
Carriere et a/., Mol. Cell. Biol. 13, 7257 (1993). 
10. L. Plate, Allgemeine Zoologie und Abstammungs- 

lehre (Fischer-Verlag, Jena, Germany, 1924). 
11. Approximately 1 O4 phages of a random primed 

embryonic (0 to 24 hours) cDNA expression li- 
brary in h g t l l  (provided by B. Hovemann) were 
screened with the oligonucleotide 5'-ACAGGAG- 
CAATTACAGCT-3' as a probe, which represents 
a high-affinity binding site for the fushi tarazu 
homeodomain [L. Pick etal., Genes Dev. 4, 1224 
(1990)l. The oligonucleotide was concatenated, 
which gave it an estimated length of approximate- 
ly 200 bp. The protocols used were based on 
those of C. R. Vinson etal., [ibid. 2, 801 (1988)l; 
H. Singh et al., [Cell 52, 415 (1988)l; and M. J. 
Shea, D. L. King, M. J. Conboy, B. D. Mariani, and 
F. C. Kafatos [Genes Dev 4, 1128 (1990)]. The 
probe was 3T-labeled with the megaprime label- 
ing system (Amersham). 

12. Embryonic cDNA clones were isolated by screen- 
ing of approximately 2 x l o 5  phages from a 3- to 
12-hour embryonic h gtlO library of S. Poole, L. M. 
Kauvar, B. Dress, and T. Kornberg [Cell 40, 37- 
(1985)] with the use of the I .I-kb Eco RI fragment 
of the 8321 phage as a probe at high stringency 
[3x saline sodium citrate (SSC), 0.1% SDS, I x 
Denhardts, and denatured herring sperm DNA (1 
mgiml) for 16 to 18 hours at 65"C, followed by two 
washes with 1 x SSC and 0.1% SDS for 30 min at 
65"C] 

13. For sequencing, the inserts were subcloned into 
the Bluescript KS (+) plasmid vector (Strata- 
gene). Overlapping deletions were generated 
with Exo Ill and S1 nucleases (double-stranded 
nested deletion kit, Pharmacia) and sequenced 
on both strands with the dideoxynucleotide pro- 
cedure of F. Sanger, S. Nicklen, and A. R. Coul- 
son [Proc. Natl. Acad. Sci. U.S.A. 74, 5463 
(1977)l. Compressed DNA regions were se- 
quenced using the fmol DNA sequencing system 
(Promega). DNA sequence analysis was done on 
a VAX with the GCG program [J. Devereux, P. 
Haeberli, 0. Smithies, Nucleic Acids Res. 12, 387 
(1984)l. The homology searches through the 
EMBL and SWISSPROT data banks were carried 
out with the FASTA programs [W. R. Pearson and 
D. J. Lipman, Proc. Natl. Acad. Sci. U.S.A. 85, 
2444 (1988)l. EMBL Data Library accession num- 
bers: X79492 D, melanogaster ey mRNA (exon 1) 
and X79493 D. melanogaster ey mRNA (exons 
2-9). 

14. D. R. Cavener, Nucleic Acids Res. 15, 1353 
(1 987). 

15. G. Frigerio, M. Burri, D. Bopp, S. Baumgartner, M. 
Noll, Cell 47, 735 (1 986). 

16. Single-letter abbreviations for the amino acid res- 
idues are as follows: A, Ala; C, Cys; D, Asp; E, 
Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; 
V, Val; W, Trp; and Y, Tyr. 

17. S. Baumgartner, D. Bopp, M. Burri, M. Noll, Genes 
Dev. 1, 1247 (1 987). 

18. K. Schneitz, P. Spielmann, M. Noll, ibid. 7, 114 
(1 993). 

19. Approximately 4 x l o 5  clones of a total disk 
library prepared in A gtlO (provided by M. 
Mlodzik) were screened with the 1.1-kb Eco RI 
fragment from cDNA E10. 

20. Approximately l o 5  clones of an Oregon R ge- 
nomic library prepared in the EMBL 3 vector 
(provided by C. Wilson) and in the EMBL 4 
vector (gift of A. Preiss) were screened at high 
stringency as described for the cDNA clones 
(12). 

