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We have previously found that epidermal growth factor (EGF) mediates growth through the Jun N-terminal
kinase/stress-activated kinase (JNK/SAPK) pathway in A549 human lung carcinoma cells. As observed here,
EGF treatment also greatly enhances the tumorigenicity of A549 cells, suggesting an important role for JNK
in cancer cell growth (F. Bost, R. McKay, N. Dean, and D. Mercola, J. Biol. Chem. 272:33422-33429, 1997).
Several isoforms families of JNK, JNK1, JNK2, and JNK3, have been isolated; they arise from alternative
splicing of three different genes and have distinct substrate binding properties. Here we have used specific
phosphorothioate oligonucleotides targeted against the two major isoforms, JNK1 and JNK2, to discriminate
their roles in EGF-induced transformation. Multiple antisense sequences have been screened, and two high-
affinity and specific candidates have been identified. Antisense JNK1 eliminated steady-state mRNA and JNK1
protein expression with a 50% effective concentration (ECsy) of <0.1 pM but did not alter JNK2 mRNA or
protein levels. Conversely, antisense JNK2 specifically eliminated JNK2 steady-state mRNA and protein
expression with an EC;, of 0.1 uM. Antisense JNK1 and antisense JNK2 inhibited by 40 and 70%, respectively,
EGF-induced total JNK activity, whereas sense and scrambled-sequence control oligonucleotides had no effect.
The elimination of mRNA, protein, and JNK activities lasted 48 and 72 h following a single Lipofectin
treatment with antisense JNK1 and JNK2, respectively, indicating sufficient duration for examining the impact
of specific elimination on the phenotype. Direct proliferation assays demonstrated that antisense JNK2
inhibited EGF-induced doubling of growth as well as the combination of active antisense oligonucleotides did.
EGF treatment also induced colony formation in soft agar. This effect was completely inhibited by antisense
JNK2 and combined-antisense treatment but not altered by antisense JNK1 alone. These results show that
EGF doubles the proliferation (growth in soft agar as well as tumorigenicity in athymic mice) of A549 lung
carcinoma cells and that the JNK2 isoform but not JNKI1 is utilized for mediating the effects of EGF. This study

represents the first demonstration of a cellular phenotype regulated by a JNK isoform family, JNK2.

The Jun kinase/stress-activated protein kinase (JNK/SAPK)
pathway has been implicated in major cellular functions, such
as cell proliferation and transformation (4, 7, 13, 57, 78, 79). It
is also implicated in DNA repair and cellular stress response
(2, 37, 44, 66, 77), including apoptosis (42). The c-Jun-NH,
terminal kinase enzyme (JNK) is responsible for the phosphor-
ylation of c-Jun on serine residues 63 and 73 (23, 37). C-Jun,
ATF-2, and Elk-1 are the three major substrates of JNK (9, 23,
30, 37, 48, 87). The JNK pathway consists of several kinases,
including mitogen-activated/extracellular response kinase ki-
nase (MEK) kinase 1 (MEKK1) and mitogen-activated protein
kinase (MAPK) kinases 7 and 4 (MKK7 and MKK4), which
form a kinase cascade (22, 28, 29, 55, 61, 95, 96). When these
kinases are activated, they lead to the activation of INK. So far,
10 different isoforms of human JNK have been characterized
(31). These forms result from alternative splicing of three
major genes encoding Jun kinase 1 (JNK1), Jun kinase 2
(JNK2), and Jun kinase 3 (JNK3). The apparent molecular
masses of these isoforms are classically 46, 55, and 57 kDa,
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respectively (23, 37, 41, 77). However, some JNKI isoforms
have molecular masses of 55 kDa and some JNK2 isoforms
migrate at 46 kDa (31). The three major substrates of JNK,
c-Jun, ATF-2, and Elk-1, are phosphorylated to a similar ex-
tent by JNK isoforms in vitro (31) even though there are
differences in the affinity of JNK for these substrates (31). For
example, JNK2 isoforms have a much higher affinity for ATF-2
and c-Jun in vitro (31). Kallunki et al. (41) had similar results
showing that JNK2 binds c-Jun 25 times more efficiently than
JNKI.

No physiological role has been associated with the difference
in substrate affinity of the JNKs. However, several recent stud-
ies suggested that JNK1 and JNK2 have distinct functions and
are not redundant (8, 10, 91, 98). JNK1 has been more specif-
ically involved in the regulation of the apoptotic response of
small-cell lung cancer cells following UV radiation (8). JNK1
was also shown to be activated preferentially by tumor necrosis
factor a in mouse macrophages (10). Furthermore, Sluss et al.
(77) were able to complement a defect in the expression of
HOG-1 (a MAPK analog in yeast) by expressing human JNK1
but not JNK2. Recently, Zhang et al. (99) reported a predom-
inant activation of JNK1 over JNK2 in type 2 astrocytes and
oligodendrocytes due to a differential expression of these pro-
teins. Conversely, JNK2 has a crucial role in the survival of
inner-medullary collecting duct cells in a hypertonic environ-
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ment (91). These observations raise the question of a differ-
ential role for JNK1 and JNK2 in one or more of the major
physiological functions associated with JNKs: cell growth,
transformation, DNA repair, and stress response. However, it
is not known if one of the JNK isoforms has a predominant
role in mediating any of these effects.

Little is known about the role of JNK in human cancer. Most
of the studies were performed in animal model cell lines, where
it was shown that activated JNK promotes a transformed phe-
notype (4, 39, 68, 70, 83). Nevertheless, recent studies in HeLa
cells, derived from human cervical epidermoid carcinoma,
have shown that epidermal growth factor (EGF) activates the
JNK pathway (14, 49, 55, 56). Moreover, it was shown that Jun
kinase kinase may be mutated in certain tumors, suggesting a
suppressor function (86). However, these studies do not show
any phenotypic consequences of JNK activation on human
cancer cells.

We have shown in a recent study that JNK is constitutively
active in a variety of human tumor lines (7, 66, 66a). Further-
more, EGF-induced doubling of proliferation of A549 human
lung carcinoma cells requires the activation of JNK (7), sug-
gesting an essential role for this signal transduction pathway in
mediating the growth of human cancer cells.

EGF is a very potent autocrine growth factor in human lung
cancer (32, 53, 67, 69, 73, 75, 85, 88) and is involved in cancer
cell proliferation and tumorigenicity of human glioblastomas
(26, 46, 62, 92), breast cancer (1, 25, 27, 58), and keratinocytes
(33, 69). Taken together, these data show that EGF and its
receptor play significant roles in the genesis and/or progression
of many human cancers (84).

