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The endonuclease dicer cleaves RNAs that are 100% double stranded and certain RNAs with extensive but
<100% pairing to release �21-nucleotide (nt) fragments. Circular 1,679-nt genomic and antigenomic RNAs of
human hepatitis delta virus (HDV) can fold into a rod-like structure with 74% pairing. However, during HDV
replication in hepatocytes of human, woodchuck, and mouse origin, no �21-nt RNAs were detected. Likewise,
in vitro, purified recombinant dicer gave <0.2% cleavage of unit-length HDV RNAs. Similarly, rod-like RNAs
of potato spindle tuber viroid (PSTVd) and avocado sunblotch viroid (ASBVd) were only 0.5% cleaved.
Furthermore, when a 66-nt hairpin RNA with 79% pairing, the putative precursor to miR-122, which is an
abundant liver micro-RNA, replaced one end of HDV genomic RNA, it was poorly cleaved, both in vivo and in
vitro. In contrast, this 66-nt hairpin, in the absence of appended HDV sequences, was >80% cleaved in vitro.
Other 66-nt hairpins derived from one end of genomic HDV, PSTVd, or ASBVd RNAs were also cleaved.
Apparently, for unit-length RNAs of HDV, PSTVd, and ASBVd, it is the extended structure with <100% base
pairing that confers significant resistance to dicer action.

There is an extensive literature on the interaction of double-
stranded RNA-specific proteins with highly structured single-
stranded RNAs. There are host proteins that bind to and are
activated by such RNAs. Examples include protein kinase R
(PKR) and oligo(A) synthetase (3, 24). In addition, there is a
family of adenosine deaminases, ADAR, that recognize such
RNA structure and can convert adenosine to inosine (5). Fi-
nally, there is a family of RNase III-related endoribonucleases
that can cleave such structured RNAs (15). At another level,
many viruses produce proteins that will bind to structured
regions on their viral RNAs and protect them against interac-
tions with such host proteins. Alternatively, some viruses ex-
press small structured RNAs that act as decoys; for example,
such RNAs can bind PKR but fail to activate its kinase activity
(45).

Our studies are concerned with the structure and replication
of hepatitis delta virus (HDV). The 1,679-nucleotide (nt) sin-
gle-stranded circular RNA genome of HDV is replicated by
RNA-directed RNA synthesis, most probably using host RNA
polymerase II (49). Three discretely sized HDV RNA species
accumulate during replication: the genome; its exact comple-
ment, the antigenome; and relatively small amounts of an
800-nt polyadenylated RNA (of the same polarity as the anti-
genome), which is translated to produce a 195-amino-acid pro-
tein known as the small delta antigen, or �Ag-S. Both the
genome and antigenome of HDV are predicted to fold into an
unbranched rod-like structure, with intramolecular base pair-
ing of 74% of all nucleotides (25).

Previous studies have shown that regions of these structured
RNAs of HDV are substrates for activation of PKR (14, 44)
and for deamination by ADAR proteins. It is also known that
the one viral protein produced by HDV replication, the delta
antigen, is a basic protein with some specificity for binding to

the structure of the genomic and antigenomic RNAs (9). Fur-
thermore, this essential protein is known to reduce the ability
of ADAR proteins to edit HDV RNA (13).

In this study, we focus on the question of whether the en-
donuclease dicer, an important member of the RNase III fam-
ily, acts on HDV RNAs during their replication. Dicer is cen-
tral to the phenomenon of RNA interference (RNAi) (2). It
cleaves RNA substrates that are 100% double stranded into
double-stranded RNA fragments of about 21 nt called small
interfering RNAs (siRNAs) (4, 42, 59). It is known that these
siRNAs can then be incorporated into an RNA-induced silenc-
ing complex to generate a specific endonuclease activity that
cleaves related mRNA species (18).

However, dicer sometimes cleaves RNAs that possess in-
tramolecular secondary structure with �100% base pairing. It
thus releases single-stranded fragments, also of �21 nt, that
are called micro-RNAs (miRNAs) (23, 30, 42). These miRNAs
can be shown to interfere with the translation of related
mRNAs (58) and sometimes with mRNA stability (57). At
least a few of the miRNAs are known to play important roles
in cell differentiation and developmental patterning in eukary-
otic organisms ranging from nematodes to humans (27, 36, 38).
It has recently been estimated that the human genome encodes
as many as 255 different miRNA species (32).

