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c-Jun N-terminal kinase (JNK) plays a critical role in coordinating the cellular response to stress and has
been implicated in regulating cell growth and transformation. To investigate the growth-regulatory functions
of JNK1 and JNK2, we used specific antisense oligonucleotides (AS) to inhibit their expression. A survey of
several human tumor cell lines revealed that JNKAS treatment markedly inhibited the growth of cells with
mutant p53 status but not that of cells with normal p53 function. To further examine the influence of p53 on
cell sensitivity to JNKAS treatment, we compared the responsiveness of RKO, MCF-7, and HCT116 cells with
normal p53 function to that of RKO E6, MCF-7 E6, and HCT116 p532/2, which were rendered p53 deficient
by different methods. Inhibition of JNK2 (and to a lesser extent JNK1) expression dramatically reduced the
growth of p53-deficient cells but not that of their normal counterparts. JNK2AS-induced growth inhibition was
correlated with significant apoptosis. JNK2AS treatment induced the expression of the cyclin-dependent kinase
inhibitor p21Cip1/Waf1 in parental MCF-7, RKO, and HCT116 cells but not in the p53-deficient derivatives. That
p21Cip1/Waf1 expression contributes to the survival of JNK2AS-treated cells was supported by additional
experiments demonstrating that p21Cip1/Waf1 deficiency in HCT116 cells also results in heightened sensitivity
to JNKAS treatment. Our results indicate that perturbation of JNK2 expression adversely affects the growth
of otherwise nonstressed cells. p53 and its downstream effector p21Cip1/Waf1 are important in counteracting
these detrimental effects and promoting cell survival.

The c-Jun N-terminal kinase (JNK) signal transduction
pathway, culminating in the phosphorylation of one or more
JNK proteins, is known to play an important role in coordi-
nating the cellular response to stress (25, 34). The JNK family
includes three genes, JNK1, JNK2, and JNK3, each of which can
produce 46- and 54-kDa isoforms (25). JNK1 and JNK2 are
ubiquitously expressed, while JNK3 is largely restricted to
brain, heart and testis (25, 28, 35). Although some differences
in the substrate specificities and activities of various JNK iso-
forms have been reported (5, 9, 13, 20, 26, 44), their functional
distinctions remain unclear. Among the major targets of JNK
phosphorylation are the transcription factor c-Jun (12, 22, 29)
and the tumor suppressor protein p53 (24, 32). Numerous
studies have implicated both JNK activation and c-Jun phos-
phorylation in the induction of apoptosis following stress (27).
However, an opposing function of the JNK pathway has also
been suggested by other studies, including two recent reports
which demonstrate that JNK-mediated phosphorylation of c-
Jun confers protection to cells exposed to UVC irradiation or
tumor necrosis factor alpha (3, 42).

In addition to playing a role during stress, there is also
evidence to support a role for the JNK pathway in regulating
cell growth. While the basal activity of JNK is generally low in
cells maintained under normal growth conditions, JNK can be
activated by growth factors such as epidermal growth factor
and platelet-derived growth factor via mechanisms that appear
to rely on phosphoinositide 3-kinase (2, 4, 30, 31, 33). It has

long been appreciated that c-Jun promotes proliferation (1),
and both cells lacking c-Jun and cells expressing its nonphos-
phorylatable dominant negative counterpart, c-Jun(Ser63A,
Ser73A), display well-defined growth defects (3, 42). Another
study has provided evidence suggesting that c-Jun controls cell
cycle progression in a p53-dependent manner (41). The JNK
pathway has also been implicated in the transformation of
pre-B cells by Brc-Abl and in the transformation of fibroblasts
by the Met oncogene (36, 37). In addition, both epidermal
growth factor-dependent proliferation and anchorage-inde-
pendent growth of A549 cells can be prevented by either stable
expression of c-Jun(Ser63A,Ser73A) or addition of JNK anti-
sense oligonucleotides (JNKAS) (4, 5). While most of the
effects of JNK described above have been attributed to its
phosphorylated state, it has recently become apparent that
nonphosphorylated JNK (which lacks kinase activity) also con-
tributes to the regulation of its substrates. In contrast to ac-
tivated JNK, which serves to stabilize and enhance the tran-
scriptional activity of its substrates, nonphosphorylated JNK
appears to lead to ubiquitination and degradation of its sub-
strates (14–16). Thus, both inactive and active JNK are likely to
play a role in regulating a variety of cell processes including
growth, apoptosis, and transformation.

