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SUMMARY

ARrvyA, S. K., CARTER, WILLIAM A., ALDERFER, JAMES L. & Ts'o, PauL O. P. (1976).
Inhibition of synthesis of murine leukemia virus in cultured cells by polyribonucleo-
tides and their 2'-0-alkyl derivatives. Mol. Pharmacol., 12, 234-241.

Poly(adenylic acid) [poly(A)], poly(inosinic acid) [poly(I)], poly(uridylic acid) [poly(U)],
and poly(cytidylic acid) [poly(C)] inhibit the synthesis of Moloney murine leukemia
virus in cultured JLS-V9 cells. The potency of inhibition depends on the base composi-
tion; poly(I) is more potent than poly(A) and poly(U), and poly(C) yields only a marginal
relative inhibition. 2'-0-Alkyl polynucleotides show an enhanced inhibitory potency
relative to the parent polynucleotides, and this enhancement is more marked for
pyrimidine than for purine polynucleotides. These polynucleotides do not affect the
population growth rates of normal cells; thus inhibition of virus synthesis apparently is
not due to any cytotoxicity of polynucleotides for normal cells. The following order of
inhibitory potency is observed: poly(I) > poly(A) > poly(U) > poly(C); poly(2'-O-methyl-
inosinic acid) [poly(Im)] > poly(2'-O-methyl-uridylic acid) [poly(Um)] > poly(2'-O-ethyl-
adenylic acid) [poly(Ae)] > poly(Am) = poly(2’-O-methyl-cytidylic acid) [poly(Cm)}; and
poly(Im) > poly(I), poly(Am) > poly(A), poly(Um) > poly(U), poly(Cm) > poly(C).

INTRODUCTION

Single-stranded polynucleotides inhibit
viral RNA-directed DNA polymerase or
reverse transcriptase in vitro (1-9). Tuomi-
nen and Kenney (1) first noted the inhibi-
tion of DNA polymerase activity of
Rauscher murine leukemia virus by poly-
ribonucleotides. We have reported the in-
hibition of DNA polymerase activity of
Moloney murine leukemia virus by sev-
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eral polyribonucleotides and their 2'-O-al-
kyl derivatives (2, 3). We found that polyi-
nosinic acids were more potent than other
polyribonucleotides and their 2’-O-methyl
derivatives. Green and co-workers (9)
studied the inhibition of partially purified
avian virus DNA polymerase by 2'-O-alkyl
polyribonucleotides. They noted poly(2'-O-
methylinosinic acid) to be the most potent
inhibitor of this enzyme. Similarly, Erick-
son and Grosch (5) reported the inhibition
of avian and feline viral DNA polymerases
by halogenated derivatives of poly(uridylic
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acid) and poly(cytidylic acid). Recently De
Clercq et al. (8) noted the inhibition of
oncornavirus DNA polymerase activities
by 2'-azido derivatives of poly(U) and
poly(C).

The activity of RNA-directed DNA po-
lymerase apparently is required for infec-
tion and transformation of cells by these
viruses (for recent reviews, see refs. 10 and
11). This is substantiated by the lack of
infectivity of a mutant of Rous sarcoma
virus deficient in RNA-directed DNA po-
lymerase (12) and the temperature de-
pendence of infectivity and DNA polymer-
ase activity of temperature-sensitive mu-
tants of Rous sarcoma virus (13). These
considerations raised the possibility that
inhibitors of RNA-directed DNA polymer-
ase of RNA tumor viruses may also inhibit
the replication of these viruses in cell cul-
ture and animal systems. In a preliminary
report we noted that polyadenylic acids
suppress the replication of murine leuke-
mia virus in cell culture and spleen focus
formation in mice (14). Recently Tennant
et al. (15) reported the suppression of sar-
coma development and death in newborn
mice by poly(2'-methyladenylic acid). In
their preliminary reports Tennant et al.
(16) and Pitha et al. (17) also reported the
inhibition of murine leukemia virus repli-
cation by polynucleotides, albeit at high
concentrations (more than 100 ug/ml). In a
subsequent report Tennant et al. (18)
showed that poly(adenylic acid) and
poly(2'-O-methyladenylic acid) have two
concentration-dependent effects on MuL V'
infection of cultured cells. At high concen-
tration (100 ug/ml) poly(A) and poly(Am)
inhibited the uptake of MuLV by cultured
Swiss mouse embryo cells, and at low con-
centration (10 wg/ml) neither poly(A) nor
poly(Am) affected the uptake of virus;
poly(Am) did inhibit virus replication sig-
nificantly. We have investigated the effect
of polyribonucleotides on the synthesis of
MulLV in cultured cells at relatively low

