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ABSTRACT Cells sense pathogen-derived double-stranded RNA (dsRNA) as nonself.
To avoid autoimmune activation by self dsRNA, cells utilize A-to-I editing by adeno-
sine deaminase acting on RNA 1 (ADAR1) to disrupt dsRNA structures. Considering
that viruses have evolved to exploit host machinery, A-to-I editing could benefit in-
nate immune evasion by viruses. Borna disease virus (BoDV), a nuclear-replicating
RNA virus, may require escape from nonself RNA-sensing and immune responses to
establish persistent infection in the nucleus; however, the strategy by which BoDV
evades nonself recognition is unclear. Here, we evaluated the involvement of ADARs
in BoDV infection. The infection efficiency of BoDV was markedly decreased in both
ADAR1 and ADAR2 knockdown cells at the early phase of infection. Microarray anal-
ysis using ADAR2 knockdown cells revealed that ADAR2 reduces immune responses
even in the absence of infection. Knockdown of ADAR2 but not ADAR1 significantly
reduced the spread and titer of BoDV in infected cells. Furthermore, ADAR2 knock-
out decreased the infection efficiency of BoDV, and overexpression of ADAR2 res-
cued the reduced infectivity in ADAR2 knockdown cells. However, the growth of in-
fluenza A virus, which causes acute infection in the nucleus, was not affected by
ADAR2 knockdown. Moreover, ADAR2 bound to BoDV genomic RNA and induced
A-to-G mutations in the genomes of persistently infected cells. We finally demon-
strated that BoDV produced in ADAR2 knockdown cells induces stronger innate im-
mune responses than those produced in wild-type cells. Taken together, our results
suggest that BoDV utilizes ADAR2 to edit its genome to appear as “self” RNA in or-
der to maintain persistent infection in the nucleus.

IMPORTANCE Cells use the editing activity of adenosine deaminase acting on RNA
proteins (ADARs) to prevent autoimmune responses induced by self dsRNA, but vi-
ruses can exploit this process to their advantage. Borna disease virus (BoDV), a
nuclear-replicating RNA virus, must escape nonself RNA sensing by the host to es-
tablish persistent infection in the nucleus. We evaluated whether BoDV utilizes
ADARs to prevent innate immune induction. ADAR2 plays a key role throughout the
BoDV life cycle. ADAR2 knockdown reduced A-to-l editing of BoDV genomic RNA,
leading to the induction of a strong innate immune response. These data suggest
that BoDV exploits ADAR2 to edit nonself genomic RNA to appear as self RNA for in-
nate immune evasion and establishment of persistent infection.

KEYWORDS nuclear-replicating RNA virus, A-to-l editing, self/nonself, innate
immunity, persistent infection

ells sense exogenous dsRNA as “nonself” and induce innate immune responses to
eliminate the pathogen. This defense system critically influences the outcome of
pathogen infection (1, 2). In addition, cells possess machinery to prevent autoimmune
activation by “self” double-stranded RNA (dsRNA). To escape recognition by dsRNA
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sensors such as melanoma differentiation-associated protein 5 (MDAS5), dsRNA-
dependent protein kinase R (PKR), and 2',5'-oligoadenylate synthetase (OAS), adeno-
sine deaminase acting on RNA-1 (ADAR1) mediates A-to-l editing to induce a confor-
mational change in the stem-loop structure at the 3’ untranslated region (UTR) of
mRNAs and Alu-derived dsRNAs (3-7).

A-to-l editing is the process by which adenosine (A) nucleotides in dsRNA are
converted to inosine (I) nucleotides, and this editing is catalyzed by ADARs (8-10). The
ADAR family contains three members, ADAR1, ADAR2, and ADAR3. Although all 3 have
conserved deaminase domains, only ADART and ADAR2 catalyze A-to-l editing in
mammals (11-13). ADAR1 is ubiquitously expressed and has two isoforms, the consti-
tutive p110 isoform and the interferon-inducible p150 isoform. While ADAR1 p110
localizes to both the nucleus and cytoplasm, p150 is a cytoplasmic protein (14). ADAR2
is highly expressed in the nuclei of cells in the central nervous system (CNS) (12). ADAR1
and ADAR2 partially share substrates; however, ADART primarily catalyzes repetitive
sites, while ADAR2 prefers nonrepetitive coding regions (15, 16).

In addition to self/nonself discrimination, the consequences of A-to-l editing are
diverse in cellular systems. Conformational changes in RNA by A-to-l editing play roles
in the regulation of RNA-binding protein accessibility to mediate the stability and
nuclear retention of RNA (17-19). Furthermore, A-to-1 editing modulates RNA splicing
by generating donor or acceptor sites or eliminating branch point sites (20-22). Direct
editing of the coding region, mainly catalyzed by ADAR2 in the CNS, leads to alterations
in protein structure and function through amino acid substitutions (16, 23). Some
neurotransmitter receptors require A-to-l editing by ADAR2 to rewrite mRNA sequences
and produce multiple variants, which are necessary for the normal development and
function of the brain (24, 25). ADAR2 provides an additional layer of epigenetic
regulation of the biological activity of genes; however, unlike for ADAR1, the roles of
ADAR2 in the A-to-l editing of noncoding regions and in the discrimination of self/
nonself RNA have not been demonstrated.

Viruses can utilize cellular RNA modification systems to evade recognition as nonself
by dsRNA sensors. Measles virus (MV) produces defective interfering (DI) RNAs from the
viral genome, which can form dsRNA (26). ADAR1 knockout reduces A-to-l editing in DI
RNA of MV and suppresses viral growth depending on the innate immune response
through PKR activation (27, 28). These observations suggest that MV employs A-to-
editing by ADART to escape recognition as nonself. In addition to MV, hepatitis delta
virus (HDV) is also known to utilize A-to-l editing by ADART to accomplish its life cycle.
HDV antigenomic RNA is edited by ADAR1 to produce two viral proteins from one
transcript (29, 30). The hyperediting of transcripts of mouse polyomavirus at the
overlapping region of the early and late genes is potentially mediated by ADARs and
might be involved in the viral early-to-late switch (31-33). Although ADARs can impact
infection by other RNA viruses, such as HIV-1 (34-38) and influenza A virus (IAV) (39-41),
in an editing-dependent or editing-independent manner, the biological significance of
ADARs and their mechanisms of action in viral infection are varied (42).

