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ABSTRACT

Vertebrate genomes contain many virus-related sequences derived from both retroviruses and non-
retroviral RNA and DNA viruses. Such non-retroviral RNA sequences are possibly produced by
reverse-transcription and integration of viral mRNAs of ancient RNA viruses using retrotransposon
machineries. We refer to this process as transcript reversion. During an ancient bornavirus infection,
transcript reversion may have left bornavirus-related sequences, known as endogenous bornavirus-
like nucleoproteins (EBLNS), in the genome. We have recently demonstrated that all Homo sapiens
EBLNs are expressed in at least one tissue. Because species with EBLNs appear relatively protected
against infection by a current bornavirus, Borna disease virus, it is speculated that EBLNs play some
roles in antiviral immunity, as seen with some endogenous retroviruses. EBLNs can function as
dominant negative forms of viral proteins, small RNAs targeting viral sequences, or DNA or RNA
elements modulating the gene expression. Growing evidence reveals that various RNA viruses are
reverse-transcribed and integrated into the genome of infected cells, suggesting transcript
reversion generally occurs during ongoing infection. Considering this, transcript reversion-mediated
interference with related viruses may be a novel type of antiviral immunity in vertebrates.
Understanding the biological significance of transcript reversion will provide novel insights into
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host defenses against viral infections.

Endogenous bornavirus-like nucleoproteins: Fossil
records of ancient bornavirus infection

It is well known that eukaryotic genomes contain
many virus-related sequences, mostly derived from
retroviruses. In addition to retroviruses, we and
others have recently discovered that numerous verte-
brate endogenous sequences
derived from non-retroviral RNA and DNA
viruses.'” Bornavirus, a nonsegmented, negative-
strand RNA virus, is unique because it is the only
non-retroviral RNA virus with endogenous elements
found embedded in the human genome.' The major-
ity of endogenous fragments of bornavirus in human
genomes appear to have originated from the reverse-
transcription and integration of nucleoprotein (N)

genomes contain

mRNA of ancient bornavirus via long interspersed
nuclear element-1 (LINE-1, L1) activity (Fig. 1).!
We call these sequences, endogenous bornavirus-like
nucleoproteins (EBLNs).! EBLNs are thus evidence

of a novel mechanism of retrotransposon-mediated
RNA-to-DNA information flow from virus to host.
We refer to this retrotransposon-mediated informa-
tion flow as transcript reversion. Because species
with EBLNs appear relatively protected against a
current bornavirus, Borna disease virus (BDV), it is
speculated that EBLNs play some roles in antiviral
immunity in a similar manner to those of several
endogenous retroviruses (ERVs).” In this commen-
tary, we will introduce some proposed functions of
EBLNs in antiviral immunity.

Ictidomys tridecemlineatus EBLN: A dominant
negative form of a viral protein

Some EBLNs have conserved their long open reading
frames (ORFs) during evolution. For example, 2
EBLNs in the human genome, Homo sapiens EBLN
(hsEBLN) -1 and -2, contain long ORFs with the
potential to code for proteins of 366 and 225 amino
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Figure 1. Transcript reversion during bornavirus infection. After
infecting host cells, bornavirus transcribes its mRNAs using bor-
navirus RNP as a template. L1 reverse-transcribes viral mRNAs
into viral cDNAs and integrates them into the genome of infected
cells. The cDNAs of ancient bornavirus sequences are endogen-
ized during evolution, forming EBLNs in the genome of a descen-
dant of infected species.

acids, respectively.! These proteins have an overall
41% amino acid sequence identity to BDV N protein.
Among EBLNs in various genomes, one in the
thirteen-lined ground squirrel genome, Ictidomys tri-
decemlineatus EBLN (itEBLN), has an ORF with rela-
tively high amino acid sequence identity (77%) to
BDV N protein.* It has been demonstrated that ERV-
derived proteins, such as Friend virus susceptibility 1
(FvI), protect host cells from infection by exogenous
related viruses.”® Most known examples of this phe-
nomenon are mediated by the production of a domi-
nant negative form of viral proteins.” We therefore
reasoned that itEBLN also inhibits BDV infection as a
dominant negative form of BDV N protein. Recently,
we reported that itEBLN co-localizes with a viral fac-
tory that consists of BDV ribonucleoprotein complex
(RNP).* Furthermore, itEBLN associates with BDV
RNP and inhibits BDV polymerase activity (Fig. 2A).*
Several ERV-derived elements are known to co-assem-
ble with the nucleocapsids of exogenous viruses,
inhibiting their infections. In the case of FvI, an ele-
ment derived from the gag gene of an ancient retrovi-
rus, this directly interacts with the capsid protein of
the murine leukemia virus (MLV) nucleocapsid,
inducing anti-MLV immunity.> An amino acid com-
parison between itEBLN and N reveals that the iden-
tity between itEBLN and N may be sufficient to
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Figure 2. EDI in ancient bornavirus infection. (A) Dominant
negative forms of viral proteins. EBLN proteins encoded in
EBLN loci can co-assemble into viral RNPs of exogenous
related viruses, inhibiting viral transcription. (B) TRAPS. EBLNs
within piRNA clusters produce piRNAs. These EBLN-derived
piRNAs post-transcriptionally silence viral mRNA of exogenous
related viruses.

