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Inhibition of Retroviral Replication by Anti-Sense RNA
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We tested the effect of anti-sense RNA on the replication of avian retroviruses in cultured cells. The
replication of a recombinant retrovirus carrying a neomycin resistance gene (neor) in the anti-sense orientation
was blocked when the cells expressed high steady-state levels ofRNA molecules with neor sequences in the sense

orientation, i.e., complementary to the viral sequence. Viral DNA bearing neor sequences was not detected
specifically in host cells where this anti-sense RNA inhibition of viral replication occurred. These observations
suggest that anti-sense RNA inhibition may be a useful strategy for the inhibition of retroviral infections.

The anti-sense RNA-mediated inhibition of gene expres-
sion (5) has potential as a tool for genetic analysis (1, 8, 10,
11) and has also been suggested as a novel approach to
inhibiting viral infections (5; E. C. M. Mariman, Letter,
Nature (London) 318:414, 1985; R. Tellier and J. M. Weber,
Letter, Nature (London) 318:414, 1985). We carried out
experiments which addressed the question of whether anti-
sense RNA can inhibit retroviral replication. We constructed
a recombinant, replication-competent avian retrovirus which
can express anti-sense RNA molecules complementary to
abundant RNA transcripts from a particular cellular gene.
We then examined the consequences of infection of host
cells on the expression of the target host cell gene and on the
replication of the retrovirus bearing the complementary
RNA sequence.
The target sense and anti-sense sequences for these ex-

periments were derived from the neor gene of the bacterial
transposable element TnS. This gene confers resistance to
the cytotoxic effects of the neomycin analog G418 in eucary-
otic cells (12) and therefore can serve as a convenient marker
for gene transfer. Furthermore, the neor gene is of a size
appropriate for packaging within a nondefective retroviral
vector system, 779NCTAQ26, originally developed from
cloned Rous sarcoma virus (RSV) genomes by Hughes and
Kosik (4). This vector was engineered to maximize the
stability of genes inserted in place of the RSV src gene by
deletion of one of the flanking direct repeats. A neor_
containing 2.14 -kilobase (kb) HindIII-HpaI fragment from
pSV2-neo (Fig. 1) was inserted into the ClaI site of the
779NCTAQ26 vector in either the sense (N-10) or the
anti-sense (oaN-10) orientation with respect to the viral
genome. The constructs were digested with SalI to remove
the bacterial sequences and religated prior to transfection
into chicken embryo fibroblasts by the calcium phosphate
precipitation technique (2). Chicken embryo fibroblasts were
propagated at 37°C in F10 medium (GIBCO Laboratories,
Grand Island, N.Y.) supplemented with 10% (vol/vol) tryp-
tose phosphate broth, 5% calf serum, and 0.05% (wt/vol)
sodium bicarbonate in the presence of penicillin, streptomy-
cin, and nystatin (Mycostatin; E. R. Squibb & Sons,
Princeton, N.J.). Progeny viruses were recovered from
supernatant fluids. Cells infected with N-10 virus grew
normally in the presence of 200 ,ug of G418 per ml, while
those infected with aN-10 virus and uninfected control cells
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were killed completely in 5 to 7 days by the same concen-
tration of G418.
The neor sequences of N-10 and aN-10 virion RNAs were

detected selectively with 32P-labeled single-stranded neor
RNA probes complementary to sense and anti-sense neor
sequences, respectively, prepared by using an SP6-T7 plas-
mid system (pGEM4; Promega Biotec, Madison, Wis.). Both
sense and anti-sense neor inserts were equally stable in viral
RNA upon chronic passage in both chicken embryo fibro-
blasts and quail cells. Figure 2, panel I, shows a dot blot
analysis of neor sequences in N-10 and aN-10 viral stocks
grown on quail cells. The level of neor sequences relative to
total viral RNA was comparable in both stocks. RNA blot
hybridization analysis with a viral sequence probe of N-10
and aN-10 viral stocks from chronic passages also showed
the accumulation of virions which had deleted neor inserts.
These deleted genomes never amounted to more than 50 to
65% of the total viral stock (Fig. 2, panel III), in comparison
with the 10-fold or greater excess of analogous transforma-
tion-defective deletions common in wild-type stocks of
chronically passaged RSV (7).
The host cell system we used to test possible mutual