In order to test the roles of the two major isoforms, JNK1
and JNK2, we specifically inhibited the expression of JNK1 or
JNK2 protein in A549 by using highly specific phosphorothio-
ate antisense oligonucleotides directed against JNK1 isoforms
or JNK2 isoforms. Antisense oligonucleotides have the poten-
tial advantage of complexing with specific mRNAs, leading to
destruction via RNase H action, thereby inhibiting the expres-
sion of a single protein (15, 21, 24, 34, 52). Recent reports
showed that phosphorothioate antisense oligonucleotides di-
rected against PKCa (17-19, 57), c-Raf (60), c-Fos (20), and
ErB2 (47) specifically eliminate the expression of the target
protein in cells at low concentrations. Here we showed by
Northern analysis and Western analysis that the oligonucleo-
tides complementary to each JNK isozyme were able to inhibit
the expression of their respective target isoform without alter-
ing the other. We found that EGF treatment caused a doubling
of colony formation as well as tumorigenicity in athymic mice.
Oligonucleotide-specific depletion of JNK2 in A549 cells
greatly reduced total JNK activity induced by EGF and com-
pletely blocked both EGF-induced cell proliferation and col-
ony growth in soft agar. Conversely, JNKI1 elimination had
only a moderate effect on JNK activity and had almost no effect
on A549 EGF-induced proliferation or colony formation.
Therefore, we conclude that JNK2 and not JNK1 is required in
A549 human lung carcinoma cells to mediate EGF induction
of growth and transformation.

MATERIALS AND METHODS

Cell culture and treatment. Non-small-cell lung cancer A549 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL) supple-
mented with 5% (vol/vol) fetal bovine serum (FBS). For treatment with recom-
binant human EGF (thEGF) (lot CE118020; R&D Systems Inc.) and treatment
with UV-C, the cells were seeded 2 days before treatment and were maintained
in 0.5% FBS for 17 h prior to treatment.

Inhibition of JNK mRNA and protein expression by JNKAS oligonucleotides.
All oligonucleotides used in this study were phosphorothioate oligonucleotides
prepared following the same procedure described by Dean et al. and Hélene and
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Toulme (17, 34) and Monia et al. (60) and were gifts of ISIS Pharmaceuticals,
Inc. In this study we used two kinds of phosphorothioate oligonucleotides:
unaltered 20-nucleotide phosphorothioate oligonucleotides (see Fig. 1 to 3, 4A,
7, and 8) and phosphorothioate 2'-O-methoxyethyl-modified oligonucleotides
(and their respective controls; see Fig. 4B and 6). These latter oligonucleotides
have 2'-O-methoxyethyl modifications on nucleotides 1 to 5 and 15 to 20 at
their respective 5’ and 3’ ends. Control oligonucleotides were prepared and
consisted of the sense phosphorothioate oligonucleotides (JNK1Se!S!S14320
and JNK2Se!S!814318) or were of the same base composition as the antisense
(JNKAS) oligonucleotides but in arbitrary order (scrambled oligonucleo-
tides JNKI1Scr!SIS14321 and  JNK2Scr!SIS14319 or  JNK1Scr!SIS18076 - and
JNKZSCI,ISISIX(WR).

The transfection of cells was performed as described previously (7, 17). Briefly,
oligonucleotide at the concentration indicated in the text was added to minimum
essential medium containing 10 wl of Lipofectin (Gibco BRL)/ml at 1 mg/ml
original concentration. This preparation was added to 50 to 80% confluent A549
cells. After 4.5 h, the transfection medium was generally replaced with DMEM
with 5% FBS, except for the JNK kinase assay and the proliferation assay, where
we used 0.5% FBS.

For the determination of mRNA levels by Northern analysis, total RNA was
prepared from cells by the guanidium isothiocyanate procedure followed by
application to a cesium chloride gradient. Total RNA was then examined by
Northern analysis, as described by Dean et al. (17-19). RNA was quantified and
normalized to glucose-3-phosphate dehydrogenase (G3PDH) mRNA levels with a
Molecular Dynamics PhosphorImager.

For determination of protein levels, cell extracts were prepared with cell lysis
buffer (25 mM HEPES [pH 7.7], 0.3 M NaCl, 1.5 mM MgCl,, 0.1% Triton X-100,
phenylmethylsulfonyl fluoride [100 pg/ml], tolylsulfonyl phenylalanyl chloro-
methyl ketone [100 pg/ml], EDTA [1 wM], leupeptin [2 pg/ml], aprotinin [2
pg/ml], 20 mM B-glycerophosphate, 0.1 mM Na;VO,). The protein concentra-
tion of the cell extracts was determined by the Bradford dye method (Bio-Rad
Laboratories Inc.). An equal amount of protein (50 pg) was resolved on sodium
dodecyl sulfate (SDS)-10% polyacrylamide gels and visualized by Western anal-
ysis with anti-JNK1 antibodies (SC-571) or anti-JNK2 antibodies (SC-827) (San-
ta Cruz Biotechnology Inc.).

Jun kinase assays. Cells were transfected with the oligonucleotides as de-
scribed above. Treatment with 0.1 pM rhEGF or UV-C (100 J/m?) was per-
formed 36 h after transfection and at the indicated times the cells were washed
twice with ice-cold phosphate-buffered saline (PBS) and suspended in the same
lysis buffer used for the Western analysis described above. The protein concen-
trations of the cell extracts were determined by the Bradford dye method.
Typically all preparations yielded very similar protein concentrations and were
adjusted to provide equal amounts of cellular protein in all samples prior to
analysis. The kinase assay was performed as described by Hibi et al. (37). Briefly,
50 pg of whole-cell extract was mixed with 10 ug of glutathione S-transferase
(GST)—c-Jun(1-223) for 3 h at 4°C. GST-c-Jun fusion proteins were previously
expressed and purified from Escherichia coli and bound to glutathione Sepharose
4B beads (Pharmacia Biotech Inc.). After four washes, the beads were incubated
with 30 pl of kinase reaction buffer (20 mM HEPES [pH 7.7], 20 mM MgCl,, 20 mM
B-glycerophosphate, 20 mM p-nitrophenyl phosphate, 0.1 mM Na;VO,, 2 mM
dithiothreitol, 20 pM ATP, and 5 uCi of [y**P]ATP) for 20 min at 30°C. The
reaction was stopped by addition of 20 ul of Laemmli sample buffer as described
previously (93). The phosphorylated GST-c-Jun protein was eluted by boiling the
sample for 5 min and resolved by a SDS-10% polyacrylamide gel electrophoresis.

For the in-gel Jun kinase assay, 100 pg of cell extracts was resolved on a
SDS-12% polyacrylamide gel containing 200 pg of purified GST—c-Jun(1-79)
protein. The gel was then treated according to the procedure described by Hibi
et al. (37). The quantification of 3*P-phosphorylated GST—c-Jun was carried out
by digitalization of the autoradiograph of the dried gel. Background values were
subtracted in all cases.