Borna disease virus (BoDV), a nonsegmented, negative-sense RNA virus, is a neu-
rotropic virus that replicates in the cell nucleus. BoDV infection causes severe immune-
mediated encephalitis in highly susceptible species, such as horses and sheep (43-45).
However, in most mammals, BoDV infection does not trigger fatal symptoms and
progresses to persistent infection without overt cytopathic effects (46, 47). In addition,
unlike any other RNA virus, BoDV maintains its replication complex in the cell nucleus
in an episomal form and acts as a part of the cell component through close interaction
with host chromosomes (48). To achieve persistent infection in the nucleus, therefore,
BoDV may need to prevent the recognition of its genomic RNA as nonself by RNA
sensors. Previous studies revealed that BoDV trims triphosphate at the 5" termini of its
genomic RNA to monophosphate to avoid recognition by retinoic acid-inducible gene-I
(RIG-1) (49, 50). However, considering that BoDV elongates the 3’ termini of genomic
and antigenomic RNA through a back-priming process and that other single-stranded
negative-sense RNA viruses generate dsRNA, BoDV RNAs can also form intra- or
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intermolecular dsRNAs during replication in the nucleus (49, 51). Despite these obser-
vations, the mechanisms by which BoDV escapes recognition by dsRNA sensors in
persistently infected cells are unclear.

Here, to elucidate the mechanism by which the BoDV genome mimics self RNA in
the nucleus, we evaluated the role of ADARs in BoDV infection. We demonstrated that
A-to-1 editing of the BoDV genome by ADAR2 but not by ADART is involved in efficient
viral replication in the nucleus, leading to the maintenance of persistent infection in the
nucleus.

RESULTS

Knockdown of ADARs affects the initial infection of BoDV. To assess the role of
ADARs in BoDV infection, we first introduced short hairpin RNA (shRNA) against ADAR1
or ADAR2 into human oligodendroglial (OL) cells via a lentiviral vector system (Fig. 1A
and B). Knockdown cells were infected with BoDV at a multiplicity of infection (MOI) of
1 or 10, and the infection efficiencies were then determined by an indirect immuno-
fluorescence assay (IFA) at 4 days postinfection (dpi). As shown in Fig. 1C and D,
knockdown of either ADAR1 or ADAR2 significantly decreased the efficiency of BoDV
infection at the early phase compared with that in control cells. Consistent with these
findings, the expression levels of BoDV genomic RNA and protein were decreased in
ADAR knockdown cells (Fig. 1E to G). These results suggested that knockdown of
ADARs reduces the BoDV replication efficiency at the early phase of infection.

ADAR2 knockdown induces antiviral immune responses. ADAR1 knockout or
knockdown induces aberrant innate immune responses through autoimmune activa-
tion by nonedited mRNA (3, 4); however, the effect of ADAR2 knockdown on innate
immune responses has not been determined. Therefore, we next performed a com-
prehensive analysis using a microarray system to assess whether antiviral genes are
upregulated by ADAR2 knockdown. As shown in Fig. 2A, the expression levels of 512
genes were changed more than 2-fold by ADAR2 knockdown. Moreover, by the rank
product method, 65 genes were extracted as differentially expressed genes (DEGs) and
subjected to enrichment analysis to elucidate their biological importance. As shown in
Fig. 2B, the DEGs were significantly enriched in inflammation- and immune response-
related genes. These results indicated that ADAR2 reduces autoimmune responses even
in the absence of infection and stimulation, suggesting that like ADAR1, ADAR2 is
involved in the avoidance of immune activation (3, 4).

To identify the genes responsible for the reduced BoDV infection efficiency in
ADAR2 knockdown cells, we next performed a small interfering RNA (siRNA) screen of
the upregulated genes identified in the microarray analysis. Briefly, ADAR2 knockdown
cells were transfected with a series of siRNAs and inoculated with BoDV at 24 h
posttransfection. Infection efficiencies were determined by IFA at 3 dpi. As shown in
Fig. 2C, siRNA against Rab27b and CXCL1 increased the infection efficiency of BoDV in
ADAR2 knockdown cells to the same extent as in control cells. To further confirm this
result, an infection experiment was carried out with the same system using different
siRNAs against Rab27b and CXCL1. Consistent with the siRNA screening results, the
infectivity of BoDV was rescued by knockdown of Rab27b and CXCL1 (Fig. 2D). Taken
together, our results suggest that ADAR2 knockdown induces antiviral immune re-
sponses leading to the suppression of initial BoDV infection.

ADAR2 affects the intranuclear replication of BoDV. We next evaluated whether
knockdown of ADARs influences BoDV propagation in addition to initial infection. To
this end, we monitored the growth rate of BoDV in ADAR knockdown cells. As shown
in Fig. 3A, the growth kinetics of BoDV in ADAR1 knockdown cells were similar to those
in control cells (P > 0.05 by two-way analysis of variance [ANOVA] and Dunnett’s post
hoc test). In contrast, BoDV propagation was slower in ADAR2 knockdown cells than in
control cells (P < 0.01 for both ADAR2 knockdown cell lines by two-way ANOVA and
Dunnett’s post hoc test). Interestingly, the amount of genomic RNA in ADAR2 knock-
down cells was significantly smaller than that in control cells even after the infection
efficiency of BoDV reached almost 100% at 48 dpi (Fig. 3B). Furthermore, ADAR2
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FIG 1 Knockdown of ADARs decreased the BoDV infection efficiency at the early phase. (A and B) Western blot analysis of ADAR1 and ADAR2
knockdown cells. OL cells were infected with lentivirus harboring shRNA targeting ADART or ADAR2 or control (Ctrl) shRNA. Cells were cloned
and used for subsequent experiments. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the loading control. The band
intensities were normalized by the signal intensities of GAPDH. (C and D) Cell lines with knockdown of ADARs were infected with BoDV at an MOI
of 1.0 or 10. At 4 dpi, an IFA was performed with anti-BoDV P antibody (green) and DAPI (blue). The infection efficiencies were calculated by
dividing the number of infected cells by that of total cells. (E) RT-qPCR of viral genomic RNA at 4 dpi. (F and G) Western blot analysis of the viral
proteins nucleoprotein (N) at 4 dpi. Alpha-tubulin was used as the loading control. The band intensities were normalized by the signal intensities
of alpha-tubulin. All experiments were performed in three biologically independent replicates. The values are expressed as the means + standard
error (SE) of the results from three independent experiments. Significance was analyzed by one-way ANOVA and Dunnett’s multiple-comparison
test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., nonsignificant.
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FIG 2 ADAR2 knockdown induces an anti-BoDV state via the upregulation of Rab27b and CXCL1. (A) Scatter plot of DEGs in ADAR2 knockdown and control
cells. (B) Summary of the GO terms enriched in the 65 DEGs identified by the rank product analysis, as analyzed by DAVID. Inflammation-related and immune
response-related genes are shown in blue, and the others are shown in gray. (C) Infection efficiencies of BoDV in ADAR2 knockdown cells transduced with a
series of siRNAs. The names of the target genes are listed in Table 2. siRNA no. 26, Rab27b; siRNA no. 49, CXCL1. (D) Confirmation experiment of panel C results
using different siRNAs against Rab27b and CXCL1. All experiments were performed in 2 to 3 biologically independent replicates. The values are expressed as
the means + SE. Significance was analyzed by one-way ANOVA and Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.01; n.s., nonsignificant.