21. D. Lindsley and G. Zimm, The Genome of Dro- 
sophila melanogaster (Academic Press, New 
York, 1992). The lethal alleles isolated by Hoch- 
man have been lost. 

22. W. Bender et al., Science 221, 23 (1983); K. 
O'Hare, R. Levis, G. Rubin, Proc. Natl. Acad. Sci. 
U.S.A. 80, 6917 (1983); A. Driver, S. F. Lacey, T. 
E. Cullingford, A. Mitchelson, K. O'Hare, Mol. 
Gen. Genet. 220, 49 (1989); K. O'Hare, M. R. K. 
Alley, T. E. Cullingford, A. Driver, M. J. Sanderson, 
ibid. 225, 17 (1991). 

23. Genomic libraries of the ey2, ey4, and c i  eyR 

mutants (from the Bowling Green Stock Center, 
NY) were constructed by partial Sau 3AI digestion 
of DNA from all three mutants and cloned into the 
Bam HI site of the A FIX vector (Stratagene). 
Sequencing of the insertion sites in eyZ and ey4 
DNA showed that the docelement has inserted at 
exactly the same position in both mutants, which 
suggests that over the years these two stocks 
have been mixed up during maintenance at the 
stock center. 

24. G. Frommer, R. Schuh, H. Jackle, Chromosoma 
103, 82 (1 994). 

25. G. Jurgens and V. Hartenstein, in The Develop- 
ment of Drosophila melanogaster, M. Bate and 
A. Martinez Arias, Eds. (Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, NY, 
1993) vol. 1, p. 702. 

26. This result was confirmed by in situ hybridization 
of sense and antisense RNA probes to wild-type, 
ey2, and eyR larvae. In the majority of the mutant 
eye disks, no hybridization of antisense RNA was 
detected above the background that was found 
with sense RNA. In some of the mutant disks, a 
few scattered positive cells were detected, which 
is in agreement with the variable expression of the 
mutant phenotype (R. Leemans and W. Gehring, 
unpublished data). 

27. The 3.6-kb Eco RI restriction fragment flanking the 
insertion sites was cloned into HZSOPL r/. Hiromi 
and W. J. Gehring, Cell 50, 963 (1987)], and 
transgenic lines were established (U. Walldorf 
and W. J. Gehring, unpublished data). 

28. D. Ready, T. Hanson, S. Benzer, Dev. Biol. 53, 
217 (1976). 

29. N. M. Bonini, W. M. Leiserson, S. Benzer, Cell72, 
379 (1993) 

30. DNA sequences with similarity to the Pax-6paired 
box were PCR-amplified, cloned, sequenced, and 
also detected by whole-genome Southern blotting 

in D. tigrina (P. Callaerts, E. Salo, W. J. Gehring, 
unpublished data). 

31. A gene with significant homology to Pax-6 in both 
the paired box and the homeobox was cloned 
from a genomic DNA library of the nemertean 
worm Lineus sanguineus (F. Loosli, M. T. Kmita, 
W. J. Gehring, unpublished data). 

32. Sequences homologous to the paired box of 
Pax-6 were PCR-amplified, cloned, and se- 
quenced from DNA isolated from squid (L. vulgar- 
is) sperm (P. Callaerts, J. Marthy, W. J. Gehring, 
unpublished data). 

33. T. R. Burglin, in The Guidebook to the Homeobox 
Genes, D. Duboule Ed. (Oxford Univ. Press, New 
York, pp. 25-72). 

34. D. Tautz and C. Pfeifle, Chromosoma 98, 81 
(1989); M. Ashburner, Drosophila, a Laboratory 
Manual (Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, 1989), protocol 27; M. 
Mlodzik, N. E. Baker, G. M. Rubin, Genes Dev. 4, 
1848 (1990). The probes were labeled with dig- 
dUTP and detected by digoxigenin antibodies 
(Boehringer). 