Proliferation assay. Cells were seeded in 24-well tissue culture plates in the
presence of DMEM supplemented with 5% FBS. One day later, they were
transfected with 0.4 pM JNKAS, each JNK scrambled oligonucleotide, and each
JNK sense oligonucleotide. As described above, after the 4.5 h of lipofection, the
cells were transferred to DMEM supplemented with 0.5% FBS. The next day,
the desired volume of rhEGF was added to the cells to a final concentration of
0.1 pM, and the medium was not changed during the experiment. Five days later,
the cells were counted with a Coulter counter. For each experiment and all
conditions, triplicate wells were counted.

Tumorigenicity in mice. A549 cells (5 X 10°) were injected subcutaneously
into groups of five to six female nude mice (nu/nu; Harlan Sprague Dawley) on
two sites on the backs of the animals. ThEGF (lot 913377; Collaborative Bio-
medical Products) was injected intraperitoneally daily at 100 to 300 ng of
rhEGF/kg of body weight/day dissolved in PBS containing 0.1% bovine serum
albumin (PBS-BSA). Control animals were injected with an equal volume of the
PBS-BSA vehicle solution. Eight days after the injection, the presence of palpa-
ble tumors was scored.

Growth on soft agar. Soft-agar assays were carried out in 12-well plates
previously lined with DMEM (0.6% agar) (38). Twenty-four hours after trans-
fection with oligonucleotides, 2 X 10° A549 cells were seeded in DMEM con-
taining 0.3% agarose and 0.8 pM JNKAS or JNKScr oligonucleotides or 0.4 uM
(both) oligonucleotides. Next, 0.5 ml of DMEM, with or without 0.1 uM rhEGF,



1940 BOST ET AL.

>

MoL. CELL. BIOL.

5'-r 5' UTR l Coding 3 UR =¥
0, ] ‘
=
o %01
P
s
j 80
o
0 70_
o
2 4
<
Z 50
[+ 4
E 40
; 30-
Z
10
o
® O —~ & M Y W) QO N W O M o O ® O O —~ N M ¥ N 0O N~
5583385888388 33883383 ¢8¢8¢8¢8¢.
X ¥ x *
. . ]
JNK1 Oligonucleotide n
5. % - )
UTR Coding 3 UR -3
100
% 90 -
—
T 80 4
°)
Q 70
o
S 0
; 50
v 4
E 40 4
g 30 -
Z, 20 -
10
0 L] o o~ Etd wy o
- ~ o o
2 2 32 3 3 2 % 32 3 3 3 3 &2
8 & ¥ 8 & & & & & & & & &
* * *
J

NK2 Oligonucleotide n°

FIG. 1. Messenger walk survey for the elimination of JNK1 and JNK2 mRNA levels following treatment with phosphorothioate antisense oligonucleotides targeted
to JNK1 or JNK2 mRNA. (A) JINK1 mRNA steady-state levels in A549 cells following treatment with 26 different phosphorothioate antisense oligonucleotides targeted
to JNK1 mRNA. JNK1AS'S1512539 gave the most consistent results for the elimination of JNK1 mRNA steady-state levels. (B) A similar experiment was performed

with 13 phosphorothioate antisense oligonucleotides complementary to the indicated regions of the JNK2 mRNA. JNK2AS!SI512560

yielded the most consistent results

for the elimination of JNK2 mRNA steady-state levels. All oligonucleotides are arrayed relative to their complementary sequence along the JNK transcript. The
asterisks indicate the oligonucleotides having a nucleotide composition (2 to 4 bases) very similar to that of the leading compound. The screenings were repeated two

times with similar results.

was layered over the cell-containing agar layer. Every 5 days 0.1 wM fresh hEGF
was added to the medium. After 21 days of incubation in 5% CO,, the colonies
were stained overnight at 37°C with 0.5 mg of p-iodotetrazolium violet/ml and
measured by determination of their area with the IPLabSpectrum software
(Scanalytics Inc.).

RESULTS

Antisense inhibition of JNK1 and JNK2 mRNA expression.
To identify effective antisense oligonucleotides capable of in-
hibiting specifically JNK1 or JNK2 mRNA expression in A549

cells, 26 phosphorothioate oligonucleotides complementary to
JNKI1 and 13 phosphorothioate oligonucleotides complemen-
tary to JNK2 were prepared (Fig. 1). All oligonucleotides were
used at 0.2 wM average concentration to transfect A549 cells,
as described in Materials and Methods. Steady-state mRNA
levels were determined by Northern analysis, as previously
described (17, 60). The most potent oligonucleotide of the
array complementary to JNKI1 is ISIS 12539 (JNK1ASSIS12339)
(§'-CTCTCTGTAGGCCCGCTTGG-3'), located in the 3’
end of the coding region. This oligonucleotide decreased the
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steady-state mRNA level by 95% of the steady-state level of
JNK1 mRNA of untreated control cells (Fig. 1A).

ISIS 12560 (JNK2AS'S'S12560) (5. GTCCGGGCCAGGCC
AAAGTC-3'), located in the 5’ end of the coding region of
JNK2 genes, was the most efficient oligonucleotide in reducing
JNK2 steady-state mRNA levels. Lipofection with this oligo-
nucleotide led to a decrease in the steady-state JNK2 message
level by 92% compared to the control JNK2 steady-state
mRNA level.

Figure 1 suggests that inhibition of steady-state mRNA re-
quires specific features of both the optimal oligonucleotide
sequence and the structure of the target mRNA. First, the
oligonucleotides targeted to the sequences flanking either side
of the sequences for the optimal oligonucleotides,
INK1AS™S'S12539 and JNK2AS'S'S125¢0 " inhibited JNK1 and
JNK2 steady-state mRNA, but in a manner that decreased with
increasing distance from the optimum sequence (Fig. 1). This
suggested that discrete regions of the target mRNA are acces-
sible and sensitive to the antisense-mediated elimination of
steady-state mRNA, consistent with previous observations (15,
16). Second, five oligonucleotides have very similar nucleo-
tide compositions, within 2 to 4 of 20 bases, to that of
INK1AS™12539 However, the average expression of mRNA
by cells treated identically with these oligonucleotides (Fig.
1A) is 31%, compared to 9% with INK1AS'S'S12539 Tn the case
of JNK2, the optimal oligonucleotide exhibits mRNA suppres-
sion to 11% whereas the one with the closest composition,
differing by 2 nucleotides of 20 (Fig. 1B), is one of the least
efficient, with posttreatment mRNA levels remaining at 60% of
the basal levels. These observations suggest that optimal sup-
pression of steady-state mRNA depends upon strict sequence-
specific requirements as well as structure requirements. In
order to confirm that the optimal oligonucleotides work in a
strictly sequence-specific way, dose-response and cross-inhibi-
tion tests were carried out.

