further focused on HAX-1 because it has been reported to interact with several virus-
derived proteins, including human immunodeficiency virus 1 (HIV-1) Vpr and hepatitis
C virus (HCV) core protein (34, 35). Previous reports have revealed that interaction
among viral proteins affects the stability or cellular localization of HAX-1, leading to
disruption of HAX-1 function (35). As shown in Fig. 4F, overexpression of E2 markedly
enhanced the intracellular stability of HAX-1 when cells were treated with cyclohexi-
mide, which is an inhibitor of protein biosynthesis. This result suggests that interaction
of the E2 protein with HAX-1 may enhance the stability of the latter in mitochondria,
enhancing cell viability.

DISCUSSION

In this study, we demonstrated that the E2 protein may be involved in cell viability as
a mitochondrial protein. It has been shown that hsEBLN-2 integrated into an intron of
the PPP4R2 gene and then evolved as a host genomic sequence for at least 43 million
years (16). Nevertheless, hsEBLN-2 remains a long ORF and has the potential to express
transcripts. Consistent with previous studies showing hsEBLN-2 transcription in many tis-
sues and cultured cells (18, 23), we observed expression of hsEBLN-2 by RNA-seq analysis
using OL cells, albeit at a low level (Fig. 1). Although the promoter sequence for hsEBLN-
2 transcription has not yet been identified, it will be of interest to elucidate whether
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transcription of hsEBLN-2 is regulated by epigenetics or is coregulated by the host genes.
Further studies are needed to understand the host gene transcription associated with
the expression of hsEBLN-2.

We found that E2 localizes to mitochondria and carries a mitochondrial localization
signal, suggesting the possibility that E2 is cleaved after entering the mitochondria.
The parent gene of hsEBLN-2 is the bornaviral N gene, which encodes nucleoprotein
and binds to viral genomic RNA to form the nucleocapsid. The N proteins of current
bornaviruses have a nuclear localization signal (NLS) at the N terminus and localize at
the nucleus, where the replication of bornaviruses takes place (36, 37). E2 does not
encode the NLS in the corresponding region of bornaviral N proteins and indeed does
not exhibit nuclear localization under the conditions examined. The mitochondrial
localization signal of E2 is located in the approximately 60-amino-acid extension region
of the N terminus, which has no sequence homology to bornaviral N (Fig. 2). This sug-
gests that hsEBLN-2 is integrated immediately downstream of the mitochondrial local-
ization signal. Alternatively, the MTS sequence might have been acquired during inte-
gration via template switching by LINE-1. In any case, the acquisition of the MTS may
have changed its subcellular localization and conferred a new function to E2, and the
NLS may have become inactive by accumulation of mutations. The fact that the MTSs
are conserved across the primate species, including chimpanzees (GenBank accession
number XP_009444139.2), gorillas (GenBank accession number XP_004035951.1), and
macaque monkeys (GenBank accession number NP_001252880.1), indicates that EBLN-2
may have acquired an MTS at the time of integration more than 43 million years ago,
before the divergence of Platyrrhini and Catarrhini (15). Note that we cannot exclude the
possibility that the sequence has subsequently evolved into the MTS during evolution.

We identified mitochondrial proteins, namely, TUFM, AIFM, and HAX-1, as interact-
ing partners of the E2 protein (Fig. 3). AIFM, a known apoptosis-associated protein,
migrates to the nucleus after apoptosis induction and promotes chromosome conden-
sation and fragmentation (31). Although TUFM functions as a translation elongation
factor in mitochondria, it has been reported that expression of TUFM is involved in the
transition from adenoma to carcinoma in colorectal cancer (38). On the other hand,
HAX-1 is a protein known to regulate mitochondrial membrane potential and inhibit
apoptosis, and it has been reported to interact with several proteins, including some
viral proteins (34, 35, 39-43). In addition, only a faint band of endogenous E2 protein
was observed by the immunoprecipitation assay with HAX-1. Because E2 protein has a
predicted PEST sequence at amino acid residues 53 to 67, it may be relatively unstable.
This may make it difficult to detect the endogenous E2 protein. It is interesting to note
that all of the host factors found to interact with E2 are localized to mitochondria and
play important roles in cell proliferation and survival. In our analysis, we observed that
knockdown of hsEBLN-2-derived RNA reduced cell viability and increased cell resist-
ance to stress by E2 protein expression (Fig. 4). As hsEBLN-2 RNA knockdown also pro-
moted PARP cleavage, these results suggest that the E2 protein has the ability to nega-
tively regulate apoptosis. In fact, we showed that E2 protein expression decreases
HAX-1 degradation (Fig. 4), suggesting that the E2 protein may function in concert
with other mitochondrial proteins involved in cell proliferation and survival. On the
other hand, considering that hsEBLN-2 is located in the intron of PPP4R2, we cannot
deny the possibility that ASO directly affected the pre-mRNA expression of PPP4R2.
PPP4R2 has been reported to suppress DNA damage; PPP4R2 knockdown increased
DNA damage and apoptosis under etoposide treatment in NSC-34 cells, a mouse nerv-
ous system cell line (44). However, PPP4R2 knockdown treatment alone did not induce
apoptosis (44). Another report showed that PPP4R2 knockdown increased apoptosis in
murine leukemic bone marrow cells (45), but there was no significant difference by
clonogenic assay (45), suggesting that knockdown treatment alone is unlikely to cause
strong cytotoxicity. Therefore, it is more likely that the induction of apoptosis is caused
by knockdown of hsEBLN-2. Further experiments using hsEBLN-2 knockout cells would
reveal the function of E2 protein and its evolution in detail.
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It is known that E2 interacts with several host factors (24) (Table 1); however, no
interaction with these proteins was identified in our study. Among the previously iden-
tified proteins, TUSC2/FUS1 appears to be an interesting candidate for analyzing the
function of E2 in mitochondria. TUSC2/FUS1 is a mitochondrially localized protein with
the ability to regulate cellular oxidative stress by balancing reactive oxygen species
production and mitochondrial homeostasis (46). Further study to investigate the possi-
ble interaction between E2 and TUSC2/FUS1 may be important to understand the
mitochondrion-related function of the E2 protein.

