Newcastle University e-prints
Date deposited:
Version of file:

9th February 2012.

Published

Peer Review Status: Peer reviewed
Citation for item:
Veal, G.J., Agrawal, S., Byrn, R. Sequence-specific RNase H cleavage of gag mRNA from HIV-1 infected
cells by an antisense oligonucleotide in vitro. Nucleic Acids Research 1998, 26(24), 5670-5675.

Further information on publisher website:
http://nar.oxfordjournals.org

Publisher’s copyright statement:
© 1998 Veal et al. This article is made available under the terms of the Creative Commons
Attribution-Non Commercial licence http://creativecommons.org/licenses/by-nc/2.0/
The definitive version of this article is available at http://dx.doi.org/10.1093/nar/26.24.5670
Always use the definitive version when citing.

Use Policy:
The full-text may be used and/or reproduced and given to third parties in any format or medium,
without prior permission or charge, for personal research or study, educational, or not for profit
purposes provided that:
•
•
•

A full bibliographic reference is made to the original source
A link is made to the metadata record in Newcastle E-prints
The full text is not changed in any way.

The full-text must not be sold in any format or medium without the formal permission of the
copyright holders.

Robinson Library, University of Newcastle upon Tyne, Newcastle upon Tyne.
NE1 7RU. Tel. 0191 222 6000

 1998 Oxford University Press

5670–5675 Nucleic Acids Research, 1998, Vol. 26, No. 24

Sequence-specific RNase H cleavage of gag mRNA
from HIV-1 infected cells by an antisense
oligonucleotide in vitro
Gareth J. Veal*, Sudhir Agrawal1 and Randal A. Byrn+
Divisions of Hematology, Oncology and Experimental Medicine, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA 02215, USA and 1Hybridon, Inc., 620 Memorial Drive, Cambridge,
MA 02139, USA
Received August 3, 1998; Revised and Accepted November 2, 1998

ABSTRACT

INTRODUCTION
During the past decade there have been numerous publications
showing in vitro inhibition of HIV replication by antisense
oligonucleotides through various suggested mechanisms of
action (1–4). However, despite these initially promising data, the
application of antisense oligonucleotide therapy for the potential
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We have used a ribonuclease protection assay to
investigate RNase H cleavage of HIV-1 mRNA mediated
by phosphorothioate antisense oligonucleotides complementary to the gag region of the HIV-1 genome in
vitro. Cell lysate experiments in H9 and U937 cells
chronically infected with HIV-1 IIIB showed RNase H
cleavage of unspliced gag message but no cleavage of
spliced message which did not contain the target gag
region. RNase H cleavage products were detected at
oligonucleotide concentrations as low as 0.01 µM and
the RNase H activity was seen to be concentration
dependent. Similar experiments with 1-, 3- and 5-mismatch oligonucleotides demonstrated sequence
specificity at low concentrations, with cleavage of gag
mRNA correlating with the predicted activities of the
parent and mismatch oligonucleotides based on their
hybridization melting temperatures. Experiments in
living cells suggested that RNase H-specific antisense
activity was largely determined by the amount of
oligonucleotide taken up by the different cell lines
studied. RNase H cleavage products were detected in
antisense oligonucleotide treated MT-4 cells acutely
infected with HIV-1 IIIB, but not in infected H9 cells
treated with oligonucleotide under the same conditions.
The data presented demonstrate potent and specific
RNase H cleavage of HIV-1 mRNA mediated by an
antisense oligonucleotide targeted to HIV-1 gag
mRNA, and are in agreement with previous reports that
the major obstacle to demonstrating antisense activity
in living cells remains the lack of penetration of these
agents into the desired cellular compartment.