Specificity of JNK1 and JNK2 antisense inhibition. A549
cells were transfected with JINK1AS™S™S12%9 or JNK2AS'S!S12560
oligonucleotides at various concentrations from 0.05 to 0.4
pM. Control oligonucleotides consisting of the scrambled-se-
quence version of each antisense oligonucleotide were pre-
pared: JNK1Scr™'S14321 (5".CTTTCCGTTGGACCCCTGG
G-3") and JNK2Scr'8'$14319 (5".GTGCGCGCGAGCCCGAA
ATC-3"). Additional controls consisting of oligonucleotides
with the target or sense sequence were synthesized as
INK1Se'S1514320 (5" CCAAGCGGGCCTACAGAGAG-3')
and JNK2Se'S'S14318 (5. GACTTTGGCCTGGCCCGGAC-3).
Treatment of A549 cells with JNKIAS™SS1239  or
INK2AS!S1812560 caysed a dose-dependent reduction of JNK1
and JNK2 steady-state mRNA levels, respectively, with a 50%
effective concentration (ECs,) of 0.1 uM in both cases (Fig.
2A). Greater inhibition of about 85% of the control steady-
state level was observed at 0.2 pM, with a maximum of near-
complete elimination of steady-state target sequences at 0.4
uM (Fig. 2A). In contrast, treatment with four different control
oligonucleotides (scrambled and sense) had no systematic ef-
fect on the steady-state mRNA levels of JNK even when ap-
plied at the highest concentrations for the antisense oligonu-
cleotides used here (Fig. 2A).

These results indicate that JNKI1AS™S™S!2539 and
INK2AS'SIS12560 effectively promote elimination of their re-
spective target mRNAs at low concentration. Furthermore, the
results showing that the sense and scrambled control sequence
have no effect on JNK mRNA levels indicate that the effects of
the antisense oligonucleotides are specific.

INK1AS™S12539 and JNK2AS™SS12550 are not complemen-
tary to any portion of the JNK2 and JNK1 mRNA sequences,
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FIG. 2. Dose-dependent reduction of JNK1 and JNK2 mRNAs and specific
elimination of JNK1AS and JNK2AS steady-state mRNA levels. (A) Dose-
response curve for INK1 mRNA level after treatment of A549 cells with different
concentrations of INKIAS'SIS12539 (0) JNK1Scr'SIS14321 (), and JNK1Se!S1814320
(2). The mRNAs were prepared 24 h after a 4-h transfection, examined by
Northern analysis, quantified, and normalized to JNK1 mRNA levels in un-
treated A549 cells. A similar experiment was carried out for JINK2 mRNA with
INK2AS!SIS12560 (0) INK2Ser'SIS14319 (1) and JINK2Se!SIS14318 (A). (B) A549
cells were treated with three different antisense oligonucleotides comple-
mentary to JNKI mRNA (including the active antisense oligonucleotide
INK1AS'S1S12539) and three different antisense oligonucleotides complementary
to JNK2 mRNA (including the active antisense oligonucleotide
INK2AS'SI812560) ‘Twenty-four hours after a 4-h transfection with 0.4 M anti-
sense oligonucleotide, mRNA was prepared and examined by Northern analysis;
the same membrane was hybridized successively with JINK1 probe, JNK2 probe,
and the G3PDH probe.

respectively, and therefore, neither is expected to alter the
mRNA levels of the other isoform. Indeed, the optimum
JNKI1AS oligonucleotide and two other randomly chosen an-
tisense oligonucleotides complementary to different regions of
JNKI mRNA did not alter INK2 mRNA levels (Fig. 2B).
Similarly, JNK2AS™S!2%% and two other antisense oligonu-
cleotides complementary to JNK2 mRNA and identified in the
initial screening did not alter JNK1 mRNA levels (Fig. 2B).
Thus, these cross-inhibition studies confirmed that the anti-
sense oligonucleotides specifically induced the elimination of
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FIG. 3. Duration of elimination of JNK1 and JNK2 mRNA in A549 cells.
A549 cells were transfected with 0.4 uM JNK1AS'SIS12539 or JNK2AS!SIS12560,
The mRNAs were prepared at the indicated times after 4, 12, 24, 48, and 72 h
and examined by Northern analysis. Quantification was performed as described
in Material and Methods.

their respective mRNAs with high affinity (an ECs, of <0.1
wM).

Long-term elimination of JNK1 and JNK2 steady-state mRNA
levels by JNKAS oligonucleotides. Since JNK1AS™'S1239 and
INK2ASSI812560 appear to specifically eliminate steady-state
mRNA, we asked how long this inhibition lasted following a
single treatment. We performed a time course experiment after
a 4.5-h lipofection of A549 cells with 0.4 pM JNK1AS™™S12539 or
INK2AS'S!812560 mRNA levels were determined by Northern
analysis at 4, 12, 24, 48, and 72 h after lipofection. Application
of JNK1AS™S!12339 and JNK2AS™S123%0 rapidly decreased
JNKI1 and JNK2 mRNAs, respectively, with a maximum inhi-
bition of 95% of the control level at 12 h (Fig. 3).

JNK1 mRNA remained under 25% of the control level for
up to 48 h and stayed below 50% for 72 h. JNK2 messenger
remained below 25 and 50% at 24 and 48 h, respectively,
before it returned to normal steady-state levels at 72 h (Fig. 3).
These results show that the duration of suppression of steady-
state mRNA following a single treatment with antisense oligo-
nucleotides, up to 3 days, is sufficient for carrying out a variety
of studies in order to determine if elimination of either mRNA
is correlated with protein suppression and phenotypic changes.

Long-term and specific inhibition of JNK1 and JNK2 pro-
tein expression by antisense JNK oligonucleotides. Since
INKI1AS™S812539 and JNK2AS'S'S12560 appear to specifically
eliminate steady-state mRNA for prolonged periods, we asked
(i) whether these compounds specifically eliminated their re-
spective proteins and (ii) how long this inhibition lasted fol-
lowing a single treatment.

Several previous studies of A549 cells showed that a 4-h
transfection is sufficient to totally inhibit protein expression for
at least 48 h (17, 60). Therefore, we performed a time course
experiment to determine the duration of inhibition of JNKI1
and JNK2 in A549 cells. The cells were transfected for 4.5 h
and then harvested at 24, 48, and 72 h. Western analysis was
performed as describe in Materials and Methods.

JNK1AS™512339 completely inhibited JNK1 (46 kDa) for up
to 72 h, whereas the JNK2 level was not affected (Fig. 4A). At
the same time, JNK1 scrambled oligonucleotides had no effect
on JNK1 and JNK2. Conversely, INK2AS"™S'S126% gpecifically
inhibited JNK2 protein expression for up to 48 h. However, the
JNK2 protein returned to normal levels by 72 h (Fig. 4A).
Neither JNK2AS'SS12550 nor JNK2Scr'™$14319 had any effect
on the expression of JNKI1.