To investigate the role of JNK in regulating tumor cell
growth, we have used highly specific JNKAS to inhibit the
expression of JNK1 and JNK2 (4, 5, 43). A preliminary survey
of several different cell lines revealed that JNKAS treatment
had little or no effect on the growth of most of the cell lines
examined, but three cell lines displayed marked growth inhi-
bition in response to such treatments (Table 1). Interestingly,
the growth-inhibitory response to JNKAS treatment appeared
to correlate with the p53 status of the cell, in that suppression

* Corresponding author. Mailing address: Laboratory of Biological
Chemistry, GRC, NIA, 5600 Nathan Shock Dr., Box 12, Baltimore,
MD 21224. Phone: (410) 558-8446. Fax: (410) 558-8386. E-mail: nikki
_holbrook@nih.gov.

1713



of growth occurred only in cells harboring mutations in p53 (6;
O. Potapova, M. Gorospe, F. Bost, N. M. Dean, R. McKay,
S. A. Kim, D. Mercola, and N. J. Holbrook, submitted for
publication; our unpublished observations). The present study
was designed to further investigate the possibility that p53
directly influences the response of tumor cells to JNKAS treat-
ment. To this end, we have used derivatives of MCF-7 and
RKO cells, in which p53 function was abrogated through ex-
pression of the viral E6 oncoprotein (38), and HCT116 p532/2

cells, where the p53 gene was disrupted through homologous
recombination (8). We demonstrate that loss of p53 function in
these cells results in growth inhibition and apoptosis following
JNKAS treatment and provide additional evidence indicating
that the inability to elevate p21Cip1/Waf1 levels contributes to
the enhanced sensitivity of p53-deficient cells to JNKAS. Our
findings support an important role for the JNK pathway in
maintenance of normal tumor cell growth in the absence of p53
function and suggest the utility of strategies aimed at eliminat-
ing JNK for the treatment of tumors harboring mutant p53.

MATERIALS AND METHODS

Cells and reagents. Human breast carcinoma MCF-7 neo and MCF-7 E6 cells,
a gift from A. J. Fornace, were cultured in RPMI 1640 (Life Technologies,
Bethesda, Md.). Human colorectal carcinoma RKO neo and RKO E6 cells, a gift
from M. Kastan, were cultured in minimal essential medium (Life Technologies,
Bethesda, Md.). HCT116 and their p212/2 and p532/2 derivatives (8, 41), a gift
from B. Vogelstein, were grown in McCoy’s 5A medium (Biofluids, Rockville,
Md.). The media were supplemented with 10% fetal calf serum (HyClone Lab-
oratories, Logan, Utah), nonessential amino acids, and antibiotics.

Oligonucleotide synthesis, treatment, and confocal microscopy. The oligonu-
cleotides used in this study were synthesized at Isis Pharmaceuticals, Inc. (Carls-
bad, Calif.). The sequences of the oligonucleotides used are as follows: JNK1AS
(ISIS12539), 59-CTC TCT GTA GGC CCG CTT GG-39; JNK2AS (ISIS 12560),
59-GTC CGG GCC AGG CCA AAG TC-39; JNK1Scr (ISIS14321), 59-CTT TCC
GTT GGA CCC CTG GG-39; and JNK2Scr (ISIS14319), 59-GTG CGC GCG
AGC CCG AAA TC-39 (4). All oligonucleotides were 29-O-methoxyethyl chim-
ers containing five 29-O-methoxyethyl–phosphodiester residues flanking a 29-
deoxynucleotide-phosphorothioate region (43). Cells were treated with 0.3 mM
oligonucleotides in the presence of 10 mg of Lipofectin reagent (Life Technol-
ogies, Bethesda, Md.) per ml as described previously (11). To determine the
efficiency of the oligonucleotide transfection into MCF-7 and RKO cells, a
fluorescein isothiocyanate (FITC)-labeled phosphorothioate control oligonucle-
otide, ISIS13193 (59-TCC CGC CTG TGA CAT GCA TT-39), was used. At the
indicated times following lipofection with the FITC-labeled oligonucleotide, the
cells were fixed in 3.7% formaldehyde and images were taken using a Carl Zeiss
LSM 410 confocal microscope (488-nm laser wavelength; 340/1.3 magnification;
pinhole size, 20 nm).