! The abbreviations used are: MuLV, murine leu-
kemia virus; poly(Am), poly(2’-O-methyladenylic
acid); poly(Ae), poly(2’'-O-ethyladenylic acid);
poly(Im), poly(2'-O-methylinosinic acid); poly(Um),
poly(2'-O-methyluridylic acid); poly(Cm), poly(2'-O-
methylcytidylic acid); PFU, plaque-forming units.
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concentrations, 10 ug/ml or less. To assess
the impact of base composition and of 2'-O-
substitution, we have studied several poly-
nucleotides and their 2'-O-alkyl deriva-
tives. We present here the results of our
studieés with poly(A), poly(Am), poly(Ae),
poly(I), poly(Im), poly(U), poly(Um),
poly(C), and poly(Cm).

MATERIALS AND METHODS

Polynucleotides. Poly(A) (8.1 S), poly(I)
(mol wt > 100,000), poly(U) (7.4 S), poly(C)
(4.6 S), and oligo(dT),,.,s were obtained
from Miles Laboratories. Poly(Am) (7.0 S),
poly(Ae) (9.0 S), poly(Im) (8.0 S), and
poly(Cm) (5.5 S) were synthesized by po-
lymerization of 2'-O-alkyl nucleoside di-
phosphates as described by Tazawa et al.
(19). Poly(Um) (10.2 S) was obtained from
P-L Biochemicals. Tritium-labeled thymi-
dine triphosphate (50 Ci/mmole) was ob-
tained from New England Nuclear Corpo-
ration. The concentration of polynucleo-
tides in 0.01 M NaCl-0.01 M Tris-HCI (pH
7.2) was determined spectrophotometri-
cally by using the following extinction
ocoefficients for a 1 mg/ml solution: poly(A),
28.5 at 258 nm; poly(Am), 27.5 at 257 nm;
poly(Ae), 26.5 at 257 nm; poly(I), 27.5 at
248 nm; poly(Im), 27.0 at 248 nm,; poly(U),
30.0 at 260 nm; poly(Um), 29.5 at 260 nm;
poly(C), 21.0 at 267 nm; poly(Cm), 18.5 at
268 nm.

Cells and virus. Mouse bone marrow-
derived JLS-V9 cells (20) were grown as
monolayers in plastic flasks, using RPMI-
1640 culture medium containing 10% fetal
calf serum. The Moloney strain of murine
leukemia virus (MuLV,) was obtained
from cultured JLS-V9 cells chronically in-
fected with this virus; the culture medium
from such cells was harvested and, after
being clarified by slow-speed centrifuga-
tion, was used as a virus inoculum for
uninfected cells. This preparation of virus
contained 7 = 1 x 10° plaque-forming
units/ml when measured by XC assay (see
below).

The RPMI-1640 culture medium, fetal
calf serum, and calcium-magnesium-free
phosphate-buffered saline [0.02 M sodium
phosphate (pH 7.4)-0.15 M NaCl] were ob-
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tained from Grand Island Biological Com-
pany.

Virus assays. The titer of MuLVy in a
virus preparation was determined by two
methods, XC plaque assay and virion-as-
sociated RNA-directed DNA polymerase
assay. The XC plaque assays were per-
formed essentially as described by Rowe et
al. (21). Briefly, subconfluent monolayers
of NIH 3T3 cells grown in Dulbecco’s modi-
fied Eagle’s medium (Grand Island Biolog-
ical Company) were treated with DEAE-
dextran, washed with phosphate-buffered
saline, and inoculated with serial dilutions
of the virus preparation. When the mono-
layer became confluent (4-6 days), they
were ultraviolet-irradiated and overlay-
ered with XC cells. Four days later the
cultures were fixed and stained, and
plaques due to syncytia formation were
scored.

