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ABSTRACT A 20-mer phosphorothioate oligodeoxynucle-
otide desgned to hybridize to the AUG translation initiation
codon ofmRNA encoding murine protein kinase C-a (PKC-a)
Inhibits the expression of PKC-a both in vitro and in vivo. In
mouse C127 mammar epitheflal ceils, the reduction in PKC-a
mRNA expression was both dose and time dependent. The
oligodeoxynucleotide exhibited an IC-jo value of 100-200 nM
and reduced PKC-a mRNA expression for up to 48 hr. This
reduction was specific for PKC-a versus other PKC isozymes
(8, e, and C) and completely dependent upon oligodeoxynu-
cleotide sequence. When administered intraperitoneafly in
mice, the same oligodeoxynucleotide caused a dose-dependent,
oligodeoxynudeotide sequence-dependent reduction ofPKC-a
mRNA in liver, with an IC5N value of 30-50 mg/kg of body
weight. Inhibition of expression was 64 ± 11% after a single
50-mg/kg dose. The expression ofPKC-8, e, and CmRNA was
unaffected by this treatment. The oligodeoxynucleotide activity
in vivo did not require the presence ofcationic liposomes or any
other delivery systems, although in vito, the oligodeoxynude-
otide required cationic liposomes for inhibition of PKC-a
expression. This study demonstrates the utility of phospho-
rothioate oligodeoxynucleotfides as specific inhibitors of gene
expression in vivo after systemic administration.

Oligonucleotides designed to hybridize to specific pre-
mRNA or mRNA sequences (antisense oligonucleotides)
have been shown to inhibit the expression of numerous viral
and mammalian genes in vitro (1-3). Phosphorothioate oli-
godeoxynucleotides, in which one of the nonbridging oxy-
gens in the backbone ofDNA is replaced by sulfur, are one
of the most used and best characterized class of oligodeoxy-
nucleotides used as antisense agents (1, 2). The sulfur sub-
stitution dramatically increases nuclease stability, resulting
in substantially improved pharmacokinetic properties com-
pared with phosphodiester oligodeoxynucleotides (4, 5).

Despite the demonstration that appropriately designed
phosphorothioate oligodeoxynucleotides can inhibit the ex-
pression of a large number of genes with high selectivity
(6-8), skepticism about their utility remains (9). This derives
from several factors. First, phosphorothioates are negatively
charged and have shown wide variation in uptake by cells in
tissue culture as a function of cell type, tissue culture
conditions, and oligodeoxynucleotide sequence (10, 11). Sec-
ond, studies in our laboratory have shown very clearly the
differing sensitivity of sites inRNA molecules to inhibition by
phosphorothioate oligodeoxynucleotides (6, 12-15). Thus,
failure to perform careful dose-response studies in several
cell lines with oligodeoxynucleotides designed to bind to a
variety of sites in a target RNA molecule could result in
conclusions that phosphorothioate oligodeoxynucleotides
are inactive as antisense drugs or that their effects are due to
nonspecific interactions.

Perhaps more importantly, recent studies in several spe-
cies of animals with different phosphorothioate oligodeoxy-
nucleotides have shown that they have attractive pharmaco-
kinetic properties that are not predicted by in vitro cell uptake
studies. They are rapidly and extensively absorbed from all
parenteral sites of administration studied (16-18). Oligode-
oxynucleotides are widely distributed to all peripheral tis-
sues, with liver and kidney accumulating the most drug
(16-19), and are slowly cleared by metabolism (16, 17, 19).
Moreover, several laboratories have reported both local and
systemic effects consistent with an antisense mechanism
(20-22).
To better understand the in vivo utility ofphosphorothioate

oligodeoxynucleotides, we have designed oligodeoxynucle-
otides to inhibit mouse protein kinase C-a (PKC-a). The PKC
family of enzymes consists of at least 10 closely related gene
products which are involved in the propagation of signals
initiated at the cell surface (23). PKC-a is one of the subspe-
cies of PKC known as classical PKCs (23), which bind
diacylglycerol and require Ca2+ for full activation. PKC is
thought to be involved in inflammatory processes, immune
responses, and cell proliferation; however, knowledge of
specific functions of individual isozymes is still limited (23).
We chose this target because it could be studied both in
cultured cells and in mice. In addition, oligodeoxynucleotide
specificity could be rigorously evaluated by comparing ef-
fects on PKC-a to effects on other PKC isotypes.

