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SUMMARY

Raf kinases, cytoplasmic serine/threonine protein kinases, have
been proposed as important participants in mitogen-induced
signal transduction. However, the precise role that Raf kinase
isozymes play in cellular responses such as proliferation has
not been resolved. The present study investigates the ability of
antisense phosphorothioate oligodeoxynucleotides (ODNSs),
targeted against rat C-Raf and A-Raf kinases, to reduce gene
expression and proliferation of cultured rat A10 smooth muscle
cells (SMCs). Exposure of A10 cells to ISIS 11061, an active
C-Raf antisense ODN, resulted in a potent, dose-dependent
inhibition (ICs, = 55 nm) of C-Raf mRNA and protein expres-
sion. This inhibition was completely dependent on ODN se-
quence because the incorporation of increasing numbers of
mismatches (up to six) into the sequence resulted in sequential

loss of potency. Similarly, a dose-dependent reduction (IC5q =
125 nwv) in A-Raf gene expression was observed after treatment
of cells with the active A-Raf ODN, ISIS 9069, whereas two
scrambled controls were without effect. These results demon-
strate that ISIS 11061 and ISIS 9069 reduced gene expression
in a sequence-specific and isozyme-specific manner. More-
over, administration of ISIS 11061 and ISIS 9069 to rat SMCs
resulted in a significant and potent diminution of serum-
induced proliferation with corresponding IC5, values of 216 and
273 nwm, respectively. Taken together, these results indicate that
A-Raf and C-Raf kinases play an important role in regulating
vascular SMC proliferation and that antisense-mediated inhibi-
tion of Raf kinase activity may serve as a therapeutic modality
in the treatment of vascular proliferative disorders.

Raf kinases are cytoplasmic serine/threonine protein ki-
nases that serve as central intermediates in a signal trans-
duction pathway stimulated by growth factors, neurotrans-
mitters, and oncogenes (1, 2). Typically, growth-promoting
stimuli induce the GTP-bound form of Ras, which serves to
anchor Raf to the plasma membrane (3, 4), where it becomes
activated via an undefined phosphorylation mechanism that
may involve protein kinase C and/or tyrosine protein kinases
(5, 6). Phosphorylation of Raf initiates the sequential activa-
tion of a protein serine/threonine kinase cascade because Raf
phosphorylates and activates MEK, which, in turn, phos-
phorylates MAP kinase. Once activated, MAP kinase phos-
phorylates numerous cytoplasmic proteins and nuclear tran-
scription factors that are essential for cellular processes such
as growth and differentiation (see Ref. 9 for review).

Currently, the mammalian Raf serine/threonine kinase

family consists of A-Raf, B-Raf, and C-Raf, which share three
domains termed CR1, CR2, and CR3 with various degrees of
conservation (8, 9). Numerous studies have implicated the
ubiquitously expressed C-Raf (10) in mitogen-induced signal
transduction and cellular growth (8, 9, 11). For instance,
inhibition of C-Raf function by antisense constructs, by oli-
gonucleotides, or by the expression of kinase-deficient mu-
tants results in refractoriness to growth factor-induced
transformation (12), suppression of serum-induced transcrip-
tion of growth-responsive genes (13), inhibition of serum- and
phorbol ester-induced thymidine incorporation (14) and an-
titumor effects in vivo (15). The regulation of A-Raf and
B-Raf, which are found predominantly in urogenital tissues
and brain, respectively (10), has been less characterized.
However, recent studies have shown that exposure of cul-
tured cells to diverse mitogens, including serum, growth fac-

ABBREVIATIONS: MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase kinase; MAP, mitogen-activated protein; FBS,
fetal bovine serum; SMC, smooth muscle cell; DOTMA/DOPE, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride/dioleoylphosphati-
dylethanolamine; DMEM, Dulbecco’s modified Eagle’s medium; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; ODN, oligodeoxynucleotide.
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tors, and phorbol ester, results in rapid phosphorylation of
A-Raf and B-Raf, resulting in subsequent activation of MEK1
and MAP kinase (16-19). Despite this evidence, which im-
plicates A-Raf, B-Raf, and C-Raf in MAP kinase activity
induced by mitogenic agents, little is known regarding the
role of these isozymes in cellular proliferation.

Excessive proliferation of vascular SMCs is a critical pro-
cess underlying the development of atherosclerosis and re-
stenosis after balloon angioplasty. Growth factors regulate
proliferation by binding to receptors with intrinsic protein
tyrosine kinase activity, resulting in the initiation of intra-
cellular signaling cascades (20). To date, the precise molecu-
lar mechanisms that underlie excessive proliferation of
SMCs remain poorly defined, although it is likely that the
signals induced by diverse mitogens will converge at a com-
mon downstream effector. Inhibition of in vitro proliferation
of vascular SMCs has been attained after down-regulation of
c-myc (21), proliferating cell nuclear antigen (22), and the
receptors for thrombin (23) and insulin-like growth factor 1
(24) by antisense ODNs. Moreover, ODNs directed against
proliferating cell nuclear antigen or c-myc have inhibited
neointimal proliferation of SMC in vivo in the rat carotid
artery injury model (25, 26). Taken together, these studies
demonstrate that antisense oligonucleotides are useful tools
to assess the relative contributions of signal transduction
components in proliferation and may serve as therapeutic
agents in disease states associated with excessive SMC pro-
liferation.