treatment of HIV infection is an area of research that has received
a number of setbacks. The non-specific effects of phosphorothiote
oligonucleotides on virus adsorption make interpretation of many
in vitro antiviral assays difficult (5–7). This has led to questions
being raised as to whether these agents are actually working
through a true antisense mechanism of action (8). Futhermore,
initial in vivo studies have suggested problems with both the
efficacy and toxicity of the oligonucleotides.
The phosphorothioate oligonucleotides have been shown to
specifically modulate gene expression in a number of studies and
numerous possible mechanisms of action have been suggested
(1–4,6). Hybridization of antisense oligonucleotides to target
mRNA molecules may interfere with RNA splicing or processing,
may inhibit translation by either preventing the initiation of
translation or blocking the progression of ribosomes along the
mRNA, or may cause cleavage of RNA through an RNase
H-mediated mechanism. Evidence for the involvement of RNase H
in the antisense activity of the phosphorothioate oligonucleotides has
been shown in relatively few studies and has only been shown in
artificial sytems such as the microinjection of oligonucleotides into
cells or treatment of cells with streptolysin O (9–12). A number of
studies have demonstrated RNase H cleavage in cell lysate systems
though these have used the addition of exogenous Escherichia coli
RNase H, as opposed to endogenous cellular human RNase H
(13–15). The majority of these studies have been with oligonucleotides directed to targets other than the HIV-1 genome.
We have shown previously a sequence-specific synergistic
interaction between a 25mer phosphorothioate oligonucleotide
complementary to the gag initiation site of HIV-1 and the
nucleoside analog drugs in a cytoprotection-based assay in MT-4
cells (7). Although these results suggested an antisense component
to the oligonucleotide anti-HIV activity, this study did not define
the mechanism of action by which the oligonucleotides were
exhibiting their antiviral effects.
In the current study we have established a ribonuclease
protection assay to allow us to look for effects of oligonucleotides
targeted to HIV-1 gag mRNA with respect to RNase H-mediated
cleavage of the target sequence. Cell lysate experiments were
carried out to look at the effects of oligonucleotide concentration
and sequence specificity on RNase H-mediated cleavage and
acute infection experiments with HIV-1 IIIB were performed to

5671
Nucleic Acids
Acids Research,
Research,1994,
1998,Vol.
Vol.22,
26,No.
No.124
Nucleic

5671

Oligodeoxynucleotides

Ribonuclease protection assay

Phosphorothioate oligonucleotides targeted to the gag region of
HIV-1 IIIB and mismatch control oligonucleotides were synthesized
by standard methods (4). The purity of the oligonucleotides was
confirmed by polyacrylamide gel electrophoresis, hybridization
melting temperature and 31P-NMR analysis. For specific oligonucleotide HIV-1 IIIB gag complementary sequences and
mismatch positions of control oligonucleotides see Table 1.

The probe for the ribonuclease protection assay was designed to
include the HIV-1 gag region and was obtained from the
HindIII–AccI fragment of the HXB2 clone (bases 531–959, with
the numbering starting at the 5′ end of the LTR). This region was
cloned into a vector containing an SP6 promoter and a
biotin-labeled probe of 494 bp in length was produced by in vitro
transcription using a T7 RNA polymerase (Ambion BrightStar
BIOTINscript). The RNA probe was analysed and purified by
electrophoresis on a 5% acrylamide, 8 M urea denaturing gel and
then eluted by overnight incubation in elution buffer [0.5 M
NH4(OAc)2, 1 mM EDTA, 0.2% SDS]. The elution buffer
containing the probe was extracted once with an equal volume of
water-saturated phenol and the probe was precipitated with
ethanol and resuspended in nuclease-free water. Aliquots of the
probe were stored at –80_C prior to use in the ribonuclease
protection assay.
Cells treated with antisense or mismatch control oligonucleotides
were collected by centrifugation at 300 g and lysed by the addition
of cell lysis/denaturation solution (1 × 107 cells/ml) followed by
vigorous vortexing. Cell lysates were stored at –20_C prior to
analysis by ribonuclease protection assay.
HIV-1 gag probe (1000 pg) was mixed with 10 µl cell lysate
(equivalent to total cellular RNA from 1 × 105 cells) and the
ribonuclease protection assay was performed using the Direct
Protect kit following the manufacturers’ instructions (Ambion
Inc., Austin, TX). The products of the ribonuclease protection
assay were separated for analysis on a denaturing, polyacrylamide
gel, transferred to a positively charged nylon membrane by
electroblotting and the nucleic acid immobilized on the membrane
by UV crosslinking. The biotinylated probe was then detected
using a non-isotopic chemiluminescent secondary detection
procedure (BioDetect kit, Ambion).