knockdown significantly decreased the expression level of BoDV nucleoprotein
(BoDV-N) at 48 dpi (Fig. 3C and D). These data suggest that ADAR2 knockdown affects
not only the initial infection but also the intranuclear replication of BoDV, while ADAR1
is involved only in the initial infection.

To verify that ADAR2 is involved in the replication of BoDV in the nucleus, we next
knocked down ADAR2 with two different shRNAs in OL cells persistently infected with
BoDV (Fig. 4A and B). Thirty days later, the infection efficiencies and BoDV genomic RNA
expression levels were analyzed. Although ADAR2 knockdown did not alter the infec-
tion efficiencies of BoDV in the cells (Fig. 4C), the level of viral genomic RNA was
significantly reduced in the knockdown cells (Fig. 4D). Consistent with the decrease in
the viral genomic RNA level, ADAR2 knockdown led to a significant reduction in the
titer of virus collected from the cells (Fig. 4E). Considering that BoDV infection is
maintained in persistently infected cultured cells mainly through cell division, not by
reinfection (48), these observations strongly suggest that ADAR2 contributes to effi-
cient viral replication within cell nuclei, which may be important for the maintenance
of persistent BoDV infection.

In addition, we performed an ADAR2 knockdown experiment using influenza
A/WSN/33 (H1N1) (WSN) virus, which, like BoDV, replicates in the nucleus. However,
WSN virus growth was not inhibited in ADAR2 knockdown cells (Fig. 4F), suggesting
that ADAR2 knockdown attenuates persistent BoDV infection but not acute IAV infec-
tion in the nucleus.
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FIG 3 ADAR2 knockdown impairs BoDV propagation. (A) Growth curves of BoDV in cells with knockdown of ADARs.
Knockdown cell lines were infected with BoDV at an MOI of 1.0, and the infection efficiency was determined by IFA every
4 days after infection. (B) Relative amounts of BoDV genomic RNA in infected cells at 48 dpi. (C and D) Western blot analysis
of the BoDV proteins nucleoprotein (N) at 48 dpi. Alpha-tubulin was used as the loading control. The band intensities were
normalized by the signal intensities of alpha-tubulin. All experiments were performed in three biologically independent
replicates. Significance was analyzed by one-way or two-way ANOVA and Dunnett’s multiple-comparison test. *, P < 0.05;
** P < 0.01; ***, P < 0.001; n.s., nonsignificant.

ADAR2 knockout reduces infection efficiency of BoDV. To further confirm the
significance of ADAR2, the infection experiments were carried out using ADAR2 knock-
out cells generated by the CRISPR-Cas9 system (Fig. 5A). Consistent with the results in
ADAR2 knockdown cells, the infection efficiencies of BoDV in ADAR2 knockout cells
were significantly decreased at 4 dpi compared with that in mock cells (Fig. 5B). In
parallel, the expression levels of BoDV genomic RNA were also reduced by ADAR2
knockout (Fig. 5C). These results strongly support the significance of ADAR2 in BoDV
infection.

ADAR2 edits BoDV genomic RNA in persistently infected nuclei. To assess
whether the effect of ADAR2 knockdown on BoDV replication is dependent on A-to-|
editing, we first evaluated the A-to-l editing activity of ADAR2 in uninfected OL cells.
The A-to-l editing activity is generally determined by measuring the editing efficiency
of the Q/R site in host glutamate receptor 2 (GluR2), which was edited by ADAR2 with
almost 100% efficiency (Fig. 6A) (52). Since | is read as guanosine (G) in sequencing, an
A-to-G substitution is observed at the Q/R site as the result of A-to-l editing. We
amplified the GIuR2 fragment containing the Q/R site by seminested PCR and se-
quenced it. As illustrated in Fig. 6B, only a G signal was detected at the Q/R site in
uninfected OL cells, suggesting that the Q/R site was almost completely edited by
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FIG 4 Effect of ADAR2 knockdown on persistent infection of BoDV. (A and B) Western blotting of BoDV-infected OL cells transduced with
two shRNAs against ADAR2. GAPDH was used as the loading control in Western blotting. The band intensities were normalized by the
signal intensity of GAPDH. (C) Infection efficiencies were determined by IFA using anti-BoDV-P antibody. (D) Expression levels of viral
genomic RNA were measured by RT-qPCR. (E) Titers of BoDV were measured by IFA. Sonicated BoDV was prepared from ADAR2
knockdown cells infected with BoDV. OL cells were infected with sonicated BoDV, and IFA was performed at 3 dpi using anti-BoDV-P
antibody. FFU, focus-forming units. (F) WSN virus was collected from ADAR2 knockdown cells and control cells. Viral titers were
determined by a plaque assay. All experiments were performed in three biologically independent replicates. The values are expressed as
the means + SE of the results from three independent experiments. Significance was analyzed by Student’s t test or by one-way ANOVA
and Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.001; ***, P < 0.0001; n.s., nonsignificant.

