Replicating hepatitis delta virus RNA is edited in the
nucleus by the small form of ADAR1
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Hepatitis delta virus (HDV) uses a host-encoded RNA-editing ac-
tivity to express its two essential proteins from the same coding
sequence. Adenosine deaminase that acts on RNA (ADAR)1 and
ADAR2 are enzymes that catalyze such reactions, and each, when
overexpressed, are capable of editing HDV RNA in vivo. However,
the enzyme responsible for editing HDV RNA during replication has
not been determined. Mammalian cells express two forms of
ADAR1, a large form (ADAR1-L) that mainly localizes to the cyto-
plasm and a small form (ADAR1-S) that resides in the nucleus.
Recently, we found that the specific activity of ADAR1-L within
cells is much higher than that of ADAR1-S but only when the
substrate can be edited in the cytoplasm. Here we observed that
although both ADAR1-S and ADAR1-L were expressed throughout
HDV replication, no ADAR2 could be observed at any time. Using
expression vectors that individually overexpress either form of
ADAR1, we found that ADAR1-S could stimulate editing during
replication more efficiently. We next reduced ADART1 levels during
HDV replication. After transfection of an ADAR1-L-specific small
interfering RNA (siRNA), we observed a significant loss of that
protein and its associated cytoplasmic editing activity while the
level of ADAR1-S remained unchanged. Transfection of this siRNA,
however, did not reduce editing during HDV replication. In con-
trast, transfection of an siRNA that targets both forms of ADAR1
greatly reduced the expression of both proteins and potently
inhibited editing during replication. We conclude that ADAR1-S
edits HDV RNA during replication and that editing occurs in the
nucleus.

H epatitis delta virus (HDV) is a subviral pathogen that relies
on its helper, hepatitis B virus, to provide envelope proteins
needed for virion assembly (1). The HDV genome is a 1,679-nt,
single-stranded, negative sense circular RNA that is 70% self-
complementary and is thought to fold into an unbranched
rod-like structure (2). HDV uses a double rolling-circle repli-
cation mechanism, and that process creates the antigenome, a
circular replication intermediate that is complementary to the
genome (3). Throughout HDV infection, the virus expresses the
small delta antigen (HDAg-S). This protein is required for
replication and is translated from a subantigenomic message that
lacks the characteristic unbranched rod-like structure of the
complete antigenome (4). Later during infection, some antig-
enomes are edited (5) at a specific position, referred to as the
amber/W site, such that the UAG that encodes the amber codon
of the HDAg-S is converted to a tryptophan codon (UIG, where
I = inosine) (see Fig. 14). The cellular transcriptional machinery
recognizes inosine as guanosine, and therefore after replication
and transcription, the resulting mRNA has an extended ORF
that encodes the large delta antigen (HDAg-L). The HDAg-L
inhibits replication and is required for virion assembly (6, 7).
Hence, RNA editing is an essential process in HDV replication
as it modulates the switch from the early to the late phase and
enables the virus to express two essential and functionally
distinct proteins from the same coding sequence.

The HDAg-S and HDAg-L interact with one another and with
both genomes and antigenomes to form ribonucleoprotein com-
plexes (8). Although HDV RNA synthesis is thought to occur in
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the nucleus, Tavanez et al. (9) recently showed that HDV
ribonucleoprotein complexes shuttle between the nucleus and
cytoplasm. Furthermore, at least some antigenomic RNA is
observed in cytoplasmic fractions (10, 11). Hence, editing of
HDYV antigenomic RNA potentially could occur in either com-
partment. Virions that contain genomes copied from edited
antigenomes are nonproductive, because after infection, only
HDAg-L is expressed. Thus, although editing is an essential
process, it must be limited such that HDAg-S-expressing ge-
nomes can persist and be assembled into virions. In addition to
the extent of editing, the timing of editing is also critical, because
the production of the replication inhibitor, HDAg-L, too early
during replication would cause that process to abort. Although
it is known that HDAg-S can inhibit amber/W editing (12), this
protein is present throughout HDV replication and apparently is
not responsible for the temporal regulation of editing. Currently,
there is no understanding of how such temporal regulation might
be accomplished. An obvious first step toward understanding the
regulation of editing during HDV replication would be the
identification of the host enzyme that catalyzes the event.