In summary, this study revealed that a nonretroviral endogenous RNA viral element
in the human genome that is at least 43 million years old may produce a mitochondrial
protein associated with cell viability. Although the function of the E2 protein in vivo
remains to be elucidated, it is noteworthy that the E2 function identified in this study
appears to correlate with its possible role as a tumor suppressor gene, which has been
reported in different perspective studies. Further analysis of hsEBLN-2 will not only be
necessary to understand coevolution between hosts and bornaviruses but will also
provide insight into the evolutionary significance of why hosts preserve RNA viral
genes as pseudogenes in their genomes.

MATERIALS AND METHODS

Cells and transfection. 293T cells and Hela cells were cultured in Dulbecco’s modified Eagle's me-
dium (DMEM)-high glucose (4.5%) supplemented with 10% fetal bovine serum (FBS). OL cells, derived
from a human oligodendrocyte, were cultured in DMEM-high glucose (4.5%) supplemented with 5%
FBS. Plasmid transfections were conducted using Lipofectamine LTX (Thermo Fisher Scientific) and ASO
transfections using Oligofectamine (Thermo Fisher Scientific) following the manufacturer’s instructions.

Plasmid construction. The E2 protein-expressing plasmid was constructed by inserting the hsEBLN-
2 ORF, which was amplified by PCR from OL cell cDNA, into the pEF4A vector or pCTAP vector. To con-
struct an E2 protein-expressing plasmid with GFP fused at the N terminus, the hsEBLN-2 ORF was cloned
into the pAcGFP1-N1 plasmid (Clontech). HAX-1, AIFM, and TUFM ORFs were amplified from cDNA of
293T cells using N-terminal or C-terminal HA-tagged primers. After amplification, the PCR products were
cloned into the pcDNA3 vector. The nucleotide sequences were confirmed by DNA sequencing.

Immunofluorescence assay. OL or 293T cells were seeded onto 8-well chamber slides. One day after
seeding, expression plasmids were transfected into the cells. For ER staining, the cells were treated with
CellLight ER-RFP (Thermo Fisher Scientific) together with plasmid transfection. At 24 h after transfection,
the cells were fixed for 15min in 4% paraformaldehyde, permeabilized by incubation for 5min in phos-
phate-buffered saline (PBS) containing 0.4% Triton X-100, and treated with 1% bovine serum albumin in
PBS for blocking. After incubation with anti-TOM20 (catalog no. sc-17764; Santa Cruz Biotechnology), anti-
HA (catalog no. H9658; Sigma-Aldrich), or anti-E2 antibodies for 1h at 37°C, the cells were washed three
times and incubated with appropriate Alexa Fluor-conjugated secondary antibodies (Invitrogen) for 1h at
37°C. The antibodies were each diluted 1:1,000 in 1% bovine serum albumin in PBS.

Western blotting. Samples were subjected to 12% SDS-PAGE, and Western blotting was performed.
The proteins were transferred onto a polyvinylidene fluoride membrane that was then blocked in 5%
low-fat milk in PBS-0.1% Tween 20. Anti-E2, anti-HA, anti-AIFM (catalog no. ab110327; Abcam), anti-
TUFM (catalog no. H00007284-B01P; Abnova), anti-caspase-3 (catalog no. GTX110543; GeneTex), and
anti-HAX-1 (catalog no. GTX110543; BD Biosciences) antibodies were each diluted 1:1,000 in 5% low-fat
milk in PBS-0.1% Tween 20, incubated with the membranes for 1h at room temperature, and then
washed three times. The membrane was incubated with the appropriate horseradish peroxidase-
coupled antibody (Bio-Rad), which was diluted 1:5,000 in 5% low-fat milk in PBS-0.1% Tween 20, for 1 h
at room temperature. After three washes, the membrane was visualized with ECL Prime Western blot
detection reagents (GE Healthcare).