In the present study, we have identified phosphorothioate
ODNs that potently and specifically inhibit the expression of
either A-Raf or C-Raf in rat A10 cells. Furthermore, these
ODNs have been used to delineate the role of these Raf
isoforms in the proliferative response of rat SMC. Reduction
in A-Raf and C-Raf expression results in a potent suppres-
sion of serum-stimulated cellular proliferation, suggesting
that A-Raf and C-Raf play an important role in mediating the
proliferative response in these cells.

Experimental Procedures

Materials. Rat aortic A10 SMCs were obtained from American
Type Culture Collection (Rockville, MD). DOTMA/DOPE (lipofectin),
DMEM, and FBS were purchased from GIBCO BRL (Gaithersburg,
MD). Tissue culture flasks and 96-well plates were from Corning
Glassworks (Corning, NY). The CellTiter Cell Proliferation Assay
was purchased from Promega (Madison, WI). A monoclonal antibody
against C-Raf was obtained from Transduction Laboratories (Lex-
ington, KY).

Oligonucleotide synthesis. Synthesis and purification of phos-
phorothioate ODNs for tissue culture experiments were performed
as described previously (15). The 20-mer RNA complement to ISIS
11061, UCC-UUG-GGG-GCA-GAA-UGC-UA, was synthesized as de-
scribed previously (27).

Melting curves. Absorbance versus temperature curves were
measured at 260 nm using a Response II spectrophotometer (Gilford,
San Francisco, CA). The buffer contained 100 mM Na*, 10 nM phos-
phate, and 0.1 mm EDTA, pH 7. ODN concentration was 4 uM each
strand, determined from the absorbance at 85° and extinction coef-
ficients calculated according to Puglisi and Tinoco (28). Thermal
melting temperatures, free energies of duplex formation, and disso-
ciation constants were obtained from fits of data to a two-state model
with linear sloping base-lines (29). Reported parameters are aver-
ages of three experiments.

Cell culture. A10 rat aortic SMCs (passages 18-23) were grown
in DMEM supplemented with 10% FBS, 1% glutamine, and 1%
penicillin-streptomycin at 37° in a 95% air/5% CO, humidified atmo-
sphere. Cells were subcultured routinely when 90% confluent by
aspiration of the growth medium followed by a 30-sec rinse with a
solution of 0.5 mM EDTA/0.05% trypsin.

Treatment of cells with oligonucleotides. Cells were incu-
bated with oligonucleotides at a concentration of 10-750 nM in
DMEM supplemented with 0.2% FBS containing DOTMA/DOPE
solution (lipofectin) at a concentration of 0.25 ug/10 nM oligonucleo-
tide. After 4 hr, the medium was removed and replaced with DMEM
containing 10% FBS.

Northern blot and Western blot analysis. For determination
of mRNA levels by Northern blot analysis, total RNA was prepared
from rat A10 cells by the guanidinium isothiocyanate procedure as
detailed previously (15). Briefly, mRNA, purified and quantitated
spectrophoretically, was loaded in equal amounts onto 1.2% agarose
gels containing formaldehyde and transferred to nylon membranes.
The blots were hybridized with a human C-Raf cDNA probe obtained
from American Type Culture Collection or a A-Raf cDNA probe was
prepared according to the following procedure. To obtain a cloned
fragment of the A-Raf gene, two primers were designed from the
published sequence of the human gene (GenBank accession no.
X04790). The first primer (5'-CAG GCA GGC AAC TCA TCG G-3')
was used to generate a single-stranded cDNA from total RNA de-
rived from A-549 cells (reverse transcriptase and protocol from Gibco
BRL). This primer and a second primer (5'-CCG AGA TCT CAA GTC
TAA CAA-3’) were then used in a polymerase chain reaction reaction
(Tag polymerase and protocol from Perkin-Elmer Cetus, Norwalk,
CT). The resultant fragment [473 base pairs (nos. 1475 through 1947
of X04790)] was cloned into pBluescript (Stratagene, Cambridge,
UK) (plasmid no. rtb.877). The A-Raf and C-Raf cDNA probes did not
cross-react to the different Raf isotypes. These probes were radiola-
beled with [a-32P]dCTP by random primer labeling using a commer-
cially available kit (Promega) according to the manufacturer’s in-
structions. Probes hybridized to mRNA transcripts were visualized
and quantitated using a Molecular Dynamics Phosphorimager
(Sunnyvale, CA), as described previously (30). Blots were routinely
stripped of radioactivity by boiling and reprobed with a 3?P-radiola-
beled G3PDH probe to confirm equal loading.

For determination of protein levels by Western blot, C-Raf protein
levels were determined by immunoblotting with a C-Raf-specific
monoclonal antibody as detailed previously (15). Proteins were visu-
alized and quantitated by Phosphorimage analysis.