Two members of the adenosine deaminase that act on RNA
(ADAR) family, ADAR1 and ADAR?2, catalyze the deamina-
tion of adenosine to inosine in perfect and imperfect duplex
RNA (13-16). Mammalian cells express two different molecular
mass forms of ADARI, the large, full-length 150-kDa form
(ADARI1-L) and a small, 110-kDa form (ADARI-S) (17).
ADARI-S lacks the first 295 amino acids that are present in the
amino terminus of ADARI1-L. ADARI-S is localized to the
nucleus and is expressed constitutively, whereas ADARI1-L is
localized mainly to the cytoplasm (18), and its expression can be
induced by IFN (17). The ADARI-L message is synthesized
from an IFN-inducible promoter containing the first exon (exon
1A) with the initiator AUG (see Fig. 1B; ref. 19). ADARI1-S
messages, however, can be expressed from three constitutive
promoters (20). Transcripts encoding ADARI-S are translated
from an initiator AUG in the second exon of the message. This
AUG corresponds to the second methionine of ADARI-L at
position 296. In most cells, ADARI-L is expressed at a much
lower level than is ADARI1-S. However, we recently observed
that, even at very low levels of expression, ADARI-L was
remarkably efficient at editing transcripts in the cytoplasm, and
under these conditions its specific activity was 80-fold higher
than that of ADARI1-S (S.K.W., S. Sato, and D.W.L., unpub-
lished data).

Substrates that can be edited by mammalian ADARs include
pre-mRNAs for glutamate (21-23) and serotonin (24) receptors
and the rat ADAR?2 pre-mRNA (25). Xenopus ADAR specifi-
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Fig. 1.  (A) RNA editing of the antigenome during HDV replication enables
the virus to express two proteins from one coding sequence. The genome and
antigenome are represented as rods, and the open boxes within the rods
represent the sequences corresponding to the ORF of the HDAg-S. The black
region of the box is the additional 19 amino acids of the HDAg-L. (B) Tran-
scripts and promoter organization of hADAR1 as determined by Samuel and
coworkers (19, 20). The diagram shows the three splice variants, with exons
(Ex) 1A, 1B, and 1C spliced to exon 2. The promoters are shown as shaded
regions. Exon 1A arises from an IFN-inducible promoter (Pi-1A) and contains
the first methionine (M1) of the hADAR1-L. Exons 1B and 1C are constitutively
expressed from promoters Pc-1B and Pc-1C, respectively, and lack an in-frame
AUG. Only transcripts with exon 1A encode ADAR1-L, whereas the others
encode ADAR1-S. A fourth transcript arising from a constitutive promoter at
exon 2 (Pc-2) also encodes ADAR1-S. The black squares denote the positions of
the siRNAs targeted against only ADAR1-L (siL) or both forms of ADAR1
(siL+S). Sequences targeted by siL+S are duplicated naturally.

cally and efficiently edits the HDV amber/W site in vitro (26).
In addition, when overexpressed by transient transfection, both
human ADAR1 and ADAR?2 are able to edit this site in vivo with
comparable efficiency (27, 28). However, the identity of the
activity endogenously expressed in cells that is responsible for
editing has been established for only a few sites within these
substrates where ADAR2 was found to be responsible (29).
Here we used RNA interference (RNAI) as a tool to identify
the enzyme responsible for editing replicating-HDV RNA in
tissue culture. The RNAIi pathway induces sequence-specific
inhibition of gene expression in response to double-stranded
RNA of the same sequence (30). A protein known as dicer first
cleaves the double-stranded RNA into small duplexes of roughly
21 ntin length (31). These 21-nt small interfering (si)RNAs then
are bound by a complex of proteins known as the RNA-induced
silencing complex (RISC) (32). The RISC is thought to anneal
the antisense strand of the siRNA to messages, and when a
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perfect match is encountered, the message is degraded. Re-
cently, Elbashir e al. (33) showed that introduction of siRNAs
into mammalian cells can specifically decrease the level of
expression of the targeted transcript without eliciting nonspecific
responses that are induced by longer RNA duplexes in a
sequence-independent manner (e.g., IFN-regulated pathways).
Using RNAi as well as other approaches, we found that
ADARI-S edits HDV antigenomic RNA in the nucleus during
replication. Endogenously expressed ADAR1 was shown defin-
itively to be responsible for the editing event.