Analysis of mRNA and protein expression. Total RNA was isolated using
Stat-60 solution (Tel-Test, Friendswood, Tex.). RNA samples (20 mg) were
denatured, size separated by electrophoresis in 1.2% agarose–formaldehyde gels,
and transferred onto GeneScreen Plus membranes (DuPont NEN Research
Products, Boston, Mass.). For the detection of JNK1 and JNK2 mRNAs, the
respective cDNAs were excised from 3xHA-JNK1-SRa3 and 1xHA-JNK2-SRa3
and labeled with [a-32P]dATP using a random primer labeling kit (Boehringer
Mannheim, Indianapolis, Ind.). Expression of p21Cip1/Waf1 was detected by hy-
bridization with an 46-base oligonucleotide specific for human p21Cip1/Waf1 (In-

tegrated DNA Technologies, Coralville, Iowa). Variations in loading and trans-
fer among samples were monitored by hybridizing to a 29-base oligonucleotide
complementary to 18S RNA (Clontech, Palo Alto, Calif.). Hybridization and
washes were performed by the Church and Gilbert method (10), and radioactive
signals were quantified by using a PhosphorImager (Molecular Dynamics, Sunny-
vale, Calif.).

For Western analysis, total protein was extracted using whole-cell extract
buffer (5) and the protein concentration was quantified by the Bradford assay.
Protein samples (25 to 50 mg) were separated in by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12% polyacrylamide) and transferred onto
polyvinylidene difluoride membranes (Millipore, Bedford, Mass.). JNK proteins
were identified using C-571 anti-JNK primary antibodies (Santa Cruz Biotech-
nology, Santa Cruz, Calif.), and reactive bands were visualized using the en-
hanced chemiluminescence detection system (NEN Life Science Products, Bos-
ton, Mass.).

In vitro JNK activity assay. Cells were irradiated with UVC at 40 J/m2 24 h
following the lipofection; 30 min later they were washed with cold phosphate-
buffered saline and suspended in whole-cell extract (WCE) buffer (5). The JNK
assay was performed with a fusion protein containing glutathione S-transferase
(GST) linked to the 1–222 fragment of human c-Jun (GST-cJun) as substrate, as
described previously (22). Briefly, 50-mg portions of cell lysates were incubated
for 3 h at 4°C with 10 mg of GST-cJun bound to glutathione-Sepharose 4B
(Pharmacia Biotech, Uppsala, Sweden). After being washed three times in WCE
buffer (5) and once in kinase reaction buffer (20 mM HEPES [pH 7.7], 20 mM
MgCl2, 20 mM a-glycerophosphate, 20 mM p-nitrophenyl phosphate, 0.1 mM
sodium vanadate, 2 mM dithiothreitol), the beads were incubated for 30 min at
30°C with 30 ml of kinase reaction buffer containing 20 mM ATP and 5 mCi of
[g-32P]ATP. The reaction was stopped by the addition of Laemmli sample buffer,
and samples were boiled for 5 min and resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12% polyacrylamide). The [32P]GST-cJun
was quantified with a PhosphorImager.

Cell viability assays. Cells were seeded in 96-well cluster plates at a density of
15 3 103 cells/well and transfected with AS oligonucleotides as described above.
At the designated times, viable cell mass was measured by detection of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt (MTS) dye reduction at 490 nm as described in the manufac-
turer’s protocol (Promega, Madison, Wis.). All viability assays were carried out
in triplicate.