MATERIALS AND METHODS
Cell Culture. Murine C127 mammary epithelial cells and

NIH 3T3 fibroblasts were obtained from the American Type
Culture Collection. Murine bEND.3. endothelioma cells
were obtained from Werner Risau, Max Planck Institute,
Planegg-Martinsreid, Germany. Cell lines were grown in
Dulbecco's modified Eagle's medium containing 1 g of glu-
cose per liter (DMEM); (GIBCO/BRL) and 10%6 fetal bovine
serum (FBS, HyClone) and routinely passaged when 90-95%
confluent.

Oligonucleotide Synthesis and Sequences. Phosphorothioate
oligodeoxynucleotides and 2'-O-methyl phosphorothioate
oligonucleotides were synthesized as described (6, 23). All
oligonucleotides were >85% full-length material when ana-
lyzed by electrophoresis in polyacrylamide gels. In addition,
the relative amounts ofphosphorothioate and phosphodiester
linkages obtained by our synthesis were periodically checked
by 31P nuclear magnetic resonance spectroscopy (6). Phos-
phorothioate oligonucleotides were synthesized on a 0.5-
mmol scale on a Milligen model 8800 DNA synthesizer using
modified phosphoramidite chemistry with 3-cyanoethoxy-
phosphoramidites (6). Oligonucleotides were depyrogenated

Abbreviations: DOPE, dioleoyl phosphatidylethanolamine; DOTMA,
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride;
FBS, fetal bovine serum; G3PDH, glycerol-3-phosphate dehydroge-
nase; PKC, protein kinase C.
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by ultrafiltration, with endotoxin below detectable levels
(commercial gel clotting methods; Associates of Cape Cod,
Falmouth, MA). The sequence of the phosphorothioate oli-
godeoxynucleotide (ISIS 4189) designed to hybridize to mu-
rine PKC-amRNA is 5'-CAGCCATGGTTCCCCCCAAC-3'
(which is complementary to positions 243-262 on the PKC-a
mRNA (24). The 2'-O-methyl phosphorothioate oligonucle-
otide with the same sequence as this is ISIS 4999. The
sequence of the scrambled control oligodeoxynucleotide
(ISIS 4969) is 5'-CCAGTCACTCGCACCATCGC-3'. The
sequence of the control oligodeoxynucleotide ISIS 1082 is
5'-GCCGAGGTCCATGTCGTACGC-3'.
Treatment of Cells with Oligonudeotides. C127, NIH 3T3,

and bEND.3. cells were grown in T-75 flasks until 70-80o
confluent. At this time, cells were washed twice in 10 ml of
DMEM and 5 mlofDMEM containing N-[1-(2,3-dioleoyloxy)-
propyl]-N,N, N-trimethylammonium chloride/dioleoyl phos-
phatidylethanolamine (DOTMA/DOPE) solution (Lipofec-
tin, final concentration, 20 .g/ml; GIBCO/BRL) was added.
Oligonucleotides were then added to the required concen-
tration from a 10 uM stock solution and the two solutions
were mixed by swirling of the dish. The cells were incubated
at 370C for 4 hr, washed once with DMEM/10% FBS to
remove the DOTMA/DOPE solution, and then allowed to
recover for the time indicated in the figure legends.