Methods

Transfections, Western Analyses, and Quantitation. Huh7 and hu-
man embryonic kidney (HEK)293 cells were cultured in DMEM
(Cellgro) supplemented with 10% FBS. DNAs were transiently
transfected by either a modified calcium-phosphate precipitation
method (34) or by Lipofectamine 2000 (Invitrogen).

Total cellular proteins were analyzed by immunoblotting with
anti-ADARI, anti-ADAR?2, anti-delta antigen polyclonal anti-
sera, anti-hemagglutinin (HA) monoclonal antibody (27, 28), or
anti-B-actin monoclonal antibody (clone AC-15, Sigma). Quan-
titation of Western analyses was performed by using the Mo-
lecular Dynamics Storm PhosphorImager and IMAGEQUANT
software.

Detection of ADARs During HDV Replication. Huh7 cells were co-
transfected with pDL456 (34), a cDNA that expresses replica-
tion-competent antigenomic HDV RNA, a puromycin resistance
plasmid (pSKW041), and a GFP-expressing plasmid (pEGFP-c1,
CLONTECH) and were selected for puromycin resistance.
Controls with and without pSKW041were included to determine
the efficiency of the puromycin enrichment of transfected cells.
GFP expression of the control with pPSKWO041 indicated that
>90% of the surviving cells were transfected. Very few cells
(<5%) survived under puromycin selection in the control that
lacked pSKWO041. Protein and RNA samples were taken 4, 5, 6,
7, 8, 10, and 12 days posttransfection. The protein samples were
immunoblotted with anti-ADARI1, anti-ADAR2, or anti-delta
antigen polyclonal antisera, and the RNA samples were probed
with an RNA probe of antigenomic sequence so as to detect the
genomic strand. pPSKW041 was derived from pBabe-Puro (35) by
subcloning the 0.7-kb HindIII-Clal fragment of pBabe-Puro into
an expression vector, pSS43 (28), that contains a cytomegalo-
virus promoter and an HDV polyadenylation signal.

Overexpression of HA-Tagged ADARs During HDV Replication.
HEK?293 cells were cotransfected with pDL538 (34), which
expresses replication-competent HDV genomic RNA, and vec-
tors that express either HA-tagged ADARI1-L (pDL707; S.K.W.,
S. Sato, and D.W.L., unpublished data) or HA-tagged ADARI1-S
(pDL701; S.K.W., S. Sato, and D.W.L., unpublished data).

RNAi Using siRNA. The siRNAs used (synthesized by Dharmacon
Research) were: siADAR2 top strand, 5'-UACAUGAGU-
GAUCGUGGCCUU-3’; bottom strand, 5'-GGCCACGAU-
CACUCAUGUAUU-3’; siADARI1-L+S top strand, 5'-
CCAGCACAGCGGAGUGGUAUU-3'; bottom strand, 5'-
UACCACUCCGCUGUGCUGGUU-3"; siADARI-L top
strand: 5" GACCCGCGGAGUUUCCCGUUU-3'; and bottom
strand, 5'-ACGGGAAACUCCGCGGGUCUG-3'".