Table 1 summarizes data not only for HDV RNA but also
for other RNAs with similar levels of double-strandedness that
may be valuable precedents for our study of dicer sensitivity.
The first is the putative precursor to miR-122, which is possibly
the most abundant miRNA in the mammalian liver (27). This
precursor is 66 nt long and is predicted to have a hairpin
structure with 79% base pairing (see Fig. 4A). The very exis-
tence of miR-122 supports the hypothesis that dicer is both
present and active in the mammalian liver. Our studies provide
the first in vitro evidence for the expected release of the 22- to
23-nt miR-122 from this precursor.

Also shown Table 1 are data for the RNAs of two plant
viroids. We have previously seen numerous analogies between
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viroids and HDV (48). These analogies include genomes that
are small single-stranded RNAs in a circular conformation
and, of particular interest here, the ability of these RNAs to
fold into an unbranched rod-like structure via significant levels
of intramolecular base pairing. As indicated in the table, po-
tato spindle tuber viroid (PSTVd) and avocado sunblotch vi-
roid (ASBVd) have 70 and 67% predicted base pairing, re-
spectively (22). Recent reports have shown that �21-nt RNAs
can be detected during the replication of PSTVd (21, 41) but
not that of ASBVd (34). The result for PSTVd is puzzling in
that PSTVd is considered to replicate in the nucleus (19), while
dicer has been reported to be largely cytoplasmic (4). HDV
RNAs are also considered to be transcribed in the nucleus
(17), but there are also reports that after transcription, these
RNAs can shuttle between the nucleus and cytoplasm (47) or
even be rapidly transported to the cytoplasm (33).

Therefore, the initial aim of our studies was to determine
whether in vivo, during HDV replication, or in vitro, in the
presence of purified recombinant human dicer, the RNAs of
HDV might act as substrates for dicer-mediated cleavage to
�21-nt fragments. Our initial studies indicated that under both
circumstances, �21-nt HDV fragments were not detectable
(�1%). Further studies were then undertaken to understand
the basis for this phenomenon. We thus found that 66-nt hair-
pin RNAs based on the sequences and predicted structures of
HDV, PSTVd, and ASBVd RNAs, as well as those of the
putative precursor to miR-122, had a significantly increased
sensitivity to dicer action. From these results, we propose that
it is the extended structure with �100% pairing that confers
significant resistance against dicer to full-length RNAs.

MATERIALS AND METHODS

Plasmids. Plasmids pDL553 and pDL448 were described previously (28, 29).
Briefly, pDL553 transcribes 1.2� the unit-length HDV genomic sequence under
control of a simian virus 40 (SV40) promoter. pDL448 expresses a truncated
form of the HDV small antigen. pJC145 was constructed by using the 66-nt
miR-122 precursor (see Fig. 4A) to replace 13 nt of HDV sequence in pDL553
(Fig. 4B) by a previously described strategy (56). pJC144 was constructed by
inserting unit-length PSTVd sequence into the BamHI site of pcDNA3 vector
(Invitrogen), in the genomic orientation; similarly, pJC125 carries the genes for
a dimer of the ASBVd sequence. In both cases, RNA was then transcribed in
vitro using T7 RNA polymerase. pSVTVA expresses both T antigen and VA
genes and enhances in vivo transcription from transfected SV40-based vectors
(1).

Cell culture and transfection. Huh7 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. Transfection was
performed by using Lipofectamine 2000 according to the manufacturer’s instruc-
tions (Invitrogen).

Northern blot analysis. Total RNA was extracted with Tri Reagent (Molecular
Research Center) and loaded onto gels of either 2% agarose–formaldehyde or
15% polyacrylamide with 7 M urea. Electrophoresis and electrotransfer were
performed as described previously (6). HDV RNA probes were prepared by T7
transcription with [�-32P]UTP (Perkin-Elmer). miR-122 was detected by use of
a 5�-32P-labeled 22-nt DNA containing the sequence complementary to miR-122.
High-stringency hybridization was performed at 65°C in Ekono hybridization
solution (Research Products International). Lower-stringency hybridization was
performed at 50°C; materials were washed at 50°C, with 2� SSC (1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate) plus 1% sodium dodecyl sulfate.

Western blot analysis. Protein from transfected cells was extracted and ana-
lyzed by a standard procedure (26), with immunoblots carried out by use of
rabbit anti-delta virus antibody followed by 125I-staph A protein (Perkin-Elmer)
and detection by a bioimager (Fuji).