anti-sense effects on both viral replication and target host
cell gene expression was derived from a chemically trans-
formed Japanese quail cell line, QT35 (9), which had been
made G418 resistant by transfection with a defective retro-
viral vector carrying the neor gene. QT35 cells and neor
derivatives were propagated under the same conditions as
those described earlier for chicken embryo fibroblasts, ex-

cept that the medium was supplemented with 1% dimethyl
sulfoxide. Figure 3 shows a slot blot analysis of virion RNA
produced by cultures of three clones of G418-resistant QT35
derivatives infected with either N-10 or aN-10. The three
clones were derived from three independent transfections of
QT35 with constructs that express neor from an avian
retroviral promoter. The steady-state levels of neor tran-
scripts in each of the clones was determined by neor hybrid-
ization by slot blot analysis of total cellular RNA in compar-
ison with the signal obtained from authentic neor RNA
prepared in vitro and blotted on the same membrane. These
levels varied from 0.001 to 0.04% of total cellular RNA (Fig.
3). neor-containing viral RNA was detected in the superna-
tants from all three N-10-infected clones. However, we did
not detect neor_containing viral RNA in the supernatants
from two of the clones (GG and Al) infected with aN-10 and
detected only very low levels of this RNA in the supernatant
from the aN-10-infected C1-2 clone. This clone had the
lowest level of neor transcripts.
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FIG. 1. Retroviral vectors for transferring neor sequences. (A)
Plasmid used to transfer G418 resistance to Al cells by transfection.
The solid line denotes bacterial plasmid pBR322 sequences; dotted
segments represent retroviral sequences; and hatched segments
represent LTRs. The neor insert (Neo R) and a region containing a

c-myc gene (c-myc) are indicated. (B) Structures of the DNA forms
of N-10 and aN-10 retroviruses. Hatched segments are U5 regions of
viral LTRs; PPT is a polypurine tract; gag is the viral gene for
internal structural proteins; pol is the viral gene for reverse tran-
scriptase; env is the viral envelope gene; R denotes EcoRI sites.

This initial analysis suggested a specific inhibition of the
replication of aN-10, perhaps related to the level of neor

transcripts in the cells. Further analysis was performed with
Al cells. The construct used for transfection during the
isolation of this G418-resistant clone is shown in Fig. 1. A
2.14-kb HindIII-HpaI fragment of pSV2-neo (12) containing
the complete neor gene was inserted in the sense orientation
(indicated by arrows in Fig. 1) at the SmaI site of a

replication-defective retroviral vector that contained a 5'
long terminal repeat (LTR) from cloned Schmidt-Ruppin
RSV subgroup A and a 3' LTR from a subgroup B helper
virus. neor transcripts, which represented about 0.003% of
Al total cellular RNA (Fig. 3), were detected by blot
hybridization analysis (Fig. 2, panel IIA).
Table 1 shows an analysis of the effect of infection with a

retrovirus expressing anti-sense neor RNA (aN-10) on the
ability of Al cells to grow in the presence of G418. Al cells
were infected with aN-10 virus and with a virus derived from
a retroviral vector without any insert. Viral stocks were

titrated by comparison of reverse transcriptase levels with
those of control stocks of wild-type RSV. Infections were

carried out at a multiplicity of infection of 0.1 to 1.0.
Uninfected and infected cells were passaged three times in
the absence of G418 and seeded onto culture dishes. Assays
were performed in the presence of 200 p.g of G418 per ml by
direct cell counting in standard cultures and by colony
formation on plastic dishes and in soft agar. Uninfected
QT35 cells were also assayed as a control for the toxic effect
of G418 on parental cells. For direct cell counting in standard
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FIG. 2. Analysis of viral and cellular RNAs. (Panel I) Dot blot
analysis of virion RNAs from stocks of N-10 and aN-10 grown on