The top and bottom strands of the RNA were annealed at a
concentration of 80 uM in 10 mM Tris (pH7.7)/1 mM EDTA/
100 mM NaCl by heating to 90°C for 1 min and then cooling in
a thermocycler at a rate of 0.1°C/s until 22°C was reached.
HEK293 cells were seeded into six-well dishes to =~50% con-
fluence. The cells were transfected initially with 2.5 ul per well
of the annealed RNA mixture by using Oligofectin (Invitrogen),
and 1 day later this transfection was repeated. One day after the

PNAS | November 12,2002 | vol.99 | no.23 | 15119

MICROBIOLOGY



A

Day 4 5 6 7 8 10

HDV + - + - + - + - + - + - std
ADART-L

o i e T B e 5
' i '-«—-ADARZ

B Day4 56 781012
- = ==& <HDAg-L

-<—HDAg-S

% Editing -~ LR SNINCIG

e Ee < Genome

Fig. 2. Expression of endogenous ADAR1 and ADAR2 during HDV replica-
tion in Huh7 cells. (A) Western analyses were performed on total cell lysates
expressing replicating-HDV RNA (HDV+) or control vector (HDV—) 4-10 days
posttransfection and immunoblotted with either anti-ADAR1 (Upper) or anti-
ADAR2 (Lower) polyclonal antisera. std, standard. (B) Efficient editing was
occurring during the course of replication. (Upper) A Western analysis per-
formed with anti-delta antigen polyclonal antiserum showing the edited
(HDAg-L) and unedited (HDAg-S) products. (Lower) A Northern blot probed to
detect the HDV genome.

second transfection, cDNAs expressing either a nonreplicating
editing reporter, pSS106 (28), or replicating-HDV antigenomic
RNA, pDL456 (34), were cotransfected with more siRNA by
using Lipofectamine 2000 (Invitrogen). pSS106 is a nonreplicat-
ing-HDV mutant derived from the wild-type HDV amber/W
reporter and was observed previously to be highly edited by the
endogenous editing activity of HEK293 cells (28). Cells trans-
fected with pSS106 were lysed for Western analyses 2 days
posttransfection. The cells that were transfected with replicating-
HDV RNA were retransfected with siRNAs every 4 days, and
samples were harvested for Western analyses 4, 8, and 12 days
posttransfection.

Results

ADAR1 but Not ADAR2 Was Expressed During HDV Replication. We
first examined whether either ADAR1 or ADAR2 is expressed
and/or induced in human hepatoma cells that harbor replicating
HDV. HDV replication can be initiated in tissue culture by
transfection of a cDNA that expresses greater than unit-length
HDV RNA. To examine the ADAR levels specifically in cells
expressing replicating-HDV RNA, untransfected cells were
eliminated by puromycin selection. To monitor the levels of
expression of the endogenous ADAR1 or ADAR?2, total cellular
protein then was immunoblotted with either anti-ADARI1 or
anti-ADAR?2 polyclonal antisera and then detected by using
radiolabeled protein A (28). Because the level of HDAg-L
expression during replication reflects the extent of editing, the
level of that protein was monitored by Western analysis using
anti-delta antigen polyclonal serum, whereas the extent of
replication was monitored by Northern analysis.

Both forms of ADARI1 were expressed (Fig. 24 Upper)
throughout the HDV replication time course. Similar levels of
the two forms were observed in the control transfection per-
formed in parallel in which no HDV cDNA vector was included
(Fig. 24, compare HDV+ and HDV— lanes). In contrast to
ADARI1, no ADAR?2 was detected (Fig. 24 Lower) in the cells
harboring HDV, although efficient editing had occurred (Fig. 2B
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Fig. 3. Overexpression of HA-tagged ADAR1-L and ADAR1-S during HDV
replication. Western analyses were performed on total cell lysates expressing
replicating-HDV RNA and either HA-tagged ADAR1-L or ADAR1-S. Posttrans-
fection (3, 5, and 7 days), the samples were blotted with either anti-HA
monoclonal antibody (Upper) to monitor protein expression or anti-delta
antigen polyclonal antiserum (Lower) to monitor editing. The relative expres-
sion of the HA-tagged ADARs was obtained by comparison with a HA-tagged
ADAR1 standard. An equal aliquot of this standard was loaded on all of the
anti-HA Westerns, and the signal obtained for this standard was given a value
of 10 (27).

