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A double-stranded RNA (dsRNA)-specffic modification activity from Xenopus oocytes and human cells
(dsRNA modifier) converts adenosine residues present in dsRNA to inosines. The function of the dsRNA
modifier is unknown, although it has been suggested that it may be part of the cellular antiviral response. We
investigated the relationship between the activity of the dsRNA modifier, viral infection, and the antiviral
response in human cells induced by poly(rI)-poly(rC) [poly(I C)] treatment. We found, unexpectedly, that
treatment of HeLa cells with poly(I. C) or other dsRNA molecules resulted in the dramatic inhibition of the
dsRNA modifier. Mixing experiments, reconstruction experiments, and pretreatment of extracts with RNases
indicated that inhibition of the dsRNA modifier did not result from the continued presence of a soluble inhibitor
(such as dsRNA) in the in vitro modification reactions. Treatment of cells with cyclohexamide or dactinomycin
simultaneously with the poly(I C) demonstrated that in vivo inhibition of the dsRNA modifier did not require
new transcription or translation. The dsRNA mojification activity was also substantially inhibited in cells
infected with poliovirus and was slightly inhibited in cells infected with adenovirus. The inhibition of the
dsRNA modifier during the antiviral state is thus not consistent with an antiviral function, and instead suggests
another cellular function for dsRNA modification.

A double-stranded RNA (dsRNA) modification activity
(dsRNA modifier) from Xenopus eggs (4) and mammalian
cells (41), originally termed an RNA-unwinding activity (3,
32, 40), converts adenosines to inosines in RNA duplexes (4,
41). The adenosine-to-inosine conversion both destabilizes
the RNA double helix and alters the informational content of
the RNA (1). The level of dsRNA modification activity, its
intracellular location, or both vary during both Xenopus
development (3, 32) and the cell cycle of mouse fibroblast
3T3 cells (40, 41).
The cellular function of the dsRNA modifier remains
unknown. dsRNA modification has been suggested to function in natural antisense regulation of gene expression in
Xenopus (17), pathogenicity in defective measles virus (5, 8,
9, 44), and posttranscriptional modification of hepatitis delta
virus RNA (26). It has also been suggested that the dsRNA
modifier constitutes part of the cellular antiviral response
(21, 41), since modification of viral RNAs when they are in a
double-stranded conformation might destroy their structure,
informational content, or both. We tested a possible antiviral
role of the dsRNA modifier by examining its relationship to
the known cellular antiviral response.
Mammalian cells constitutively express low levels of
proteins with known antiviral functions, including a dsRNAdependent protein kinase and the dsRNA-dependent 2',5'oligo(A) synthetase (24, 30). Type I interferons, which are
secreted proteins that protect homologous cells against viral
infections, are not normally present in uninfected cells.
Synthesis of interferon is induced in many cell types by
either viral infection or treatment with synthetic or natural
dsRNA (24, 30). Other genes are also induced by these
treatments (11, 39, 42, 47), and interferons in turn induce the
transcription of many genes with antiviral functions, including the dsRNA-dependent protein kinase and 2',5'-oligo(A)
*

synthetase (12, 33-35, 45). The actions of interferons in the
antiviral response are known to be dependent upon new
transcription. In the absence of ongoing transcription, mammalian cells still display many responses to inducers of the
antiviral state, such as poly(I)-poly(C) [poly(I- C)], a synthetic dsRNA. These responses include activation of the
dsRNA-dependent protein kinase and 2',5'-oligo(A) synthetase present constitutively in the cell (24, 30), stimulation
of the transcription factor NF-KB (23), and possibly activation of other constitutively synthesized cellular proteins as
well (13). Although many of the transcriptional responses to
poly(I C) do not occur readily in HeLa cells, the known
posttranslational responses to poly(I C) do occur (10).
We investigated the relationship of the dsRNA modifier in
HeLa cells with some of the known components of the
human antiviral response. We found that treatment of human
HeLa cells with poly(I. C) to induce the antiviral state
resulted in the inhibition of the dsRNA modification activity
as assayed subsequently in vitro. This observation suggests
that, far from being a component of the antiviral response in
mammalian cells, the dsRNA modifier has a normal cellular
function that is inhibited during the antiviral response.
Consistent with this idea, the dsRNA modifier was also
found to be inhibited during infection with poliovirus, a
single-stranded RNA virus whose infection can lead to the
accumulation of intracellular dsRNA (6, 7, 29). The dsRNA
modifier was significantly less inhibited during infection with
adenovirus, a virus whose virus-associated (VA) RNA products are known to subvert the cellular antiviral response

(36).