Taken together, these results showed that it is possible to
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FIG. 4. Determination of the duration of antisense effect and dose-depen-
dent inhibition of expression of JNK1 and JNK2 protein after treatment with
antisense oligonucleotides. (A) Duration of antisense effect. A549 cells were
transfected with 0.4 pM JNK1AS'SIS12539 or INK1Scr!S1S14321 for 4.5 h, and cell
extracts were prepared at the indicated times. Western analysis was performed
with anti-JNKI antibodies (SC-571). A similar experiment was carried out with
INK2AS'SISI2560 and JNK2Scer'S1514319 a5 a control. Western analysis was per-
formed with anti-JNK2 antibodies (SC-827), and the same membrane was re-
probed with JNK1 antibodies (SC-571) (bottom). (B) A549 cells were treated
with the indicated concentrations of phosphorothioate 2'-O-methoxyethyl-
modified antisense oligonucleotides INK1AS!SIS13346 o JNK2AS!SISI3353 apnd
0.4 pM their respective control oligonucleotides, JNK1Scr!S1S18076 and
JNK2Scr!SIS18078 - Cell extracts were prepared 36 h after the transfection and
examined by Western analysis with anti-JNK1 antibodies (SC-571). The protein
levels (shown below the gels) were determined by comparison to the respective
protein levels in untreated cells by using the Electrophoresis Documentation and
analysis System 120 (Kodak Digital Science).

eliminate JNK1 and JNK2 protein in A549 cells for up to 48 h,
with a prolonged effect for JNK1 up to 72 h. In addition, the
results of the mRNA study (Fig. 2B) were confirmed at the
protein level, showing that each antisense oligonucleotide spe-
cifically eliminated the corresponding enzyme target (Fig. 4).

In order to determine the relative affinity and optimal con-
centration for the antisense oligonucleotides, we transfected
A549 cells with 0.05, 0.2, and 0.4 uM JNKIAS'SISIS346 op
INK2AS™SI815353 following the same procedure used for the
studies described above. Thirty-six hours after transfection, cell
extracts were examined by Western analysis (Fig. 4B). We
observed a 90% inhibition of JNKI1 protein with 0.05 pM
INKI1AS™SS15346 in A549 cells (Fig. 4B) and obtained a slightly
better inhibition of 93% at 0.4 pM. Treatment with 0.4 pM
JNKI1 scrambled oligonucleotide had no effect on JNK1 and
JNK?2 protein levels (Fig. 4B), similar to results for JNK1 sense
oligonucleotides (data not shown). These results correlate with
the mRNA and time course experiments showing a strong
inhibition of JNKI1 protein at 0.4 pM.

Western analysis revealed a slight decrease of the 55-kDa
band with INK1AS™'S1534¢  corresponding to the major form
of INK2 (Fig. 4B). It has been shown by numerous studies that
the two major forms of JNK, JNK1 and JNK2, have apparent
molecular masses of 46 and 55 kDa, respectively (23, 31, 37,
77). However, Gupta et al. (31) described a total of 10 isoforms
for JNK and found that some isoforms of JNK1 have a molec-
ular mass of 55 kDa and some isoforms of JNK2 migrate at 46
kDa. In this study we used commercial antibodies raised
against JNK1 (SC-571) and recognizing JNK2. Since no change
in the JNK2 mRNA level was observed when we used
INK1AS'SISIS346 gligonucleotides, we attributed the decrease
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FIG. 5. Activation of JNK1 and JNK2 by rhEGF and UV-C. A549 cells were
stimulated with 0.1 pM rhEGF or UV-C at 100 J/m? Twenty minutes after
stimulation, cell extracts were prepared and used for in-gel kinase assay with
GST-c-Jun as a substrate, as described in Materials and Methods. The activation
of each isoform (Activity) was calculated by normalization to the corresponding
amount of JNK protein shown in the lower panel (Western Analysis).

of the 55-kDa band intensity to the inhibition of an isoform of
JNK1 migrating at 55 kDa.

A similar experiment was carried out with JNK2AS'S1S15353
oligonucleotides to block JNK2 protein expression.
JNK2AS™815333 had almost no effect on the JNK1 protein
level, whereas it greatly reduced the expression of JNK2 pro-
tein, by up to 94% compared to the control level (Fig. 4B).
JNK2 scrambled oligonucleotides had no effect on any of the
isoforms (Fig. 4B). Thus, the sum of results shows that JNK1
and JNK2 maximum protein inhibition is already achieved with
0.2 uM INKIAS™S™13346 or INK2AS™SS15353 in A549 cells.
Similar results of complete elimination of JINK1 or INK2 were
obtained for human glioblastoma T98G cells (65a) and human
prostate carcinoma PC3 cells (97). These results support the
observations based on Northern analysis that suppression oc-
curs with an ECs, of =0.1 nM, indicating that the antisense
oligonucleotides selected following the “messenger walk” sam-
pling approach (Materials and Methods) have high affinity for
their respective target mRNAs. Thus, these oligonucleotides
effectively and specifically eliminate their target mRNAs and
proteins.

JNK2 has a predominant role in EGF- and UV-C-induced
Jun kinase activity in A549 cells. We have previously shown
that thEGF stimulates total JNK activity in A549 cells incu-
bated with 0.1 wM rhEGF (7). In order to determine whether
JNK1 and JNK2 are both activated upon addition of rhEGF,
we performed an in-gel JNK assay with cell extracts from A549
cells treated with 0.1 pM rhEGF. Figure 5 shows that JNK1
and JNK2 are activated by treatment with thEGF and UV-C.
Treatment with ThEGF led to large and approximately equal
activations of JNK1 and JNK2 of 6.3 and 4.7-fold induction,
respectively (Fig. 5). The difference in favor of JNK1 may be
due to a slightly higher basal level of activity exhibited by JNK2
compared to JNK1 (Fig. 5). Treatment with UV-C led to even
larger activations, approximately two times greater than that
for the treatment with rhEGF, with 13.5 and 9-fold induction,
respectively. These results clearly showed that both JNK1 and
JNK2 are activated to similar degrees by thEGF and UV-C
irradiation in A549 cells. We asked, therefore, whether the
specific antisense oligonucleotides characterized here could be
used to dissect the contributions of the JNK isoforms to total
JNK activity and proliferation.
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FIG. 6. Differential inhibition of JNK activity by JNKIAS and JNK2AS.
A549 cells were transfected for 4.5 h with the same active antisense or control
phosphorothioate 2'-O-methoxyethyl-modified oligonucleotides (0.2 uM) used
in the experiments shown in Fig. 4B. Thirty-six hours after transfection, the cells
were stimulated with 0.1 wM rhEGF or UV-C at 100 J/m? or were not stimulated.
Twenty minutes after stimulation, cell extracts were prepared and used for a Jun
kinase assay, as described in Materials and Methods. The activation is given
relative to the activation obtained with thEGF or UV-C in the scrambled-
oligonucleotide-treated cells.