Cells and virus
The H9 T-lymphoblastoid cell line was originally obtained from
R. Gallo (National Cancer Institute, Bethesda, MD). U937 cells,
the human monocytic cell line obtained from a patient with
histiocytic lymphoma, were acquired from the American Type
Tissue Culture Collection (CRL 1593). CEM-SS and MT-4 cells
were obtained from the AIDS Research and Reference Reagent
Bank (Division of AIDS, NIAID, NIH), contributed by P. L. Nara
and D. D. Richman, respectively.
Cell cultures were propogated in RPMI 1640 medium (Gibco
Laboratories, Grand Island, NY) supplemented with 10% (U937,
CEM-SS and MT-4 cells) or 20% (H9 cells) heat-inactivated fetal
bovine serum (Sigma Chemical Co., St Louis, MO), 250 U/ml
penicillin, 250 µg/ml streptomycin and 2 mM L-glutamine at
37_C in a 5% CO2-gassed incubator.
HIV-1 IIIB was originally obtained from Dr Robert Gallo,
National Cancer Institute. Virus stocks of HIV-1 were prepared
from cell-free supernatant of chronically infected H9 cultures by
the shaking method as described previously (16). H9 and U937
cells chronically infected by HIV-1 IIIB were maintained in
continuous culture for at least 3 months after initial infection. The
stability of the virus infection in the cultures was monitored by
sequential p24 ELISA antigen measurements (NENt Life
Science Products, Boston, MA).

Densitometry
Cell lysate assays
H9 and U937 cells, chronically infected with HIV-1 IIIB, were
centrifuged at 300 g and washed in ice-cold buffer (100 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 1 mM EGTA and 50 mM tricine,
pH 7.4). Washed cells (∼5 × 106/sample) were resuspended in 50 µl
of an 8:1:1 (by volume) mixture of buffer, Nonidet P-40 (NP-40)
and RNase Block (40 U/µl; Stratagene, La Jolla, CA) containing
antisense or mismatch control oligonucleotides (1 nM to 10 µM)
and were incubated for 15 min at 37_C.
HIV-1 IIIB acute infection in H9 and MT-4 cells
H9 and MT-4 cells were incubated with HIV-1 IIIB under
post-adsorption assay conditions as described previously (7).
Briefly, MT-4 or H9 cells (1 × 107 cells/ml) were preincubated
with a 500× TCIDCPE–90% concentration of HIV-1 for 4 h at 37_C,
5% CO2 in the absence of oligonucleotides, washed to remove
non-adsorbed virus, then added to 6-well plates (1 × 106 cells/well)
containing antisense or mismatch control oligonucleotides
(0.1–10 µM) and incubated for up to 4 days at 37_C, 5% CO2.

Ribonuclease protection assay data were analysed using an
IS-2000 Digital Imaging System (Innotech Scientific Corp., San
Leandro, CA).
RESULTS
The oligonucleotide concentration dependence and sequence
specificity of RNase H cleavage of HIV-1 gag mRNA were
defined with oligonucleotide 1 (GEM 91). Figure 1 shows the
HIV complementary region of the probe (531–959 nt) and the
oligonucleotide complementary region (776–801 nt). As the
protected region of the probe incorporates the major splice donor
site at 743 nt, the probe is complementary to a 212 base region of
the spliced message (543 nt to the splice donor site at 743 nt) as
well as 428 bases of the unspliced gag-pol message. If GEM 91
hybridized to the unspliced message and mediated RNase H
cleavage, generation of probe-complementary fragments of 245 nt
(531–776 nt) and 158 nt (801–959 nt) would be expected. As the
GEM 91 complementary region is located 3′ to the splice donor
site, the oligonucleotide should not mediate RNase H cleavage of
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MATERIALS AND METHODS