QT35 cells. Virion RNA representing 4.0 ml of culture fluid and
serial fivefold dilutions were bound to nitrocellulose membranes and
probed with either a 32P-labeled 0.75-kb PvuII-SstI fragment of
Schmidt-Ruppin RSV subgroup A DNA spanning the LTR or

strand-specific neor RNA probes prepared as described in the text.
(Panel II) Blot hybridization analysis of neor RNA molecules in cells
and viruses. (A) neor transcripts in Al cells. About 5 ,ug of total
cytoplasmic RNA was separated by electrophoresis on a 1% agarose
gel in 2.2 M formaldehyde, blotted onto nitrocellulose, and hybrid-
ized to a 32P-labeled 2.14-kb HindIII-HpaI neoT DNA fragment of
pSV2-neo. (B) Virion RNA from N-10- and aN-10-infected QT35
and Al cells probed with strand-specific 32P-labeled neoT RNA
probes. (C) Virion RNA from N-10- and aN-10-infected Al cells in
a separate experiment from that shown in panel B. Autoradiograms
were overexposed for increased sensitivity. Numbers at left are
kilobases. (Panel III) Viral RNA from supernatants of Al cells
infected with N-10, aN-10, or vector viruses. Following electropho-
resis and transfer to nitrocellulose membranes, viral RNA was

detected with a nick-translated probe for viral LTR sequences.
Numbers at left are kilobases.

0

VOL. 6, 1986



MOL. CELL. BIOL.

cultures, cells were seeded at 5 x 105 cells per dish, and
G418 was added. After 5 days (experiment 1) and 8 days
(experiment 2) of culturing, the cells were trypsinized,
diluted in 3 ml of medium, and counted. For colony forma-
tion on plastic surfaces, cells were seeded at 100 cells per
dish (experiment 1) and at 1,000 cells per dish (experiment 2)
in the presence of G418. After 24 h, the culture medium
fluids were removed, and the cells were overlaid with 0.6%
agarose (Bacto-Agar; Difco Laboratories, Detroit, Mich.)
containing 200 ,ug of G418 per ml. Colonies were counted
after 16 days, and the efficiency of colony formation was
defined as the number of colonies per 100 cells seeded. For
colony formation in soft agar, 100 cells (experiment 1) or
1,000 cells (experiment 2) were suspended in culture medium
containing 0.5% agarose (SeaPlaque; FMC Corp., Marine
Colloids Div., Rocklane, Maine) and 200 ,ug of G418 per ml.
Each cell-agar mixture was placed on top of a feeder layer of
quail embryo fibroblasts embedded in 0.7% agarose (Bacto-
Agar). After 10 days, colonies that grew in soft agar were
counted. Table 1 shows that the growth of Al cells in G418
was not inhibited by infection with aN-10. Specifically,
infection with a retrovirus bearing anti-sense neo5 se-
quences, aN-10, did not appear to inhibit the expression of
neor in Al cells (i.e., it did not increase the sensitivity of Al
cells to G418).
The production of virus from Al cells was analyzed by

blot hybridization. QT35 and Al cells were infected as
described above. After three passages, N-10- and oaN-10-
infected Al cells and N-10-infected QT35 cells were cultured
for 7 to 8 additional days in either the presence or the
absence of 200 ,ug of G418 per ml, and QT35 cells infected
with aN-10 were grown for the same period in the absence of
G418. Cells were then plated at 3 x 106 cells per 10-cm plate,
and virions were collected from 35 ml of medium after 2
days. Virion particles were purified in sucrose gradients and
suspended in 400 ,ul of 150 mM sodium chloride-1.5 mM
magnesium chloride-10 mM Tris (pH 8.0) in the presence of
10 mM vanadyl-ribonucleoside complexes (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.). Viral RNA
was deproteinized by extraction with phenol-chloroform,
and virion RNA from 4 ml of medium was subjected to
agarose gel electrophoresis and blotted onto nitrocellulose.
Blots were probed either with the strand-specific neor probes
or with a viral LTR probe. Hybridization conditions were as
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FIG. 3. Slot blot analysis of virion RNAs produced following
infection of three G418-resistant clones with N-10 and aN-10.
Levels of neod transcripts in individual clones were determined as
described in the text and are presented as percentages of total
cellular RNA. Virion RNA representing 1.5 ml of culture fluid and
two fivefold dilutions thereof were bound to the membrane in each
case and hybridized to strand-specific 32P-labeled neor RNA probes.