A549 cells were transfected with 0.2 pM JNK1AS™SS15346
or JNK2AS'SIS15353  As a control, JNK1Scr!S'S18076 and
JNK2Scr'S1S18078  gligonucleotides were transfected at the
same concentration. For the combination of the two oligonu-
cleotides we used 0.1 puM each to have the same final total
concentration of 0.2 wM. Thirty-six hours after the lipofection,
a JNK kinase assay was performed on cells treated or not
treated with 0.1 M thEGF or UV-C (100 J/m?).

Figure 6 shows that in A549 cells JNK kinase is activated
with the same intensity whether the cells were treated with
Lipofectin, INK1Scr'S1S18076  INK2Scr!SIS18078  or the combi-
nation of the two scrambled control oligonucleotides. The dif-
ference in JNK activation between rhEGF and UV-C and the
level of activation we observed was similar to previous results
(7). Cells transfected with INK1AS'™S'S'34¢ showed a 60 and
76% activation by thEGF and UV-C, respectively, compared
to the activation obtained with the control oligonucleotide,
reflecting an inhibition of 40 and 34% of total JNK activity.
JNK2AS™515333 had a more dramatic effect, inhibiting 71 and
62% of the thEGF and UV-C-induced activity, respectively,
and showing about twice the inhibition observed with
INK1AS™S515346 Combined antisense treatment led to 63 and
50% inhibition of JNK activity induced by rhEGF and UV-C,
respectively. Thus, combined antisense treatment yielded a
smaller inhibition than JNK2AS™S!5353 alone. This may be
expected, since in the combined-treatment case, each oligonu-
cleotide is used at half of the usual concentration (0.1 wM) and
only one oligonucleotide, INK2AS™™3333 'has a major effect.
Complete inhibition can be obtained upon use of 0.2 uM
(each) oligonucleotide (7). In addition, we noticed that the
treatment with either of the JNK scrambled control oligonu-
cleotides did not affect hEGF and UV-C JNK activation com-
pared to AS549 cells treated with Lipofectin (Fig. 6) or un-
treated cells (data not shown).

These results suggest a predominant role of JNK2 in A549
cells and further suggest that JNK2 may be the major JNK
isoform mediating EGF-stimulated growth.

JNK2 inhibition and not JNKI1 inhibition blocks EGF-in-
duced proliferation in A549 cells. To determine the effects
of INK1AS™S12339 and JNK2AS™SS123%0 on cell growth, we
treated AS549 cells with either JNKIAS'S™S!253 or
INK2AS'SIS12360 or their respective scrambled control oli-
gonucleotides. Since at 72 after the transfection JNK2
mRNA and protein levels are back to normal, we have a



1944 BOST ET AL.
70| O NoEGF
W EGF
60 -
------ A549 c-Jun(S63A,S73A)
;-,; 50 - + EGF

Cells/em? (

MoL. CELL. BIOL.

JoquInu [199 uj eseatoul pjod

* ¥* * * * :‘: * ¥
=il < 'S 5 &
P AN L e cf XV &
PN N N SN - 2
NS SEEE R ke
ANTISENSE CONTROLS

FIG. 7. INK2AS preferentially inhibits EGF-induced proliferation in A549. Proliferation assays were performed as described in Materials and Methods with the
unmodified oligonucleotides. The cells were maintained in 0.5% FBS during the experiment. Five days after the treatment with 0.1 uM rhEGF, the cells were counted
with a Coulter counter. The dashed line indicates the growth attained by A549 cells that stably express the dominant-negative inhibitor c-Jun(S63A,S73A) which is
known to be inhibited from responding to thEGF (7). The proliferation data shown here are the average of two identical and independent experiments, each carried
out in triplicate. Fold increase in cell number is given considering 1 as the average number of cells grown in the absence of rhEGF. The standard errors (error bars)
are given as (0,2 + 0,%), where ¢, and o, are the standard errors of the replicate experiments. Statistical analyses were carried out with the combined data of both
replicates by analysis of variance implemented with Systat software. The statistical significance for EGF-induced growth was P < 0.002 (¥) or P < 0.05 (%).

limited window of 3 days (Fig. 3 and 4A) for observing the
effect of the suppression of JNK on phenotype. Methods of
assessing growth such as tritium uptake and DNA synthesis
may well exhibit recovery after 72 h, whereas direct prolif-
eration measurement by cell counting retains the conse-
quences of any previously limited rounds of cell doubling.
Moreover, proliferation is a direct expression of the pheno-
type we want to assess. Therefore, all cells were counted 5
days after transfection with antisense oligonucleotides or
Lipofectin. In the absence of rhEGF, i.e., basal prolifera-
tion, no difference in proliferation was observed for cells
transfected with either antisense oligonucleotides or scram-
bled and sense sequence controls or for cells treated with
Lipofectin (Fig. 7). Moreover, these values are similar to the
basal proliferation of A549 cells that stably express a dom-
inant-negative inhibitor, c-Jun(S63A,S73A), of the JNK
pathway (Fig. 7) (7). This confirms the previous observation
that JNK1 and JNK2 are not required by A549 cells in the
absence of EGF. Furthermore, transfection with the oligo-
nucleotides as well as mock transfection or exposure to
phosphorothioate had very little effect on basal cell growth,
showing that the antisense oligonucleotides and other con-
ditions have no toxic effects on A549 cell growth.

Addition of 0.1 pM rhEGF stimulated proliferation by 164
to 200% in parental cells, cells treated with Lipofectin alone,
and cells treated with JNK1Scr, JNK2Scr, JNK1Se, JNK2Se,
and combined scrambled or sense oligonucleotides. In all
cases, the increase in growth is significant (P < 0.002). As
previously shown (7), cells transfected with JNKIAS and
JNK2AS (0.2 plus 0.2 pM) failed to respond to the presence of
rhEGF (Fig. 7). More interestingly, for cells treated with 0.4
uM INK2AS'SIS12560 a10ne, the effect of thEGF on growth is
also completely inhibited (Fig. 7). In contrast, for cells treated
with an equal amount of INK1AS™™1253 the effect of thEGF
led to a 145% increase in proliferation. The growth increase

upon addition of thEGF in JNK1AS™™!2>3%_treated cells is
significant (P < 0.05) (Fig. 7).

This result shows that specifically blocking JNK2 alone
caused a readily detectable decrease in proliferation, suggest-
ing that JNK2 mediates signal transduction in EGF-stimulated
growth. Moreover when JNK2 protein and activity are specif-
ically eliminated, EGF-induced proliferation is completely in-
hibited, indicating that JNK2 is the predominant mediator of
EGF-induced growth in A549 cells.