Measurement of proliferation. A10 cells, grown in 96-well mi-
crotiter plates (5000 cells/well) to 80% confluence, were washed twice
with phosphate-buffered saline and growth-arrested by replacing the
medium with DMEM containing 0.2% FBS for 24 hr. Cells were
incubated with oligonucleotides as described above. The medium was
removed and replaced with DMEM (without phenol red) containing
10% FBS in a final volume of 100 ul for 24 hr. Proliferation was
measured using the CellTiter Cell Proliferation Assay, which mea-
sures the reduction, by living cells only, of the tetrazolium compound
MTS to formazan. Briefly, 20 ul of MTS is added to each well during
the last 3 hr of stimulation with mitogen and the plates are returned
to the 37° incubator. The absorbance of formazan at 490 nm is
recorded using a microplate reader (Molecular Devices, Menlo Park,
CA). Data generated using the MTS conversion assay are identical to
those generated by either [*H]thymidine incorporation or direct cell
counting (data not shown).

Results

Specific inhibition of C-Raf mRNA and protein ex-
pression in Al0 cells after treatment with an active
phosphorothioate C-Raf ODN. A series of 20-base phos-
phorothioate ODNs, designed to hybridize to various regions
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on rat C-Raf or A-Raf mRNA, were synthesized and screened
for their ability to inhibit C-Raf and A-Raf mRNA expression
in rat A10 SMC. Cells were exposed to ODNs for 4 hr in
serum-free media containing the cationic lipid DOTMA/
DOPE, which has been shown previously to facilitate the
cellular uptake and enhance the biological activity of phos-
phorothioate ODNs (31). After an additional 20 hr of incuba-
tion in the presence of 10% FBS, the effects on C-Raf mRNA
were analyzed by Northern blot analysis. ISIS 11061 and
ISIS 9069, which hybridize to the 3’ untranslated region of
C-Raf and A-Raf mRNA (Table 1), respectively, were identi-
fied as the most potent ODNs that inhibited C-Raf and A-Raf
gene expression (data not shown). The specificity of this
antisense-mediated inhibition was addressed in subsequent
experiments.

Treatment of A10 cells with increasing concentrations of
ISIS 11061 resulted in a dose-dependent reduction in C-Raf
mRNA levels with an IC;, value of 55 = 20 nm (Fig. 1, A and
B; Table 2). To test for sequence specificity, studies also were
employed using a series of mismatched control ODNs that
contain between 1 and 6 base mismatches incorporated into
the sequence of ISIS 11061 (Table 1). The incorporation of
sequential base mismatches into the sequence resulted in a
significant reduction in the potency of these ODNs to inhibit
and hybridize to C-Raf mRNA, indicating that the inhibition
of C-Raf mRNA expression by ISIS 11061 is sequence-specific
and supporting an antisense mechanism of action for this
ODN (Fig. 1, A and B; Table 2). Furthermore, the levels of
C-Raf protein, assessed by Western analysis, were markedly
reduced after 48 hr of treatment with ISIS 11061 but not
with ISIS 13492, a 3-base mismatch phosphorothioate con-
trol (Fig. 1C). Quantitative analysis revealed that C-Raf pro-
tein levels were 94% of untreated levels for ISIS 13492 (lane
2) and 12% of untreated levels for ISIS 11061 (lane 3). Lipo-
fectin alone had no effect on C-Raf mRNA or protein expres-
sion (data not shown).

Specific inhibition of A-Raf gene expression in A10
cells after treatment with an active phosphorothioate
A-Raf ODN. To examine the specificity of ODNs targeted
against A-Raf gene expression, the effects of the active A-Raf
ODN ISIS 9069 and scrambled controls were examined for
their ability to alter mRNA levels. ISIS 9069 decreased the
expression of A-Raf mRNA in rat SMC, 24 hr after treatment,
in a concentration-dependent manner with an IC;, value of
125 = 25 num (Fig. 2, Table 2). In contrast, scrambled control
ODNSs, which have the same base composition as ISIS 9069

TABLE 1
Summary of synthesized antisense oligonucleotide sequences
directed against rat A-Raf and C-Raf

Sequences are shown 5’ to 3’ and target the 3’-untranslated region of rat C-Raf
and A-Raf cDNA.

ISIS Sequence mRNA target
11061 ATGCATTCTGCCCCCAAGGA C-Raf active oligonucleotide
13490 ATGCATTCTCCCCCCAAGGA 1-base mismatch control
13491 ATGCATTCTCGCCCCAAGGA 2-base mismatch control

13492 ATGCATTCCCGCCCCAAGGA
13493 ATGCATTCCCGTCCCAAGGA
13494 ATGCATTACCGTCCCAAGGA
13495 ATGCATTACCGTACCAAGGA  6-base mismatch control
9069 CTAAGGCACAAGGCGGGCTG A-Raf active oligonucleotide
11898 CGGAACAGGTGTAGCGACCG A-Raf scrambled control
11900 CTGAACAGGCGGAGCGACTG A-Raf scrambled control