MATERIALS AND METHODS

Cells, viruses, and extracts. HeLa cells were grown as
described previously (18) and were treated with 600 ,ug of
DEAE-dextran (Sigma) per ml with or without 100 ,ug of
poly(I C) (Pharmacia) per ml for 2 h at 37° C in serum-free
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TABLE 1. Percentage of adenosine-to-inosine modification
of a radiolabeled dsRNA substrate in extracts from
HeLa cells subjected to a variety of conditions
in the presence or absence of poly(I-C)
% of adenosine-to-inosine modification
Treatment
(duration)a

of a dsRNA substrate

Without poly(I C)

With poly(I C)

None

9.4
9.5
7.1

1.2
0.6
0.6

Dactinomycin

9.4

1.1

Cyclohexamide (2 h)

8.9

2.1

Cyclohexamide (4 h)

7.6

NTb

P-Interferon

7.0

0.7

a The inhibition of RNA and protein synthesis, respectively, by dactinomycin and cyclohexamide under these conditions was tested in parallel
experiments (Materials and Methods).
bNT, not tested.

DME (Dulbecco modified Eagle medium). Additional treatments were as follows: 500 U of 13-interferon (Lee Biomolecular) per ml for 6 h prior to the addition of poly(I C); 1 ,g
of dactinomycin (Sigma) per ml for 1 h prior to the addition
of poly(I * C); 50 jxg of cycloheximide per ml concurrently
with poly(I * C) treatment; 100 ,ug of poly(rA)-poly(rC)
(Pharmacia) per ml in the presence of 600 ,ug of DEAEdextran per ml in serum-free DME for 2 h at 37° C; and 100
jig of sonicated salmon sperm DNA (Sigma) per ml with 600
,ug of DEAE-dextran per ml for 2 h at 37° C.
The efficacies of these concentrations of dactinomycin and
cylohexamide on the inhibition of RNA and protein synthesis, respectively, were tested in separate experiments. These
tests were performed in parallel to experiments similar to
those reported in Table 1, and similar inhibitions of the
dsRNA modifier were observed. HeLa cells treated with 1
,ug of dactinomycin per ml as described above were found to
incorporate 11% of the amount of [3H]uridine (Dupont, NEN
Research Products) incorporated by untreated cells in 2 h at
37° C; poly(I * C) did not affect the inhibition of RNA synthesis by dactinomycin. HeLa cells treated with 50 jig of
cyclohexamide per ml as described above (except that the
DME contained no methionine) incorporated 5% as much
[35S]methionine (Dupont, NEN) as did untreated cells in 2 h
at 37° C. Poly(I * C) did not affect the inhibition of protein
synthesis by cyclohexamide.
To quantify the amount of poly(I * C) remaining in the
Manley extracts, poly(I * C) was 5' end-labeled with 32p to a
specific activity of 21,000 cpm/,ug of poly(I C). Cells were
treated with this 32P-labeled poly(I * C) as described for
unlabeled poly(I C), and Manley extracts were prepared. A
10-gu.l sample of extract was found to contain 148 cpm, or 6.1
ng, of residual poly(I * C); inhibition of dsRNA modification
activity was observed in these extracts.
Infections with Mahoney type 1 poliovirus were performed at MOI of 40 as described previously (18). Infections
with phenotypically wild-type d1309 adenovirus serotype 5
(obtained from J. Schaak, University of Colorado Health
Sciences Center) were performed at a multiplicity of infection (MOI) of 5 as described previously (16). Manley wholecell extracts were prepared from batches of 108 HeLa cells
as described previously (27).

dsRNAs. Poly(I C), a synthetic dsRNA, was purchased
from Pharmacia. dsRNA, approximately 4,600 bp in length,
from viruslike particles of Saccharomyces cerevesiae was
isolated from the L-A-containing strain TF229 as described
by Icho and Wickner (15). The viruslike particle dsRNA was
further purified by phenol extraction and LiCl2 precipitation
-

(15).