Upper). Previously we determined that the ADAR?2 antiserum
can detect lower levels of protein than can the ADARI anti-
serum (28). Hence, we concluded that during HDV replication,
Huh7 cells expressed much more ADARI1 than ADAR?2. Fur-
thermore, we note that based on comparison with cells that did
not harbor HDYV, replication did not cause any significant
induction in the expression of either form of ADARTI in these
cells.

Compared with ADAR1-L, ADAR1-S Was More Efficient at Editing
Replicating-HDV RNA. Recently, we observed that ADARI1-L was
much more active than ADARI1-S at editing a nonreplicating
mRNA reporter that contains the HDV amber/W site (S.K.W.,
S. Sato, and D.W.L., unpublished data). With that substrate, the
difference in specific activity of the two forms was ~80-fold, and
much of the difference could be attributed to editing that
occurred in the cytoplasm with ADARI1-L. When the activities
of the two forms of ADAR1 were assayed with a substrate that
could be edited only in the nucleus, ADARI-S was found to be
3-fold more active than ADARI1-L (S.K.W., S. Sato, and D.W.L.,
unpublished data).

It is not known whether editing occurs in the nucleus or the
cytoplasm during HDV replication. We next addressed this issue
by comparing the ability of each form of ADARI to edit
replicating-HDV antigenomic RNA. Vectors expressing HA-
tagged ADARI1-L or ADARI1-S were cotransfected with the
cDNA that initiates HDV replication, and the levels of ADAR
expression and HDAg-L expression were monitored by Western
analysis. Although ADARI-L was expressed to at least a 5-fold
higher level than ADARI1-S (Fig. 3 Upper), it was less efficient
at stimulating editing during HDV replication at all time points
(Fig. 3 Lower). Because ADARI-S is more efficient than
ADARI-L at editing substrates in the nucleus but much less
efficient at editing substrates in the cytoplasm, we concluded that
during replication, HDV antigenomic RNA is edited in the
nucleus.

siRNA Targeted to ADAR1 Lowered Both the Exogenous and Endog-

enous Expression of That Protein. We next used RNAI to test the
hypothesis that ADARI1-S is the enzyme expressed by cells that
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Fig.4. Expression of transfected ADAR1(HA) but not ADAR2(HA) isinhibited
by siADAR1-L+S. The top anti-HA Western analysis shows expression of trans-
fected pDL700 (carboxyl-terminally HA-tagged ADAR1) (lanes 2 and 5, ref. 27),
pMS040 (ADAR2) (lanes 3 and 6, ref. 27), or empty vector, pDL668 (lanes 1 and
4). (Middle) The anti-delta antigen Western analysis monitored the corre-
sponding editing of the cotransfected HDV amber/W-editing reporter, pSS74
(28). (Bottom) The anti-B-actin Western blot is a control for total protein
loading.

is responsible for editing replicating-HDV RNA. Toward that
end, we first evaluated the activity of an siRNA targeted to all
ADARI transcripts (ADAR1-L+S) as well as that of an siRNA
targeted to ADAR?2 transcripts. The appropriate siRNA was
cotransfected with a HA-tagged ADAR expression vector and
with a vector that expresses a nonreplicating-HDV amber/W-
editing reporter (28). The reporter was used to monitor editing
activity. It expresses an mRNA that encodes the HDAg-S and
includes two-thirds of the antigenomic rod-like structure. After
editing of this reporter in either the nucleus or the cytoplasm, the
resulting transcript expresses the HDAg-L.