induce heteromultimerization. On the other hand, a
number of substitutions are found in itEBLN sequen-
ces. Such observations support the hypothesis that
itEBLN co-assembles into viral RNPs and acts in a
dominant negative manner." However, although
itEBLN functions as a dominant negative form of the
N protein, this might be a rare case because the ORF
of EBLNs has to be conserved, and complex optimal
amino acid substitutions are required for gaining such
a function.



Mus musculus EBLNs: PIWI-interacting RNAs
potentially targeting viral sequences

While itEBLN can inhibit BDV replication,* most
EBLNSs in other species have disrupted their ORFs.
Furthermore, there is no evidence of selection to
maintain the ORF of EBLNs in primates.” These
observations suggest that most EBLNs either had lost
their function or had a function not related to pro-
tein-coding, such as non-coding RNAs (ncRNAs). We
have recently demonstrated that all 7 hsEBLNs are
expressed as RNA in at least one tissue.'"” Further-
more, we have observed that 4 of the 7 hsEBLNs are
currently transcribed fairly ubiquitously.'® This find-
ing is unexpected based on the transcription of pseu-
dogenes processed from host mRNA, of which only 4
to 6 percent are transcribed.'' The unexpectedly large
extent of transcription from EBLN loci raises the pros-
pect that EBLNs may encode antiviral RNA. In this
regard, we have noticed that some EBLNs in the
rodent and primate genomes, such as Mus musculus
EBLN (mmEBLN) -3 to -5, are present within PTWI-
interacting  RNA (piRNA)-generating loci, called
“piRNA clusters,” of the genome far more often than
expected by chance alone.'” In complex with a PTWI
clade argonoute protein, piRNA targets transposons
with complimentary sequences for transcriptional and
post-transcriptional silencing." It has been previously
noted that similarities exist between the piRNA path-
way and the CRISPR/Cas system, an RNA-mediated,
trangenerational immunity in prokar-
yotes."*'”> One such resemblance is that piRNAs are
transcribed from discrete piRNA clusters similar to
CRISPR arrays. Because of the conceptual similarities
between these 2 systems, piRNA derived from EBLNs
may be an attractive candidate for an EBLN-encoding
antiviral RNA. We and others have indeed detected
rodent and primate EBLN-derived piRNAs.'>'®!
Notably, these EBLN-derived piRNAs mapped to the
antisense strand relative to bornavirus N mRNA, sug-
gesting the potential to post-transcriptionally silence
bornavirus mRNA (Fig. 2B)."?

While EBLN loci are not syntenic between rodents
and primates, some piRNA clusters containing EBLNs
are.”'® We have therefore deduced that piRNA-gener-
ating EBLNs have been integrated into existing piRNA

antiviral

clusters.'”” The apparent convergent evolution of
piRNA-generating EBLNs in both rodents and pri-
mates can be explained by the preferential integration
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of viral sequences within piRNA clusters. Alterna-
tively, viral sequences may have integrated randomly,
while those within piRNA clusters may have been
selected during species evolution. Because sequences
mobilized by L1 machineries are not preferentially tar-
geted to piRNA clusters,'* the latter possibility is
more likely. In either case, EBLNs in piRNA clusters
can produce piRNAs that potentially target bornavirus
sequences. Our observations thus raise the hypothesis,
referred as viral transcript reversion with anamnestic
piRNA silencing (TRAPS), that the host may capture
virus sequences in its specialized genome loci to
engender an RNA-mediated, sequence-specific, antivi-
ral immune memory.'> Although the confirmed tar-
gets of piRNAs are largely limited to endogenous
retrotransposons,”’ the transgene silencing observed
after the insertion of identical sequences into piRNA
clusters supports our hypothesis.”> Further studies are
required to investigate whether EBLN-derived piR-
NAs do target bornavirus sequences, in vivo and/or in
vitro, to evaluate this hypothesis.

