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Blockage of NF-kB Signaling by Selective Ablation
of an mRNA Target by 2-5A Antisense Chimeras

Avudaiappan Maran, Ratan K. Maitra, Aseem Kumar,
Beihua Dong, Wei Xiao, Guiying Li, Bryan R. G. Williams,
Paul F. Torrence, Robert H. Silverman*

Activation of 2-5A~dependent ribonuclease by 5’-phosphorylated, 2',5'-linked oligoade-
nylates, known as 2-5A, is one pathway of interferon action. Unaided uptake into HeLa cells
of 2-5A linked to an antisense oligonucleotide resulted in the selective ablation of mes-
senger RNA for the double-stranded RNA (dsRNA)-dependent protein kinase PKR. Sim-
ilarly, purified, recombinant human 2-5A—-dependent ribonuclease was induced to selec-
tively cleave PKR messenger RNA. Cells depleted of PKR activity were unresponsive to
activation of nuclear factor-kB (NF-«kB) by the dsRNA poly(l):poly(C), which provides
direct evidence that PKR is a transducer for the dsRNA signaling of NF-«B.

Natural defense mechanisms can be allies
in the quest for therapeutic approaches to
disease. One such defense, the 2-5A system
(1), mediates certain effects of interferons,
such as the inhibition of encephalomyo-
carditis virus replication (2). Key compo-
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nents of this system include 2-5A, short
oligoadenylates with 2’,5’'-phosphodiester
bonds; 2-5A synthetases that generate 2-5A
from adenosine triphosphate (ATP) in re-
sponse to dsRNA; and the effector of the
system, the 2-5A—dependent ribonuclease
(RNase) (3, 4). This RNase, which is
ubiquitous in the cells of mammalian, rep-
tilian, and avian species (5), cleaves single-
stranded RNA in response to 2-5A, with
moderate specificity after UpNp sequences
(6). Thus, this host defense mechanism is
the basis for a strategy for the selective
destruction of specific mRNA targets.
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We demonstrate here that a natural
mRNA that encodes the dsRNA-depen-
dent protein kinase PKR (7) can be selec-
tively destroyed when human cells are
treated with micromolar concentrations of
2-5A linked to antisense oligonucleotides
(8). PKR is an interferon-induced, serine-
threonine protein kinase that is stimulated
by dsRNA to phosphorylate protein synthe-
sis initiation factor elF2a (7). Phospho-
rylation of elF2a blocks an eIF2B-catalyzed
recycling reaction resulting in an inhibition
in translation (9). Like the 2-5A system,
PKR is implicated in the anti-encephalo-
myocarditis virus effect of interferon (10).
Because the expression of mutant forms of
PKR in NIH 3T3 cells produces tumors in
nude mice, PKR may also function as a
tumor suppressor (11). Furthermore, studies
with the protein kinase inhibitor 2-ami-
nopurine have suggested that PKR is in-
volved in the dsRNA-mediated activation
of the interferon B gene and in the viral
induction of interferon genes (12). The
dsRNA treatment of cells activates tran-
scription factor NF-xB (13), probably as a
result of the phosphorylation of its inhibi-
tory protein, IkBa, by PKR (14). To obtain
direct evidence for the involvement of PKR
in dsRNA-mediated signal transduction,
we selected PKR mRNA as a target for the
2-5A antisense strategy.

To determine the activity of 2-5A an-

tisense against PKR mRNA in intact human
cells, we selected a binding site for the chi-
meras that was 55 to 73 nucleotides from the
start codon of the PKR mRNA. The chi-
mera, 5'-p(A2'p);A-linker-GTACTACT-
CCCTGCTTCTG-3', called p(A2'p);A-
antiPKR, was synthesized as described (8,
15, 16). The linker consisted of two 1,4-
butanediol monomers attached to each oth-
er and to the p5'(A2'p5');A and 3',5'-
oligodeoxyribonucleotide ~moieties with
phosphodiester bonds (8, 15). All of the
chimeras described in this study were con-
structed in a similar fashion (16). We de-
signed two chimeras to stabilize the 5'-
phosphoryl group and antisense moieties to
phosphatase or phosphodiesterase activities,
respectively. In one analog, the 5’-thiophos-
phate, Sp(A2'p);A-antiPKR, the O double-
bonded to the P in the 5’-phosphoryl group
was replaced with S. In the other chimera,
p(A2'p);A-antiPKR-3'-tail, the 3’-termi-
nus was protected from 3'- to 5’-exonu-
cleases by the addition of a 3'-tailing group.
This 3'-tailing group was added by linking
the 3’-hydroxyl group of the 3’-terminal
antisense nucleotide through a phosphodies-
ter bond to the primary hydroxyl moiety of
1-amino-2,3-propanediol.