The dsRNA substrate for the in vitro modification assay
was prepared by annealing complementary single-stranded
RNA transcripts made by SP6 and T7 RNA polymerases
(Boehringer), respectively, from plasmid pG158 or pGB.
pG158 contains an approximately 158-bp ScaI-EcoRI DNA
fragment cloned into pGem3 (Promega Biotec). The 158-bp
insert was derived from pPolio (18) and includes nucleotides
7332 to 7440 of Mahoney type 1 poliovirus cDNA (20, 31), 20
nucleotides each of poly(A) and poly(C), as well as ClaI and
EcoRI linker DNA sequences. pGB contains a 286-bp XbaIBamHI fragment derived from pPolio cloned into pGem4
(Promega Biotec). The 286-bp fragment contains nucleotides
4600 to 4886 of Mahoney type 1 poliovirus cDNA (20, 31).
Transcription reactions were performed as described previously (46); 275 pmol of [a-32P]ATP (800 Ci/mmol; Dupont,
NEN) was included in the reaction with SP6 polymerase.
The transcripts were hybridized in 80% formamide and 300
mM NaCl for 16 h at 55° C. The RNA hybrids were subsequently digested with RNase A and RNase Ti (46) and
purified following electrophoresis on a 6% polyacrylamide
gel.
In vitro dsRNA modification assays. From 30 to 300 pmol of
the duplex RNA was incubated at 30° C in 20-,ul reactions
containing various cell extracts and 10 mM MgCl, 20 mM
phosphocreatine, 10 mM KCl, 10 mM ATP, and 10 mM Tris,
pH 7.4 (final concentrations). The concentration of dsRNA
substrate was varied between experiments because of differences in the specific activities of individual RNA preparations; however, the 1.5 to 15 ,uM range of substrate concentrations used was well below saturation conditions for the
RNA modification activity in the extracts (data not shown).
Reactions were terminated with proteinase K, the mixtures
were extracted with phenol, and the RNAs were collected by
ethanol precipitation and digested with P1 nuclease as described previously (4). Samples were spotted on polyethyleneimine (PEI) cellulose plates (EM Science) and developed
in either solvent A [saturated (NH4)2SO4-0.1 M sodium
acetate, pH 6.0-isopropanol, 79:19:2 (vol/vol/vol)] or solvent
B (1.0 M acetic acid). The two different solvent systems
yielded similar results; data from experiments using solvent
A are presented here. The percentage of dsRNA modification was determined by scintillation counting of the excised
5'-AMP and 5'-IMP spots from thin-layer chromatographic

analysis.

RESULTS
Treatment of HeLa cells with dsRNA inhibits the dsRNA
modifier. Whole-cell extracts (27) made from HeLa cells or
from HeLa cells pretreated in vivo with poly(I C) were
incubated in vitro with a 158-bp dsRNA substrate which was
internally radiolabeled at adenosine residues. The dsRNA
substrate was then digested to nucleoside 5'-monophosphates and analyzed by thin-layer chromatography (4). After
15 min of incubation with HeLa cell extracts, conversion of
adenosine to inosine was readily observed. However, no
such modification was seen after incubation with extracts
from cells pretreated with poly(I . C) (Fig. 1A). Quantitation
of these data revealed that, even after 2 h of incubation,
-
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FIG. 1. Thin-layer chromatogram showing the inhibition of dsRNA modification by poly(I C). (A) A 32P-labeled dsRNA substrate made
from pG158 was incubated with extracts prepared from HeLa cells treated with DEAE-dextran alone or in combination with poly(I C).
Samples with no extract contained Manley dialysis buffer (27). Following incubation for the time (in minutes) indicated below the lanes,
dsRNA was digested to nucleoside 5' monophosphates and analyzed by thin-layer chromatography (4). The positions of the 5'-AMP and
5'-IMP markers are indicated by pA and pI, respectively. (B) Kinetics of in vitro modification of the dsRNA substrate in whole-cell extracts.
no extract;
extract from cells treated with only DEAE-dextran; A, extract from cells treated with poly(I C) and
Symbols:
DEAE-dextran.
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0

U,

dsRNA modification could not be detected above background in extracts from HeLa cells treated in vivo with
poly(I- C) (Fig. 1B).
To test whether the inhibition of the dsRNA modifier by
poly(I * C) was, like other cellular responses to poly(I C),
specific for dsRNA (24, 30), we tested the effects of other
polynucleotides on dsRNA modification. The dsRNA modifier was also inhibited in HeLa cells treated with dsRNA
derived from yeast viruslike L-A particles (15; data not
shown). However, treatment of HeLa cells with similar
concentrations of single-stranded RNA [poly(rA- rC)] or
dsDNA (salmon sperm) had no effect on dsRNA modification as subsequently assayed in vitro. In experiments in
which extracts from HeLa cells treated only with DEAEdextran showed 10.8% conversion of adenosine to inosine,
extracts from cells treated with poly(A- C) and salmon
sperm DNA showed 11.4 and 8.4% adenosine-to-inosine
conversion, respectively (see Materials and Methods). Thus,
the dsRNA modifier is inhibited when HeLa cells are treated
with dsRNA, and not when they are treated with other
polynucleotides we have tested.
Inhibition of the dsRNA modifier by poly(I- C) occurred in
vivo. One explanation for the inhibition of the dsRNA
modifier by treatment of cells with poly(I- C) was that a
soluble component [poly(I * C), for example] remaining in
the extract inhibited the dsRNA modifier activity during its
assay in vitro. Equal volumes of extracts from HeLa cells
and from HeLa cells treated with poly(I C) were mixed and
assayed for modification of the radiolabeled dsRNA substrate. dsRNA modification in HeLa cell extracts was not
-