hsEBLN-1: A potential immunomodulatory RNA

Retrotransposons were first characterized as elements
capable of controlling the expression of neighboring
genes.”” Indeed, ERVs, Lls and processed pse-
udogenes can influence the expression of neighboring
genes by various mechanisms. Furthermore, retro-
transposons or transposed genes, as a regulatory
DNA, can regulate the expression of homologous
genes in other loci by competing for transcription fac-
tor(s).*** Likewise, EBLN may have the potential to
regulate the expression of other genes (Fig. 3). We
have recently demonstrated that hsEBLN-1 may affect
the expression of its neighboring COMMD?3 gene."
When expression of the EBLN-1 locus in the primate
genomes was induced, expression of the COMMD3
gene became downregulated. The effect of induction
of hsEBLN-1 RNA on the COMMD3 locus was abro-
gated by treatment with siRNA against hsEBLN-1
RNA. Although hsEBLN-1 has an ORF encoding
366 amino acids, comparable with the full-length
BDV N protein, the involvement of the hsEBLN-1
protein in the COMMD?3 gene expression is unlikely
because the protein is located in the cytoplasm.” These
results suggest that hsEBLN-1 RNA may function as a
long non-coding RNA (IncRNA) that scaffolds tran-
scriptional repressors for the COMMD3 gene around
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Figure 3. Categorization of EBLN characteristics and functions.
The functional mechanisms of EBLNs can be categorized in terms
of their characteristics as follows: a regulatory DNA, a functional
protein, and a functional ncRNA. All EBLNs can potentially regu-
late surrounding genes. EBLNs with ORFs may function as
functional proteins, such as the case of itEBLN acting as a
dominant negative protein. If EBLNs locate within piRNA clusters,
these may produce piRNA targeting related exogenous viruses
(e.g., mmEBLN-5). Even if EBLNs do not contain ORFs and locate
within piRNA clusters, EBLNs can still function as ncRNAs as pro-
posed for hsEBLN-1.

the locus, downregulating its expression.'® We cannot
exclude the possibility that hsEBLN-1 functions as a
regulatory DNA element (Fig. 3), but our data using
siRNA strongly suggest a role for hsEBLN-1 as a
IncRNA. Because the COMMD3 gene encodes a pro-
tein that can interact with and inhibit the NF«B path-
way,”® EBLN insertion in this locus may downregulate
the expression of the COMMD3 gene and thereby
potentiate the NF«xB pathway of host cells to counter-
act invading pathogens. Further studies are required
for understanding the contribution of EBLNs to
immune modulation.

Transcript reversion-mediated interference

EBLNs provides evidence that endogenous viral ele-
ment-derived immunity (EDI) is found not only in
endogenous retroviruses, but also in endogenous
non-retroviral virus elements.*”!° Beyond this,
EBLN-mediated EDI may add to the concept of a
novel, antiviral response against ongoing infection.
Theoretically, transcript reversion mediated by L1
can occur for all viruses, including RNA and DNA
viruses. Retrotransposons, other than L1, could also
mediate transcript reversion of virus sequences,

such as is the case for lymphocytic choriomeningitis
virus (LCMV).”” Indeed, growing evidence reveals
that various types of RNA viruses are reverse-tran-
scribed and integrated into the genome of infected
cells, suggesting that transcript reversion is a general
phenomenon found in host cells during ongoing
infection.!>*®*? Given that transcript reversion
occurs in cells infected with various types of viruses,
virus-derived integrants in the infected cells can
function similarly to EDI before endogenization of
the sequences. Although no such activity has been
ascribed to virus-derived sequences in mammals, a
similar, virus-derived sequence can control the
infection of an RNA virus in Drosophila.> We
therefore propose that integrants derived from
infected, non-retroviral RNA viruses may confer
antiviral immunity resembling EDI in the infected
cells. We distinguish this novel type of antiviral
immunity from EDI conferred by endogenized viral
elements and refer to it as transcript reversion-
mediated interference (TRi). TRi provides 2 unique
concepts regarding antiviral immunity. Firstly, of
the EDI mechanisms for EBLNs described above,
RNA-mediated mechanisms, such as TRAPS and
immunomodulatory IncRNAs, could be candidate
mechanisms of TRi in infected cells. This is because
the only requirement for an RNA-mediated TRi is
the integration of viral sequences into discrete loci
downstream of an existing promoter, such as piRNA
clusters. Reports of such RNA-mediated immunity
in metazoans are limited so far. Another interesting
point in regard to TRi is that TRi could provide a
transgenerational antiviral immunity in prokaryotes.
Although further studies are clearly required to eval-
uate this hypothesis, understanding the biological
significance of transcript reversion will provide
novel insights into host defenses against various
viral infections.
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