In vitro RNA transcription. Most in vitro RNA transcriptions were performed
with the RiboMAX large-scale RNA production system T7 (Promega). Double-
stranded RNA (700 nt) was made by using a PCR-amplified template with a T7
promoter at both ends. Unit-length HDV genomic and antigenomic RNAs were
transcribed by expression PCR as previously described (8). HDV unit-length
genomic RNA with an insertion of miR-122 precursor was transcribed by ex-
pression PCR, with pJC145 as template. PSTVd and ASBVd RNAs were tran-
scribed by use of pJC144 and pJC125 as templates. [�-32P]UTP was added to the
reaction when radioactively labeled RNA was needed.

For the experiments shown in Fig. 6, labeled RNAs of 66 nt, corresponding to
the predicted precursor of miR-122 and sequences from HDV, PSTVd, and
ASBVd (see Fig. 4), were made by use of a Silencer kit (Ambion) along with
chemically synthesized DNA templates.

In vitro dicer reactions. Typically, each digestion (10 �l) contained 1 �g of
100% double-stranded unlabeled RNA as a positive control for the dicer reac-
tion, together with trace amounts of radiolabeled RNA. With or without the
addition of 1 U of recombinant human dicer (Gene Therapy Systems), the mix
was then incubated for 16 h at 37°C. (An exception was that for Fig. 3, lanes 11
and 12, 1 �g of each unlabeled double-stranded RNA and HDV RNA was used.)
Reactions were terminated with the provided stop solution, after which aliquots
were analyzed on gels of 3% nondenaturing agarose and 15% polyacrylamide
gels with 7 M urea. Unlabeled RNA was detected by staining with ethidium
bromide followed by illumination with short-wave UV light and image capture
with a Kodak digital system, after which the image intensities were inverted.

RESULTS

Can siRNA be detected during HDV replication? In a search
for siRNA species associated with HDV replication, we tested
seven different cellular RNA samples, as summarized in Table
2. These included RNAs from livers of woodchucks isolated
during chronic and acute infections, RNAs from Huh7 cells
(39) following both transient transfection and the generation

TABLE 1. Features of RNAs with �100% intramolecular
base pairinga

RNA species No. of
nucleotides

%
Predicted

base
pairing

Presence of
	21-nt
RNA

speciesb

miR-122 precursor 66 79 �
PSTVd 359 70 �
ASBVd 247 67 

HDV genomic RNA 1,679 74 


a The sources for data listed in this table are cited in the text.
b This refers to whether or not such species have been detected in vivo. The

datum for HDV refers to this study.

TABLE 2. Sources of RNAs tested for presence of 	21-nt RNA

Sample
no. Sourcea

1 ...........Human Huh7 cells, HDV replication initiated by transient
DNA transfection, day 4

2 ...........Human Huh7 cells, HDV replication initiated by transient
DNA transfection, day 15

3 ...........Human Huh7 cells, HDV replication initiated by stable
DNA transfection

4 ...........Woodchuck liver, acute infection, day 21
5 ...........Woodchuck liver, chronic infection
6 ...........Mouse liver, replication initiated by transient DNA

transfection, day 5
7 ...........Mouse liver, replication initiated by transient DNA

transfection, day 20

a Samples 1 and 2 were obtained by transfection with pDL553. Sample 3 was
from a cell line stably transfected with HDV cDNA (12). Samples 4 and 5 were
obtained from infected woodchucks (40). Samples 6 and 7 were obtained from
mice that had been transfected with HDV cDNA by a hydrodynamics-based
procedure (7).
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of a stably transfected cell line, and liver RNAs from mice that
were transfected with HDV DNA (7). Northern analyses of
these seven RNAs are shown in Fig. 1. For panels A to D, the
RNAs were first separated by electrophoresis on 2% agarose
gels in the presence of formaldehyde. Panels A and B show the
detection of genomic and antigenomic HDV RNAs, respec-
tively. In both cases, the major species was unit-length HDV
RNA.