3-base mismatch control
4-base mismatch control
5-base mismatch control
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Fig. 1. Inhibition of C-Raf kinase mRNA and protein expression by ISIS
11061 and mismatched analogs in rat A10 cells. A, A10 cells were
treated with increasing concentrations (50-500 nm) of the indicated
antisense ODNs (see Table 1) and total RNA was prepared 24 hr later.
Normalized RNA was analyzed for C-Raf mRNA levels by Northern blot
analysis. “Control” indicates untreated cells. B, Quantitation of C-Raf
mRNA levels from A. C-Raf mRNA levels were normalized to G3PDH
mRNA levels (not shown) and quantitated by phosphorimage analysis
as described under Experimental Procedures. The results are repre-
sentative of three independent experiments. C, Western blot analysis of
C-Raf kinase protein levels in A10 cells treated with ISIS 11061 (C-Raf
specific) or ISIS 13492 (mismatched control ODN). Cells were treated
with ODN at a concentration of 200 nm and protein extracts were
prepared 48 hr later and C-Raf protein levels were determined as
described under Experimental Procedures. Lane 1, no ODN treatment;
lane 2, ISIS 13492 treatment; lane 3, ISIS 11061 treatment.
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TABLE 2

Inhibition of mMRNA expression and serum-induced proliferation
induced by oligonucleotides directed against rat A-Raf and C-
Raf in rat A10 smooth muscle cells

Rat A10 SMCs were treated with the indicated ODNs for 4 hr followed by
replacement of media. After a 24-hr incubation, the effects of on mMRNA expres-
sion and serum-induced proliferation were assessed as described under Exper-
imental Procedures. Thermal melting temperatures (T,,,) were determined for the
indicated phosphorothioate ODNSs targeted to ISIS 11061 complementary 20-mer
RNA as described under Experimental Procedures. See Table 1 for ODN se-
quences. IG5, values were determined by visual inspection of the normalized
graphs. Values shown are mean *+ standard error for three to four experiments.
N.D., not determined.

1G5, value
ISIS T,
m mRNA . .
expression Proliferation
nm
C-Raf:
11061 (active C-Raf ODN) 60.5 55 + 20 216 + 39
13490 (1 base mismatch control) 45.8 350 = 45 251 + 53
13491 (2 base mismatch control) 42.2 >500 240 £ 25
13492 (3 base mismatch control) 33.8 >500 408 + 34
13493 (4 base mismatch control) 25.0 >500 >500
13494 (5 base mismatch control) — >500 >500
13495 (6 base mismatch control) —  >500 >500
A-Raf:
9069 (active A-Raf ODN) N.D. 125 = 25 273 + 34
11898 (scrambled control) N.D. >500 >750
11900 (scrambled control) N.D. >500 >750

but contain sequences that are noncomplementary to A-Raf,
were without effect, indicating that ISIS 9069 reduces A-Raf
mRNA levels in a sequence-specific manner (Fig. 2; Table 1).

To further examine the specificity of antisense-mediated
inhibition of gene expression, ISIS 11061 and ISIS 9069 were
evaluated for their effects on C-Raf, A-Raf, and G3PDH
mRNA levels. As shown in Fig. 3, exposure of A10 SMCs to
200 nM ISIS 11061 resulted in a complete and specific reduc-
tion of C-Raf mRNA while having no effect on A-Raf mRNA.
Conversely, 200 nm ISIS 9069 completely inhibited A-Raf
mRNA expression, whereas the expression of C-Raf kinase
remained unchanged (Fig. 3). Therefore, ISIS 11061 and ISIS
9069 display isozyme-specific inhibition of C-Raf and A-Raf
expression, respectively. Moreover, neither ODN effected
G3PDH mRNA levels, demonstrating further selectivity for
the targeted mRNA (Fig. 3).

Antiproliferative effects induced by ODNs directed
against A-Raf and C-Raf in rat A10 cells. To examine
whether reduction in A-Raf and C-Raf gene expression ef-
fected serum-induced proliferation, rat A10 SMCs were ex-
posed to ODNs for 4 hr in the presence of DOTMA/DOPE and
then stimulated for 24 hr with 10% serum. Under these
experimental conditions, increasing concentrations of the ac-
tive C-Raf ODN, ISIS 11061, significantly diminished serum-
induced proliferation in a dose-dependent manner with an
IC;, value of 216 = 39 nMm (Fig. 4A, Table 2). The sequential
addition of mismatch bases into the ODN sequence of ISIS
11061 resulted in a gradual loss of the antiproliferative ef-
fect. ISIS 13490, a 1-base mismatch, and ISIS 13491, a
2-base mismatch, inhibited serum-induced proliferation with
similar potency to ISIS 11061 (Fig. 4A, Table 2). Incorpora-
tion of three mismatches into ISIS 13492 resulted in a loss of
potency and generated an IC;, value of 408 = 34 nm (Fig. 4A,
Table 2). In contrast, ISIS 13493, ISIS 13494, and ISIS
13495, which are 4-, 5-, and 6-base mismatches, were without

A 12345678 910111213141516

N

mRNA

" - w e <+—G3PDH

mRNA
B 110
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8 —8— [SIS 9069
L
o
g 757 —A— ISIS 11898
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s
£ 5ol —J— ISIS 11900
£
B
< 25
O T T T T T
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Oligonucleotide Conc. (nM)

Fig. 2. Effect of ISIS 9069 and scrambled control ODNs on the ex-
pression of A-Raf kinase mRNA in rat A10 cells. A, A10 cells were
treated with increasing concentrations of ISIS 9069 (A-Raf-specific),
ISIS 11898 (scrambled control) or ISIS 11900 (scrambled control) (see
Table 1) and total RNA was prepared 24 hr later. Normalized RNA was
analyzed for A-Raf mRNA levels by northern blot analysis. Lane 1, no
ODN treatment; Lanes 2-6, ISIS 9069 treatment at 10, 50, 100, 200 and
400 nm; Lanes 7-11, ISIS 11898 treatment at 10, 50, 100, 200 and 400
nwm; Lanes 12-16, I1SIS 11900 treatment at 10, 50, 100, 200 and 400 nm.
B, Quantitation of A-Raf mRNA levels from Panel A. A-Raf mRNA levels
were normalized to G3PDH mRNA levels (not shown) and quantitated
by phosphorimage analysis as described under Experimental Proce-
dures. The results are representative of three independent experiments.