Apoptosis detection and flow cytometry analysis. Apoptosis was assessed using
a cell death detection enzyme-linked immunosorbent assay (ELISA) (Boehr-
inger Mannheim, Indianapolis, Ind.) as specified by the manufacturer. Oligonu-
cleosomal fragments, released from the nuclei after internucleosomal degrada-
tion of genomic DNA, were detected in cytoplasmic fractions of 2,000 cells. For
cell cycle analysis, cells were collected 24 h following treatment, fixed in 70%
ethanol, and stained with 1 mg of propidium iodide (Cellular DNA flow cyto-
metric analysis kit; Boehringer Mannheim) per ml. The DNA content was ana-
lyzed on FACScalibur flow cytometer (Becton Dickinson, San Jose, Calif.). The
percentages of cells in various phases of the cell cycle were determined using
Becton Dickinson ModFitLT software.

RESULTS

Specific inhibition of JNK expression by JNKAS. To ver-
ify that the lipofection procedure used here resulted in
high-efficiency oligonucleotide uptake in MCF-7 and RKO
cells, the control FITC-labeled phosphorothioate oligonucleotide
ISIS13193 was used. Shown in Fig. 1 is green fluorescence,
visualized 24 h after lipofection with 0.4 mM ISIS13193. Vir-
tually 100% of cells showed uptake of the transfected oligonu-
cleotide. Similar results were obtained at the 12- and 48-h time
points and over an extended dose-response range (0.1 to 0.5
mM oligonucleotide). Mock-lipofected cells did not excite any
fluorescent signal (data not shown). No differences in the
efficiency of oligonucleotide uptake were seen between p53-
deficient (E6-expressing) and p53-proficient (expressing a neo-
containing vector control) cells.

Next, we investigated the effect of JNK1AS and JNK2AS on
JNK expression in MCF-7 and RKO cells. Cells were treated
either with 0.3 mM JNK1AS or JNK2AS individually or with
JNK1AS and JNK2AS in combination (0.15 mM each). Scram-
bled-sequence oligonucleotides (JNK1Scr and JNK2Scr) were
used at the same concentrations and served as controls. Both
AS treatments led to .95% reduction in the corresponding
mRNA levels (Fig. 2A), while neither mock lipofection nor
treatment with scrambled oligonucleotides had any effect on
JNK1 or JNK2 mRNA expression.

TABLE 1. Inhibition of growth by JNKAS oligonucleotides in
different human tumor cell lines

Tumor cell line Growth inhibition by
JNKAS treatmenta p53 status

PC3 prostate carcinoma 111 Null
A549 lung carcinoma 6 Wild type
T98G glioblastoma 11 Mutant
HeLa cervical carcinoma 111 Null
RKO colorectal carcinoma 2 Wild type
MCF-7 breast carcinoma 6 Wild type
HCT116 colorectal carcinoma 6 Wild type

a Cells were treated with a combination of JNK1AS and JNK2AS (0.2 mM
each), and viable cell mass was measured 3 to 5 days after the treatment by using
the MTS dye reduction assay as described in Materials and Methods.
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FIG. 1. MCF-7 and RKO cells display high-efficiency uptake of oligonucleotides delivered via transfection with Lipofectin reagent. Cells were treated with 0.3 mM
39 FITC-labeled control oligonucleotide as described in Materials and Methods. Twenty-four hours later, they were fixed and examined for fluorescence with a confocal
microscope. Images were obtained at a magnification of 3800. (Left) Confocal fluorescent images of transfected cells. (Right) Confocal transparent images of the same
fields. Virtually all cells show uptake of the oligonucleotides, irrespective of p53 status.
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Western analysis of JNK protein expression revealed a cor-
responding reduction in the level of JNK protein in JNKAS-
treated cells (Fig. 2B). Since differential splicing of both JNK1
and JNK2 mRNAs results in the production of 46- and 54-kDa
isoforms and since there is significant cross-reactivity between
the available JNK1 and JNK2 antibodies, we cannot distin-
guish with certainty between the JNK1 and JNK2 isoforms.
However, based on our observations and those of others, it
appears that the slower-migrating proteins (p54JNK) are com-
posed primarily of JNK2 isoforms whereas the faster-migrating
forms (p46JNK) contain mostly JNK1 (25). Hence, JNK1AS
was more effective in eliminating the p46JNK isoform while
JNK2AS was more effective in eliminating the p54JNK form
(Fig. 2B).