inhibited in the mixed extracts (Fig. 2). Preincubation of the
active and inactive extracts together for 1 to 2 h prior to the
addition of the radiolabeled dsRNA substrate still revealed
no inhibition of the active extract (data not shown), thus
showing that even after extended incubation, the constituents of the inactive extract did not inhibit the dsRNA
modification activity in the active extract. In fact, to inhibit
dsRNA modification in active extracts to background levels
in vitro, it was necessary to add 1 ,ug of poly(I C) to the
reaction mixtures, to a final concentration of 50 p.g/ml (Fig.
2B). When 32P-labeled poly(I- C) was used in the cell
treatments, only 6 ng (0.3 ,ug/ml) of residual 32P-labeled
poly(I C) remained in 10 pAl of extract, more than 100-fold
less than the amount necessary to cause the levels of
inhibition observed (see Materials and Methods). In addition, inactive extracts were preincubated with cobra venom
ribonuclease (25) to degrade any preexisting dsRNA, and the
ribonuclease was inactivated before the assay was performed. Such treatment did not restore dsRNA modification
to inactive extracts. We concluded that there was no soluble
inhibitor present in the inactive extracts and that the inhibition of dsRNA modification in those extracts was due to the
response of the HeLa cells during in vivo treatment with
dsRNA.
Poly(I C) inhibits the dsRNA modifier in HeLa cells on the
posttranslational level in vivo. Treatment of mammalian cells
with poly(I C) or any dsRNA has a variety of effects, such
as the transcriptional induction of many genes, including that
for interferon (11, 39, 42, 46, 47). Interferon in turn mediates
the transcriptional activation of several other genes (12,
-

-

3722

MOL. CELL. BIOL.

MORRISSEY AND KIRKEGAARD

A

B

Hela+
Hela

pI

polylilpolylCI Mixed

____I__c0
.4

a.
pA

MliiC

origin
ug poly l:C

1

2

3

4

5

6

FIG. 2. Search for possible soluble inhibitors of the dsRNA modifier in HeLa cell extracts. (A) In vitro modification of dsRNA in mixed
cellular extracts. Duplicate modification reactions are shown for extracts from DEAE-dextran-treated HeLa cells (lanes 1 and 2), HeLa cells
treated with DEAE-dextran and poly(I * C) (lanes 3 and 4), and a mixture of equal volumes of these two extracts (lanes 5 and 6). Modification
reactions were incubated for 30 min and were performed as described for Fig. 1, except that in reactions with mixed extracts, 10 ,ul of each
extract or of Manley dialysis buffer was added in a final reaction volume of 25 ,ul. (B) In vitro inhibition of dsRNA modification by direct
addition of poly(I C) to HeLa cell extracts. Poly(I C) in the amounts shown was added to extracts from HeLa cells treated with
DEAE-dextran. Subsequent 1-h incubations with radiolabeled dsRNA substrate from pG158 were followed by determination of the
percentage of conversion of adenosine to inosine by thin-layer chromatography.

33-35, 45). Cellular responses to dsRNA that are not dependent on new transcription or translation include the activation of 2',5'-oligo(A) synthetase, of dsRNA-dependent protein kinase (DAI) (24, 30), and of NF-KB, a transcription
factor (22).
To understand the relationship between the cellular response to poly(I * C) and its in vivo inhibition of the dsRNA
modifier, we investigated the role of new macromolecular
synthesis in this inhibition. We found that treatment of cells
with dactinomycin, cyclohexamide, or p-interferon had little
effect on either the dsRNA modification activity or its
inhibition by poly(I * C) (Table 1). Therefore, the activity
itself is stable, and its inhibition by dsRNA does not require
new transcription, new translation, or the induction of
interferon.
Poliovirus infection inhibits the dsRNA modifier. To test the
idea that the inhibition of this activity is a bona fide cellular
response to intracellular RNAs, we studied the effects of
infection with an RNA virus on the dsRNA modifier. Figure
3 shows the effect of infection with poliovirus, a positivestrand RNA virus, on the dsRNA modification activity. By 3
to 5 h postinfection with Mahoney type 1 poliovirus, substantial inhibition of the dsRNA modifier had occurred.
The effects of poliovirus infection on HeLa cells include
the inhibition of cellular translation (38). The inhibition of
the dsRNA modifier by poliovirus infection was not due to
this inhibition of cellular translation, however, because
treatment of cells with cyclohexamide for the same 5-h
period did not inhibit the activity (Table 1).
It is likely that poliovirus infection inhibits the dsRNA