For the virion-associated RNA-directed
DNA-polymerase assay, the virus prepa-
ration, such as culture medium harvested
from infected cells, was clarified by slow-
speed centrifugation (1000 x g, 5 min),
layered on a column of 20% glycerol in 0.01
M Tris-HCI (pH 8.3)-0.15 m NaCl-0.01 m
EDTA, and centrifuged at 100,000 x g for 1
hr in a Spinco SW 50.1 rotor (Beckman
Instruments). The supernatant was dis-
carded, the pelleted virus was suspended
in a small volume of 0.01 M Tris-HCI (pH
8.3), and aliquots were used for determin-
ing the detergent-activated, virion-associ-
ated DNA polymerase activity. DNA po-
lymerase assays were performed in a reac-
tion mixture (50 or 100 ul) containing 0.05
M Tris-HCI (pH 7.9), 0.06 M NaCl, 0.001 M
MnCl,, 0.02 M dithiothreitol, 0.05% NP-40,
50:5 umM poly(A):oligo(dT) (molar ratio,
10:1), 50 um [*Hlthymidine triphosphate
(6600 cpm/pmole), and suspended pellet (25
or 50 ul). The mixture was incubated at 37°
for 30 min, and the radioactivity incorpo-
rated into acid-precipitable material was
determined as described before (3).

Polynucleotide treatment and virus in-
fection of cultured cells. Duplicate mono-
layer cultures of JLS-V9 cells (1.6-1.8 X
108 cells/25-cm? plastic plate) were treated
for 30 min with 2 ml of DEAE-dextran (10
pg/ml) in RPMI-1640 medium, washed
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with phosphate-buffered saline, and incu-
bated for 2 hr with 2 ml of polynucleotide
solution in RPMI-1640 medium. The con-
trol cultures received medium alone. Cul-
tures were washed with phosphate-
buffered saline and infected with MuLV,,
by incubating them for 1 hr with 2 ml of
virus inoculum in RPMI-1640 medium plus
10% fetal calf serum (multiplicity of infec-
tion = 5-10 PFU/cell). Cultures were
washed again with phosphate-buffered sa-
line and incubated for 20 hr with 5 ml of
polynucleotide solution in RPMI-1640 me-
dium plus 10% fetal calf serum. The con-
trol cultures received medium without pol-
ynucleotide. Subsequently cultures were
washed with phosphate-buffered saline
and reincubated with fresh RPMI-1640 me-
dium plus 10% fetal calf serum but without
polynucleotide. Twenty hours later the
culture medium was harvested and the
titer of progeny virus in the medium was
determined as described above. All opera-
tions were carried out at 37°.

RESULTS

The effect of poly(I) and poly(A) on the
synthesis of MuLV, in cultured JLS-V9
cells is shown in Fig. 1. For this set of
experiments, duplicate cultures of cells
were treated with different concentrations
of polynucleotide and inoculated with vi-
rus, and the culture medium was har-
vested as described in MATERIALS AND
METHODS. The titer of progeny virus in the
harvested medium from polynucleotide-
treated and control cultures was deter-
mined by assaying for the virion-associ-
ated RNA-directed DNA polymerase activ-
ity catalyzed by poly(A):oligo(dT). It is ap-
parent that increasing the concentration of
these polynucleotides in the culture me-
dium yielded a graded increase in the re-
sponse in terms of inhibition of progeny
virus synthesis relative to the controls.
The slopes of the central two-thirds of the
dose-response curves are about 0.58, which
would be consistent with a situation in
which 1 drug molecule is bound per recep-
tor (22). The concentration of poly(I) yield-
ing 50% inhibition of progeny virus syn-
thesis under the experimental conditions
was about 6 wug/ml, and that of poly(A)
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appeared to be about 12 ug/ml.