Treatment of Mice with Oligonucleotides. Female SK-1
hairless mice were housed three to a cage under conditions
meeting or exceeding National Institutes of Health regula-
tions (25). Oligodeoxynucleotides were administered in 0.9%
NaCl (200 Ad) i.p. at the dose and time indicated in the figure
legends.
Measurement ofPKC Isozyme mRNA Levels. Total mRNA

was isolated from tissue culture cells by lysis in 4 M guani-
dinium isothiocyanate followed by cesium chloride gradient
centrifugation (26). Total mRNA was isolated from various
mouse organs by rapid homogenization of the tissue in 4 M
guanidinium isothiocyanate followed by centrifugation over a
cesium chloride gradient. RNA (20-40 ug) was resolved in
1.2% agarose gels containing 1.1% formaldehyde and trans-
ferred to nylon membranes. The blots were then hybridized
with bovine PKC-a cDNA (American Type Culture Collec-
tion) or PKC-8, PKC-e, or PKC-C cDNA probes (obtained
from Doriano Fabbro, CIBA-Geigy) as described (15). To
obtain better sensitivity, we sometimes prepared 32P-labeled
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PKC-a probe by PCR (27). In brief, a 1.3-kb bovine PKC-a
fragment was used as the template in an asymmetric PCR
with [a-32P]dCTP. The antisense primer yielded a single
product of 740 bases. Probe hybrized to mRNA transcripts
was visualized and quantitated with a Phosphorlmager (Mo-
lecular Dynamics). PKC-a mRNA is expressed as two tran-
scripts, 8.5 and 4.0 kb. The blots were then stripped of
radioactivity by boiling and reprobed with a 32P-labeled
glycerol-3-phosphate dehydrogenase (G3PDH) probe (Clon-
tech) to confirm equal loading.

Immunoblotting ofPKC Isozymes. C127 cells were treated
with oligonucleotides, washed twice in cold phosphate-
buffered saline and then extracted in 250 Ad of lysis buffer [20
mM Tris, pH 7.4/1% (vol/vol) Triton X-100/5 mM EGTA/2
mM EDTA/2 mM dithiothreitol/50 mM sodium fluoride/10
mM sodium phosphate with leupeptin (2 Mg/ml) and aprotinin
(1 Mg/ml)] at 4°C. The protein content ofthe various samples
was determined with a Bio-Rad DC protein assay [based on
the Lowry method (28)] using bovine serum albumin as
standard. The expression of various PKC isozymes was then
determined (15) by use ofanti-PKC-a monoclonal antibody (1
Mg/ml) (Upstate Biotechnology, Lake Placid, NY) or anti-
PKC-8, -4, or -E polyclonal antibodies (1:2000) (GIBCO/
BRL).