As shown in Fig. 4, the siRNA directed against ADAR2 was
not able to reduce expression of that protein (compare lanes 3
and 6). In this and all subsequent experiments, this nonfunctional
siRNA serves to control for the nonspecific and sequence-
independent effects that might result from the introduction of
21-nt duplex RNA into cells. In contrast, the siRNA targeted to
both forms of ADARI1, ADARI1-L+S, was very functional and
lowered ADARI expression nearly 100-fold (Fig. 4, compare
lanes 2 and 5). Furthermore, the siRNA was very specific and did
not alter ADAR?2 expression significantly (Fig. 4, compare lanes
3 and 6).

We next tested whether ADAR1-L+S siRNA was also effec-
tive at inhibiting the endogenous expression of both forms of
ADARI. We also tested whether we could reduce the endoge-
nous expression ADARI-L specifically by using an siRNA
targeted to a sequence within exon 1A of the ADARI-L
message. In the previous experiment, untransfected cells were
not a concern. Because the HA-tagged ADARI1 expression
vector was co-delivered with the siRNA, any cell not transfected
with the siRNA would also not be transfected with the HA-
tagged ADARI expression vector and therefore would not
express a HA-immunoreactive signal. However, in experiments
in which the endogenous message is targeted, transfection

Wong and Lazinski

ADAR1-
SIRNA ADAR2LFS L

Expr.

norm. NaH ©
(norm-)| ApARr1-s KO B! DR

Edited =

Unedited —

A
%Editlng o8 Q(;')Qb‘ ,\"3,\’_1/

Beta-actin —|

Fig. 5. siRNAs targeted against ADAR1 decreased ADAR1 endogenous
expression and activity. (Top) An anti-ADAR1 Western analysis to detect
endogenous ADART1 expression when siRNAs targeted against either ADAR2
or both forms of ADAR1 (siADAR1-L+S) or ADAR1-L alone (siADAR1-L) were
introduced into HEK293 cells. Each siRNA was tested in duplicate. (Middle) An
anti-delta antigen (HDAg) Western analysis to monitor the corresponding
editing activity assayed with an HDV amber/W reporter, pS$140 (28). (Bottom)
An anti-B-actin Western analysis to serve as a total protein loading control.
ADAR expression was normalized to B-actin expression.

efficiency is a concern. If only half the cells are transfected but
all are harvested, then the siRNA could cause no more than a
2-fold reduction in the level of the targeted protein. To maximize
transfection efficiency, multiple sequential transfections were
performed. In the final transfection, the siRNA in question was
cotransfected with the vector that expresses an editing reporter
such that editing activity could be monitored. To monitor
transfection variability, the experiment was performed in
duplicate.

As shown in Fig. 5, ADAR1-L+S siRNA was effective at
lowering the endogenous expression of both ADARI-L and
ADARI-S, and ~8-fold reductions were observed (compare
lanes 1 and 2 with lanes 3 and 4). It is important to remember
that this fold reduction is a minimum estimate because of the
possible presence of untransfected cells. Nevertheless, given the
fold reduction observed, we concluded that the transfection
efficiency must have been ~90%. In the presence of ADARI-
L+S siRNA, almost no editing of the reporter was observed.
From this we concluded that ADART1 is responsible for virtually
all the activity expressed by HEK293 cells capable of editing the
reporter. Introduction of the ADARI1-L siRNA caused a similar
7-fold reduction in the ADARI-L level without significantly
affecting the level of ADARI-S (Fig. 5, compare lanes 1 and 2
with lanes 5 and 6). It is interesting to note that the introduction
of this siRNA caused a nearly 7-fold reduction in the editing of
the reporter. Thus ADARI-L is responsible for most of the
editing that occurs with the reporter despite the fact that it
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Fig. 6. The effect of lowering the endogenous levels of ADAR1 on editing
during HDV replication in HEK293 cells. (Top) An anti-ADAR1 Western analysis
showing the endogenous ADAR?1 expression during HDV replication 4, 8, and
12 days posttransfection. The first three lanes were cotransfected with
siADARZ2, the next three lanes with siADAR1-L+S, and the last three lanes with
siADAR1-L. The cells were retransfected with siRNAs every 4 days during the
course of the experiment. (Middle) An anti-delta antigen Western analysis
showing the products of HDV editing (HDAg-L and HDAg-S). (Bottom) An
anti-p-actin Western analysis for total protein loading control.

accounts for only 5% of the total ADARTI signal in untreated
cells. This is entirely consistent with our recent observation that,
with respect to the reporter, the specific activity of ADARI1-L is
nearly 80-fold higher than that of ADARI-S (S.K.W., S. Sato,
and D.W.L., unpublished data).