In order to detect possible �21-nt species, two steps were
taken. First, we increased the amount analyzed by Northern
blotting 20-fold, from 1 to 20 �g. Second, we lowered the
stringency of hybridization for the Northern blot from 65 to
50°C in order to better allow stability of short hybrids. As
shown in panel D, we were still unable to detect �21-nt frag-
ments of antigenomic RNA. Similarly, no such genomic frag-
ments were detected (data not shown). As a positive control
for hybridization, we were able to detect a 21-nt HDV RNA
sequence (lanes s), as transcribed in vitro. In addition, as
shown in panel C, when the filter was rehybridized to detect
miR-122, we could detect this species in all samples, especially
the woodchuck and mouse liver samples. In the mouse, miR-
122 is known to be the most abundant miRNA in the liver (27),
but until this study, there have been no corresponding data for

miR-122 in either human or woodchuck livers. It should also
be noted that the species of �100 nt, as detected for the seven
samples in panel D, were also detected in RNA samples lack-
ing HDV sequences (data not shown). Therefore, we speculate
that these species of �100 nt probably represent hybridization
at lower stringency to fragments of abundant host rRNA se-
quences.

In order to increase the electrophoretic separation and res-
olution of �21-nt RNA species, we moved from using agarose
gels to using 15% polyacrylamide gels in the presence of 7 M
urea, as shown in panels E and F. As for panels C and D, the
amount of RNA sample analyzed was 20 �g. Again, under
conditions of lowered hybridization stringency, we were unable
to detect �21-nt RNAs related to HDV (panel F), and yet we
were able to detect hybridization to a 21-nt HDV RNA control
(lane s). Also, as shown in panel E, by rehybridization at the
same lower stringency, we were able to detect miR-122. It
should also be mentioned that we used size controls (lanes p to
s in panels A to D and lanes q in panels E and F) to demon-
strate the separation and transfer of low-molecular-weight spe-
cies. We also tested a method developed by others, in which
prior to electrophoresis, a step is used to enrich for low-mo-

FIG. 1. Northern gel analyses of RNAs from various sources of HDV genome replication. The seven sources of RNA are those listed in Table
2. As indicated, RNAs were separated in gels of either 2% agarose–formaldehyde (A to D) or 15% acrylamide–7 M urea (E and F). (A and B)
Analysis to detect HDV genomic and antigenomic RNAs, respectively. (C to F) The amount of RNA analyzed was increased from 1 to 20 �g and
the exposure times were increased 10-fold. Panels D and F show hybridization to detect antigenomic RNA, but under low-stringency conditions.
Panels C and E show hybridization at low stringency to detect miR-122 (27). Lanes p to r represent end-labeled markers as follows: p, 1-kb ladder;
q, 21-nt RNA; and r, 42-nt DNA. Lane s, 21-nt antigenomic RNA sequence used as a positive control for the ability of our low-stringency
hybridization conditions to detect such a species. In panels E and F, the greater sample mass for lanes 1 to 7 slowed migration in 15% acrylamide
relative to the standards q and s.
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lecular-weight species (16). This step also failed to achieve the
detection of �21-nt HDV RNAs (data not shown).

Does HDV genome replication induce RNAi against HDV
mRNA species? While the above experiments were unable to
detect HDV-specific �21-nt fragments during HDV replica-
tion, it remained possible that an RNAi effect was present but
not detected by our assay. We hypothesized that if such an
activity were present, it would inhibit the accumulation of the
HDV �Ag-S, either by destroying the HDV mRNA, as for
siRNA, or by blocking the translation of that mRNA, as for
miRNA. A prior observation that could be considered support-
ive of this hypothesis is that the HDV mRNA species is about
50 times less abundant than unit-length antigenomic RNAs
(11), so we considered a second hypothesis, that this mRNA,
being cytoplasmic, might have been the remainder after some
form of RNAi-like attack. To test these two hypotheses, we
devised the following experiment.

We expressed from a DNA construct an mRNA with a small
in-frame deletion in the open reading frame for �Ag-S. This
construct, pDL448, as previously described (29), has a deletion
in the code that corresponds to the coiled-coil domain. It
produces a protein, �Ag-�S, that is stably expressed but nei-
ther supports nor inhibits HDV replication. We then deter-
mined whether prior transfection or cotransfection with HDV
DNA to achieve HDV genome replication could inhibit ex-
pression of the mutated protein. That is, we asked whether
HDV replication could induce an RNAi effect, via either
siRNA or miRNA, that would act to reduce the expression of
�Ag-�S.

As shown in Fig. 2, we assayed by immunoblotting at day 3
for the accumulation of �Ag-�S as well as of �Ag-S that arises
during HDV replication. No inhibition of the accumulation of
�Ag-�S was detected when HDV replication was initiated at
the time of transfection (lane 3) or even two days earlier (lane
2). (Similar data were obtained from cells harvested at days 2
and 4 [data not shown].) We estimate that we could have
readily detected as little as 20% inhibition of �Ag-�S expres-
sion relative to the control (lane 1).