PKR mRNA decay was induced by the
addition of the oligonucleotides (at 2 uM)
to cultures of HeLa cells without any facil-
itation of uptake. PKR mRNA was detected

A PKR mRNA B-actin mRNA
Input RNA (ug) | 3.2 0.8 0.2 ‘ 32 0.8 0.2 ‘
PCRcycles | 30 40 | 30 40 30 40 30 40 | 30 40 | 30 40
Nodiso @ il) o @ ‘e . e ® = @
Sp(A2’p),A-antiPKR 80 +9 oo
p(A2'p);A-antiPKR-3-1ail @9 r o0
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Fig. 1. Selective ablation of PKR c
mRNA and activity in HeLa cells. 1234 0 1 2 4 6 8 16 12 3 4

(A) RT-PCR assay of PKR mRNA
and B-actin mRBNA from Hela
cells incubated for 4 hours in the
absence or presence of the indi- >
cated oligonucleotides (2 pM).
DNA produced by RT-PCR am-
plification (77) of PKR mRNA

-974
> —66.2

-45

=31
-21.5

-14.4

and B-actin mRNA was probed with radiolabeled cDNAs for PKR and B-actin. (B) RNase protection
assay (19) for PKR mRNA from Hela cells incubated for 4 hours in the absence of oligonucleotide
(lane 1) or with 2 uM p(A2'p),A-antiPKR (lane 2) or p(A2'p);A-sensePKR (lane 3). The free probe
is shown in lane 4. The PKR mRNA is indicated by arrow 1 and the probe by arrow 2. (C) RNase
protection assay for PKR mRNA as a function of hours after treatment (as indicated at the top of
each lane) of Hela cells with 2 pM p(A2'p),A-antiPKR. Arrow indicates PKR mRNA. Bands were
scanned by a Phosphorimager (Molecular Dynamics, Sunnyvale, California). (D) Autophosphoryl-
ation assay of PKR (23) from extracts of Hela cells incubated for 3.5 days in the absence of

oligonucleotide (lane 1) or in the presence of p(A2'p),A-antiPKR (lane 2),

p(A2'p) A-sensePKR

(lane 3), or (A2'p),A-antiPKR (lane 4). The arrow at left indicates the position of PKR, and the
molecular size standards are indicated at right in kilodaltons.
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by the reverse transcriptase—coupled poly-
merase chain reaction (RT-PCR) (17). No
PKR mRNA was detected after incubation
of the cells for 4 hours with Sp(A2'p),A-
antiPKR, p(A2'p);A-antiPKR-3'-tail, or
p(A2'p);A-antiPKR (Fig. 1A, left panel).
In contrast, the control oligonucleotides,
antiPKR (the antisense moiety by itself),
p(A2'p);A-antiHIV [containing an an-
tisense to human immunodeficiency virus
(HIV) RNA that was unrelated to the PKR
sequence], or p(A2'p) ;A-(dA) ¢ [directed to
oligo(tU)] had no effect on PKR mRNA
amounts (Fig. 1A, left panel). The amounts
of PKR RNA in cells exposed to one dose of
2 uM Sp(A2'p);A-antiPKR, p(A2'p);A-
antiPKR-3'-tail, or p(A2'p);A-antiPKR re-
turned to normal by 36 hours. Therefore,
under these conditions, the modifications of
the chimeras did not appear to significantly
prolong the depletion of PKR mRNA. To
determine if the 2-5A antisense was selec-
tive for PKR mRNA, we also measured the
amounts of B-actin mRNA (18) by the same
method (Fig. 1A, right panel). None of the
oligonucleotides tested depleted the amount
of B-actin mRNA.

The ablation of PKR mRNA was con-
firmed in RNase protection assays per-
formed with RNA isolated from HeLa cells
treated for 4 hours with 2 pM p(A2'p);A-
antiPKR or p(A2’p);A-sensePKR (con-
taining sense orientation oligonucleotides
for PKR mRNA, from nucleotides 55 to 73)
(19). PKR mRNA amounts were depleted
after treatment of cells with p(A2'p);A-
antiPKR, whereas p(A2’p);A-sensePKR
was without effect (Fig. 1B). In addition,
neither 2 pM (A2'p);A-antiPKR, which
lacks the 5’-phosphoryl group necessary for
efficient activation of the human form of

2-5A—dependent RNase (20), nor the un-
modified antisense to the PKR alone pro-
duced a significant depletion of PKR
mRNA under the same conditions (21).