ADAR1-S Edited HDV RNA During Replication. Having established the
effectiveness of two siRNAs, one that lowered the expression of
both forms of ADARI1 and one that specifically targeted
ADARI-L, we next used these reagents to identify the activity
expressed by HEK293 cells that edits HDV RNA during repli-
cation. The same protocol was used as in the prior experiment
except that the vector used to initiate HDV replication was
cotransfected with the siRNA in the last transfection. Further-
more, in other experiments, we observed that within 4—-6 days
after siRNA treatment, ADARI protein levels began to increase
(data not shown). For this reason, the cells harboring replicating
HDYV were split 1:3 and retransfected with siRNA 4 and 8 days
after transfection of the HDV cDNA.

Fig. 6 shows that introduction of the ADARI-L+S siRNA
caused a decrease in the expression of both forms of endogenous
ADARLI (Top) and dramatically decreased editing of replicating
HDV at all three time points (Middle) when compared with the
ADAR?2 siRNA control. In contrast, the ADARI1-L siRNA
decreased the expression of ADARI1-L at all time points but did
not decrease the editing of replicating HDV. These results
established that ADARI1-S edited HDV antigenomic RNA
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during replication. Because editing of the nonreplicating re-
porter but not replicating-HDV RNA was inhibited by
ADARI-L siRNA, these results also highlight the differences in
the subcellular locations where these two distinct substrates are
edited.

Discussion

Here were provided multiple lines of evidence first to suggest
and then establish that ADARI-S edited HDV antigenomic
RNA during replication. Although ADAR?2 is capable of editing
the HDV amber/W site, we found that this protein is not
expressed in a liver hepatoma cell line harboring replicating
HDYV, whereas both forms of ADARI1 were expressed. Recently,
we found that ADARI-L is much more efficient than ADAR1-S
at editing a nonreplicating-HDV editing reporter and that such
editing by ADARI-L occurred mainly in the cytoplasm (S.K.W.,
S. Sato, and D.W.L., unpublished data). In other experiments,
we found that ADARI-S is more efficient than ADAR1-L when
editing must occur in the nucleus. Here we found that when
expressed exogenously, ADARI1-S was more efficient than
ADARI-L at editing HDV antigenomic RNA during replication,
and this enabled us to conclude that editing occurred in the
nucleus. Using RNAi, we were able to lower the level of
ADARI-L specifically without significantly affecting the level of
ADARI-S. Such treatment greatly reduced the editing of a
nonreplicating-HDV amber/W site reporter that can be edited
in the cytoplasm but had no effect on amber/W editing during
HDYV replication. In contrast, when the levels of both ADAR1-S
and ADARI1-L were lowered, amber/W editing during replica-
tion was nearly abolished (12% with control sSiRNA vs. 2.4% with
ADARI1-S+L siRNA).

We concluded that in HEK293 cells, ADAR1-S was respon-
sible for at least 80% of all amber/W-editing events. Further-
more, given that siRNA treatment only reduced and did not
abolish ADART1 expression, the actual contribution to amber/
W-editing by ADARI-S in tissue culture is likely to be much
higher. We do not know whether the same is also true in the
human liver during a natural infection, and this issue cannot be
addressed experimentally. However, it should be possible to
co-deliver HDV RNA and ADARI siRNA in the hydrodynamic
mouse model so that the importance of ADARI-S in that setting
could be tested (36, 37).