TABLE 1. Effect of G418 on Al cells infected with anti-sense
construct viruses

Standard Efficiency of colony formation
culture cell (colonies/100 cells seeded) in

count (10c indicated expt:
Cells and virus cells/ml) in Plastic under Soft agar

expt: agar suspension

1 2 1 2 1 2

QT35, no virus 0.0 0.0 0.0 0.0 NDa ND
Al, no virus 4.5 ND 9.0 4.8 14 12.4
Al, vector virus ND 2.0 8.0 4.1 9 6.3
Al, aN-10 virus 2.8 5.0 9.0 4.3 15 8.4

a ND, Not done.

previously described (6). Figure 2, panels IIB and IIC,
shows that the sense neor sequence in full-length virion RNA
(9.8-kb band) was easily detected in progeny viruses from
N-10-infected Al cells. However, when aN-10 was used to
infect Al cells in the presence of G418, we did not detect any
virus that carried the anti-sense neor sequence in superna-
tant culture fluid. This block to axN-10 was not due to an
unknown effect of G418 because the result was not influ-
enced by the presence or absence of G418. This result is
shown in Fig. 2, panel III, in which virion RNAs from Al
cells infected with N-10, aN-10, or vector viruses were
detected with a probe for viral sequences. The 9.8-kb RNA
species (which contains neor, Fig. 2, panel II) was only
detected in supernatants of N-10-infected Al cells. The
7.8-kb RNA (which lacks neo) was produced when cells
were infected with N-10, aN-10, or vector viruses. Since
aN-10 virus replicated in parental QT35 cells and since
viruses either containing neor sequences in the sense orien-
tation (N-10, Fig. 2, panel IIB) or lacking neor sequences
altogether (vector, Fig. 2, panel III) replicated in Al cells,
we conclude that the neor RNA transcripts in Al cells (which
were complementary to the anti-sense neor sequences in
aN-10) inhibited the replication of aN-10.
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FIG. 4. Viral DNA sequences detected in N-10- and aN-10-
infected Al cells. DNA was extracted from isolated nuclei and
digested with EcoRI (A and B) or EcoRI and ClaI (C). Fragments
were separated by elecrophoresis on a 1% agarose gel and blotted
onto nitrocellulose. The membrane was hybridized with 32P-labeled
probes prepared by nick translation of a 1.1-kb HindIII-EcoRI neor
fragment (A and C) and a 1.7-kb EcoRI-Bgll fragment of the viral
LTR and gag region (B). Lanes: a, N-10 virus; b, aN-10 virus; c,
vector virus; d, control. Numbers are in kilobases.
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We attempted to detect the formation of viral DNA in
infected Al cells. Figure 4A shows a Southern blot hybrid-
ization analysis with probes for neor sequences in EcoRI-
digested genomic DNAs from Al cells infected with N-10
and aN-10. The restriction map of the neor construct used to
transfect Al cells (Fig. 1) indicated that uninfected Al cells
contained neor sequences on a 4.0-kb EcoRI DNA fragment
(Fig. 4A, lane d). Al cells infected with N-10 contained an
additional 3.8-kb neor-containing DNA fragment (Fig. 4A,
lane a) attributable to N-10 proviral DNA and consistent
with the EcoRI restriction map (Fig. 1). In contrast, Al cells
infected with aN-10 did not contain additional EcoRI DNA
fragments, a result which would have been diagnostic of
aN-10 proviral DNA (Fig. 4A, lane b). These data revealed
that, while neor-bearing N-10 viral DNA was present in
infected Al cells, analogous aN-10 viral DNA carrying neor
sequences was not detectable. Figure 4B shows that when
the same blot was probed with viral sequences other than
neor (viral gag gene sequences), viral DNA was detected in
aN-10- as well as N-10-infected Al cells. These proviruses in
aN-10-infected Al cells were probably derived from the
viruses lacking neor inserts in the infecting viral stocks (as
mentioned above), although the deletion of the anti-sense
neor sequence could also have been induced by an anti-sense
effect of the neor RNA in Al cells. Figure 4C shows a blot of
DNA digested with both EcoRI and ClaI and probed for neor
sequences. This double digest yielded the same 4.0-kb
endogenous neor fragment from Al cells as that shown in
Fig. 4A, since there were no ClaI sites within this sequence.
However, the neor sequences of N-10 and aN-10 are bound
by ClaI sites (Fig. 1), so DNA from cells infected with either
virus should contain a 2.14-kb neor fragment. As expected,
such a fragment was found in DNA from Al cells infected
with N-10 but not aN-10, confirming the data presented in
Fig. 4A.
Our results suggest that the introduction of anti-sense