From the results of these experiments, we reject the hypoth-
esis that HDV replication induces an RNAi effect. Further-
more, we discount the related hypothesis that the relatively low
levels of HDV mRNA detected during replication represent
the consequences of siRNA activity.

Will dicer act in vitro on HDV RNAs? Since the above in
vivo studies provided no evidence that HDV RNAs were being
degraded by dicer in vivo, we set about to test in vitro whether

dicer could act on HDV RNAs. For these studies, we prepared
unit-length radioactively labeled genomic and antigenomic
HDV RNAs. To these, as an internal positive control for the
action of recombinant human dicer, we added unlabeled
700-bp double-stranded RNA, made from an unrelated nucle-
otide sequence. As shown in Fig. 3A, lanes 1 to 4, treatment
with dicer converted most of the double-stranded RNA to
fragments with mobilities as expected for approximately dou-
ble-stranded �21-nt siRNA (lanes 2 and 4). (In separate con-
trol studies, as in Fig. 6, lane 2, using 100% double-stranded
RNA that was radiolabeled, we quantitated the extent of di-
gestion to be 85%.) Panel B shows that in contrast, �0.2% of
the genomic (lane 2) or antigenomic (lane 4) RNAs were
converted to �21-nt species by such treatment. Moreover, we
did not detect the creation of RNA fragments of sizes inter-
mediate between uncut and 21 bp, which might have been
indicative of partial cleavage.

As a follow-up to these negative results, we used similar in
vitro assays to determine whether dicer would act on viroid
RNAs. We tested RNAs of PSTVd and ASBVd. Only a small

FIG. 2. HDV genome replication did not lead to silencing of a
related mRNA species. At day 0, cells were transfected with pDL448
to express �Ag-�S, a form of �Ag with a deletion. At days 
2 and day
0, some of these cells (lanes 2 and 3, respectively) were transfected
with pDL553 to initiate HDV genome replication and the expression
of �Ag-S. Another culture was not transfected with pDL553 (lane 1).
Total protein was harvested at day 3 and examined by immunoblot to
detect the two delta protein species.

FIG. 3. Action of recombinant dicer on HDV and other RNAs.
Lanes 1 to 12, RNA samples either with (�) or without (
) dicer
during incubation for 16 h at 37°C. Each sample contained 1 �g of
double-stranded RNA. To each sample was added a 32P-labeled RNA
as follows: lanes 1 and 2, genomic HDV RNA; lanes 3 and 4, antige-
nomic RNA; lanes 5 and 6, PSTVd RNA; lanes 7 and 8, ASBVd RNA;
and lanes 9 and 10, modified genomic HDV RNA. For lanes 11 and 12,
we added 1 �g of modified genomic RNA that was not labeled. The
modification, as described in the text and in the legend for Fig. 4, was
to replace some HDV sequences with those of the predicted precursor
to miR-122. (A) Aliquots of each sample were analyzed in nondena-
turing gels of 3% agarose followed by ethidium bromide staining and
detection by digital imaging. (B) Aliquots were analyzed in gels of 15%
polyacrylamide–7 M urea, after which the RNAs were electrotrans-
ferred to a nylon membrane. In lanes 11 and 12, miR-122 sequences
were detected by low-stringency hybridization using a radiolabeled
oligonucleotide probe. 32P was detected by use of bioimager. p, 1-kb
DNA ladder; q, 21-bp RNA.
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fraction of these RNAs (0.5%) underwent digestion to release
a band of �21 nt (lanes 6 and 8, respectively).

Given these results, we next asked whether the putative
precursor to miR-122 would be cleaved with efficiency by dicer.
To do this, we modified one end of HDV genomic RNA, with
the intent of being able to test for dicer action both in vivo and
in vitro and with the expectation that the precursor sequences
would make HDV sensitive to dicer. As indicated in Fig. 4, we
removed 13 nt from one end of the HDV genomic RNA (panel
B) and replaced it with the 66-nt miR-122 precursor (panel A).