TAP assay. The TAP assay was performed with the InterPlay C-terminal mammalian TAP system
(Agilent Technologies) according to the manufacturer’s instructions. Briefly, the hsEBLN-2 ORF-inserted
pCTAP plasmid was transfected into 293T cells. One day after transfection, the cells were collected and
lysed with lysis buffer and purified with streptavidin resin and calmodulin resin. The samples that were
purified by the TAP assay were subjected to 12% SDS-PAGE, and the proteins were detected by silver
staining. To identify binding partners of the hsEBLN-2 protein, mass spectrometry for each band was
performed using a gel slice.

Coimmunoprecipitation. Coimmunoprecipitation was conducted in a manner similar to that described
previously (47). Briefly, 293T cells were seeded into 10-cm dishes 1day before transfection. The cells were
transfected with each expression plasmid using Lipofectamine LTX. At 24 h posttransfection, the cells were
collected and lysed using lysis buffer, and the cell lysates were sonicated and centrifuged. The supernatants
were incubated with 10 g of anti-HA antibody for 2 h with rotation at 4°C. After incubation, 1 mg SureBeads
Protein G (Bio-Rad) was added and incubated for 2h with rotation at 4°C. The beads were washed three
times with 1 ml of lysis buffer and boiled at 98°C for 5 min to elute the proteins.

Real-time PCR. ASOs targeting hsEBLN-2 RNA (ASO 1, GACUGGGCTGGGTGTGGTGGUUCA; ASO 2,
AUCACUCATCACCGCACTCCAGCQ) or luciferase, which was used as a control, were transfected into OL
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and Hela cells. At 48 h after transfection, total RNA was extracted using TriPure isolation reagent
(Sigma-Aldrich) and reverse transcribed using a Verso ¢cDNA synthesis kit (Thermo Fisher Scientific)
according to the instructions. Real-time PCR was conducted using Thunderbird probe quantitative PCR
(gQPCR) mix (Toyobo) with hsEBLN-2-specific primers (forward, GAATGTTTCTAGATCAGTGCATGGA;
reverse, TCTCCTCAAAGACTGGGATCTCA) and a probe (6-carboxyfluorescein [FAM]-CTCCATTGCTCT

ACGGGCCATTGTG-black hole quencher 1

[BHQ1]) or pB-actin-specific primers (forward, AGCCT

CGCCTTTGCCG; reverse, CTGGTGCCTGGGGCG) and a probe (FAM-CCGCCGCCCGTCCACACCCGCC-BHQ1).
The PCR cycling parameters were as follows: denaturation at 95°C for 1 min, followed by 45 cycles of 95°
C for 15 s and 60°C for 30 s. hsEBLN-2 RNA expression was calculated by the threshold cycle (AAC;)
method.
WST-1 assay. OL and Hela cells were seeded into 24-well plates and transfected with ASOs 1 day af-
ter seeding. At 60 or 48 hours after transfection, cell viability was measured using the Premix WST-1 cell
proliferation assay system (TaKaRa) according to the instructions. OL cells were seeded into 24-well
plates; 1 day after seeding, the hsEBLN-2 expression plasmid or empty plasmid was transfected into the
cells. At 24 hours after transfection, the cells were treated with 400 uM H,O, for 24 h, and cell viability
was measured using the Premix WST-1 cell proliferation assay system.
Next-generation sequencing. Sequences of an OL cell total RNA sample after depletion of rRNA
were analyzed by next-generation sequencing. Publicly available RNA-seq data for human cell lines
(GM12878, K562, H1-hESCs, Hela-S3, and HepG2 cells [GEO series GSE33480]; 293T cells [GEO series
GSE60559]) were downloaded from National Center for Biotechnology Information (NCBI) (48). These
RNA-seq reads were mapped to the human genome assembly GRCh38 using Gencode v24 annotation
(49) and TopHat v2.0.13 (50). Expression level of each gene was calculated by Cufflinks v2.2.1 (51).
Expression higher than 1 FPKM was considered positive expression.
CHX assay. OL cells were seeded into 24-well plates and transfected with the hsEBLN-2 expression
plasmid or empty plasmid 1 day later. At 24 h after transfection, the cells were treated with 100 mg/ml
cycloheximide (CHX). The cells were collected at 2, 3 and 4 h after CHX treatment with sample buffer.

Statistics. Statistical significance was analyzed by two-tailed t test.
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