To assess the relative inhibitory potency
of various polynucleotides, we then inves-
tigated the effect of polynucleotides on
progeny virus synthesis at a fixed concen-
tration of polynucleotide (10 wg/ml) under
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Fi1c. 1. Effect of poly(l) and poly(A) on synthesis
of Moloney murine leukemia virus in cultured JLS-
V9 cells
Duplicate monolayers of cells were treated with
various concentrations of polynucleotide, or with
culture medium alone, and infected with virus as
described in the text. Culture medium from control
and polynucleotide-treated cultures was harvested,
and the titer of progeny virus in the medium was
determined by assaying for the virion-associated
RNA-directed DNA polymerase activity catalyzed
by poly(A):oligo(dT). The results are expressed as
percentage inhibition relative to the controls, which
did not receive polynucleotide. ®——@®, poly(I);
O——0, poly(A).
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experimental conditions similar to those
just described. The results are presented in
Tables 1 and 2. For these studies, the titer
of virus (in the harvested medium) was
determined both by XC plaque assay and
by the RNA-directed DNA polymerase as-
say. Apparently the inhibition scored by
XC plaque assay agreed with that scored
by DNA polymerase, although there was a
measurable difference between the two as-
says in the case of poly(A). In our hands
the titer of virus estimated by DNA polym-
erase assays was more sensitive, precise,
and reproducible than that estimated by
XC plaque assays, and we depended more
on the former than the latter assays for
evaluating the relative inhibitory potency
of the polynucleotides.

As the data presented in Table 1 show,
the polynucleotides, at a concentration of
10 pg/ml, showed significant inhibition of
progeny virus synthesis; the potency of in-
hibition evidently depended on their base
compeosition. Poly(I) was more inhibitory
than poly(A) as well as poly(U), yielding
about 60% inhibition at 10 ug/ml. Poly(C)
showed only marginal inhibition at this
concentration.

The data showing the effect of 2'-O-alkyl
polynucleotides on progeny virus synthesis
are presented in Table 2. At a concentra-
tion of 10 ug/ml, poly(Im) yielded about

TaABLE 1
Effect of polyribonucleotides on Moloney murine leukemia virus infection of cultured JLS-V9 cells
Monolayers of cultured cells were treated with DEAE-dextran (10 ug/ml, 30 min), washed with phos-
phate-buffered saline, and incubated for 2 hr in culture medium with or without polynucleotide (10 ug/ml).
They were washed with phosphate-buffered saline and infected with Moloney murine leukemia virus
(multiplicity of infection = 5-6 PFU/cell). The cultures were washed with phosphate-buffered saline and
incubated for 20 hr in cultured medium with or without polynucleotide (10 ug/ml). They were washed again
with phosphate-buffered saline and reincubated in fresh culture medium lacking polynucleotide. Twenty
hours later the culture medium was harvested and the titer of progeny virus was determined by XC and

DNA polymerase assays as described in the text.

Polynucleotide XC plaque-forming assay DNA polymerase assay
Activity Inhibition Activity Inhibition
PFU/ml x 104 % pmoles/ml %

None 56 1.0 349 +13

Poly(A) 2.7+ 0.6 51.4 20.7 = 1.6 40.7
Poly(I) 2.1+05 62.5 14.4 = 0.9 58.7
Poly(U) 43 *1.0 23.2 273 £ 1.2 21.8
Poly(C) 49 0.9 12.5 324+13 7.2
Uninfected 0 0.6 + 0.01
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TABLE 2
Effect of 2'-O-alkylated polyribonucleotides on Moloney murine leukemia virus infection of cultured JLS-V9
cells

Monolayers of cultured cells were treated with DEAE-dextran (10 ug/ml, 30 min), washed with phos-
phate-buffered saline, and incubated for 2 hr in culture medium with or without polynucleotide (10 ug/ml).
They were washed with phosphate-buffered saline and infected with Moloney murine leukemia virus
(multiplicity of infection = 8-10 PFU/cell). The cultures were washed with phosphate-buffered saline and
incubated for 20 hr in cultured medium with or without polynucleotide (10 ug/ml). They were washed again
with phosphate-buffered saline and reincubated in fresh culture medium lacking polynucleotide. Twenty
hours later the culture medium was harvested and the titer of progeny virus was determined by XC and

DNA polymerase assays as described in the text.