Consider first the ability of the modified HDV RNA to be
cleaved in vitro by dicer. As can be seen in Fig. 3, lanes 9 and
10, we did detect the release of small amounts (0.7% � 0.2%)
of a band consistent with being just longer than 21 nt. The
expected size of miR-122 is 22 to 23 nt. To test whether this
was in fact the miR-122 sequence, we digested a corresponding
unlabeled RNA (lanes 11 and 12) and examined it by Northern
blotting using a probe for miR-122. As shown, we thus de-
tected relatively small amounts (0.3% � 0.1%) of a species
with the expected mobility of miR-122. When these same sam-
ples (lanes 11 and 12) were hybridized at low stringency with a
probe to detect HDV sequences, no �21-nt species were de-
tected (data not shown). Thus, we interpret that dicer cleaved
miR-122 from the modified HDV but that it did not release
detectable levels of HDV-specific �21-nt RNA. It should be
noted for panel B, lane 12, that since we used an miR-122
oligonucleotide probe, 0.3% � 0.1% represents the molar
amount rather than the mass amount of miR-122 that was
released.

Because the efficiency of this cleavage was so low in vitro,
further studies were carried out to determine the efficiency in

vivo. To do this, we transfected Huh7 cells with DNA con-
structs to express HDV RNA modified to contain the miR-122
precursor sequences. Northern blot analyses to detect HDV
genomic and antigenomic RNAs showed that this modified
HDV RNA did not replicate significantly (Fig. 5A, lane 2),
unlike the unmodified RNA (lane 1). This inhibition of repli-
cation was not totally unexpected, since we have previously
found that even small changes to the HDV RNA sequence can
inhibit replication (56). Therefore, as an alternative approach,
in the absence of HDV replication and using an enhanced
transient transfection procedure, we were able to achieve high
levels of accumulation of the modified genomic RNA that was
processed to unit length (Fig. 5A, lane 3). We asked whether
any of the miR-122 sequences were being processed out of the
modified HDV RNAs. Such processing could have created an
increase from the endogenous level of miR-122. We therefore
used analysis in both 2% agarose (Fig. 5B) and 15% polyacryl-

FIG. 4. Predicted secondary structures for four different 66-nt hair-
pin RNAs. (A) Putative precursor to miR-122, as previously reported
(27), with a 22-nt miR-122 cleavage product indicated by shading.
(B) Structure for nt 760 to 825, one end of the predicted rod-like
structure for a published sequence of genomic HDV RNA (25). The
boxed sequence on HDV indicates the site at which we removed 13 nt
of HDV sequence and replaced it with the 66 nt of the miR-122
precursor. (C) One end of the rod-like folding of PSTVd RNA (22).
(D) A similar region from ASBVd RNA (35).

FIG. 5. Assays for the replication and processing of an HDV
genomic RNA modified to contain the putative precursor to miR-122.
Huh7 cells were transfected with a DNA construct to express unmod-
ified HDV (lanes 1) or with a construct containing the 66-nt putative
miR-122 precursor (lanes 2 and 3). In lanes 3, the cells were addition-
ally transfected with pSVTVA, a plasmid that creates a 16-fold in-
crease in DNA-directed RNA transcription from the SV40-based ex-
pression vector (1). At day 4 after transfection, total RNA was
extracted and aliquots were subjected to electrophoresis in gels of
either 2% agarose or 15% acrylamide–7 M urea, as indicated. North-
ern analyses were then used to detect genomic and antigenomic HDV
RNAs (A) or miR-122 (B and C). Size markers p and q were as
described for Fig. 1. The position of the putative precursor to miR-122
is indicated by an asterisk.
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amide (Fig. 5C), followed by hybridization using an oligonu-
cleotide probe specific for miR-122. As shown, we could
readily detect the endogenous miR-122, but we found no sig-
nificant changes in the amount of this species as a consequence
of either HDV replication (Fig. 5B and C, lanes 1) or accu-
mulation of nonreplicating modified HDV (Fig. 5B and C,
lanes 3). In terms of the latter RNA, we also observed that
there was a relatively large amount of uncleaved RNA and a
6% amount of RNA cleaved to about the size of the putative
66-nt miR-122 precursor. If this species (asterisk in the figure)
is in fact the 66-nt precursor, it is clearly more abundant than
the endogenous precursor (compare lanes 3 with lanes 1).

Three conclusions can be made from these data. (i) While
the insertion of the miR-122 precursor sequences onto HDV
RNA interfered with HDV replication (Fig. 5A, lane 2), the
nonreplicating genomic RNA was still relatively stable and not
processed to form miR-122 (Fig. 5B and C, lanes 3). (ii) Nei-
ther the replication of unmodified HDV RNA nor the pres-
ence of �Ag-S produced by that replication had any effect on
the endogenous levels of miR-122 (Fig. 5B and C, lanes 1). (iii)
The presence of the species of about 66 nt cleaved from the
modified HDV RNA and containing the miR-122 sequences
was not associated with a detectable increase in miR-122 rel-
ative to the endogenous level. We cannot distinguish whether
this reflects resistance to dicer or inaccessibility to dicer. (For-
mally, we cannot exclude that a small fraction of this modified
RNA was cleaved but the released miR-122 was not stabi-
lized.)