1 2 3

- - <—A-raf mRNA

- e <—C-rafmRNA

' ' ' <—G3PDH mRNA

Fig. 3. Isozyme-specific inhibition of C-Raf and A-Raf mRNA expres-
sion in rat A10 SMCs treated with antisense ODNs. Northern blot
analysis of C-Raf kinase, A-Raf kinase, and G3PDH mRNA levels in rat
A10 cells treated with ISIS 9069 (A-Raf targeted, lane 3) or ISIS 11061
(C-Raf targeted, lane 2) or untreated (lane 7). ODNs were administered
at a concentration of 200 nm and mRNA was prepared and analyzed 24
hr later, as described under Experimental Procedures.
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Fig. 4. Phosphorothioate oligonucleotides directed against A-Raf and
C-Raf inhibit serum-induced proliferation in rat A10 SMC in a specific
and dose-dependent manner. Growth-arrested cells were incubated
with increasing concentrations of ISIS 11061 and mismatch controls (A)
or ISIS 9069 and scrambled controls (B) in the presence of the cationic
lipid DOTMA/DORPE. After 4 hr, the cells were treated with growth media
containing 10% serum and proliferation was assessed 24 hr later using
the MTS conversion assay. Values shown are the mean * standard
error obtained from three to four separate experiments and are ex-
pressed relative to cells that were not treated with ODNs. Error bars are
not shown in A for the sake of clarity.

effect on serum-induced proliferation when tested at concen-
trations up to 500 nm (Fig. 4A, Table 2).

Pretreatment of rat vascular SMCs with increasing con-
centrations of ISIS 9069, the active phosphorothioate ODN
directed against A-Raf, resulted in a significant diminution of
serum-induced proliferation with an IC,, value of 273 + 34
nM (Fig. 4B, Table 2). In contrast, ISIS 11898 and ISIS 11900,
scrambled control ODNs, were without effect (Fig. 4B, Table
2). The proliferative response to serum was not altered in
cells treated with lipofectin alone or with oligonucleotides, at
concentrations up to 750 nM, in the absence of cationic lipid
(data not shown).

To assess whether inhibition of SMC proliferation could be
further augmented after reduction in A-Raf and C-Raf gene
expression, rat A10 cells were exposed to ISIS 9069 and ISIS
11061 concurrently for 4 hr in the presence of DOTMA/DOPE
and then stimulated for 24 hr with 10% serum. As shown in
Fig. 5, treatment of SMC with increasing concentrations

387
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Fig. 5. Inhibition of serum-induced cell proliferation by ISIS 9069 and
ISIS 11061 is not additive. Growth-arrested SMC were incubated with
the indicated concentrations of ISIS 9069, ISIS 11061, or a combination
of both oligonucleotides for 4 hr in the presence of the cationic lipid
DOTMA/DOPE. Cells were then stimulated with 10% serum and pro-
liferation was assessed by MTS conversion assay after 24 hr. Data are
expressed relative to cells that were not treated with ODNs and are the
mean * standard error of triplicate determinations from one of three
similar experiments.

(100-500 nm) of ISIS 11061 or ISIS 9069 resulted in a similar
reduction of serum-stimulated proliferation. Administration
of both ODNs together did not result in further attenuation
relative to that observed in the presence of either ODN ad-
ministered alone.

Discussion

In the present study, ISIS 11061 and ISIS 9069, 20-base
phosphorothioate ODNs, were found to potently inhibit the
expression of A-Raf or C-Raf mRNA as well as serum-induced
proliferation in rat A10 SMC in a manner that was both
target-selective and sequence-specific. ISIS 11061 and ISIS
9069 dose-dependently reduced mRNA expression of either
C-Raf or A-Raf (IC;, values of 55—-125 nm), respectively, while
having no effect on the expression of the alternate Raf
isozyme or G3PDH. Moreover, scrambled controls of ISIS
9069 had no effect on A-Raf mRNA expression or on serum-
induced proliferation, indicating a sequence-specific mode of
action. In addition, incorporation of base mismatches into the
sequence of ISIS 11061 resulted in a sequential loss of po-
tency to inhibit the expression of C-Raf mRNA and protein as
well as cellular proliferation. The ability of mismatched
ODNs to inhibit C-Raf mRNA expression and proliferation
correlated well with the exception of the 2-base and 3-base
mismatch controls. Although the explanation for this discrep-
ancy remains uncertain, it may be due to differences in cell
densities employed in these two assays. Specifically, A10
SMCs are grown and treated with ODNs in 96-well plates at
a lower density than cells grown in 75-cm? culture flasks for
the mRNA analysis and, consequentially, would incorporate
mismatch ODNs in a more efficient manner. Under these
circumstances, when making comparisons between these two
assays, the rank order of potency for the mismatch series
would be the most significant parameter. The rank order of
potency for the mismatch ODN series to inhibit C-Raf mRNA
expression and serum-induced proliferation was identical,
indicating an antisense mechanism although additional non-
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specific effects cannot be excluded at present. It should be
noted that phosphorothioate ODNs have been found, in some
instances, to exhibit nonantisense-mediated effects (see Refs.
32-34 for reviews), although most of these nonspecific effects
are not observed at low ODN concentrations (33) such as
those employed in the present study. Recently, Monia et al.
(15) reported that ISIS 5132, a 20-base phosphorothioate
ODN targeted against human C-Raf, exhibited antitumor
activity, which also was selective for target and ODN se-
quence, in a mouse tumor xenograft model. Taken together,
these findings strongly suggest that the observed effects of
ISIS 11061 and ISIS 9069 on C-Raf and A-Raf mRNA expres-
sion and proliferation in rat A10 SMC are highly specific and
consistent with an antisense mode of action. The inhibition of
mRNA by the phosphorothioate ODNs described in this re-
port is most likely due to RNase H-mediated cleavage of RNA
because the 2’'-O-methylphosphorothioate analog of ISIS
11061, which is RNase H-resistant (35), is a less potent
inhibitor of proliferation.®