JNK2 and not JNK1 is required for EGF-stimulated growth
of colonies in soft agar. Numerous studies have shown that
growth in soft agar is a very good model to study tumorigenic-
ity and is closely associated with the transformed property of
cells (6, 36, 72). In order to determine whether EGF-depen-
dent colony formation likely reflects transformation of A549
cells, the effect of thEGF on tumor growth in vivo was exam-
ined. We injected A549 cells into nude mice and treated the
animals daily with or without different concentration rhEGF.
Animals treated with 100 wg of thEGF/kg/day developed tu-
mors earlier than control animals injected with saline solution
(PBS containing 0.1% BSA). As shown in Fig. 8A, 83% of the
12 injection sites exhibited visible tumors only 8 days after the
injection whereas only 50% of the 14 sites in control animals
developed tumors (P < 0.021). Moreover, the tumors grew
approximately twice as fast in animals treated with 100 wg of
rhEGF/kg/day (data not shown). It is well known that high
doses of EGF can down regulate the expression of its receptor
or lead to its internalization in vitro and in vivo (35, 43, 63, 64,
82). Indeed, at higher doses of thEGF tumorigenicity declined
(Fig. 8A).

Taken together, these results show that the optimal dose of
100 pg of thEGF/kg/day injected into animals promotes A549
tumorigenicity in nude mice, showing that EGF promotes the
transformed phenotype of these cells.

To determine the effect of JNK isoforms on anchorage-
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FIG. 8. EGF-induced tumorigenicity in nude mice and inhibition of growth on soft agar by antisense oligonucleotides. (A) A549 cells (5 X 10°) were injected into
nude mice and analyzed for their ability to develop tumors in animals treated daily with saline solution (control) (open bar) or 100, 200, or 300 wg of ThEGF/kg (solid
bars). After 8 days, visible tumors were scored as the ratio of the number of tumors over the number of sites injected (indicated above the bars). The asterisk indicates
that the tumorigenicity increase at the 100-pg/kg/day dose is significant, with a P value of <0.021 (x? test). (B) A549 cells were transfected with the indicated unmodified
oligonucleotides (0.4 wM or 0.2 plus 0.2 pM [for the combination]). Eighteen hours after transfection, the cells were transferred to 0.3% agarose containing 0.8 or 0.4
M (for the combination) the indicated oligonucleotides. The cells were stained with p-iodotetrazolium violet and analyzed with IPLabSpectrum software. The error
bars indicate the standard deviation. (C) Morphologies of A549 colonies treated with 0.1 uM rhEGF (right) or untreated (left) and transfected with the indicated

oligonucleotides.

independent growth, we performed a soft-agar colony forma-
tion assay in the absence or presence of ThEGF with cells
treated with oligonucleotides. In previous studies (5, 12, 65), it
has been shown that the direct application of oligonucleotides
to cells grown in soft agar promotes efficient and specific reg-
ulation of growth. We combined this method (see Materials
and Methods) with our usual lipofection procedure (Fig. 8B
and C). Parental A549 cells do not make many colonies in soft
agar, and those produced are very small and a little ragged
(Fig. 8C). The addition of rhEGF stimulated increased colony
size (Fig. 8B and C) but did not greatly affect the number of
colonies. We next tested the effects of the unmodified oligo-
nucleotides JNK1AS™™S1233% and JNK2AS™S™$125%0 on EGF-
induced colony growth. Twenty-four hours before the cells
were seeded in agarose they were transfected with 0.4 pM
oligonucleotides and then transferred to 0.3% agarose—
DMEM containing 0.8 pM oligonucleotide. Then colonies
were grown in the presence or absence of 0.1 uM rhEGEF,
which was renewed every 5 days. After 3 weeks, the cells were
stained by addition of a tetrazolium dye and incubation at
37°C. The vast majority of all cells were stained positively with
the tetrazolium dye, indicating that all cells remained viable
over the course of the experiment independent of the differ-

ences in the treatment regimens. The colonies were analyzed
by computer with IPLab3 Spectrum software.

We noticed fewer colonies in wells treated with either scram-
bled or antisense oligonucleotides or Lipofectin alone (data
not shown) and also that the colonies were smaller (Fig. 8B),
suggesting a small toxic effect of all such additions in these
prolonged 3-week assays. No significant difference was noticed
in colony size in the antisense-oligonucleotide-treated wells of
the no-EGF group and the EGF-treated wells. Despite this
effect, cells transfected with INK1ASSIS12539 JNK1Scr!SIS14321)
INK2Scr!S1S14319 o1 the combination of scrambled oligonucle-
otides and rhEGF made significantly larger colonies, up to
195% (P < 0.006) (Fig. 8B). A similar increase of 197% was
obtained with A549 parental cells following treatment with
rhEGF (P < 0.001) (Fig. 8B and C). Conversely, cells trans-
fected with INK2AS™™!2%? or the combination of antisense
oligonucleotides did not exhibit any significant effect of thEGF
on colony size (P < 0.25 for INK2AS™S'S12°6% and P < 0.3 for
combined treatment) (Fig. 8B and C).

The sum of results shows a parallel approximately twofold
increase in tumorigenicity and colony formation in soft agar
upon treatment of A549 cells with rhEGF. Moreover, inhibi-
tion of the expression of JNK2 and not JNKI largely elimi-
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nated the ability of EGF to promote growth and transformed
phenotype in A549 cells. These results strongly indicate that
JNK2 plays a critical role in EGF-induced proliferation, in-
cluding the growth of colonies in soft agar, suggesting an es-
sential role in mediating the transformed phenotype of these
cells.

DISCUSSION

We have shown in the present study that selected phospho-
rothioate antisense oligonucleotides specifically inhibited the
expression of JNK1 or JNK2 mRNA and proteins. The use of
antisense oligonucleotides is attractive because they provide a
way of inhibiting the expression of any protein of choice
through their potential for specific hybridization (97). How-
ever, controversies have developed regarding the specificity of
oligonucleotides and their interaction with cellular proteins
(71, 80, 81).

We selected antisense oligonucleotides following procedures
successfully used in previous studies (17-19, 57, 60). The 2
most potent antisense inhibitors against JNK1 and JNK2 were
identified from a total of 39 oligonucleotides screened by
Northern analysis for their ability to inhibit JNK1 or JNK2
mRNA. Secondly, once selected, the two antisense oligonucle-
otides were used in parallel with two different kinds of control
oligonucleotides, scrambled oligonucleotides that have the
same nucleotide composition but in a different order and sense
oligonucleotides. We showed that JNKIAS'™S'S!253 and
INK2ASSI812560 decreased steady-state mRNA levels in a
dose-dependent manner whereas the scrambled and sense con-
trol oligonucleotides had no effect. Thirdly, JNKAS oligonu-
cleotides were shown to eliminate specifically their respective
target mRNAs and proteins but not closely related isoforms.
Thus, INK1AS'S'1239 greatly reduced the level of JNK1 but
not JNK2 and JNK2AS™51%¢ did not interfere with JNK1
but dramatically affected JNK2 levels. Finally, it was confirmed
that the JNKAS oligonucleotides are highly effective in reduc-
ing JNK activity whereas scrambled oligonucleotides did not
affect EGF and UV-C induction of total JNK activity in A549
cells.