Thus, both these in vivo studies and the earlier in vitro
studies are consistent with the interpretation that the putative
precursor in the context of flanking HDV sequences is not
efficiently converted by dicer to miR-122. In our studies with
this 66-nt precursor, we had to this point considered it to be a
substrate, either in vivo or in vitro, but only when it was em-
bedded at one end of the HDV rod-like RNA sequences (Fig.
3 and 5). We therefore considered it necessary to also test
whether in the absence of this embedding sequence, the 66-nt
precursor could be cleaved in vitro by dicer. As shown in Fig.
6, lane 8, we thus found to our surprise that the RNA was now
80% sensitive to dicer and that this released a major band of
approximately the size expected for miR-122 (lane 8). This
sensitivity even matched that of 100% double-stranded RNA
(lane 2). As before (Fig. 3, lanes 2 and 10), we detected little,
if any, cleavage of unmodified and modified genomic HDV
RNAs (Fig. 6, lanes 4 and 6, respectively).

Given this observation that the putative 66-nt miR-122 pre-
cursor was actually cleaved efficiently, we made similar 66-nt
RNA hairpins from HDV (Fig. 4B) and even from one end of
both PSTVd (Fig. 4C) and ASBVd (Fig. 4D). We thus found
that all three were digested by dicer, with the release of �21-nt
species (lanes 10, 12, and 14, respectively). The HDV and
ASBVd hairpins were digested 55 and 88%, respectively. The
PSTVd only released 2.5% as �21-nt species (on a mass basis),
but this was still significantly higher than the value of 0.5% for
the corresponding full-length PSTVd RNA (Fig. 3B, lane 6).

Our interpretation of all of these in vitro studies is that the
ability of dicer to cleave a short 66-nt RNA hairpin with
�100% base pairing into �21-nt RNA largely depends upon
whether the 5� and 3� ends of that RNA are embedded in HDV
sequences or within PSTVd or ASBVd sequences. In all three

cases, embedding dramatically reduced the sensitivity to cleav-
age by dicer.

DISCUSSION

Our studies support the interpretation that unit-length HDV
genomic and antigenomic RNAs are intrinsically resistant to
dicer. First, in vivo studies showed that HDV replication did
not induce detectable siRNA species. At the same time, we
could detect miR-122, which both demonstrates that our assay
conditions were appropriate and supports the interpretation
that dicer activity was present in these cells. Second, in vitro
studies using purified dicer that was active against 100% dou-
ble-stranded RNA were unable to detect digestion of HDV
genomic and antigenomic RNAs that were unit-length and
linear. While the in vitro studies demonstrate resistance of the
RNAs per se, the resistance observed in vivo may have addi-
tional causes, such as the RNAs being inaccessible to dicer.

Our strategy of replacing one end of the rod-like genomic
HDV RNA with the putative 66-nt hairpin precursor to miR-
122 produced only a modified HDV RNA that, like the un-
modified RNA, was not significantly cleaved in vivo or in vitro.
Only trace amounts of miR-122 were released. In contrast, and
to our surprise, we found that the 66-nt hairpin precursor by
itself, with no attached HDV sequences, was readily cleaved in
vitro (Fig. 6, lane 8). Furthermore, three other 66-nt hairpin
RNAs were tested and found to be susceptible to dicer. These
three RNAs were derived from the sequences and predicted
folding patterns of the RNAs for HDV, PSTVd, and ASBVd
(Fig. 6, lanes 10, 12, and 14, respectively). As indicated in Fig.
4, each was predicted to have �100% base pairing. This dicer
sensitivity was dramatically higher than that we detected for
the corresponding full-length RNA species (Fig. 3, lanes 2, 6,
and 8, respectively). We thus deduce that somehow it is the
extent of the regions of �100% pairing on the full-length
RNAs of HDV, PSTVd, and ASBVd that confers significant
resistance to dicer.