RNA by retroviral vectors may fail to inhibit the expression
of a target host cell gene to a functionally significant level
when that gene generates a certain level of steady-state RNA
transcripts. The cellular RNA apparently exerts an antiviral
effect on the infecting retrovirus even though, in this exper-
iment, the complementary target sequences were not a part
of the viral genes essential for normal viral replication.
Retroviruses replicate in the host cell by reverse transcrip-
tion of genomic RNA molecules, leading to the formation of
double-stranded DNA molecules. Circular forms of these
viral DNAs are then integrated into the host genome as a
provirus, from which viral genes are transcribed into prog-
eny genomic RNAs and mRNAs (13). Failure to detect the
presence of aN-10 proviruses bearing neor sequences in Al
cells (Fig. 4) is consistent with an anti-sense effect early in
the replication cycle, although later steps could also be
susceptible to inhibition. It is unlikely that the inhibition
involves unintegrated viral DNA molecules, since the cellu-
lar neor RNA transcripts in Al cells should always be
anti-sense with respect to one strand of the viral double-
stranded DNA molecule generated from N-10 infection and
since N-10 replicated normally. A plausible mechanism
might be the hybridization of the cellular neor RNA se-
quence with the complementary sequence in the aN-10 viral
genomic RNA early in the viral infection, leading to the
degradation of viral RNA templates (3) or otherwise block-
ing the process of reverse transcription replication. An
alternative, more complicated mechanism would be for
reverse transcription to bypass the double-stranded RNA
region, resulting in a deletion of the viral genome. If the

deleted region were nonessential for viral replication (as was
the case in this experiment with anti-sense neor sequences),
the resultant virus could continue to replicate. Further
experiments are required to determine more precisely the
stage(s) of viral replication susceptible to inhibition by
anti-sense RNA.
Although not fully obvious from these experiments, it is

reasonable to speculate that the relative levels of comple-
mentary cellular RNA and infecting viral DNA determine
the effectiveness of viral inhibition (and the potential inhibi-
tion of cellular gene expression). Further experiments are
also required to determine the levels required for the maxi-
mum effectiveness of these anti-sense RNA effects. Regard-
less of the mechanism, our results suggest a useful strategy
for inhibiting retroviral infections. In this report, we have
demonstrated the feasibility of this novel approach to inhib-
iting retroviruses. Our data are consistent with a previous
report of the inhibition of retroviral replication by an
oligodeoxynucleotide complementary to LTR sequences of
RSV (14, 15). The suggestion that anti-sense RNA inhibition
can act at specific stages of viral replication (in addition to
potentially inhibiting viral gene expression) encourages fur-
ther exploration of this approach.
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