ADAR2, as reported previously (52). However, only an A signal was detected in ADAR2
knockdown cells, indicating that the A-to-l editing activity in ADAR2 knockdown cells
was below the detection limit.

To assess whether A-to-l activity of ADAR2 is involved in BoDV infection, phenotypic
rescue was performed by overexpressing ADAR2 in the knockdown cells. ADAR2
knockdown cells were transfected with a series of plasmids expressing wild-type (WT)
ADAR2, an editing activity-deficient mutant (E/A) (53), or red fluorescent protein (RFP)
as a control. At 48 h posttransfection, the cells were infected with BoDV at an MOI of
1, and the infection efficiencies were measured at 4 dpi. As shown in Fig. 6C, overex-
pression of ADAR2 WT recovered the infection efficiency of BoDV, but overexpression
of ADAR2 E/A did not. These data suggest that the A-to-l editing activity of ADAR2 is
important for BoDV infection.

We next investigated whether BoDV genomic RNA is edited by ADAR2. We per-
formed sequence analysis on genomic RNA of BoDV collected from ADAR2 knockdown
cells by Sanger sequencing. We identified six possible A-to-l editing sites, in which G
residues existed as a minor population (10%), in BoDV genomic RNA collected from WT
cells but not from ADAR2 knockdown cells (Fig. 6D). All six sites were in the coding
regions. Among the A-to-G mutations, three were synonymous, and the others were
nonsynonymous substitutions. ADAR2 has a triplet preference for deamination. Triplets
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FIG 5 ADAR2 knockout reduces infection efficiency of BoDV. (A) Western blot analysis of ADAR2 knockout (KO)
cells. OL cells were introduced with Cas9-gRNA ribonucleoprotein by electroporation and cloned (KO#1 and KO#2).
GAPDH was used as the loading control. (B) ADAR2 knockout cells were infected with BoDV at an MOI of 1.0. The
infection efficiencies were determined by IFA at 4 dpi. (C) RT-qPCR of viral genomic RNA at 4 dpi. All experiments
were performed in three biologically independent replicates. The values are expressed as the means + SE of the
results from three independent experiments. Significance was analyzed by one-way ANOVA and Dunnett's
multiple-comparison test. **, P < 0.01; ***, P < 0.001.

are classified into type | (high preference), type Il (moderate preference), and type llI
(low preference) depending on the deamination efficiency (26). All six sites appeared to
belong to the higher-preference type | and Il categories, suggesting that the G residues
identified as the minor population could be generated by the A-to-l editing activity of
ADAR2. These results showed that BoDV genomic RNA is edited by ADAR2 in persis-
tently infected nuclei.

To confirm the editing of viral genomic RNA by ADAR2, we investigated the
interaction between BoDV genomic RNA and ADAR2 by RNA immunoprecipitation
analysis. Plasmids expressing FLAG-tagged ADAR2 WT, the ADAR2 RNA binding-
deficient mutant (EAA) (54), enhanced green fluorescent protein (EGFP) (negative
control), or BoDV-N (positive control) were transfected into cells persistently infected
with BoDV. At 48 h posttransfection, cell extracts were subjected to immunoprecipita-
tion using anti-FLAG antibody and were then analyzed by Western blotting and reverse
transcription-quantitative PCR (RT-qPCR). As shown in Fig. 6E and F, BoDV genomic RNA
was clearly coimmunoprecipitated with ADAR2 WT but not with ADAR2 EAA. These
data show that BoDV genomic RNA interacts with ADAR2 through its dsRNA-binding
domain, indicating that ADAR2 is involved in the A-to-l editing of BoDV genomic RNA
in the nucleus.

BoDV utilizes the editing activity of ADAR2 to avoid recognition as nonself in
infected nuclei. Our observations imply that BoDV exploits the A-to-l editing activity
of ADAR2 to avoid recognition as nonself, ensuring persistent infection in the nucleus.
Therefore, we next investigated the innate immune response induced by BoDV parti-
cles recovered from ADAR2 knockdown cells. OL cells were inoculated with BoDV
particles collected from ADAR2 knockdown cells infected with BoDV, and the induction
of innate immune responses was evaluated. As shown in Fig. 7A, the proinflammatory
cytokines interleukin 6 (IL-6) and CXCL10, which were shown to be upregulated in
BoDV-infected cells (55, 56), were significantly upregulated by infection with nonedited
BoDV collected from ADAR2 knockdown cells. However, the expression levels of these
proinflammatory cytokines did not significantly differ between the HEPES solutions
collected from noninfected ADAR2 knockdown cells and control cells (Fig. 7B). These
data indicate that infection with BoDV recovered from ADAR2 knockdown cells can
induce an enhanced innate immune response.

To verify whether the editing activity of ADAR2 is important for the enhanced
immune response in the above-described experiments, we performed a rescue exper-
iment using BoDV collected from ADAR2 knockdown cells overexpressing ADAR2 WT,
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FIG 6 ADAR2 binds and edits BoDV genomic RNA. (A) Schematic of the editing assay. (B) Results of sequencing analysis at the Q/R site in control cells and ADAR2
knockdown cells (shADAR2#1-7). (C) ADAR2 knockdown cells (shADAR2#1-7) were transfected with a series of plasmids expressing ADAR2 WT, ADAR2 E/A (an
editing activity-deficient mutant) or EGFP as a control. After 48 h, the cells were inoculated with BoDV at an MOI of 1.0 and subjected to IFA at 4 dpi. All
experiments were performed in three biologically independent replicates. The values are expressed as the means + SE of the results from three independent
experiments. (D) Left, schematic diagram of A-to-I editing sites in BoDV genomic RNA. The indicated numbers show the positions of A-to-G mutations. Right,
summary of the A-to-G position and amino acid changes. (E) The interaction between BoDV genomic RNA and ADAR2 was examined by RNA immunopre-
cipitation. FLAG-tagged ADAR2 WT, ADAR2 EAA (an RNA binding-deficient mutant), BoDV-N, and EGFP were separately overexpressed in BoDV-infected OL cells.
Coimmunoprecipitated proteins and RNAs were analyzed by Western blotting and RT-PCR, respectively. (F) Coimmunoprecipitated BoDV genomic RNA was
quantified by RT-qPCR. All experiments were performed in three biologically independent replicates. The values are expressed as the means + SE of the results
from three independent experiments. Significance was analyzed by one-way ANOVA and Dunnett’s multiple-comparison test. *, P < 0.05.