Anti-HIV activity was determined by supernatant p24 antigen
measurement using HIV-1 p24 ELISA (NEN Life Science
Products, Boston, MA) and cell viability was monitored by trypan
blue dye exclusion and the MTT dye method (17).

determine whether or not RNase H cleavage products could be
detected in living cells.
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the spliced message. This unspliced message contains 212 bases
complementary to the probe and serves as an internal control for
all the ribonuclease protection assays carried out in these studies.
Cell lysate experiments were carried out to look at the concentration dependence of oligonucleotide 1 on RNase H cleavage of gag
mRNA. The predicted RNase H cleavage products (245 and 158 nt)
were detected at an oligonucleotide concentration as low as 0.01 µM
in U937 cells chronically infected with HIV-1 IIIB (Fig. 2). With
increasing concentrations of oligonucleotide, a gradual decrease in
the unspliced gag message at 428 nt was observed. Complete
cleavage of this unspliced message was seen at an oligonucleotide
concentration of 10 µM. The spliced message, indicated by the band
at 212 nt, is seen to be unaffected by oligonucleotide 1 and acts as
an internal control for the assay. Similar RNase H cleavage patterns
were observed in cells that were preincubated with oligonucleotide
for 4 h and then washed to remove extracellular oligonucleotide
prior to addition of NP-40 (data not shown). Comparable results
were seen in T-lymphoblastoid H9 cells chronically infected with
HIV-1 IIIB.
In order to look at the sequence-specificity of the RNase
H-mediated cleavage of HIV-1 gag mRNA, cell lysate experiments
were carried out with 1-, 3- and 5-mismatch oligonucleotides
(oligonucleotides 2, 3 and 4, respectively). At an oligonucleotide
concentration of 0.01 µM, i.e. the lowest concentration at which
oligonucleotide 1 was shown to stimulate RNase H activity, no
activity was seen in U937 cells chronically infected with HIV-1
IIIB with any of the mismatch oligonucleotides (Fig. 3). Further
experiments were carried out to investigate the activity of a range
of concentrations of oligonucleotides 2, 3 and 4 in comparison
with oligonucleotide 1. Results showed that at higher concentrations,
the mismatch oligonucleotides did exhibit RNase H cleavage of
gag mRNA with the 1-mismatch oligonucleotide having a greater
effect than the 3-mismatch, which in turn had a greater effect than
the 5-mismatch oligonucleotide (Fig. 4). For example, at an
oligonucleotide concentration of 10 µM, oligonucleotide 1 caused

Figure 2. Ribonuclease protection assay analysis of U937 cells chronically
infected with HIV-1 IIIB following treatment with NP-40 and incubation with
increasing concentrations of oligonucleotide 1 (GEM 91) for 15 min. The
negative control lane represents uninfected U937 cell lysate, lane 3 shows
undigested full length probe (494 nt) and lane 4 shows cell lysate with no
oligonucleotide treatment.

total cleavage of unspliced gag messsage, the 1-mismatch
oligonucleotide caused ∼80% cleavage, the 3-mismatch 30%
cleavage and the 5-mismatch <20% cleavage. This data is in
agreement with the predicted activities of the four oligonucleotides
based on their hybridization melting temperatures (Table 1).
Cell lysate experiments were also carried out with phosphorothioate oligonucleotides targeted to different regions of the HIV-1
gag gene. Oligonucleotides 5 and 6 (Table 1) showed comparable
activity to oligonucleotide 1 whose target region included the gag
translation initiation site. RNase H cleavage products observed
following incubations of oligonucleotides 5 and 6 with HIV-1 IIIB
chronically infected H9 cell lysates were as would be predicted from
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Figure 1. Design of probe for use in the ribonuclease protection assay detection of HIV-1 unspliced and spliced mRNA. Target sequence of oligonucleotide 1 (GEM
91) is shown (776–801 nt) along with the expected mRNA cleavage products following antisense activity. Oligonucleotides 5 and 6 are complementary to sequences
at 833–858 and 891–916 nt of the HIV-1 gag gene, respectively.
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Table 1. Antisense and control phosphorothioate oligonucleotide sequences, complementary HIV-1 HXB2 target regions
and melting temperatures