modifier by the in vivo production of double-stranded poliovirus RNA. Others have shown that some posttranslational
components of the cellular response to poly(I C) are stimulated during poliovirus infection, suggesting that sufficient
dsRNA to activate these responses must be present. For
-
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FIG. 3. Effects of poliovirus infection on the dsRNA modifier.
HeLa cells were infected for the times shown with Mahoney type 1
poliovirus at an MOI of 40. Extracts were made by the method of
Manley et al. (27). Duplicate reactions containing radiolabeled
dsRNA substrate from pGB were assayed for conversion of adenosine to inosine by quantitative thin-layer chromatography.
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parallel revealed nearly 100% cytopathology by 40 h postinfection (data not shown). That adenoviral infection does not
inhibit the dsRNA modifier, whereas poliovirus infection
does, could provide an important clue to the mechanism of
the inhibition of the dsRNA modifier by dsRNA in the cell.
During infection of susceptible host cells with wild-type
adenovirus, small RNAs termed VAl and VA2 are synthesized at high levels and block the activation of DAI by
dsRNA (19, 28, 36, 37). If the dsRNA modifier were inhibited by activation of DAI by poly(I * C), then the infection
with adenovirus would prevent the inhibition of the dsRNA
modifier, because the VA RNAs would prevent the activation of DAI. This and other hypotheses concerning the
mechanism of inhibition of dsRNA modification activity by
poly(I C) treatment of cells are currently under investigation.
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FIG. 4. In vitro time

course

of the dsRNA modifier activity in

extracts from uninfected HeLa cells and from HeLa cells infected

with poliovirus or adenovirus. HeLa cells were infected with either
Mahoney type 1 poliovirus for 5 h at an MOI of 40 or with
phenotypically wild-type d1309 adenovirus for 0 or 15 h at an MOI of
5. Incubation of the dsRNA substrate from pGB with the extracts
was for the times indicated. *, extract from HeLa cells treated with
DEAE-dextran; *, extract from mock-infected HeLa cells infected
with adenovirus for 0 h; 0, extract from HeLa cells infected with
adenovirus for 15 h at 37° C; A, extract from HeLa cells infected
with poliovirus for 5 h at 37° C.

example, in HeLa cells infected with a poliovirus mutant
defective in the inhibition of cellular translation, viral translation was found to be inhibited eventually by the cell (6).
Furthermore, the activation and destabilization of the DAI
has been observed during poliovirus infection (7, 29).
The finding that poliovirus infection inhibits the dsRNA
modifier is consistent with the hypothesis that this inhibition
occurs cellularly and is mediated by dsRNA. This observation does not, however, shed light on which of the known
posttranslational responses to dsRNA, if any, mediates the
inhibition of dsRNA modification.
Adenovirus infection does not substantially inhibit the
dsRNA modification activity. We tested the in vivo effect of
infection by adenovirus, a DNA virus, on the dsRNA
modifier. Figure 4 shows the in vitro time course of dsRNA
modification activity in extracts from untreated HeLa cells,
HeLa cells infected with poliovirus for 5 h, and HeLa cells
infected with adenovirus for 0 and 15 h. Little inhibition of
dsRNA modification was seen in cells infected for 15 h with
wild-type adenovirus; viral RNA synthesis should be maximal at this time (14). Analysis of infections performed in