RESULTS
Twenty oligodeoxynucleotides designed to hybridize to mul-
tiple sites on the murine PKC-a mRNA (24) (including 5'
untranslated region, coding region, and 3' untranslated re-
gion) were initially synthesized as 20-mer phosphorothioate
oligodeoxynucleotides and tested for their ability to inhibit
PKC-a mRNA expression in C127 murine mammary epithe-
lial cells (data not shown). One oligodeoxynucleotide, ISIS
4189, which hybridizes to the AUG translation initiation
codon, consistently inhibited PKC-a expression in C127 cells
better than other oligodeoxynucleotides examined. At 400
nM, ISIS 4189 decreased the expression ofboth the 4-kb and
the 8.5-kb PKC-a mRNA by >90%o after 24 hr (Fig. 1A). A
similar inhibition ofPKC-amRNA expression was also found
in NIH 3T3 fibroblasts and bEND.3. endothelioma cells (Fig.
1A). We further characterized the inhibition in C127 cells and
found it to be concentration dependent, with an IC50 value of
100-200 nM (Fig. 1B). The effects of ISIS 4189 on PKC-a
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FIG. 1. Inhibition of PKC-a expression by oligonucleotides in cultured cells. (A) Effect of ISIS 4189 on PKC-a mRNA expression. C127
cells (lanes 1 and 2), NIH 3T3 cells (lanes 3 and 4), and bEND.3. cells (lanes 5 and 6) were treated with either 400 nM ISIS 4189 and
DOTMA/DOPE (20 pg/ml) solution (lanes 2, 4, and 6) orjust DOTMA/DOPE (20 pg/ml) solution (lanes 1, 3, and 5) for 4 hr. Cells were then
washed with DMEM/10%o FBS and allowed to recover for an additional 20 hr. Total RNA was then extracted and 20 Mg was resolved in 1.2%
agarose gels and transferred to nylon membranes as described in Materials and Methods. The blots were probed with a 32P-radiolabeled PKC-a
cDNA probe (Upper) and then stripped and reprobed with a 32P-radiolabeled G3PDH probe to confirm equal RNA loading (Lower). (B) Dose
response for the reduction in PKC-a mRNA by ISIS 4189. C127 cells were treated with oligonucleotide and DOTMA/DOPE (20 Mg/ml) for 4
hr. Cells were then washed once with DMEM/109o FBS and allowed to recover for an additional 20 hr. PKC-amRNA expression was determined
by Northern blotting as in A. Lane 1, ISIS 4969 (scrambled control) (300 nM); lane 2, phosphate-buffered saline; lanes 3-6, ISIS 4189 (50, 100,
200, and 300 nM); lane 7, ISIS 4999 (2'-O-methyl phosphorothioate 4189) (300 nM). (C) Kinetic analysis of the reduction in PKC-a mRNA by
ISIS 4189. C127 cells were extracted at zero time (lane 1) or treated with oligodeoxynucleotide (400 nM) and DOTMA/DOPE (20 Mg/ml) solution
for 4 hr. Cells were then washed once with DMEM/10%o FBS and allowed to recover for 0 hr (lane 2), 8 hr (lanes 3), 20 hr (lane 4), 44 hr (lane
5) or 68 hr (lane 6 and 7). Oligodeoxynucleotide treatments were with ISIS 4189 (lanes 2-6) or ISIS 4969 (lane 7). PKC-a mRNA expression
was determined by Northern blotting as inA. (D) Kinetic analysis ofthe reduction in PKC-a protein by ISIS 4189. C127 cell protein was extracted
at zero time (lane 1), or cells were treated with ISIS 4189 (400 nM) and DOTMA/DOPE (20 Mg/ml) for 4 hr. Cells were then washed once with
DMEM/109o FBS and allowed to recover for 20 hr (lane 2), 44 hr (lane 3), or 68 hr (lane 4). Cell protein was then extracted and PKC-a protein
expression was determined by immunoblotting.
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transcripts were not observed with a scrambled-sequence
control phosphorothioate oligodeoxynucleotide (ISIS 4969)
or another control phosphorothioate oligodeoxynucleotide
(ISIS 1082) (Fig. 1B and Fig. 2). None of the oligodeoxynu-
cleotides tested affected G3PDH mRNA levels, demonstrat-
ing selectivity for the targeted mRNA (Fig. 1). We also tested
a 2'-O-methyl phosphorothioate analog of ISIS 4189 (ISIS
4999) for its ability to decrease PKC-a mRNA. Although
2'-O-methyl phosphorothioate oligonucleotides bind to com-
plementary RNA with a higher affinity than the correspond-
ing phosphorothioate oligodeoxynucleotides, they do not
support RNase H-mediated cleavage of the hybridized RNA
(29). ISIS 4999 was completely ineffective at decreasing
PKC-a mRNA (Fig. 1B), strongly suggesting that the de-
crease in mRNA seen with ISIS 4189 was mediated by RNase
H.
We next determined the kinetics of the mRNA decrease