For in vitro studies with full-length RNAs of HDV, PSTVd,
and ASBVd, we detected little, if any, digestion by dicer

FIG. 6. Action of dicer on full-length and 66-nt hairpin forms of
HDV and other RNAs. Seven different species of 32P-labeled RNA
were analyzed on gels of 15% acrylamide–7 M urea following incuba-
tion without (
) or with (�) dicer. The RNAs used were as follows:
lanes 1 and 2, 100% double-strand (ds) RNA; lanes 3 and 4, unit-
length genomic HDV RNA; lanes 5 and 6, unit-length modified HDV
genomic RNA; lanes 7 and 8, 66-nt miR-122 precursor; lanes 9 and 10,
66-nt HDV genomic hairpin; lanes 11 and 12, 66-nt PSTVd RNA
hairpin; lanes 13 and 14, 66-nt ASBVd RNA hairpin. After electro-
phoresis, the RNAs were electrotransferred to a nylon membrane,
after which 32P was quantitated by use of a bioimager. Size markers p
and q were as described for Fig. 1.
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(�1%). Therefore, with such low yields, we have to allow that
the substrate for such limited cleavage might not even have
been the predominant RNA species (be it HDV, modified
HDV with miR-122 precursor, or something else) but instead
was a minor component in that RNA preparation. For exam-
ple, the actual substrate might have been minor amounts of
shorter RNAs that were the products of abortive transcription
or full-length transcripts that had undergone posttranscrip-
tional degradation. Certainly, based on our present findings of
dicer preferentially acting on short RNA hairpins, we also
speculate that the �21-nt RNAs associated with the replica-
tion of PSTVd (21, 41), but absent from ASBVd replication
(34), might reflect whether or not such viroid replication has
significant levels of an associated by-product of some form(s)
of short RNA hairpins. We further speculate more generally
that in some cases where RNAi is induced, the putative and
mysterious aberrant RNAs (50) may in fact be short RNA
hairpins derived by transcriptional pauses or products of par-
tial posttranscriptional degradation, just like for the miRNA
precursors (30).

Although each of the 66-nt hairpin RNAs was significantly
digested by dicer (Fig. 6), we noted differences in the extent of
cleavage and in the homogeneity of the cleavage products. The
precursor to miR-122 was the most efficiently cleaved RNA,
and the products so released were largely of a discrete size.
Consistent with this, it can be readily seen in Fig. 4 that this
miR-122 precursor is predicted to have more extensive base
pairing than the other three RNAs. In addition, in the un-
paired regions of the miR-122 precursor, the mismatches are
shorter and more likely to be unpaired bases rather than bulges
produced by insertions or deletions on one strand relative to
the other. In this respect, it is notable that the 1,679-nt unit-
length HDV genomic RNA is predicted to have 145 pairing
disruptions, 88% of which represent insertions or deletions
(25, 53).

We believe that our results provide yet another example of
how the HDV RNAs and their replication sit on the edge of
recognition by host mechanisms as being double-stranded. In
terms of avoiding recognition, they are not attacked by dicer
(see Results). In addition, HDV replication does not induce
interferons (20, 37). In contrast, in terms of being recognized,
they may activate PKR (10, 44), and as an essential part of the
replication cycle, the antigenomic rod-like structure is recog-
nized and edited at a specific site by ADAR-1, an adenosine
deaminase acting on RNA (46, 55).

Incidental to the primary aim of this study, we provide here
the first evidence that miR-122 is present not only in the mouse
liver (27) but also in human and woodchuck livers (Fig. 1C and
E). In addition, we provide the first direct evidence that the
66-nt putative precursor to miR-122 can actually be cleaved by
dicer in vitro (Fig. 6, lane 8).

Recent studies by others with proteins of plant viruses have
in some cases demonstrated an ability of such proteins to
interfere with one or more aspects of dicer action and/or
siRNA targeting (31, 43, 51, 52, 54). Since we knew that �Ag-S
is an RNA-binding protein with some specificity for double-
stranded RNAs (9), we considered whether it could confer
protection of HDV RNAs against dicer action. During in vivo
expression of nonreplicating HDV genomic RNA, in the ab-
sence of any �Ag-S, we failed to detect �21-nt HDV RNA

(Fig. 5 and data not shown). More specifically, in the in vitro
studies, the HDV RNA was resistant to dicer in the absence of
�Ag-S. In addition, recombinant �Ag-S did not interfere with
dicer action in vitro on 100% double-stranded RNA (data not
shown). It is also worth noting that �Ag-S, when expressed in
vivo either transiently or stably, did not lead to any alterations
in the processing and accumulation of miR-122 (Fig. 1 and 5;
data not shown). That is, �Ag-S did not interfere with dicer
activity on this host RNA.
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