DISCUSSION
The existence in a variety of organisms of a dsRNAspecific activity that converts adenosines to inosines has
prompted a great deal of speculation concerning its possible
function. Since these adenosine-to-inosine conversions alter
both the structure of a duplex RNA region and the coding
capacity of that RNA, it is not clear which, if either, of these
two functions is the more important (2). As a helix destabilizer, the dsRNA modifier could serve to modulate or
reverse RNA-RNA interactions in the cell (2, 21) or to target
dsRNA for degradation (17). In its role in the alteration of
structure-specific information, the dsRNA modifier could
serve as an RNA editor (43).
The idea that dsRNA modification might provide an antiviral function in mammalian cells derives primarily from
work with defective measles virus genomes. For example,
cDNAs made from RNA found in a measles inclusion body
in an encephalitis patient showed that 132 out of 266 uridine
residues had been converted to cytosine; this biased hypermutation could very easily have resulted from adenosine-toinosine conversions in vivo on the opposite strand (8, 9).
Furthermore, in the small RNA genome of hepatitis 8, a
population of antigenomic RNA molecules was found to
contain a specific base change that could have resulted from
adenosine-to-inosine modification, even when the original
RNA population did not bear the mutation (26). In this case,
the mutation altered a stop codon, allowing the translation of
a longer hepatitis 8 protein (26). Knowledge of the difference
in function, if any, of the two forms of the viral protein is
necessary to know whether the modification event was
hindering the virus or helping viral replication with this
editing function.
We have shown that the dsRNA modifier in HeLa cells is
inhibited following treatment with dsRNA. Treatment of
HeLa cells with dsRNA is known to induce many components of the antiviral response typical of mammalian cells
(10, 24, 30). That the cell inhibits the dsRNA modifier during
its antiviral state leads to certain limitations on the possible
cellular functions of dsRNA modification. It seems improbable that the cell would inhibit the dsRNA modifier during its
antiviral response if the activity were indeed an important
component of that response. Instead, our data suggest that
dsRNA modification must have an important function in
uninfected cells, and that its primary purpose is probably not
antiviral.
As mentioned previously, it has been proposed (21, 41)
that one of the constitutive functions of dsRNA modification
might be to destabilize inter- and intramolecular dsRNA
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structures. We suggest that the destabilization of RNA
duplexes by dsRNA modification might afford protection
against misfolding of cellular RNAs which, if they contained
dsRNA regions of sufficient length, would inappropriately
activate the cell's antiviral response. Thus, dsRNA modification activity might function in RNA structure repair by
disrupting intramolecular duplexes in the cell.
Such an activity would become counterproductive, however, during viral infection, when dsRNA should serve as a
signal to the cell that viral replication is occurring. It is
possible that only high intracellular concentrations of
dsRNA inhibit the dsRNA modifier, a possibility that we are
currently investigating. The purpose of inhibiting the dsRNA
modifier, for example during viral infection, would therefore
be to prevent the dsRNA modification activity from serving
its normal RNA structure repair function and to allow the
cellular antiviral response to proceed.
ACKNOWLEDGMENTS
We thank Brenda Bass, Jonathan Greene, Nancy Reich, Peter
Sarnow, and Ben Young for critical and stimulating discussions
throughout the course of this work, and Ara Hovannessian, Nancy
Reich, Walden Roberts, Jerry Schaak, Bob Schneider, Ranjan Sen,
and Oppendra Sharma for materials and helpful suggestions.
This work was supported by the Howard Hughes Medical Institute, the David and Lucille Packard Foundation, and NIH grant

AI-25166.

REFERENCES
1. Basilio, C., A. J. Wahba, P. Lengyel, J. F. Speyer, and S. Ochoa.
1962. Synthetic polynucleotides and the amino acid code V.
Proc. Natl. Acad. Sci. USA 48:613-616.
2. Bass, B. L. 1991. The dsRNA unwinding/modification activity.
In J. A. H. Murray (ed.), Antisense RNA and DNA, in press.
Wiley-Liss, New York.
3. Bass, B. L., and H. Weintraub. 1987. A developmentally regulated activity that unwinds RNA duplexes. Cell 48:607-613.
4. Bass, B. L., and H. Weintraub. 1988. An unwinding activity that
covalently modifies its double-stranded RNA substrate. Cell
55:1089-1098.
5. Bass, B. L., H. Weintraub, R. Cattaneo, and M. A. Billeter.
1989. Biased hypermutation of viral RNA genomes could be due
to unwinding/modification of double-stranded RNA. Cell 56:
331.
6. Bernstein, H. D., N. Sonenberg, and D. Baltimore. 1985. Poliovirus mutant that does not selectively inhibit host cell protein
synthesis. Mol. Cell. Biol. 5:2913-2923.
7. Black, T. L., B. Safer, A. Hovanessian, and M. G. Katze. 1989.
The cellular 68,000-Mr protein kinase is highly autophosphorylated and activated yet significantly degraded during poliovirus
infection: implications for translational regulation. J. Virol.
63:2244-2251.
8. Cattaneo, R., A. Schmid, D. Eschle, K. Baczko, V. ter Meulen,
and M. A. Billeter. 1988. Biased hypermutation and other
genetic changes in defective measles viruses in human brain
infections. Cell 55:255-265.
9. Cattaneo, R., A. Schmid, P. Spielhofer, K. Kaelin, K. Baczko, V.
ter Meulen, J. Pardowitz, S. Flanagan, B. K. Rima, S. A. Udem,
and M. A. Billeter. 1989. Mutated and hypermutated genes of
persistent measles viruses which caused lethal human brain
diseases. Virology 173:415-425.
10. Enoch, T., K. Zinn, and T. Maniatis. 1986. Activation of the
human P-interferon gene requires an interferon-inducible factor.
Mol. Cell. Biol. 6:801-810.
11. Fan, C.-M., and T. Maniatis. 1989. Two different virus-inducible
elements are required for human P-interferon gene regulation.
EMBO J. 8:101-110.
12. Friedman, R. L., S. P. Manly, M. McMahon, I. M. Kerr, and
G. R. Stark. 1984. Transcriptional and posttranscriptional regulation of interferon-induced gene expression in human cells.