ADAR2 E/A, or EGFP. As shown in Fig. 7C, compared to infection with BoDV from ADAR2
knockdown cells transfected with ADAR2 E/A, infection with BoDV from ADAR2 knock-
down cells transfected with ADAR2 WT suppressed the expression level of IL-6. How-
ever, for CXCL10, only ADAR2 WT rescued the ADAR2 knockdown phenotype (Fig. 7C).
These results suggest that BoDV manipulates the A-to-l editing activity of ADAR2 to
avoid recognition as nonself by the host and prevent the induction of the innate
immune response.

We finally assessed whether ADAR2 suppresses the expression of innate immune
genes even in persistently infected cells. To this end, we knocked down ADAR2 in OL
cells persistently infected with BoDV and investigated the expression level of CXCL10
mRNA. As shown in Fig. 7D, in uninfected cells, the expression level of CXCL10 mRNA
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FIG 7 BoDV suppresses the induction of innate immunity through the RNA-editing activity of ADAR2. (A) Cell-free
BoDV particles were collected from ADAR2 knockdown (shADAR2#1-7) or control cells infected with BoDV, and the
normalized amount of viral genomic RNA was determined by RT-qPCR. OL cells were inoculated with an equal
amount of BoDV particles for 1 h at 37°C. After 8 h, total cell lysate was collected and subjected to RNA extraction,
reverse transcription, and RT-qPCR. (B) The procedure described in panel A was performed, except that noninfected
cells were used. (C) Phenotypic rescue experiments were performed. Cell-free BoDV particles were collected from
ADAR2 knockdown cells expressing ADAR2 WT, ADAR2 E/A, or EGFP as a control. OL cells were inoculated with an
equal amount of BoDV particles for 1 h at 37°C. After 8 h, total cell lysate was collected and subjected to RNA
extraction, reverse transcription, and RT-qPCR. (D) The expression levels of CXCL10 in ADAR2 knockdown cells with
persistent BoDV infection or mock infection were quantified by RT-qPCR. All experiments were performed in three
biologically independent replicates. The values are expressed as the means + SE of the results from three
independent experiments. Significance was analyzed by Student’s t test or one-way ANOVA and Dunnett’s
multiple-comparison test. *, P < 0.05; **, P < 0.001; ***, P < 0.0001; n.s., nonsignificant.

did not differ between ADAR2 knockdown and control cells; in contrast, CXCL10 was
significantly upregulated by ADAR2 knockdown in cells persistently infected with BoDV.
Considering that ADAR2 is required for the efficient replication of BoDV in persistently
infected cells (Fig. 4), these observations indicate that the genomic RNA in persistently
infected nuclei must also undergo A-to-l editing for efficient replication. In turn, this
requirement suggests that the mechanism for sensing nonself RNA is active in the
nucleus and that BoDV utilizes an intranuclear host editing system, ADAR2, to evade
this sensing mechanism.

DISCUSSION

This report is the first to demonstrate that ADAR2 knockdown upregulates immune
responses and affects RNA virus infection. We showed that the genomic RNA of
persistently infecting BoDV is recognized as nonself RNA and edited by ADAR2 in the
nucleus. This finding demonstrates a novel viral strategy utilizing cellular mechanisms
to prevent antiviral responses in the nucleus.

Viruses have evolved original strategies to evade the host innate immune system;
however, the strategy used by a persistently infecting RNA virus to escape from nonself
RNA sensors in the nucleus is poorly understood. Given that viruses hijack host
machinery to survive, BoDV may conceivably utilize intranuclear machinery to avoid
recognition of its RNA as nonself. In this study, we obtained the following experimental
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evidence that BoDV uses ADAR2 in the nucleus: (i) knockdown or knockout of ADAR2
reduces the replication efficiency of BoDV, and overexpression of ADAR2 WT rescues
the reduced replication (Fig. 3 and 5), (ii) ADAR2 can edit BoDV genomic RNA in
persistently infected nuclei (Fig. 6), (iii) ADAR2 binds to BoDV genomic RNA through the
dsRNA-binding domain (Fig. 6), (iv) BoDV produced in ADAR2 knockdown cells induces
an enhanced innate immune response (Fig. 6 and 7), and (v) the enhanced innate
immune response induced by ADAR2 knockdown cell-derived BoDV is rescued by the
expression of ADAR2 WT (Fig. 7C). Collectively, these findings strongly suggest that
BoDV manipulates ADAR2 to edit viral RNA to appear as self RNA in order to prevent
the induction of host innate immune responses in the nucleus. However, in this study,
we cannot exclude the possibility that one or more host factors related to viral growth
is edited by ADAR2 and affects BoDV infection and innate immune induction. Never-
theless, to our knowledge, this report is the first to describe the involvement of the
RNA-editing enzyme in the intranuclear replication of RNA virus.

Our study also uncovers a previously undetermined function of ADAR2, which is
suppression of the autoimmune response. Microarray analysis revealed that ADAR2
knockdown induced inflammatory and innate immune responses even in the absence
of infection or stimulation (Fig. 2). Previous studies showed that ADAR2 mediates the
A-to-l editing of mRNAs constitutively transcribed from host genomic DNA (16, 23-25).
Our results indicated that, like ADAR1, ADAR2 might prevent the recognition of
endogenous dsRNAs as nonself by RNA sensors such as MDA5 and PKR (3).