Polynucleotide XC plaque-forming assay DNA polymerase assay
Activity Inhibition Activity Inhibition
PFUIml x 104 % pmoles/ml %

None 46.0 = 10 47.1 + 2.9

Poly(Am) 12.7 = 3.0 72.3 13.6 + 0.8 71.1
Poly(Ae) 9.0 + 2.0 80.4 10.7 = 1.3 71.3
Poly(Im) 5.7+ 1.7 87.6 4.6 = 0.7 90.2
Poly(Um) 7.0 = 0.1 84.8 6.1 +0.3 87.0
Poly(Cm) 15.56 = 2.5 66.3 12.8 £ 0.9 72.8
Uninfected 0.2 = 0.02 0.17 = 0.01

90% inhibition of progeny virus synthesis
as compared with about 60% inhibition ob-
served for non-methyl poly(I): an increase
of about 30% (Tables 1 and 2). Similarly,
poly(Am) was about 30% more potent than
poly(A). Poly(Ae) was even more potent
than poly(Am). Thus it appears that 2'-O-
methyl and 2'-O-ethyl derivatives of pu-
rine polynucleotides were about 30-40%
more potent than the corresponding non-
alkyl polynucleotides. 2'-O-Methyl deriva-
tives of pyrimidine polynucleotides, on the
other hand, were several times more po-
tent than the corresponding non-methyl
polynucleotides. Whereas poly(C), at 10
ug/ml, gave about 10% inhibition of prog-
eny virus synthesis, poly(Cm) at the same
concentration gave about 70% inhibition, a
7-fold enhancement of inhibitory potency.
Similarly, poly(Um) was about 4 times
more potent than poly(U) (Tables 1 and 2).

Since it is known that inhibitors of cell
division also inhibit the synthesis of RNA
tumor viruses (for recent reviews, see refs.
10 and 11), it was important to determine
whether the inhibitory action of the poly-
nucleotides might not be due to a general
cytotoxicity of polynucleotides for the cul-
tured cells used in this study. Therefore we
studied the effects of some of the more

potent polynucleotides [poly(I), poly(A),
poly(Am), and poly(Ae)] on the growth
rates of normal cultured cells. Representa-
tive data showing the effect of poly(I) on
the growth rates of cultured JLS-V9 cells
are shown in Fig. 2. For these studies,
duplicate monolayers of cells were grown
in the continuous presence of poly(I) (10
ug/ml) and replenished with fresh me-
dium containing poly(I) every 24 hr. It is
apparent that poly(I) had no significant
effect on the population growth rates of
normal cells. Similar results were ob-
tained with other polynucleotides. When
the viability of cultured cells was scored by
the trypan blue exclusion test (23), no dif-
ference between the control and polynucle-
otide-treated cultures was found (data not
shown). Since the cells were grown in the
continuous presence of polynucleotides,
these results also diminished the possibil-
ity that polymer degradation products
might significantly affect the cell growth.
In addition, when the cells were treated
with polyadenylic acids in a manner simi-
lar to that used for the studies of their
inhibition of progeny virus synthesis, but
mock-infected, no difference between the
growth of control and polynucleotide-
treated cultures was noted (data not
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F1Gc. 2. Effect of poly(I) on growth rates of cul-
tured JLS-V9 cells

Duplicate monolayers of cells were grown in the
presence and absence of poly(I) (10 ug/ml) and re-
plenished with fresh medium containing or lacking
(controls) polynucleotide every 24 hr. Culture me-
dium was removed at specified times, and cells were
detached from the surface by mild trypsinization
and counted. @&—@, control cultures; O——O,
poly(I)-treated cultures.

shown). Other workers have also reported
that polyadenylic acids and polyuridylic
acids, even at concentrations much higher
than those used in this study (for example,
100-500 png/ml), did not significantly affect
the growth or viability of growing or sta-
tionary populations of cultured cells (16,
17).