An immunocomplex kinase assay was used to examine basal
and UVC-induced JNK activity in mock-, JNKAS- and JNKScr-
treated cells (Fig. 2C). No significant JNK activity was detect-
able in any of the treatment groups of either wild-type or
p53-deficient MCF-7 and RKO cells in the absence of stress.
Consistent with the reduction in JNK protein levels, UVC-
induced JNK activation was markedly reduced in both wild-
type and p53-deficient MCF-7 and RKO cells treated with a
combination of JNK1AS and JNK2AS (Fig. 2C, JNKAS). Nei-
ther mock lipofection nor treatment with scrambled oligonu-
cleotides affected the JNK kinase activity.

Taken together, the experiments described above demon-
strate that, using JNKAS, we can effectively achieve a signifi-
cant reduction in JNK expression and therefore directly inves-
tigate the roles of JNK1 and JNK2 in regulating the growth of
p53-proficient and p53-deficient MCF-7 and RKO cells.

Growth inhibition by JNKAS is dependent on p53 status.
Growth of untreated and JNKAS-treated cells was monitored
using an MTS dye reduction assay. JNKAS treatment had little

to no effect on the growth of wild-type (neo) MCF-7 and RKO
cells (Fig. 3). A small transient reduction in the growth of
JNK2AS-treated MCF-7 cells was apparent at 24 to 48 h fol-
lowing lipofection, but the viable cell mass did not differ from
that of control cultures by 72 h posttreatment. No significant
effect on growth was observed in wild-type RKO cells with any
treatment. In contrast, p53-deficient derivatives (E6) of both
MCF-7 and RKO cells displayed a marked reduction in cell
viability following treatment with JNKAS; the growth-inhibi-
tory effect was greater for JNK2AS than for JNK1AS. Growth
suppression by JNK2AS was most pronounced in p53-deficient
RKO cells, where viability was reduced .70% by 48 h follow-
ing treatment with the oligonucleotide.

Inhibition of JNK2 expression results in apoptosis of p53-
deficient cells. To determine the cause of the decline in growth
of JNKAS-treated cell populations, we first examined whether
DNA synthesis was altered after application of JNKAS. We
observed no differences in bromodeoxyuridine (BrdU) incor-
poration relative to the number of viable cells among any of
the treatment groups (data not shown); therefore, the reduc-
tion in growth of p53-deficient cells could not be explained by
an inhibition of DNA replication. Next we tested the possibility
that the decrease in cell number reflected selective death in
JNKAS-treated cultures. Shown in Fig. 4 is the morphology of
parental and p53-deficient MCF-7 and RKO cells with or with-
out JNKAS treatment. The p53-deficient (E6) lines treated
with JNK2AS revealed features consistent with apoptosis, in-
cluding cell rounding, membrane blebbing, and detachment
from the tissue culture dish (Fig. 4). These effects were also
evident to some degree in JNK1AS-treated cultures but were
completely absent in p53-deficient cells subjected to either
mock treatment or treatment with scrambled oligonucleotides.

FIG. 2. JNKAS treatment effectively inhibits JNK expression in MCF-7 and RKO cells regardless of p53 status. (A) Total RNA was extracted from cells 24 h
following treatment with 0.3 mM JNK1AS, JNK2AS, or control oligonucleotides (JNKScr). RNA samples were analyzed by Northern analysis using cDNA probes
specific for JNK1 and JNK2 mRNAs. (B) Whole-cell lysates were examined by Western analysis for JNK expression 24 h following treatment with JNKAS
oligonucleotides. (C) Total Jun kinase activity was determined 30 min following exposure to UVC (40 J/m2) by an in vitro kinase assay using GST-cJun(1-222) as a
substrate. At 24 h prior to UVC treatment, cells were transfected with combinations of JNK1AS plus JNK2AS (0.15 mM each) or JNK1Scr plus JNK2Scr (0.15 mM
each) (labeled JNKAS and JNKScr, respectively).
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They were also absent in p53-proficient (neo) cells regardless
of treatment.