Figure 3. Ribonuclease protection assay analysis of U937 cells chronically
infected with HIV-1 IIIB following treatment with NP-40 and incubation with
oligonucleotide 1 (GEM 91) or oligonucleotides 2, 3 and 4 (1-, 3- and
5-mismatch oligonucleotides, respectively) for 15 min at a concentration of
0.01 µM.

their target regions (Table 1). A cleavage product of ∼302 nt
(complementary to region of gag probe from 531 to 833 nt) was
observed with oligonucleotide 5 and a cleavage product of ∼360 nt
(531–891 nt) was generated with oligonucleotide 6 (Fig. 5).
Experiments carried out in H9 and MT-4 cells acutely infected
with HIV-1 IIIB under post-adsorption conditions (Materials and
Methods) gave contrasting results. The effect of oligonucleotide 1 on
acutely infected H9 cells is shown in Figure 6. A delay in production
of viral gag mRNA was seen as determined by ribonuclease
protection assay over a period of 96 h under these assay conditions.
Viral message was first detected at 48 h post-infection in untreated
cells as compared with 72 h in cells treated with oligonucleotide 1
(10 µM). This was mirrored by a significant decrease in production
of p24 antigen in this assay as measured by ELISA, with a 59%
decrease in p24 levels seen at 72 h with 10 µM oligonucleotide and
a 73% decrease after 96 h. The pattern of the bands in the
ribonuclease protection assay did not give any indication of specific
RNase H cleavage of HIV-1 mRNA in H9 cells under these assay
conditions, only a reduction in the overall rate of infection.
Ribonuclease protection assay data from MT-4 cells acutely
infected with HIV-1 IIIB and treated with oligonucleotide 1 are

Figure 4. Densitometric analysis of RNase H cleavage of HIV-1 unspliced gag
mRNA by oligonucleotide 1 (GEM 91) and oligonucleotides 2, 3 and 4 (1-,
3- and 5-mismatch oligonucleotides, respectively) following treatment of U937
cells chronically infected with HIV-1 IIIB with NP-40. Data shown are from a
single experiment.

shown in Figure 7. Following a 48 h incubation with oligonucleotide
1 (10 µM), the RNase H cleavage product (245 nt) was detected
and this correlated with a small decrease in unspliced gag
message (428 nt); again the spliced message at 212 nt was
unaffected by oligonucleotide 1 and acts as a control for the assay.
In this case, specific RNase H-mediated cleavage of HIV-1
mRNA was observed within the infected cells. No cytotoxicity
was observed under these assay conditions as monitored by
trypan blue dye exclusion and MTT cell viability assays.
DISCUSSION
Many previous studies have shown anti-HIV activity of phosphorothioate antisense oligonucleotides by monitoring the production
of p24 antigen, measuring viral mRNA levels or using cytoprotection-based assays (4,6,7,18,19). Although a number of
these studies have exhibited differences in efficacy between
antisense and control oligonucleotides, very few have shown any
confirmation that an antisense mechanism of action was involved.
We have used a ribonuclease protection assay to look at RNase
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Control oligonucleotide mismatches (oligonucleotides 2, 3 and 4) are shown underlined in bold. ND, not determined.
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Figure 6. Ribonuclease protection assay analysis of H9 cells acutely infected
with HIV-1 IIIB following incubation with or without oligonucleotide 1 (GEM
91) for 24–96 h.