and found that at the highest concentration of oligodeoxy-
nucleotide (400 nM), 60-70% of the maximal decrease in
PKC-a mRNA had occurred within 4 hr (Fig. 1C). The
greatest reduction in PKC-a mRNA occurred 12-24 hr after
oligodeoxynucleotide addition. The reduction in PKC-a
mRNA was reversible; 72 hr after oligodeoxynucleotide
treatment, PKC-a mRNA levels had returned to about 50%o
of control (Fig. 1C). This rebound is most likely the result of
oligodeoxynucleotide degradation by intracellular nucleases
resulting in lower intracellular levels of oligodeoxynucleotide
after extended periods of time. PKC-a protein has been
reported to have a relatively long half-life (from 6.7 to >24 hr)
(30-32). This requires that the levels of PKC-a mRNA are
inhibited for extended periods of time with oligodeoxynucle-
otides to achieve a reduction in steady-state levels of protein.
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FIG. 2. Isozyme-specific reduction in PKC expression by ISIS
4189. (A) Protein. C127 cells were treated with oligonucleotide (400
nM) andDOTMA/DOPE (20 mg/ml) for4 hr. Cells were then washed
once with DMEM/10% FBS and allowed to recover for 44 hr. The
cells were then washed once in serum-free medium and treated with
oligonucleotide (200 nM) and DOTMA/DOPE (20 jug/ml) for an
additional 4 hr. Cells were then washed once with DMEM/10% FBS
and allowed to recover for 20 hr. At this time cell proteins were
extracted and immunoreactive PKC-a, -8, -e, or -C was determined
by immunoblotting. Molecular mass standards are shown at left and
the PKC isozymes are indicated by arrows at right. Treatments: lane
1, saline control; lane 2, ISIS 4189; lane 3, ISIS 4969; lane 4, ISIS
4999. (B) mRNA. C127 cells were treated with oligodeoxynucleotide
(400 nM) and DOTMA/DOPE (20 pg/ml) for 4 hr. Cells were then
washed once with DMEM/10% FBS and allowed to recover for 20
hr. Total RNA was extracted and 20 pg was resolved in four identical
gels. Treatments: lane 1, saline control; lane 2, ISIS 4189; lane 3, ISIS
4969; lane 4, ISIS 1082. Blots were probed with 32P-labeled PKC-a,
-8, or -C or G3PDH cDNA probes.

A single treatment of C127 cells with 400 nM oligodeoxynu-
cleotide was found to decrease PKC-a protein by 50%o after
24 and 48 hr, with levels recovering to 70-80%o of control after
72 hr (Fig. 1D). This recovery in PKC-a protein is most likely
the result of the recovery in PKC-a mRNA (Fig. 1C) and
demonstrates that a single application of ISIS 4189 is not
sufficient to decrease PKC-a protein to levels below about
50%6. To maintain decreased levels of PKC-a mRNA for
extended periods of time, C127 cells were treated with repeat
applications of oligodeoxynucleotide in the presence of
DOTMA/DOPE. An initial maximal concentration of 400 nM
followed 2 days later by 200 nM gave the best prolonged
PKC-a mRNA reduction. Using this approach, we success-
fully decreased steady-state levels of PKC-a protein by
70-80% after 72 hr (Fig. 2A).

Northern blotting and immunoblotting of C127 cells with
PKC isozyme-specific cDNA probes and antisera revealed
that in addition to PKC-a these cells express PKC-6, -E, and
-4. Under conditions where ISIS 4189 decreases PKC-a
protein by 70-80%, levels of PKC-8, -e, and -C were un-
changed (Fig. 2A). PKC-a protein was unaffected by treat-
ment of cells with ISIS 4969 (a scrambled control) and ISIS
4999 (2'-O-methyl phosphorothioate analog of 4189) (Fig.
2A). In addition, the antisense oligodeoxynucleotide-
mediated decrease in PKC-a mRNA expression was isozyme
specific. PKC-8 and -C mRNA levels were unchanged by
treatment ofC127 cells with a concentration ofISIS 4189 (400
nM) that decreased PKC-a mRNA by >90% (Fig. 2B).
We have extended these in vitro studies to determine the