Raf serine/threonine kinases have been identified as key
constituents of the Ras-MAP kinase signaling cascade, a
major pathway that serves to transduce mitogenic signals at
the cell surface into nuclear transcription events (7, 8). A-
Raf, B-Raf, and C-Raf kinases are related Raf family mem-
bers that have differential tissue distribution (10) and are
regulated by diverse mitogenic stimuli (1, 2, 17). Raf kinase
isozymes serve as downstream effectors of Ras-GTP (9, 36,
37) and, as a consequence, serve as participants in Ras-
dependent hyperproliferative disorders. It has been shown
previously that the mitogenic induction of cell proliferation in
rat A10 SMC is dependent on Ras (38) and that inhibition of
cellular Ras after the expression of a dominant negative
mutant reduces in vivo SMC proliferation after balloon in-
jury to the rat carotid artery (39).

In this study, we have used an antisense approach to
inhibit the expression of rat A-Raf and C-Raf mRNA to de-
lineate the contribution of these Raf isozymes to serum-
induced proliferation. To our knowledge, these results are
the first to demonstrate that ablation of A-Raf or C-Raf gene
expression in SMC results in a significant reduction of se-
rum-induced proliferation, suggesting that A-Raf and C-Raf
serve as important signal transduction components of this
biological response. These results are consistent with several
recent observations that have demonstrated a regulatory role
of C-Raf kinase in the proliferation of cultured fibroblasts or
tumor cell lines (12-15). Although the role that A-Raf kinase
plays in cellular proliferation has not been investigated pre-
viously, recent reports have shown that this Raf isozyme is
activated after mitogenic stimulation with serum and growth
factors (17, 19). It was interesting to note that concurrent
administration of the active A-Raf and C-Raf ODNs to rat
SMC did not result in a further reduction of the ODN-in-
duced antiproliferative effect. These data suggest that anti-
sense inhibition of A-Raf or C-Raf kinases, either alone or in
combination, results in a similar inhibition of serum-induced
proliferation in these cells.

The ability to selectively target Raf kinase isozymes to
inhibit vascular SMC proliferation suggests that these anti-
sense compounds could serve to increase the current under-
standing of vascular disease as well as have therapeutic

1 C. Cioffi, unpublished observations.

utility to suppress in vivo SMC division in hyperproliferative
disorders such as restenosis after angioplasty. Previously,
antisense ODNs directed against proliferating cell nuclear
antigen, c-myc or c-myb, reduced neointimal formation in the
carotid artery injury model of restenosis in rat and pig (25,
26, 40). The suppression of neointimal SMC proliferation was
found to be specific for ODN sequence and dependent on the
time course of target gene expression and kinetics of ODN
delivery (26, 40). The importance of demonstrating a specific
antisense mode of action, through the inclusion of proper
ODN controls and analysis of target mRNA and protein ex-
pression, is imperative due to issues regarding the specificity
of the antisense approach (see Refs. 32—-34 for reviews). How-
ever, the ability of the human C-Raf-targeted ODN, ISIS
5132, to inhibit tumor cell proliferation in culture and in vivo
in a manner consistent with an specific antisense mode of
action (15) suggests that antisense-mediated inhibition of
Raf kinase isozymes also would be effective against SMC
proliferation in vivo.

In conclusion, the present findings demonstrate that treat-
ment of rat A10 SMC with phosphorothioate ODNs directed
against A-Raf or C-Raf mRNA results in a potent and specific
degradation of mRNA and protein. In addition, ablation of
these Raf isozymes by antisense ODNs significantly reduces
serum-induced proliferation, suggesting that both A-Raf and
C-Raf are important, if not crucial, intermediary signal
transduction components for the proliferation of vascular
SMC growth in vitro. These results suggest that Raf kinases
are good pharmacological targets for the treatment of SMC-
related diseases and that an oligonucleotide-mediated ap-
proach may serve as a useful therapeutic modality to prevent
hyperproliferative disease states such as restenosis after an-

gioplasty.