35. We acknowledge the following colleagues for 
providing stocks, probes, gene libraries, proto- 
cols, and information: A. Garcia-Bellido, P. Gruss, 
B. Hovemann, H. Jackle, F. Kafatos, S. McKnight, 
K. O'Hare, A. Preiss, M. Shea, C. Walther, and the 
curator of stocks at the Bowling Green Stock 
Center. We are grateful to R. Leemans for helping 
with in situ hybridizations, P. Baumgartner for 
technical help, and E. Marquardt for processing 
the manuscript. Supported by the Kantons of 
Basel and the Swiss National Science Foundation 
is gratefully acknowledged. Also supported by a 
grant from the Human Frontier Science Program 
(W.J.G.). 

21 March 1994; accepted 21 June 1994 

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

Natural defense mechanisms can be allies 
in the quest for therapeutic approaches to 
disease. One such defense, the 2-5A system 
(I ) ,  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- 
soonse to dsRNA: and the effector of the 
sistem, 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 dsRNAdepen- 
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 eIF2a (7). Phospho- 
rylation of eIF2a blocks an eIF2Bcatalyzed 
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 (1 0). 
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 (1 I). 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 f3 gene and in the viral 
induction of interferon genes (12). The 
dsRNA treatment of cells activates tran- 
scription factor NF-KB (1 3), probably as a 
result of the phosphorylation of its inhibi- 
tory protein, I&, by PKR (1 4). 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- 

A PKR mRNA - 
Inpd RNA (pg) 1 3.2 1 0.8 I PCR cycles 30 40 30 40 

No oligo 

Sp(Wp)3A-antiPKR 
em * a  

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- 
CCCTGCTTCTG3', 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 3'3'- 
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 0 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 pM) 
to cultures of HeLa cells without any facil- 
itation of uptake. PKR mRNA was detected 

p-actin mRNA 

Fig. 1. Selective ablation of PKR R n 
r n 6 ~ ~  and activity in HeLa cells. 
(A) RT-PCR assay of PKR mRNA 
and p-actin mRNA from HeLa 
cells incubated for 4 hours in the 
absence or presence of the indi- 
cated oligonucleotides (2 pM). 
DNA oroduced bv RT-PCR am- 
plification (17) df PKR mRNA 
and p-actin mRNA was probed with radiolabeled cDNAs for PKR and p-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 pM p(A2'p)fi-antiPKR (lane 2) or p(A2'p)$-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 FM p(A2'p)fi-antiPKR. Arrow indicates PKR mRNA. Bands were 
scanned by a Phosphorlmager (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)fi-antiPKR (lane 2), p(A2'p)fi-sensePKR 
(lane 3), or (A2'p)fi-antiPKR (lane 4). The arrow at left indicates the position of PKR, and the 
molecular size standards are indicated at right in kilodaltons. 

by the reverse transcriptase-coupled poly- 
merase chain reaction (RT-PCR) (1 7). No 
PKR mRNA was detected after incubation 
of the cells for 4 hours with Sp(AZfp),A- 
antiPKR, p(A2'p) ,A-antiPKR-3'-tail, or 
p(AZ1p),A-antiPKR (Fig. 1 A, left panel). 
In contrast, the control oligonucleotides, 
antiPKR (the antisense moiety by itself), 
p(AZrp),A-antiHIV [containing an an- 
tisense to human immunodeficiency virus 
(HIV) RNA that was unrelated to the PKR 
sequence], or p(AZ1p),A-(dA) [directed to 
oligo(rU)] had no effect on PKR mRNA 
amounts (Fig. 1 A, left panel). The amounts 
of PKR RNA in cells exposed to one dose of 
2 pM Sp(A2'p),A-antiPKR, p(A2 ' p),A- 
antiPKR-3'-tail, or p(AZfp),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 p-actin mRNA (18) by the same 
method (Fig. lA, right panel). None of the 
oligonucleotides tested depleted the amount 
of f3-actin mRNA. 