ability of oligodeoxynucleotides to inhibit gene expression
after systemic administration in mice. ISIS 4189 or a non-
complementary control oligonucleotide, ISIS 1082, was ad-
ministered i.p. at doses of 1, 10, or 100 mg/kg per day for 7
days. The expression of PKC-a or a constitutively expressed
gene product, G3PDH, was examined in various tissues 24 hr
after administration of the last dose. PKC-a mRNA in liver
was decreased in a dose-dependent manner. Treatment of
mice with ISIS 4189 at 100 mg/kg per day for 7 days resulted
in a 90% reduction in PKC-a mRNA (Fig. 3A), whereas 10
mg/kg per day resulted in a 20% reduction (Fig. 3B). In a
separate study, a dose of 50 mg/kg decreased PKC-a mRNA
by 68% (Fig. 3B). The control oligodeoxynucleotide ISIS
1082 failed to significantly affect PKC-amRNA. Neither ISIS
4189 nor the control oligodeoxynucleotide affected the level
of G3PDH expression. PKC-a mRNA in lung, spleen, kid-
ney, and skin was not reproducibly decreased by any oli-
godeoxynucleotide treatment (data not shown). These find-
ings are consistent with the tissue distribution of phospho-
rothioate oligodeoxynucleotides, in that the liver was the
major organ of deposition (16-19). The ability ofISIS 4189 to
maintain reduced levels ofPKC-a mRNA in liver for at least
24 hr after the final dose was given is also consistent with the
reported stability ofphosphorothioate oligodeoxynucleotides
in this organ. Agrawal et al. (18) reported that up to 50%o of
a 20-mer phosphorothioate oligodeoxynucleotide remained
intact as full-length material in liver up to 48 hr after admin-
istration.
The kinetics and specificity of the oligodeoxynucleotide-

mediated reduction in PKC-a mRNA in mouse liver were
also examined. Phosphorothioate oligodeoxynucleotide (ei-
ther ISIS 4189 or ISIS 1082) was administered i.p. at a dose
of 50 mg/kg per day for 1, 4, or 7 days and PKC mRNA
expression in liver was determined by Northern blotting 24 hr
after the final injection. Treatment of mice for 7 days with
ISIS 4189 reduced expression ofPKC-a by 68 ± 11% (n = 3)
(Fig. 3 B and C). In addition, only a single treatment with ISIS
4189 was sufficient to decrease PKC-a mRNA by 64 ±+ 11%
(n = 3) (Fig. 3C and data not shown). The same mRNA
samples were analyzed by Northern blotting for expression of
other PKC isozymes. In addition to PKC-a mRNA, we
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FIG. 3. Effect of oligodeoxynucleotides on expression of PKC-a in mouse liver. (A) Effect of ISIS 4189 and 1082 on expression of PKC-a
mRNA. SK-1 hairless mice (18) were given oligodeoxynucleotide (100 mg/kg) i.p., in a volume of 200 Ad in saline every day for 7 days (three
animals per group). On day 8, animals were sacrificed and samples of liver were removed. Total RNA was isolated and 40 tg was resolved in
a 1% agarose gels. RNA was transferred to nylon membrane and probed with a 32P-labeled PKC-a-specific probe generated by PCR (a 1.3-kb
bovine PKC-a fragment was used as the template in an asymmetric PCR with [a-32P]dCTP). The antisense primer yielded a single-stranded
product of 740 bases. Each lane shows RNA obtained from an individual animal. The blot was then stripped and reprobed with a 32P-labeled
G3PDH probe to demonstrate equal loading. (B) Dose response for the inhibition ofPKC-amRNA expression in mouse liver by ISIS 4189. Mice
were treated as described in A with ISIS 4189 (open bars) or 1082 (black bars) at 100, 10, or 1 mg/kg of body weight in one experiment and
50 mg/kg in a second experiment. PKC-a expression in liver was determined by Northern blotting and is expressed relative to G3PDH (n =
3). (C) Time course and specificity for the effects of oligonucleotides on PKC isozyme expression in mouse liver. Mice were treated as described
in A with ISIS (4189 or 1082) at 50 mg/kg for 1, 4, or 7 days. PKC-a, -8, -e, and -CmRNA expression was determined by Northern blotting.
All four lanes contained mRNA from the same individual.

detected mRNA for PKC-8, -e, and -C. Expression of the
other isozymes was not reduced by treatment with either
ISIS 4189 or ISIS 1082 at any time following oligonucleotide
administration (Fig. 3C). Because of the low levels of ex-
pression of PKC-a protein in liver and variability in Western
blotting, we have not attempted to quantitate changes in
protein levels in the liver.