RNAI is clearly a very powerful method to examine virus—host
interactions. One drawback to the method in human cells,
however, is the lack of a persistent effect. Because siRNA is not
infinitely stable and apparently is not replicated in human cells,
we were forced to split cells and retransfect at days 4 and 8 (see
Fig. 6). The reduction in the delta antigen signal observed
between days 8 and 12 occurred because on day 8, the day-12
sample was split 1:3, and two-thirds of the signal were discarded,
whereas the day-8 sample was harvested without splitting. The
recent development of cDNA-based systems that express sSiRNA
hairpins (38-40) is likely to obviate this technical difficulty,
because transfected cDNA is known to persist in cells for several
weeks. In plants, Neurospora, and Caenorhabditis elegans, the
RNAI response is very persistent, can be spread to adjacent cells
and tissues, and can even be transmitted to offspring (30, 41).
These organisms express RNA-dependent RNA polymerases
that are thought to amplify siRNA and thereby perpetuate the
persistent effect (42, 43). The lack of persistent RNAi in human
cells may indicate the absence of an RNAi-specific RNA-
dependent RNA polymerase. Consistent with this possibility,
BLASTP searches failed to identify a homolog of any known
RNAi-specific RNA-dependent RNA polymerase in the human
genome.

The replication of certain plant and insect RNA viruses can
induce an RNAI response in the host, and this response is fully
capable of inhibiting further viral replication. As a retort to the
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RNAI response, these viruses express a protein that inhibits the
function of the RNAIi pathway. An example of such an RNAIi
antagonist is the B2 protein expressed by Flock House virus (44).
If HDV had a similar capability to inhibit the RNAIi response,
then the experiment shown in Fig. 6 would have failed, and no
reduction in ADARTI levels would have been observed. We
therefore conclude that HDV replication does not antagonize
RNAI and that HDV replication could be sensitive to inhibition
by that process. It is possible that siRNA directed against the
HDAg-S message would be effective in lowering the expression
of the protein. Given that the HDAg-S provides an essential role
in replication, RNAI could inhibit or limit HDV replication.
Editing of the amber/W site during replication seems to be a
highly regulated process. From days 4 through 7 posttransfec-
tion, there was an apparent lag in editing, and very little HDAg-L
was expressed even though the level of HDAg-S was increasing
steadily during that period (see Fig. 2B). Suddenly, from day 7
to day 8, the proportion of HDAg-L increased from 3.8 to 9.1%
and to 16% by day 10. After day 10, the rate of increase in the
proportion of HDAg-L began to slow. We have observed this
pattern repeatedly, and in experiments of longer duration we
observed that a plateau was reached at approximately day 14-16,
when the proportion of HDAg-L approached 30% and did not
change with further time (data not shown). This apparent
regulation of editing is entirely consistent with the HDV life
cycle. An initial lag in HDAg-L expression provides a window of
time in which replication can occur in the absence of that protein.
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This is likely to be very important, because it is known that when
present at the onset of replication, the HDAg-L inhibits that
process in a potent dominant-negative manner (6). The editing
plateau observed at very late times posttransfection ensures that
the majority of antigenomes remain unedited and hence that the
majority of genomes express the HDAg-S. This is also important
because in a natural infection, these genomes would be packaged
into virions, and only HDAg-S-expressing genomes can com-
plete another cycle of infection.

The identification of ADARI-S as the enzyme responsible for
amber/W site-editing during HDV replication is an important
first step in unraveling the mechanism that regulates this process.
One could hypothesize that amber/W editing is regulated by
modulation of the level of editing enzyme. However, the evi-
dence provided here is inconsistent with such a hypothesis,
because no significant change in the amount of ADARI1-S was
observed throughout the replication time course (see Fig. 2). It
remains possible, however, that the activity rather than the
amount of ADARI1-S is modulated during HDV replication. It
is also possible that amber/W-editing occurs only on nascent
antigenomic RNA as it is being synthesized. If this were true,
then editing would be coupled to and regulated by replication.
Additional experiments will be needed to test these and alternate
models.
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