Recently, classical phosphorothioate oligonucleotides have
been optimized by the introduction of 2'-O-methoxyethyl
groups in the first and last 5 nucleotides. These second-gener-
ation phosphorothioate oligonucleotides have improved bio-
physical characteristics that result in enhanced affinity for the
target mRNA and, therefore, can be used at a lower concen-
tration (45, 59). This effect is illustrated in Fig. 4B for INK1AS,
where we obtained elimination of JNK1 protein with 0.05 pM
modified phosphorothioate oligonucleotides whereas the ECs,
is 0.1 pM with classical phosphorothioate oligonucleotides.
Taken together, these characteristics demonstrate that the an-
tisense oligonucleotides described here represent a very spe-
cific tool for discrimination between the roles of JNK1 and
JNK?2 in EGF-induced proliferation.

We have shown in a previous study with independent inhib-
itors that EGF mediates growth through the JNK pathway in
A549 cells (7). In this paper we demonstrate that JNK2 plays
a preferential role in A549 cells to mediate EGF effects. First,
the use of specific antisense oligonucleotides effectively elimi-
nated approximately equal contributions to total JNK activity
(Fig. 6), and this is strongly supported by direct observation of
the activation of JNK1 and JNK2 by in-gel kinase assays (Fig.
5), indicating that these isoforms are approximately equally
activated by EGF. Second, we confirmed that the combined
use of antisense JNK1 and JNK2 oligonucleotides blocked the
effect of EGF on A549 cell growth. Moreover, we found that
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JNK2 elimination is sufficient to block EGF-induced prolifer-
ation whereas inhibition of expression of JNK1 did not signif-
icantly alter EGF-stimulated growth. Third, this conclusion
was validated with soft-agar growth assays. A549 cells do not
make large colonies in soft agar; however, the addition of EGF
leads to colonies that are ~200% larger. We showed that this
effect could be blocked by the inhibition of JNK2 but not
JNKI1. Similarly, combined-antisense treatment alone ap-
peared to be less inhibitory in one case (Fig. 8B). This effect is
likely related to the use of half the usual concentration of each
oligonucleotide, thereby diluting the major active factor,
JNK2AS. Thus, we demonstrated in a second growth model
that JNK2 preferentially mediates the effect of EGF on cancer
cell growth. Indeed, this result showed that JNK2 is more
important than JNK1 in mediating EGF stimulation of growth
and EGF-induced transformation in A549 cells.

Autocrine and paracrine growth stimulation by EGF and
related molecules has been implicated in the transformation of
a variety of human tumors. EGF stimulates the proliferation of
several kinds of human tumor cells, such as gliomas (50),
mammary tumor cells (1), and keratinocytes (33). Interest-
ingly, EGF plays a major role in autocrine growth of human
non-small-cell lung cancer cells (73, 85) and is effective in
inducing cell proliferation in lung primary tumor cells (76).
The ability of many cell lines to form colonies when suspended
in semisolid medium (anchorage independence) is strongly
correlated with their ability to produce tumors when inocu-
lated into animals (36, 72). In this study we have investigated
A549 tumorigenicity in nude mice treated daily with or without
EGF. EGF-treated animals developed earlier and bigger tu-
mors, showing that EGF is a tumorigenic factor for A549 cells
in vivo. Therefore, we have confirmed that colony growth in
soft agar is a good in vitro model to mimic cancer cell prolif-
eration in a tumor, as previously described (36, 97).

A recent report showed that EGF induction of the c-Jun
promoter is mediated by MEKK, which in turn activates JNK
(14). c-Jun is a transcription factor implicated in various cel-
lular events ranging from cell proliferation and differentiation
to transformation (3, 7, 78, 79). Phosphorylation of c-Jun on its
N-terminal site by JNK is directly implicated in mediating EGF
growth effects on A549 lung carcinoma cells. In this study we
demonstrated a correlation between JNK2 preferential phos-
phorylation of c-Jun and EGF-induced proliferation.

It is likely that divergent roles for highly homologous mem-
bers of the JNK proteins are dictated by a difference in binding
affinity or phosphorylation of the cellular target. In fact, it was
shown that JNK2 has higher affinity than JNK1 for c-Jun and
ATEF-2 (31, 41), but no difference in the phosphorylation of
these substrates was observed in vitro. However, these exper-
iments were done with CHO cell extracts from cells transfected
with expression vectors bearing various JNK isoforms and
therefore represent an artificial way to check endogenous pro-
tein activity. In our model we measured endogenous JNK
activity, showing that JNK2 inhibition reduces c-Jun phosphor-
ylation much more than JNKI inhibition (Fig. 7). This suggests
that c-Jun is one preferential target for JNK2 in A549 cells.
Nevertheless, we cannot exclude the possibility that JNK has
other crucial targets in A549 cells. Other potential candidates
are ATF-2 and Elk-1, and these transcription factors are also
activated by growth factors (9, 31, 48, 87). Some others targets
were also reported, such as BRCA2, which has an N-terminal
region highly homologous with that of c-Jun (74), and p53,
found to be activated by JNK after UV irradiation of C57MG
cells (54).

To our knowledge, this study demonstrates for the first time
differential roles for JNK1 and JNK2 in human cancer cell
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growth. Based on the elimination of JNK2 in the cell, we
suggest that this isozyme plays a dominant role in EGF-
induced growth and activation of the JNK pathway. Using the
same oligonucleotides, we found that JNK2 is critical for T98G
glioblastoma cell basal growth (65a). In the present case,
JNKAS had almost no effect on A549 basal cell growth,
strongly indicating that these compounds, including JNK2AS,
have little toxic effect on cells. It is likely that this result is due
in part to the high apparent affinity and specificity of com-
pounds characterized here, leading to their effective use at 0.1
pM. Furthermore, using nine different human prostate carci-
noma cells, we have shown that JNK2 plays a preferential role
over JNKI in prostate cancer cell growth in the presence of
10% FBS (97).

Many studies have postulated a role for JNK in apoptosis
(11, 40, 89, 90, 94), whereas others have shown that JNK is
involved in DNA repair (2, 66) and proliferation, as shown
here. In this study, using highly specific antisense oligonucle-
otides, we have demonstrated that JNK2 has a predominant
role in mediating EGF effects on growth and transformation.
Therefore, we suggest that JNK1 is under a separate regulation
that may involve the control of apoptosis. This prediction and
other roles of the JNKs may be testable by using methods
outlined here.
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