The ablation of PKR mRNA was wn- 
tinned in RNase protection assays per- 
formed with RNA isolated from HeLa cells 
treated for 4 hours with 2 pM p(AZfp),A- 
antiPKR or p(A2'p),A-sensePKR (con- 
taining sense orientation oligonucleotides 
for PKR mRNA, from nucleotides 55 to 73) 
(1 9). PKR mRNA amounts were depleted 
after treatment of cells with p(M1p),A- 
antiPKR, whereas p(AZ1p),A-sensePKR 
was without effect (Fig. 1B). In addition, 
neither 2 pM (AZfp),A-antiPKR, which 
lacks the 5'-phosphoryl group necessary for 
efficient activation of the human form of 
2-SA-dependent RNase (20). nor the un- 
modified antisense to the PKR alone pro- 
duced a signiticant 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(Nfp),A-antiPKR (Fig. 1C). About 4 
hours of treatment were required to reduce 
PKR mRNA amounts to minimal levels, (to 

Ag.2The2-5Aanti- 1 2 3 4 5 6 
sense directs homog- 
enous, recombinant .r * .) - 
human 2--pen- 
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 
o l i i l eob ide ;  lane 2, p(A2'p)J-antiPKR; lane 
3, p(A2'p)J-semPKR; lane 4, (A2'p)J- 
antiPKR; lane 5, Sp(A2'p)J-antiPKR; and lane 6, 
p(A2'p)fi-antiPKR-3'-tail. 
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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(AZ1p),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 
pM or higher concentrations of p(N1p),A- 
antiPKR (2 1 ) . The RNase protection assays 
c&ed 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 pM p(N1p),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 pM p(A2'p),A- 
antiPKR did not reduce the amounts of 
untargeted mRNA species for y-actin and 

p ( ~ ) & & i ~ ~ q  I I I I 

No oligo 
PRDll PSOAb . n 

tyrosine protein kinase JAKl (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(N1p),A-antiPKR or 
p(AZfp),A-(CIA),,, each used at a single 
dose of 2 pM, and then cultured for 36 hours 
(21). 

Cellular amounts of PKR activity were 
determined by functional assays after twice 
daily treatments with various chimeras for 
3.5 days (Fig. ID). PKR was immobilized 
from the cell extracts and autophospho- 
rylated with [y-32P]ATP on the activating 
a h i t y  matrix, p ly  (I):poly (C)-cellulose (23, 
24). Treatment of cells with p(AZ1p),A- 
antiPKR reduced PKR activity to undetect- 
able amounts (Fig. ID). In contrast, the 
control chimeras, p(A2'p) ,A-sensePKR 
and (AZ1p),A-antiPKR, did not affect PKR 
activity. 

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

B 
p(A2'p)+-sensePKR No digo 

p(A2'p)+antiPKR m 
PRDll pSOAb 
A n  

TNF-a:- - + - + + + + + 
11 12 13 14 15 16 17 18 19 20 

Flg. 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-KB 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 PRDll DNA oligonucleotide competitor 
(as compared with 0.1 ng of radiolabeled PRDll 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 TNFa-treated cells. In lane 10, we added p50 antibody to a nuclear extract of control cells. 
Arrowheads indicate the migration of the NF-KB complex. 
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vector in insect cells (25, 26). PKR mRNA 
was mixed with an untargeted mRNA for a 
small form of human 2-SA-synthetase. Only 
the PKR mRNA was significantly degraded 
in response to 25 nM p(AZ1p),A-antiPKR, 
S~(AZ 'P)~A-~~~~PKR,  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 2-5Adependent 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- 
(1):poly (C) for the final 12 hours (28). The 
PRDII element of the human interferon 
promoter was used as a probe because it 
binds to NF-KB ( I  3). 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(AZ1p),A-antiPKR before the ad- 
dition of p l y  (I):poly(C) (lane 3). In con- 
trast, the control chimeras, p(A2'p),A- 
sensePKR and (AZ1p),A-antiPKR, did not 
block the &MA-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* (TNF-a), a cytokine that is not 
obviously related to dsRNA signaling (Fig. 
3B) (31). There was no effect of 
p(AZ1p),A-antiPKR or p(AZ1p),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-KB 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 p!if(A2'p5'),A to 
3',5'-oligo(dT) ,, (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 tareet. 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 37OC under conditions of a 
30:l molar ratio of PKR mRNA to 
p(AZ1p),A-antiPKR (27). These findings 
demonstrate that 2-5A antisense chimeras 
can be used as reagents to obtain the cata- 
lvtic destruction of tareet mRNA mole- 
cdes. By specifically blorking 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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