The involvement of ADAR2 in dsRNA recognition suggests the intriguing possibility
that ADARs differentially recognize target RNAs in a manner dependent on the intra-
cellular localization of the RNAs. Interferon-inducible ADART p150 is a cytoplasmic
protein, and p110 is constitutively expressed in both the nucleus and cytoplasm, while
ADAR2 is localized in the nucleus. BoDV establishes persistent infection in the nucleus.
During persistent infection, BoDV does not need to be outside the nucleus because its
genomic RNA is associated with host chromosomes throughout the cell cycle (48).
Considering this localization, ADAR2 is the most likely major partner of BoDV genomic
RNA for editing in infected cells. Indeed, we demonstrated the interaction between
ADAR2 and genomic RNA in infected cells (Fig. 6). Furthermore, ADAR1 did not affect
the establishment of persistent BoDV infection (Fig. 3A). Conceivably, the selection of
target RNA by the differential localization of ADAR1 and ADAR2 contributes to efficient
RNA editing in cells. However, we did not find that ADAR2 knockdown affected the
growth of IAV (Fig. 4F). IAV also replicates in the nucleus but causes acute infection.
Although ADAR2 might be able to edit IAV genomic RNA in the nucleus, it would only
mildly affect viral replication because IAV genomic RNA is localized in both the
cytoplasm and nucleus during infection and has been shown to be recognized by RNA
sensors, such as RIG-I, which results in the induction of strong immune responses
(57-59). This recognition may mask the effect of ADAR2 in editing IAV genomic RNA in
the nucleus. Alternatively, the target RNA specificity of ADARs may be determined by
the preferential sites of A-to-l editing within the sequences. The A-to-l editing sites in
BoDV genomic RNA are located in coding regions (Fig. 6D), consistent with the
preference of ADAR2 for triplets, while ADAR1 shows a greater preference for repetitive
sites (16). These data may explain why ADAR1 knockdown does not affect BoDV
propagation (Fig. 3). Further analysis is necessary to elucidate the target RNA specificity
of ADARs.

ADARs mediate hyperediting on RNAs of various viruses (60-62). In MV, A-to-l
editing by ADART may disrupt dsRNA structures within the DI RNA to avoid recognition
by PKR and MDAS5 (26-28). We found six editing positions in BoDV genomic RNA where
A residues accounted for 90% and G residues for 10% of the residues in the read
sequences (Fig. 6D). However, the G residue was totally eliminated in these six positions
in the genomic RNA of virus produced in ADAR2 knockdown cells, indicating that the
A-to-G mutation was introduced by ADAR2. In this study, we could not demonstrate the
mechanism by which the A-to-G mutations in the genomic RNA reduce the induction
of innate immune responses in cells. Although we could not find drastic changes in the
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predicted RNA secondary structures in the edited regions of BoDV genomic RNA (data
not shown), small nucleotide changes in a long RNA molecule, such as viral genomic
RNA, could conceivably change intramolecular interactions and influence structural
stability or accessibility. Alternatively, during replication and transcription, BoDV RNA
could form intermolecular dsRNA structures containing genomic and antigenomic
RNAs and mRNAs. Since both intra- and intermolecular dsRNAs are substrates for
ADARs (63), the edited sites in BoDV genomic RNA may prevent the generation of
intermolecular dsRNA structures, resulting in the elimination of innate immune induc-
tion. Furthermore, of the six mutations, three contribute to nonsynonymous mutations
in the P, M, and L genes (Fig. 6D). Thus, investigating the possibility that viral proteins
harboring such mutations can directly suppress the innate immune response and
contribute to efficient viral growth may be interesting.

We showed that ADAR2 knockdown significantly reduces the level of BoDV genomic
RNA in persistently infected cells (Fig. 4D). Considering that only 10% of BoDV genomic
RNA was edited by ADAR2 in the cells (Fig. 6D), such a small population of mutants in
the nucleus could be critical for the maintenance of efficient viral replication. Another
possibility is that BoDV genomic RNA is extensively edited at a low frequency that
cannot be detected by Sanger sequencing, as reported by Li et al. (64), and the entire
viral population is required to suppress the innate immune response, as is observed in
poliovirus infection (65). Further analysis to detect whether or not BoDV generates
minor mutations during the replication in the nucleus using RNA sequencing (RNA-seq)
analysis would be of interest. On the other hand, we found no BoDV isolates with
A-to-G mutations in the NCBI database, suggesting that although the edited mutants
can reduce the innate immune response and maintain persistent infection as an overall
viral population in infected cells, the presence of these mutations in the BoDV genome
is lethal or deleterious for viral growth, and these mutants cannot remain a major
population. Regulation of the ratio of mutant BoDV genomic RNA in the population
may counterbalance innate immune activation and viral replication, which could be
critical for the maintenance of persistent infection in the nucleus. Our findings may
shed light on the new role of quasispecies among the viral population in persistently
infected cells.

In summary, this study reveals an elaborate strategy by which RNA viruses manip-
ulate host machinery to allow innate immune evasion and the establishment of
persistent infection in the nucleus. Additionally, our findings provide new insight into
the cellular mechanism by which intranuclear RNA editing allows the recognition of
nonself signatures to maintain self functions.

MATERIALS AND METHODS

Cells. OL cells derived from human embryonic oligodendroglial cells (66, 67), BoDV-infected OL cells,
and ADAR2 knockout OL cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo
Fisher Scientific) supplemented with 5% fetal calf serum (FCS; MP Biomedicals, CA, USA). OL cells
expressing shRNA against ADAR1 or ADAR2 or a scrambled shRNA sequence were maintained in the
same medium containing 2 pg/ml puromycin (Merck, Darmstadt, Germany). 293T LTV cells (Cell Biolabs,
CA, USA) were grown in DMEM-low glucose (1.0%) (Nacalai Tesque, Kyoto, Japan) containing 10% FCS
and 1% minimum essential medium (MEM) nonessential amino acid solution (Thermo Fisher Scientific).
MDCK cells were cultured in MEM (Thermo Fisher Scientific) supplemented with 5% FCS, 7.5% NaHCO,
(Merck), a 1% MEM nonessential amino acid solution, a 1% MEM vitamin solution (Thermo Fisher
Scientific), 1% L-glutamine (Merck), and a 1% penicillin-streptomycin solution (Wako, Osaka, Japan).