Acknowledgments

We thank Drs. Rodney Lappe and Larry Wennogle for their com-
ments on the manuscript.

References

1. Morrison, D. K., D. R. Kaplan, U. Rapp, and T. M. Roberts. Signal trans-
duction from membrane to cytoplasm: growth factors and membrane-
bound oncogene products increase Raf-1 phosphorylation and associated
protein kinase activity. Proc. Natl. Acad. Sci. USA 85:8855-8859 (1988).

2. Turner, B., U. Rapp, H. App, M. Greene, K. Dobashi, and J. Reed. Inter-
leukin 2 induces tyrosine phosphorylation and activation of p72-74 Raf-1
kinase in a T-cell line. Proc. Natl. Acad. Sci. USA 88:1227-1231 (1991).

3. Leevers, S. J., H. F. Paterson, and C. J. Marshall. Requirement for ras in
raf activation is overcome by targeting raf to the plasma membrane.
Nature (Lond.) 369:411-414 (1994).

4. Stokoe, D., S. G. Macdonald, K. Cadwallader, M. Symons, and J. F. Han-
cock. Activation of Raf as a result of recruitment to the plasma membrane.
Science (Washington D. C.) 264:1463-1466 (1994).

5. Kolch, W., G. Heidecker, G. Kochs, R. Hummel, H. Vahidi, H. Mischak, G.
Finkenzeller, D. Marme, and U. R. Rapp. Protein kinase Ca activates
RAF-1 by direct phosphorylation. Nature (Lond.) 364:249-252 (1993).

6. Marais, R., Y. Light, H. F. Paterson, and C. J. Marshall. Ras recruits Raf-1
to the plasma membrane for activation by tyrosine phosphorylation.
EMBO J. 14:3136-3145 (1995).

7. Davis, R. J. The mitogen-activated protein kinase signal transduction
pathway. JJ. Biol. Chem. 268:14553-14556 (1993).

8. Daum, G., I. Eisenmann-Tappe, H.-W. Fries, J. Troppmair, and U. R.
Rapp. The ins and outs of Raf kinases. Trends Biol. Sci. 19:474-480 (1994).

9. Avruch, J., X.-F. Zhang, and J. M. Kyriakis. Raf meets Ras: completing the
framework of a signal transduction pathway. Trends Biol. Sci. 19:279—283
(1994).

10. Storm, S. M., J. L. Cleveland, and U. R. Rapp. Expression of raf family
proto-oncogenes in normal mouse tissues. Oncogene 5:345-351 (1990).
11. Troppmair, J., J. T. Bruder, H. Munoz, P. A. Lloyd, J. Kyriakis, P. Ban-
erjee, J. Avruch, and U. R. Rapp. Mitogen-activated protein kinase/
extracellular signal-regulated protein kinase activation by oncogenes, se-

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

aspet

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

rum, and 12-O-tetradecanoylphorbol-13-acetate requires raf and is
necessary for transformation. J. Biol. Chem. 269:7030-7035 (1994).
Kizaka-Kondoh, S., K. Sato, K. Tamura, H. Nojima, and H. Okayama.
Raf-1 protein kinase is an integral component of the oncogenic signal
cascade shared by epidermal growth factor and platelet-derived growth
factor. Mol. Cell. Biol. 12:5078-5086 (1992).

Miltenberger, R. J., J. Cortnet, and P. J. Farnham. An inhibitory raf-1
mutant suppresses expression of a subset of v-raf-activated genes. J. Biol.
Chem. 268:15674-15680 (1993).

Kolch, W., G. Heidecker, P. Lloyd, and U. R. Rapp. Raf-1 protein kinase is
required for growth of induced NIH/3T3 cells. Nature (Lond.) 349:426-428
(1991).

Monia, B. P., J. F. Johnston, T. Geiger, M. Muller, and D. Fabbro. Anti-
tumor activity of a phosphorothioate antisense oligodeoxynucleotide tar-
geted against C-raf kinase. Nature Med. 2:668—675 (1996).

Vaillancourt, R. R., A. M. Gardner, and G. L. Johnson. B-Raf-dependent
regulation of the MEK-1/mitogen-activated protein kinase pathway in
PC12 cells and regulation by cyclic AMP. Mol. Cell. Biol. 14:6522—-6530
(1994).

Bogoyevitch, M. A., C. J. Marshall, and P. H. Sugden. Hypertrophic ago-
nists stimulate the activities of the protein kinases c-Raf and A-Raf in
cultured ventricular myocytes. J. Biol. Chem. 270:26303—26310 (1995).
Reuter, C. W. M., A. D. Catling, T. Jelinek, and M. J. Weber. Biochemical
analysis of MEK activation in NIH3T3 fibroblasts. Identification of B-Raf
and other activators. J. Biol. Chem. 270:7644—7655 (1995).

Wu, X., S. J. Noh, G. Zhou, J. E. Dixon, and K.-L. Guan. Selective activa-
tion of MEK1 but not MEK2 by A-Raf from epidermal growth factor-
stimulated Hela cells. J. Biol. Chem. 271:3265-3271 (1996).
Schlessinger, J. SH2/SH3 signaling proteins. Curr. Opin. Genet. Develop.
4:25-30 (1994).