DISCUSSION
Many studies have reported biological effects of phospho-
rothioate oligodeoxynucleotides in vivo. For example, a
reduction in tumor growth has been reported for transplanted
tumors in nude mice and syngeneic mice treated with oli-
godeoxynucleotides targeting c-myb and the p65 and p50
subunits of NF-KB (8, 20, 33). These effects were accompa-
nied by a reduction in expression of p65 in the tumor in one
of the studies, suggesting that the oligodeoxynucleotide in-
hibition of tumor growth was mediated through a true an-
tisense mechanism (20). To date, however, the demonstra-
tion of a reduction in normal, constitutively expressed host
mRNA in vivo by oligodeoxynucleotides has been limited to
localized administration ofthe oligodeoxynucleotides or with
oligodeoxynucleotides formulated with liposomes (21, 34).
Our studies have extended these findings on the utility of
phosphorothioate oligodeoxynucleotides as inhibitors of
gene expression in vivo. We show that the localized appli-
cation of oligodeoxynucleotides to a target organ is not
necessarily required to obtain a reduction in the targeted
mRNA and that systemic oligodeoxynucleotide delivery may

be all that is required to obtain inhibition in certain organs.
We have also determined the doses at which oligodeoxynu-
cleotides inhibit gene expression in vivo and demonstrated
that this effect is relatively long lasting.

Oligodeoxynucleotide activity in tissue culture can be
enhanced by as much as 1000-fold by preparing the oligode-
oxynucleotide with cationic liposome formulations such as
DOTMA/DOPE (35). However, our findings demonstrate
that a requirement for cationic liposomes in vitro to show
oligodeoxynucleotide activity does not preclude systemic
activities in vivo in the absence of cationic lipids or other
delivery systems. A recent report also suggests that uptake
and expression of plasmid DNA in mice after intramuscular
injection may not require liposomal encapsulation of the
DNA (36).

Considerable efforts have been made to develop inhibitors
of PKC, and some relatively specific compounds have been
identified (see refs. 37 and 38). To our knowledge, however,
isozyme-specific inhibitors ofPKC have not previously been
found. One approach which has been used to investigate
specific functions of PKC isozymes includes the expression
ofantisense cDNA constructs in tissue culture (39, 40). These
studies have demonstrated potential roles for PKC-a in
regulating P-glycoprotein function and phorbol ester-
mediated arachidonate release (39, 40). Homologous recom-
bination has been used to study PKC isozyme function in
vivo. Mice which are PKC-y deficient have been developed
and the behavioral changes seen in these animals suggest a
role for PKC-y in hippocampal long-term potentiation and
spatial learning (41, 42). Our results demonstrate that an-
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tisense oligodeoxynucleotides can also be used to achieve
isozyme-selective inhibition, both in vivo and in vitro. The
use of antisense oligodeoxynucleotides will allow studies to
evaluate PKC-a and other PKC isozyme-specific functions,
both in tissue culture and in animals. This approach may
ultimately lead to therapeutically useful oligodeoxynucle-
otides targeting human PKC-a or other PKC isozymes (37,
38, 43).

In conclusion, a phosphorothioate oligodeoxynucleotide
(ISIS 4189) shown to cause selective degradation of PKC-a
mRNA in vitro was found to induce the same effects when
administered to mice. We demonstrated a clear dose-
response relationship with the ID5o for reduction of liver
PKC-a mRNA being <50 mg/kg. The mechanism of action
of the oligodeoxynucleotide is consistent with an antisense
mechanism and most likely involves degradation of the
mRNA by RNase H both in vitro and in vivo. The effects of
ISIS 4189 are highly specific both in vitro and in vivo, as no
effects on either G3PDH or other PKC isotypes were ob-
served.

We gratefully acknowledge S. T. Crooke and C. F. Bennett for
helpful discussions and suggestions during the preparation of the
manuscript. We thank M. Zounes for synthesis of the oligonucleo-
tides and B. Austin for technical assistance.
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