Plasmid construction. To construct the ADAR2 expression plasmid (pcDNA3-3XFLAG-ADAR2), the
ADAR2 fragment amplified by PCR with cDNA reverse transcribed from OL cells was cloned into the
pcDNA3 vector, which contains three FLAG tags upstream of the cloning site. The plasmid expressing
the ADAR2 editing-deficient mutant (pcDNA3-3XFLAG-ADAR2 E/A) was generated by PCR-based mu-
tagenesis at the catalytic active site of ADAR2 (glutamic acid to alanine at position 396). The plasmid
expressing ADAR2 EAA, an RNA binding-deficient mutant (pcDNA3-3XFLAG-ADAR2 EAA), was kindly
provided by Kazuko Nishikura (The Wistar Institute, USA) (54). To obtain the EGFP expression plasmid
(pcDNA3-3 X FLAG-EGFP), EGFP cDNA was amplified using pEGFP-N1 (Addgene, MA, USA) as the template
and inserted into the same vector. The BoDV-N expression plasmid was previously constructed (68).

shRNA expression. To obtain shRNA expression plasmids, shRNA sequences against ADAR1 or
ADAR2 or a scrambled shRNA sequence were cloned into pRSI-U6-(sh)-UbiC-RFP-2A-Puro (Cellecta, CA,
USA). The sequence information of shRNAs used in this study was as follows: for shADAR1, 5'-CCAGCA
CAGCGGAGUGGUA-3’; for shADAR2#1, 5'-TACATGAGTGATCGTGGCC-3’; and for ADAR2#2, 5'-GATAGAC
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TABLE 1 Antibody list and characteristics

Antibody Assay? Reference or source Dilution Catalog no.
Anti-human ADART monoclonal antibody WB Santa Cruz Biotechnology 1/1,000 Sc-73408
Anti-human ADAR2 monoclonal antibody WB Santa Cruz Biotechnology 1/1,000 Sc-73409
Anti-human GAPDH monoclonal antibody WB Santa Cruz Biotechnology 1/1,000 Sc-47724
Anti-human tubulin monoclonal antibody WB Sigma-Aldrich 1/2,000 T5168
Anti-BoDV P polyclonal antibody IFA Hirai et al. (75) 1/1,000

Anti-BoDV N monoclonal antibody WB Hirai et al. (75) 1/4

Anti-FLAG M2 monoclonal antibody WSB, RIP Sigma-Aldrich 1/1,000 F1804

Alexa Fluor 488 goat anti-rabbit IgG IFA Thermo Fisher Scientific 1/1,000 A11034
Peroxidase-conjugated AffiniPure donkey anti-mouse IgG WB Jackson ImmunoResearch 1/1,000 715-035-150
Peroxidase-conjugated AffiniPure donkey anti-rabbit I1gG WB Jackson ImmunoResearch 1/1,000 711-035-152

aWB, Western blotting; IFA, indirect immunofluorescence assay; RIP, RNA immunoprecipitation.

ACCCAAATCGTA-3’ (69). The plasmids were cotransfected with psPAX2 packaging plasmid (Cellecta) and
pMD2.G (Cellecta) expressing vesicular stomatitis virus G protein into 293T LTV cells. After 72 h,
supernatants containing lentiviral vectors were collected and filtered through a 0.45-um filter. To
establish the ADAR1 and ADAR2 knockdown cell lines, OL cells were infected with the lentiviral vectors
and were then selected with 2 ug/ml puromycin. Puromycin-resistant cells were picked and cloned. The
numbers of shRNAs and cell clones were 1 for shADAR2#1 and 7 for shADAR2#1.

Sonicated virus preparation. Sonicated BoDV was prepared as previously described (70). Briefly,
BoDV-infected OL cells were suspended in DMEM supplemented with 2% FCS and subjected to
sonication. After centrifugation of sonicated cells at 1,200 X g for 25 min at 4°C, the supernatant was
collected and stored at -80°C.

BoDV infection. Cells were inoculated with sonicated BoDV or cell-free BoDV particles. After
absorption for 1 h, cells were washed with phosphate-buffered saline (PBS) and maintained in DMEM
containing 2% FCS. To assess viral propagation, the infected cells were passaged every 4 days.

Indirect IFA. Cells were fixed with 4% paraformaldehyde (Nacalai Tesque) and permeabilized in PBS
containing 0.1% Triton X-100 (Nacalai Tesque) and 2% FCS. After washing with PBS, cells were incubated
with anti-BoDV P antibody and then with Alexa Fluor 488-conjugated secondary antibody (Thermo Fisher
Scientific) and 4',6-diamidino-2-phenylindole (DAPI; Merck) at room temperature for 1 h. BoDV-positive
cells and DAPI-positive cells were counted using a BZ-X710 All-in-One fluorescence microscope (Keyence,
Osaka, Japan). Infection efficiency was calculated by dividing the number of infected cells by the number
of total cells.

RNA extraction. Total RNA was extracted using a NucleoSpin RNA kit (Macherey-Nagel, Diren,
Germany) or TRIzol LS (Thermo Fisher Scientific), according to the manufacturers’ protocols.

RT-qPCR. Total RNA was reverse transcribed using a Verso cDNA synthesis kit (Thermo Fisher
Scientific) using BoDV genome-specific, oligo(dT), or random hexamer primers. RT-qPCR assays were
performed with a Rotor-Gene Q (Qiagen, Hilden, Germany) or a CFX Connect real-time system (Bio-Rad,
CA, USA) using Thunderbird SYBR quantitative PCR (qPCR) mix (Toyobo, Osaka, Japan) or Thunderbird
Probe qPCR mix (Toyobo). The primer sequences are available upon request.

Western blot analysis. Cell lysates were prepared and subjected to SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Membranes were blocked with Blocking One solution (Nacalai
Tesque) and were then incubated with the primary antibodies listed in Table 1 at room temperature for
1 h. After washing, membranes were probed with horseradish peroxidase (HRP)-conjugated secondary
antibodies at room temperature for 1h. Membranes were developed with ECL Plus Western blot
detection reagents (GE Healthcare, IL, USA), according to the manufacturer’s instructions. Band intensities
were measured using the Multi Gauge v3.2 software (Fujifilm, Tokyo, Japan).

Microarray analysis. Microarray analysis was performed with a Human Clariom S array (Thermo
Fisher Scientific), according to the manufacturer’s protocol. The results were analyzed using the Tran-
scriptome Analysis Console (TAC) software (Thermo Fisher Scientific). DEGs were extracted by rank
product analysis (false-discovery rate, <0.05) (71).