Biochemical evidence of apoptosis in the p53-deficient cells
was obtained using an ELISA for detection of cytoplasmic
histone-associated DNA fragments (Fig. 5). Both E6-express-
ing MCF-7 and RKO lines exhibited significant induction of
apoptosis 24 h following JNK2AS treatment. In this assay, we
also observed some evidence of DNA degradation in JNK2AS-
treated RKO neo cells as well as in RKO E6 cells treated with
JNK1AS, but quantitatively it was not nearly as great as that
seen in JNK2AS-treated RKO E6 cells.

Consistent with the biochemical analysis, fluorescence-acti-
vated cell sorter (FACS) analysis of RKO E6 cells as early as
24 h after treatment revealed the presence of a sub-G1 cell
population in cultures treated with JNK2AS alone or with
JNK1AS and JNK2AS in combination (Fig. 6). No sub-G1
peak was evident in RKO E6 cells subjected to any of the
control treatments or in the RKO neo cells regardless of treat-
ment. The number of apoptotic cells in JNK2AS-treated RKO
E6 cultures further increased with time, and by 48 h posttreat-
ment had reached 14% (data not shown). Taken together,
these experiments indicate that JNK2AS treatment results in
apoptosis of p53-deficient MCF-7 and RKO cells, thus largely
accounting for the growth-suppressive effects described above
(Fig. 3).

Effects of JNKAS treatment on HCT116 p532/2 cells. Al-
though expression of the E6 oncoprotein is a well-recognized
way to inhibit p53 function, it remained possible that our find-
ings with RKO E6 and MCF-7 E6 cells could reflect other

function(s) of E6 protein. To address this possibility, we used
another model of p53 deficiency, HCT116 human colorectal
carcinoma cells rendered p53-null by a somatic knockout pro-
cedure (8). Consistent with our observations with E6-express-
ing RKO and MCF-7 cells, HCT116 p532/2 cells displayed
significantly greater sensitivity (P , 0.003 by Student’s t test) to
JNK2AS treatment than did parental HCT116 cells with nor-
mal p53 status (Fig. 7).

Induction of p21Cip1/Waf1 in p53-proficient and p53-deficient
cells following JNKAS treatment. Our finding that inhibition
of JNK expression, especially JNK2, resulted in preferential
apoptosis of p53-deficient cells suggests that cells with intact
p53 signaling possess a protective mechanism that is unavail-
able to their p53-deficient counterparts. We have previously
shown that the ability of cells to elevate expression of the
cyclin-dependent kinase inhibitor p21Cip1/Waf1 following expo-
sure to cellular stress leads to enhanced survival (18, 19). Given
that p53 is an important regulator of p21Cip1/Waf1 expression
during stress and that perturbations in JNK expression could
constitute a stress to growing cells, we examined p21Cip1/Waf1

mRNA levels in JNKAS-treated cells. Treatment with JNKAS
(especially with JNK2AS) resulted in induction of p21Cip1/Waf1

mRNA in parental MCF-7, RKO, and HCT116 cells. In con-
trast, no elevation in p21Cip1/Waf1 mRNA was evident in p53-
deficient MCF-7 E6, RKO E6, and HCT116 p532/2 cells (Fig.
8A). That the increase in p21Cip1/Waf1 mRNA results in in-
creased p21Cip1/Waf1 protein expression is shown in Fig. 8B,
where p21Cip1/Waf1 protein levels were examined 24 h fol-
lowing JNK2AS treatment. All three p53-proficient cell lines

FIG. 3. Effect of JNKAS treatment on the viability of p53-proficient and p53-deficient MCF-7 and RKO cells. Cells were seeded in 96-well cluster plates and treated
with 0.3 mM oligonucleotides in Lipofectin reagent (JNKScr designates treatment with 0.15 mM JNK1Scr plus 0.15 mM JNK2Scr). Cell viability was assessed at the
indicated times by measuring MTS dye in a colorimetric assay as described in Materials and Methods.
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showed an increase in p21Cip1/Waf1 protein expression, but this
p21Cip1/Waf1 induction was not seen in the p53-deficient deriv-
atives.