Shi, Y., H. G. Hutchinson, D. J. Hall, and A. Zalewski. Downregulation of
c-myc expression by antisense oligonucleotides inhibits proliferation of
human smooth muscle cells. Circulation 88:1190-1195 (1993).

Speir, E., and S. E. Epstein. Inhibition of smooth muscle cell proliferation
by an antisense oligodeoxynucleotide targeting the messenger RNA encod-
ing proliferating cell nuclear antigen. Circulation 86:538-547 (1992).
Chaikof, E. L., R. Caban, C.-N. Yan, G. N. Rao, and M. S. Runge. Growth-
related responses in arterial smooth muscle cells are arrested by thrombin
receptor antisense sequences. J. Biol. Chem. 270:7431-7436 (1995).
Delafontaine, P., X. P. Meng, L. Ku, and J. Du. Regulation of vascular
smooth muscle cell insulin-like growth factor 1 receptors by phosphoro-
thioate oligonucleotides. Effects on cell growth and evidence that sense
targeting at the ATG site increases receptor expression. J. Biol. Chem.
270:14383-14388 (1995).

Simons, M., E. R. Edelman, and R. D. Rosenberg. Antisense proliferating
cell nuclear antigen oligonucleotides inhibit intimal hyperplasia in a rat
carotid artery injury model. J. Clin. Invest. 93:2351-2356 (1994).
Edelman, E. R., M. Simons, M. G. Sirois, and R. D. Rosenberg. c-myc in
vasculoproliferative disease. Circ. Res. 76:176-182 (1995).

Oligonucleotides Inhibit Gene Expression and Proliferation

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

389

Monia, B. P., E. A. Lesnik, C. Gonzalez, W. F. Lima, D. McGee, C. J.
Guinesse, A. M. Kawasaki, P. D. Cook, and S. M. Freier. Evaluation of 2’
modified oligonucleotides containing 2’-deoxy gaps as antisense inhibitors
of gene expression. J. Biol. Chem. 268:14514-14522 (1993).

Puglisi, J. D., and I. Tinoco. Absorbance melting curves of RNA. Methods
Enzymol. 180:304-325 (1989).

Petersheim, M., and D. H. Turner. Base-stacking and base pairing contri-
butions to helix stability: thermodynamics of double-helix formation with
CCGG, CCGGp, CCGGAp, ACCGGp, CCGGUp, and ACCGGUp. Biochem-
istry 22:256-263 (1983).

Dean, N. M., and R. McKay. Inhibition of protein kinase C-alpha expres-
sion in mice after systemic administration of phosphorothioate antisense
oligodeoxynucleotides. Proc. Natl. Acad. Sci USA 91:11762-11766 (1994).
Bennett, C. F., M.-Y. Chiang, H. Chan, J. E. E. Shoemaker, and C. K.
Mirabelli. Cationic lipids enhance cellular uptake and activity of phospho-
rothioate antisense oligonucleotides. Mol. Pharmacol. 41:1023-1033
(1992).

Stein, C. A. Anti-sense oligodeoxynucleotides — promises and pitfalls.
Leukemia 6:967-974 (1992).

Stein, C. A. Does antisense exist? It may, but only under very special
circumstances. Nature Med. 1:1119-1121 (1995).

Wagner, R. W. Gene inhibition using antisense oligodeoxynucleotides.
Nature (Lond.) 8372:333-335, 1994.

Inoue, H., Y. Hayase, S. Iwai, and E. Ohtsuka. Sequence-dependent hy-
drolysis of RNA using modified oligonucleotide splints and RNase H.
FEBS Lett. 215:327-330 (1987).

Vojtek, A. B., S. M. Hollenbuerg, and J. A. Cooper. Mammalian ras inter-
acts directly with the serine/threonine kinase raf. Cell 74:205-214 (1993).
Okada, T., T. Masuda, M. Shinkai, K. Kariya, and T. Kataoka. Post-
translational modification of H-Ras is required for activation of, but not for
association with, B-Raf. J. Biol. Chem. 271:4671-4678 (1996).

Irani, K., S. Herzlinger, and T. Finkel. Ras proteins regulate multiple
mitogenic pathways in A10 vascular smooth muscle cells. Biochem. Bio-
phys. Res. Commun. 202:1252—-1258 (1994).

Indolfi, C., E. V. Avvedimento, A. Rapacciuolo, E. Di Lornzo, G. Esposito,
E. Stabile, A. Feliciello, E. Mele, P. Giuliano, G. Condorelli, and M. Chia-
riello. Inhibition of cellular ras prevents smooth muscle cell proliferation
after vascular injury in vivo. Nature Med. 1:541-545 (1995).

Shi, Y., A. Fard, A. Galeo, H. G. Hutchinson, P. Vermani, G. R. Dodge, D.
J. Hall, F. Shaheen, and A. Zalewski. Transcatheter delivery of c-myc
antisense oligomers reduces neointimal formation in a porcine model of
coronary artery balloon injury. Circulation 90:944-951 (1994).

Send reprint requests to: Catherine L. Cioffi, Ph.D., Research Department,
CIBA-GEIGY Corporation, 556 Morris Avenue, Summit, NJ 07901. E-mail:
cathy.cioffi@ussu.mhs.ciba.com

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