DISCUSSION

The results presented in this report
show that single-stranded polyribonucleo-
tides can specifically inhibit the synthesis
of murine leukemia virus in cultured cells.
The relative inhibitory potency of polynu-
cleotides depends on their base composi-
tion and 2'-O-substitution. The following
order of potency of inhibition was ob-
tained: poly(I) > poly(A) > poly(U) >
poly(C); poly(Im) > poly(Um) > poly(Ae) >
poly(Am) = poly(Cm); and poly(Nm) >
poly(N). These results can be summarized
by three generalized statements portend-
ing testable structure-activity hypotheses.
(a) Depending on the functional groups on
the ring [see item (b)], purine polynucleo-
tides may be more potent than pyrimidine
polynucleotides. Although not strictly
comparable, the greater potency of poly(I)
over poly(U) and of poly(A) over poly(C)
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supports this notion. (b) Polynucleotides
possessing a ring O=C—N—H functional
group may be more potent than polynucle-
otides lacking this function [poly(I) >
poly(A) and poly(U) > poly(C)]. Alterna-
tively, acidic polynucleotides may be more
potent than basic polynucleotides. (c) 2’'-O-
Alkyl polynucleotides are more potent
than the parent non-alkyl polynucleotides
[e.g., poly(Am) > poly(A)], and 2'-O-ethyl
derivatives are more potent than 2'-O-
methyl derivatives [poly(Ae) > poly(Am)].

The physicochemical basis of these ob-
servations is not yet clear. The explana-
tion(s) for these results obviously must re-
side in the solution properties of polynucle-
otides, largely governed by their constitu-
ent bases, and in their interaction with a
molecular target(s) or receptor(s). One
could suggest, for example, that the higher
potency of purine polynucleotides relative
to pyrimidine polynucleotides may be re-
lated to the greater resonance energy,
along with stacking interactions, of purine
than of pyrimidine bases. The total reso-
nance energy as well as resonance energy
per electron in general is greater in pu-
rines than in pyrimidines (23), and purine
oligo- or polynucleotides in general show
greater stacking interactions than pyrimi-
dine oligo- or polynucleotides (24-28). One
could also suggest that the ring function,
O=C—N—H, interacts with the molecu-
lar target(s) or receptor(s).

The higher potency of 2'-O-alkyl polynu-
cleotides relative to non-alkyl polynucleo-
tides is presumably due to their greater
relative resistance to thermal or nucleoly-
tic degradation (19) and, hence, their half-
life in biological fluids. It is also possible
that the 2’'-oxygen function plays a role in
the interaction of polynucleotide with its
receptor(s) such that the substituents
which increase the charge (electron) den-
sity at this position also increase the inter-
action. This might explain both the higher
potency of 2'-O-methyl polynucleotides
relative to non-methyl polynucleotides,
and the higher potency of ethyl than of
methyl polynucleotides. By virtue of the
inductive effects, the ethyl group can be
expected to increase the charge density at
the 2’-oxygen to a degree greater than the
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methyl group. It is clear that a precise
molecular explanation(s) for our results
must await a better understanding of the
physicochemical properties of the single-
stranded polynucleotides as well as identi-
fication of the molecular target(s) or recep-
tor(s) of polynucleotide inhibition. These
targets could be activities specifically asso-
ciated with the infecting virus but could
also include those cellular activities which
may be directly or indirectly involved in
virus infection.

Lack of any effect of polynucleotides on
normal cell growth would suggest that the
molecular target(s) of polynucleotides is
not the normal cellular biosynthetic activi-
ties but those activities which are specific
for or modified by virus infection. Among
these activities, a likely target is the vi-
rion-associated RNA-directed DNA polym-
erase. This likelihood is supported by sev-
eral observations. (a) Polynucleotides are
more effective as inhibitors when added
prior to or just after the virus infection;
this suggests that an event early in virus
replication is affected (16-18). (b) Polynu-
cleotides do not inhibit the replication of
those lytic RNA viruses which do not re-
quire the activity of RNA-directed DNA
polymerase (17, 18). (c) The relative order
of inhibitory potency of polynucleotides for
murine leukemia viral DNA polymerase
in vitro in general correlates with their
relative inhibitory potency for virus repli-
cation in cell culture (2, 3).

In summary, our studies show that sin-
gle-stranded polynucleotides are potent in-
hibitors of virus replication in cell culture
and that their inhibitory potency depends
on their base composition and 2'-O-substi-
tution. The inhibition apparently is not
due to any general cytotoxic effects of poly-
nucleotides on normal cell growth. The
target of inhibition remains to be defined,
although it seems more likely to be a func-
tion associated with virus replication than
a function operative in normal cell growth.
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