Gene Ontology term analysis. Gene Ontology (GO) term analysis was conducted on the identified
DEGs using the Database for Annotated Visualization, Integration and Discovery (DAVID) software
(72, 73).

siRNA transfection for phenotypic rescue. ADAR2 knockdown cells were transfected with a series
of siRNAs using HiPerfect reagent (Qiagen), according to the manufacturer’s protocol. Twenty-four hours
after transfection, cells were inoculated with BoDV at an MOI of 1 at 37°C for 1 h and subsequently
subjected to IFA at 3 dpi. The siRNAs used in this study are listed in Table 2. The catalog numbers for the
siRNAs are available upon request.

Rescue of infection efficiency in ADAR2 knockdown cells. ADAR2 knockdown cells were trans-
fected with pcDNA3-3XFLAG-ADAR2, pcDNA3-3XFLAG-ADAR2 E/A, or pcDNA3-3XFLAG-EGFP. After
48 h, the cells were inoculated with BoDV at an MOI of 1 at 37°C for 1 h and subsequently subjected to
IFA at 3 dpi.

IAV infection in ADAR2 knockdown cells. WSN virus was kindly provided by Yoshihiro Kawaoka
(The University of Tokyo, Japan). ADAR2 knockdown and control cells were inoculated with WSN virus at
an MOI of 1 for 1 h. After washing with PBS, cells were maintained in the medium at 37°C. After 48 h, the
supernatant was collected and centrifuged at 3,000 rpm for 10 min at 4°C to remove cell debris. Viral
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TABLE 2 siRNAs used in Fig. 2C

siRNA no. Gene name
1 TMPRSS15
2 CXCL5

3 ANPEP

4 AOX1

5 TMEM156
6 CXorf57
7 GPR85

8 S100A16
9 IL1B

10 GCA

1 QPRT

12 SERPINB7
13 ZNF804A
14 EVI2A

15 TFPI

16 c3

17 ILTRAPL1
18 NAV3

19 TMEM47
20 CSMD3
21 NCAM2
22 C60rf99
23 G0S2

24 GLIPR1
25 BIRC3

26 RAB27B
27 AKR1C1
28 EMP1

29 GRPR

30 HDAC9
31 ABI3BP
32 PTX3

33 SYTL2

34 SPP1

35 TENM1
36 SYT1

37 PDCD1LG2
38 CXCL8

39 FGF5

40 CDCP1

41 PLAU

42 SNAI2

43 PRTFDC1
44 CDK15
45 SRPX2

46 CPED1

47 HS3ST3A1
48 ANTXR2
49 CXCL1

50 FGF1

51 Nontargeting control
52 GAPDH

titers in the supernatants were determined by a plaque assay. MDCK cells in 12-well plates were
inoculated with 10-fold serial dilutions of WSN virus for 1h at 37°C, and agarose containing 0.2%
tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin (Merck) was then added. Plates were
incubated at room temperature for 15 min and then at 37°C for 36 h. Then, 20% formalin was added to
each well and incubated for 30 min at room temperature. After the formalin and agarose were removed,
the wells were stained with 0.005% amido black at room temperature for 1 h. After the wells were
washed, the number of plaques was counted.

Establishment of ADAR2 knockout cell lines with CRISPR-Cas9 system. ADAR2 knockout cell lines
were generated by the Alt-R CRISPR-Cas9 system (Integrated Device Technology, CA, USA), according to
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the manufacturer’'s protocols. The target sequence was 5'-GCCATGCAGAAATAATATCTCGG-3'. Alt-R
CRISPR-Cas9 CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA) were mixed and incubated for
5min at 95°C. The genomic RNA (gRNA) was mixed with Alt-R S.p. HiFi Cas9 nuclease V3 at room
temperature for 20 min. OL cells were electroporated with the Cas9-gRNA complex using 4D-
Nucleofector and SF Cell Line 4D-Nucleofector X kit L (Lonza, Basel, Switzerland). The electroporated cells
were cloned and used for subsequent experiments.

RNA editing detection assay. The editing efficiency of the Q/R site in host GIuR2, which was edited

by ADAR2 with almost 100% efficiency, is commonly measured to assess the editing activity of ADAR2
(52). To this end, the GIuR2 fragment containing the Q/R site was amplified by seminested PCR with
PrimeSTAR GXL DNA polymerase (TaKaRa Bio, Shiga, Japan) and sequenced. The conditions for the first
PCR were as follows: 35 cycles of 10 s at 98°C, 30 s at 60°C, and 30 s at 72°C. In the next reaction mixture,
1 wl of the first PCR product was used as the template. The conditions for the second reaction were as
follows: 35 cycles of 10 s at 98°C, 30 s at 66°C, and 30 s at 68°C. The primer information is available upon
request.

Direct sequencing of BoDV genomic RNA. BoDV genomic RNA contained in viral particles collected

from ADAR2 knockdown or control BoDV-infected cells was reverse transcribed with a Verso cDNA
synthesis kit and amplified by PCR using KOD One PCR master mix -blue- (Toyobo). The PCR products
were cloned into the pCR4Blunt-TOPO vector (Thermo Fisher Scientific), following the manufacturer’s
guidelines. Ten colonies per PCR product were picked and sequenced. The sequences were analyzed
using the Geneious software (Biomatters, Auckland, New Zealand). The primer sequences are available
upon request.

RNA immunoprecipitation. BoDV-infected OL cells were transfected with pcDNA3-3XFLAG-ADAR2

WT, pcDNA3-3XFLAG-ADAR2 EAA, pcDNA3-3XFLAG-EGFP, or pcDNA3-3XFLAG-BoDV-N using Lipo-
fectamine 2000 (Thermo Fisher Scientific). At 48 h posttransfection, RNA immunoprecipitation (RIP) was
performed using a RiboCluster Profiler/RIP-assay kit, according to the manufacturer’s instructions, except
that Dynabeads protein G (Thermo Fisher Scientific) was used instead of the supplied agarose beads for
immunoprecipitation. The coimmunoprecipitated sample was analyzed by Western blotting and RT-PCR.
To quantitate BoDV genomic RNA, RT-gPCR was performed.

Cell-free BoDV preparation. Cell-free BoDV particles were prepared as previously described (74).

BoDV-infected cells were incubated with 20 mM HEPES buffer (pH 7.4) containing 250 mM MgCl, and 1%
FCS for 90 min at 37°C. Supernatants were filtered through 0.22-um membrane filters and stored at
-80°C.

number GSE138927).
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