MOL. CELL. BIOL.

Cell 38:745-755.
13. Hall, D. J., S. D. Jones, D. R. Kaplan, M. Whitman, B. J.
Rollins, and C. D. Stiles. 1989. Evidence for a novel signal
transduction pathway activated by platelet-derived growth factor and by double-stranded RNA. Mol. Cell. Biol. 9:1705-1713.
14. Horwitz, M. S. 1990. Adenoviridae and their replication, p.
1679-1721. In B. N. Fields and D. L. Knipe (ed.), Virology.
Raven Press, New York.
15. Icho, T., and R. B. Wickner. 1989. The double-stranded RNA
genome of yeast virus L-A encodes its own putative RNA
polymerase by fusing two open reading frames. J. Biol. Chem.
264:6716-6723.
16. Jones, N., and T. Shenk. 1979. Isolation of adenovirus type 5
host range deletion mutants defective for transformation of rat
embryo cells. Cell 17:683-689.
17. Kimelman, D., and M. W. Kirschner. 1989. An antisense mRNA
directs the covalent modification of the transcript encoding
fibroblast growth factor in Xenopus oocytes. Cell 59:687-696.
18. Kirkegaard, K., and B. Nelsen. 1990. Conditional poliovirus
mutants made by random deletion mutagenesis of infectious
cDNA. J. Virol. 64:185-194.
19. Kitajewski, J., R. J. Schneider, B. Safer, S. M. Munemitsu, C. E.
Samuel, B. Thimmappaya, and T. Shenk. 1986. Adenovirus VAl
RNA antagonizes the antiviral action of interferon by preventing activation of the interferon-induced eIF-2a kinase. Cell
45:195-200.
20. Kitamura, N., B. Semler, P. Rothberg, G. Larsen, C. Adler, A.
Dorner, E. Emini, R. Hanecak, J. Lee, S. van der Werf, C.
Anderson, and E. Wimmer. 1981. Primary structure, gene organisation, and polypeptide expression of poliovirus RNA.
Nature (London) 291:547-553.
21. Lamb, R. A., and G. Dreyfuss. 1989. Unwinding with a vengeance. Nature (London) 337:19-20.
22. Lenardo, M. J., and D. Baltimore. 1989. NF-KB: a pleiotropic
mediator of inducible and tissue-specific gene control. Cell
58:227-229.
23. Lenardo, M. J., C.-M. Fan, T. Maniatis, and D. Baltimore. 1989.
The involvement of NF-KB in P-interferon gene regulation
reveals its role as widely inducible mediator of signal transduction. Cell 57:287-294.
24. Lengyel, P. 1982. Biochemistry of interferons and their actions.
Annu. Rev. Biochem. 51:251-282.
25. Locard, R. E., and A. Kumar. 1981. Mapping tRNA structure in
solution using double-strand-specific ribonuclease Vi from cobra venom. Nucleic Acids Res. 9:5125-5140.
26. Luo, G., M. Chao, S.-Y. Hsieh, C. Sureau, K. Nishikura, and J.
Taylor. 1990. A specific base transition occurs on replicating
hepatitis delta virus RNA. J. Virol. 64:1021-1027.
27. Manley, J. L., A. Fire, A. Cano, P. A. Sharp, and M. L. Gefter.
1980. DNA-dependent transcription of adenovirus genes in a
soluble whole-cell extract. Proc. Natl. Acad. Sci. USA 77:38553859.
28. O'Malley, R. P., T. M. Mariano, J. Siekierka, and M. B.
Mathews. 1986. A mechanism for the control of protein synthesis by adenovirus VA RNA. Cell 44:391-400.
29. O'Neill, R. E., and V. R. Racaniello. 1989. Inhibition of translation in cells infected with a poliovirus mutant correlates with
phosphorylation of the alpha subunit of eucaryotic initiation
factor 2. J. Virol. 63:5069-5075.
30. Pestka, S., J. A. Langer, K. C. Zoon, and C. E. Samuel. 1987.
Interferons and their actions. Annu. Rev. Biochem. 56:727-777.
31. Racaniello, V. R., and D. Baltimore. 1981. Molecular cloning of
poliovirus cDNA and determination of the complete nucleotide
sequence of the viral genome. Proc. Natl. Acad. Sci. USA
78:4887-4891.
32. Rebagliati, M. R., and D. A. Melton. 1987. Antisense RNA
injections in fertilized frog eggs reveal an RNA duplex unwinding activity. Cell 48:599-605.
33. Reich, N., B. Evans, D. Levy, D. Fahey, E. J. Knight, and
J. E. J. Darnell. 1987. Interferon-induced transcription of a gene
encoding a 15-kDa protein depends on an upstream enhancer
element. Proc. Natl. Acad. Sci. USA 84:6394-6398.
34. Reich, N., R. Pine, D. Levy, and J. E. J. Darnell. 1988.