H-mediated cleavage by antisense phosphorothioate oligonucleotides targeted to the gag region of the HIV-1 genome, in
both cell lysate assays and in living cells infected with virus.
Initial experiments were carried out using a cell lysate system
to determine whether or not RNase H activity could be observed
using RNA obtained from infected cells. This type of system
established that HIV-1 mRNA was susceptible to cleavage and
that adequate amounts of RNase H were available in the cell. This
indicates that the gag initiation region is an appropriate target for
antisense regulation and is not protected by RNA secondary
structure or protein binding within the cell. Results indicated that
RNase H-mediated cleavage of unspliced gag message could be
seen at oligonucleotide concentrations as low as 0.01 µM, with
complete cleavage occurring at 10 µM. Control oligonucleotides
with 1, 3 and 5 base mismatches displayed decreasing activities in
experiments carried out under identical conditions. It should be
noted that no cleavage products were seen in control experiments
where oligonucleotides were added after addition of cell lysis
solution to the cells, this verifies that the oligonucleotide and RNase
H are not active during the isolation process and that the cleavage
product was generated under the assay conditions described.
The efficacy of the antisense oligonucleotides is thought to be
correlated with the affinity with which it binds to its target
mRNA, this can be characterized by the melting temperature (Tm)

Figure 7. Ribonuclease protection assay analysis of MT-4 cells acutely infected
with HIV-1 IIIB following incubation with or without oligonucleotide 1 (GEM
91) for 48 h.