We performed kinetic experiments to
measure the decline and subsequent recovery
of PKR mRNA amounts after treatment of
the cells with a single dose of 2 pM
p(A2'p);A-andPKR (Fig. 1C). About 4
hours of treatment were required to reduce
PKR mRNA amounts to minimal levels, (to

Fig. 2. The 2-5A anti-
sense directs homog-
enous, recombinant
human 2-5A-depen-
dent RNase to selec-
tively cleave the mRNA target (25). The posi-
tions of the PKR mRNA (2.0 kb) and 2-5A—
synthetase mRNA (1.8 kb) are indicated by
arrows 1 and 2, respectively. Lane 1, absence of
oligonucleotide; lane 2, p(A2'p),A-antiPKR,; lane
3, p(A2’p)A-sensePKR; lane 4, (A2'p)A-
antiPKR; lane 5, Sp(A2'p) ,A-antiPKR; and lane 6,
P(A2'p) A-antiPKR-3'-tail.




less than 2% of the amount before treat-
ment). Subsequently, PKR mRNA amounts
began to recover, such that at 16 hours after
treatment, there was 56% of the amount of
PKR mRNA before treatment. The recovery
of PKR mRNA amounts presumably reflects
the decay of p(A2'p);A-antiPKR and the
synthesis of PKR mRNA by the cells. Re-
duction of PKR mRNA amounts in HeLa
cells to minimal levels by 4 hours required 2
1M or higher concentrations of p(A2'p),A-
antiPKR (21). The RNase protection assays
confirmed data obtained with RT-PCR that
established that the induction of PKR
mRNA decay required the presence in the
chimeras of both functional 2-5A and the
antisense sequence. Furthermore, in 8 of 13
separate cell cultures, the depletion of PKR
mRNA in response to 2-5A antisense ap-
peared complete by 4 hours. In the other five
cell cultures, amounts of PKR mRNA were
substantially reduced (by >80%) after 4
hours of treatment with 2 puM p(A2'p),;A-
antiPKR. Selectivity of 2-5A antisense was
established by the finding that p(A2'p),A-
sensePKR did not result in the degradation
of PKR mRNA (Fig. 1B). In addition, the
treatment of cells with 2 uM p(A2'p),A-
antiPKR did not reduce the amounts of
untargeted mRNA species for y-actin and

(A2'p),A-antiPKR

No oligo
p(A2'p),A-sensePKR [————|
p(A2'p),A-antiPKR PROII p50 Ab
No oligo |
dsRNA: - 4+ + + + + + + + -

1 2

3 4 5 6 7 8 9 10

tyrosine protein kinase JAK1 (22), as deter-
mined by RNase protection assays (21).
These chimeras, therefore, do not induce a
measurable, nonspecific degradation of
mRNA. As a further indication of the selec-
tivity of 2-5A antisense, there was no inhi-
bition of cell proliferation by treatment of
the cells with p(A2'p);A-antiPKR or
p(A2'p);A-(dA),g, each used at a single
dose of 2 uM, and then cultured for 36 hours
2.

Cellular amounts of PKR activity were
determined by functional assays after twice
daily treatments with various chimeras for
3.5 days (Fig. 1D). PKR was immobilized
from the cell extracts and autophospho-
rylated with [y-32P]JATP on the activating
affinity matrix, poly(I):poly(C)-cellulose (23,
24). Treatment of cells with p(A2'p);A-
antiPKR reduced PKR activity to undetect-
able amounts (Fig. 1D). In contrast, the
control chimeras, p(A2'p);A-sensePKR
and (A2'p);A-antiPKR, did not affect PKR
activity.

In order to establish that 2-5A antisense
can activate 2-5A-dependent RNase and
cause the selective degradation of RNA
targets, assays were performed with homog-
enous, recombinant human 2-5A-depen-
dent RNase expressed from a baculovirus

B
p(A2'p);A-sensePKR No oligo
P(A2'p),A-antiPKR
50 Ab
No oligo PHL‘D” ] [LI

TNFa: = + - + - + + + + +
1 12_ 13 14 15 16 17 18 19 20

Fig. 3. (A) Activation of NF-kB in response to dsRNA is blocked after the depletion of PKR by 2-5A
antisense. (B) Lack of effect of the chimeric oligonucleotides on NF-xB activation in response to
TNF-a. Nuclear extracts from Hela cells treated (as indicated) were used for EMSAs (28). In lanes
6 through 8, 17 through 19, 0.5 ng, 1 ng, and 2.5 ng of cold PRDII DNA oligonucleotide competitor
(as compared with 0.1 ng of radiolabeled PRDI| probe; ~30,000 cpm) were added. In lanes 9 and
20, we added antibody (Ab) to p50 subunit of NF-«kB to nuclear extracts of poly(l):poly(C)-treated
cells or TNF-a~treated cells. In lane 10, we added p50 antibody to a nuclear extract of control cells.
Arrowheads indicate the migration of the NF-xB complex.
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vector in insect cells (25, 26). PKR mRNA
was mixed with an untargeted mRNA for a
smill form of human 2-5A-synthetase. Only
the PKR mRNA was significantly degraded
in response to 25 nM p(A2'p);A-antiPKR,