VOL . 1 l, 1991

35.
36.

37.

38.
39.
40.
41.

REGULATION OF A dsRNA MODIFICATION ACTIVITY

Transcription of interferon-stimulated genes is induced by adenovirus particles but is suppressed by ElA gene products. J.
Virol. 62:114-119.
Revel, M., and J. Chebath. 1986. Interferon-activated genes.
Trends Biochem. Sci. 11:166-170.
Schneider, R. J., B. Safer, S. M. Munemitsu, C. E. Samuel, and
T. Shenk. 1985. Adenovirus VAI RNA prevents phosphorylation of the eukaryotic initiation factor 2 a subunit subsequent to
infection. Proc. Natl. Acad. Sci. USA 82:4321-4325.
Siekierka, J., T. M. Mariano, P. A. Reichel, and M. B. Mathews.
1985. Translational control by adenovirus: lack of virus associated RNA during adenovirus infection results in phosphorylation of initiation factor eIF-2 and inhibition of protein synthesis.
Proc. Natl. Acad. Sci. USA 82:1959-1%3.
Sonenberg, N. 1987. Regulation of translation by poliovirus.
Adv. Virus Res. 33:175-204.
Tiwari, R. K., J. Kusari, R. Kumar, and G. C. Sen. 1988. Gene
induction by interferons and double-stranded RNA: selective
inhibition by 2-aminopurine. Mol. Cell. Biol. 8:4289-4294.
Wagner, R. W., and K. Nishikura. 1988. Cell cycle expression of
RNA duplex unwindase activity in mammalian cells. Mol. Cell.
Biol. 8:770-777.
Wagner, R. W., J. E. Smith, B. S. Cooperman, and K.
Nishikura. 1989. A double-stranded RNA unwinding activity
introduces structural alterations by means of adenosine to

42.

43.
44.

45.

46.
47.

3725

inosine conversions in mammalian cells and Xenopus eggs.
Proc. Natl. Acad. Sci. USA 86:2647-2651.
Wathelet, M. G., I. M. Clauss, C. B. Nols, J. Content, and G. A.
Hueq. 1987. New inducers revealed by the promoter sequence
analysis of two interferon-activated human genes. Eur. J. Biochem. 169:3373-3378.
Weissmann, C., R. Cattaneo, and M. A. Billeter. 1990. Sometimes an editor makes sense. Nature (London) 343:697-699.
Wong, T. C., M. Ayata, A. Hirano, Y. Yoshikawa, H. Tsuruoka,
and K. Yamanouchi. 1989. Generalized and localized biased
hypermutation affecting the matrix gene of a measles virus
strain that causes subacute sclerosing panencephalitis. J. Virol.
63:5464-5468.
Yan, C., P. B. Sehgal, and I. Tamm. 1989. Signal transduction
pathways in the induction of 2',5'-oligoadenylated synthetase
gene expression by interferon a/P. Proc. Natl. Acad. Sci. USA
86:2243-2247.
Zinn, K., D. DiMaio, and T. Maniatis. 1983. Identification of two
distinct regulatory regions adjacent to the human 3-interferon
gene. Cell 34:865-879.
Zuflo, J. N., B. H. Cochran, A. S. Huang, and C. D. Stiles. 1985.
Platelet-derived growth factor and double-stranded ribonucleic
acids stimulate expression of the same genes in 3T3 cells. Cell
43:793-800.