of the double-stranded nucleic acid that is formed (20,21). As the
Tm value is largely determined by the concentration of the
oligonucleotide, it is not surprising that some degree of RNase H
cleavage is seen with the mismatch oligonucleotides. Indeed it is
remarkable that at low concentrations a clear difference in antisense
activity can be shown between two 25mer oligonucleotides differing
in sequence merely by a single base change. Experiments with
oligonucleotides targeted to different regions of the gag gene
showed similar activity in mediating RNase H cleavage and
cleavage products of the predicted sizes were produced. As well
as providing further validation for the ribonuclease protection
assay used in these experiments, these results also show that
oligonucleotide targets that do not contain the translation initiation
site of the gene are also suitable targets for antisense-mediated
cleavage, this is in agreement with previous reports (22,23).
While the information obtained from these experiments clearly
highlights the potential problems of oligonucleotide cellular
uptake and availability of the oligonucleotide to the target RNA,
the data suggest that if this barrier is removed (for instance by
treating the cells with NP-40) then the drugs will indeed have their
desired effect. These studies show that RNase H cleavage of
unspliced gag message is observed without the need for addition
of exogenous RNase H or the use of unrealistic oligonucleotide
concentrations. RNase H cleavage was also observed in cells that
were preincubated with oligonucleotide for 4 h and then washed
to remove extracellular oligonucleotide prior to addition of
NP-40 with no further addition of drug, i.e. the RNase H cleavage
was brought about by oligonucleotide already taken up by the
cells. This is in agreement with suggestions that phosphorothioate
oligonucleotides are taken up into cells in sufficient amounts to
have an antisense effect, but that the oligonucleotides may be
bound in endosomes or vesicles and are therefore not able to
interact with the target mRNA and/or cellular RNase H (24,25).
However, although it is generally accepted that lipid carriers are
required in the majority of cases to obtain antisense activity of
oligonucleotides in cell culture assays, this may not be the case in
in vivo studies (26–29).
Further experiments were carried out to determine whether or
not RNase H cleavage could be observed in living cells acutely
infected with virus. Two different T-lymphoblastoid cell types
infected under post-adsorption conditions with the same strain of
HIV-1 IIIB were studied and produced very different results.
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Figure 5. Ribonuclease protection assay analysis of H9 cells chronically
infected with HIV-1 IIIB following treatment with NP-40 and incubation with
oligonucleotide 1 (GEM 91) or oligonucleotides 5 and 6 (HIV-1 HXB2 target
regions 776–801, 833–858 and 891–916 nt, respectively) for 15 min at a
concentration of 0.10 µM.
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suggestions that these drugs do not have an antisense mechanism
of action. We have demonstrated in this report that oligonucleotides
targeted to the HIV-1 gag gene are able to mediate RNase H
cleavage of viral mRNA. RNase H cleavage was demonstrated in
both cell lysate assays and in cells acutely infected with virus.
Positive results in living cells were only observed in one
particular cell line, however, and we have seen no consistent
sequence specific reduction in gag mRNA or p24 production in
living chronically infected cells. These results support the
potential of antisense oligonucleotides as potent and specific agents
to regulate gene expression. In spite of this potential, the uptake of
these drugs, especially within the appropriate compartment of the
cell, remains a major obstacle to their therapeutic application. It
is hoped that such problems will be overcome in the near future
with the design of new generation chemically modified antisense
oligonucleotides and improved delivery systems.
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Results from experiments with acutely infected H9 cells
indicated a delay in replication of HIV-1 IIIB in H9 cells, with gag
message being detected at 24–48 h post-infection in untreated cells
but not until 48–72 h in cells treated with oligonucleotide 1 at a
concentration of 10 µM. There was no indication of RNase H
cleavage in this assay, suggesting that the effect of oligonucleotide
1 in inhibiting virus replication in acutely infected H9 cells was
due to a non-antisense effect, or at least through a mechanism
other than RNase H-mediated cleavage of viral message. This
could be similar to sequence-independent oligonucleotide inhibition
seen in other studies (6,7,30).
Experiments carried out with MT-4 cells, however, produced
very different results. During the first 48 h following infection
with virus, there was a small decrease in unspliced gag message
and a corresponding production of the predicted RNase H
cleavage product at 245 nt. This effect was not seen in untreated
cells and was seen to be more marked at an oligonucleotide
concentration of 10 µM than at 1 µM. We believe that this is the
first evidence of RNase H activity mediated by antisense
oligonucleotides in living cells without manipulation of cells to
enable intracytoplasmic delivery of the oligonucleotides.
In light of our results showing RNase H activity at oligonucleotide
concentrations as low as 0.01 µM in cell lysate assays, it is not
surprising that some activity is seen in living cells despite the
problems associated with cellular uptake of these agents. Previous
reports have suggested that significant amounts of oligonucleotides
can be taken up into cells but that they are compartmentalized in
endosomes and antisense activity is not seen because the rate of
efflux of oligonucleotide from the endosome to the cytoplasm is
very slow (24). This would explain why we do not see RNase H
cleavage in cells at concentrations <1–10 µM, i.e. a high extracellular concentration is required to enable sufficient oligonucleotide
to enter the endosomes for efflux into the cytoplasm to occur. From
our cell lysate data, we would estimate that <1% of the oligonucleotide added to the cells in the extracellular medium would need to be
available freely inside the cells for RNase H cleavage to be seen.
This may also explain why we do not see RNase H cleavage until
48 h after the oligonucleotide has been added, i.e. as the uptake of
oligonucleotide increases with time, a point is reached between 24
and 48 h whereby the concentration of oligonucleotide inside the
endosomes is sufficiently high for efflux to occur and for antisense
activity to be observed. It is not clear why acutely infected H9 cells
produced different results than the MT-4 cells. Experiments that we
have carried out with fluorescein-labeled oligonucleotide have
suggested that uptake is greater in MT-4 cells than H9 cells
(unpublished data) and this may be one reason why differences were
seen. However, as our experiments are only designed to investigate
the possible role of RNase H in the observed antiviral activity, we
cannot rule out the possibility that the oligonucleotide is having an
antisense effect in the H9 cell assay mediated by a mechanism other
than RNase H. Cytotoxicity studies showed no signs of oligonucleotide toxicity in either cell line within the concentration range used in
these and previous studies (7). It is worth noting that within this field
of research many previous studies have shown antisense oligonucleotide effects that are particular to one or two specific cell lines.
The evaluation of the potential of phosphorothioate antisense
oligonucleotides as HIV therapeutics was difficult based on early
studies where suitable control oligonucleotides were not always
included and contributions from the significant non-specific
artifacts generated in in vitro assays by the highly charged nature
of these compounds were not appreciated (31). This led to
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