Sp(A2'p);A-antiPKR, and p(A2'p);A-
antiPKR-3'-tail (Fig. 2). In contrast, the
control  oligonucleotides, p(A2'p);A-

sensePKR and (A2'p);A-antiPKR, were
without affect against either type of RNA.
These results show that 2-5A antisense can
direct 2-5A—dependent RNase to cleave
mRNA targets in a selective manner. Sub-
stantially higher amounts of 2-5A antisense
(>300 nM), however, caused nonspecific
degradation of RNA (27).

To determine if dsRNA signaling was
affected by the depletion of PKR activity,
we performed electrophoretic mobility shift
assays (EMSAs) after the cells were incu-
bated in the presence or absence of different
chimeric oligonucleotides (added twice dai-
ly) for 3.5 days with the addition of poly-
(I):poly(C) for the final 12 hours (28). The
PRDII element of the human interferon B
promoter was used as a probe because it
binds to NF-xB (13). A specific complex
was formed with this probe when a nuclear
extract of dsRNA-treated cells was used
(Fig. 3, lane 2), but not when an extract
from control cells was used (lane 1). No
PRDII complex was observed when cells
were first incubated for 3 days in the pres-
ence of p(A2'p);A-antiPKR before the ad-
dition of poly(I):poly(C) (lane 3). In con-
trast, the control chimeras, p(A2'p);A-
sensePKR and (A2'p);A-antiPKR, did not
block the dsRNA-mediated activation of
NF-«kB (lanes 4 and 5). The p(A2'p);A-
antiPKR treatment of cells caused no inhi-
bition of the formation of a complex with
the interferon-stimulated response element
(29) we used as a probe (30). Therefore,
ablation of PKR did not cause a general
inhibition of transcription factors. Further-
more, treatment of Hela cells with the
chimeric oligonucleotides did not prevent
the activation of NF-kB by tumor necrosis
factor-a (TNF-a), a cytokine that is not
obviously related to dsRNA signaling (Fig.
3B) (31). There was no effect of
p(A2'p);A-antiPKR  or  p(A2'p);A-
sensePKR treatment of HeLa cells on the
TNF-a signaling pathway (lanes 13 to 16).
Therefore, the chimeras are not nonspecific
inhibitors of NF-kB activation. Competi-
tion with unlabeled PRDII and supershift
experiments with antibody to p50 subunit
of NF-xB verified that the complex ob-
served was the result of NF-kB binding
(Fig. 3).

We have reported the synthesis and
characterization of chimeric oligonucleo-
tides obtained by linking p5' (A2'p5');A to
3',5'-oligo(dT),g (8, 15). After addition of
the chimera to crude extracts of human
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lymphoblastoid Daudi cells, the 2-5A com-
ponent of the chimera activated 2-5A-
dependent RNase, whereas the oligo(dT)
portion directed the enzyme to an oligo(rA)
sequence inserted into a modified HIV vif
mRNA. The result was site-specific degra-
dation of the target RNA molecules (8).
We have shown here that the 2-5A an-
tisense strategy is active against a naturally
occurring mRNA target in intact cells.
Ablation of both PKR mRNA and activity
was thus obtained. These chimeric oligonu-
cleotides harness the 2-5A-dependent
RNase by activating and directing it to an
RNA target. Furthermore, we have also
demonstrated that 2-5A antisense acts cat-
alytically (27). In assays with purified, re-
combinant 2-5A-dependent RNase, we
have shown that the cleavage reactions can
be driven to near completion in a 5-min
incubation at 37°C under conditions of a
30:1 molar ratio of PKR mRNA to
p(A2'p);A-antiPKR (27). These findings
demonstrate that 2-5A antisense chimeras
can be used as reagents to obtain the cata-
lytic destruction of target mRNA mole-
cules. By specifically blocking the synthesis
of disease-causing proteins, 2-5A antisense
chimeras may prove to be of therapeutic
benefit in a range of diseases.
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