Finally, to more directly examine the influence of p21Cip1/Waf1

on cell survival following JNKAS treatment, we used HCT116
colorectal carcinoma cells in which the p21Cip1/Waf1 genes were
disrupted by homologous recombination (41). Wild-type
HCT116 cells (1/1) and HCT116 cells in which one (1/2) or
both (2/2) p21Cip1/Waf1 alleles were disrupted were examined
for apoptosis by flow cytometry following treatment with anti-
sense oligonucleotides (Fig. 9). No significant apoptosis was
evident in p211/1 cells, regardless of treatment (1.5% in con-
trol populations versus 3% in JNKAS-treated cultures).
p212/2 cells exhibited higher basal apoptosis than did the
p211/1 parental cell lines (4 and 1.5%, respectively), perhaps
reflecting the importance of p21Cip1/Waf1 for normal cell ho-
meostasis. Neither mock lipofection nor treatment with
JNKScr or JNK1AS altered this level. However, treatment of
the p212/2 cells with JNK2AS resulted in a substantial in-
crease in the sub-G1 population within 24 h after treatment
(Fig. 9). An intermediate level of apoptosis was observed fol-
lowing JNK2AS treatment of cells containing one functional
p21Cip1/Waf1 allele (1/2), suggesting that the relative level of
p21 expression might be important in determining the out-
come. These results further support the hypothesis that p21
contributes to the survival of cells following JNKAS treat-
ment.

DISCUSSION

Over the past several years, the functional role of the JNK
pathway has been extensively investigated. The vast majority of
studies have relied on overexpression of mutant forms (dom-
inant negative or constitutively active) of various upstream
signaling components to modulate JNK kinase activity. Al-
though informative, this approach can produce confounding
results for several reasons. First, most upstream JNK regula-
tors are also implicated in other signaling pathways (p38, ERK,
and others), and thus alterations in these pathways can con-
tribute to the effects observed. Second, considerable redun-
dancy exists in the upstream components (e.g., both MEKK4
and MEKK7 phosphorylate and activate JNK), and therefore
interference with the activity of one component often leads to
only partial inhibition of JNK activation. Finally, the ap-
proaches described above do not alter JNK protein levels and
therefore do not allow the investigation of the importance of
changes in basal JNK activity or other potential functions of
the protein unrelated to kinase activity. This is particularly
important given that, in the absence of stress, nonphosphory-
lated JNK has recently been implicated in down-regulating the
expression of its substrates, targeting them to degradation (14–
17). While the recent generation of JNK1, JNK2, and JNK3
knockout mice provides the opportunity to address the roles of
specific JNK isoforms in normal mouse cells and tissues, such
model systems are not currently available for human cells, and
they do not address the importance of JNK in regulating tumor
cell growth. The AS strategy used here avoids many of the
drawbacks noted above and offers several distinct advantages.
It produces significant and isoform-specific inhibition of basal
JNK mRNA and protein expression in human cells without
perturbing other components of the pathway. The availability
of AS oligonucleotides highly specific for JNK1 and JNK2
allows investigation into differential roles of these genes. Using
this strategy, we have investigated growth-regulatory functions
of JNK1 and JNK2 in otherwise unstressed cells and have
provided evidence suggesting that JNK2 is required for growth
and homeostasis of tumor cells lacking p53 function, since
elimination of JNK2 expression in p53-deficient cells results in
their apoptosis (Fig. 4 to 6). This role appears not to be shared
by JNK1. However, we have shown that the JNK1 protein has
a longer half-life than JNK2 protein (Potapova et al., submit-
ted), and therefore it remains possible that the more efficient
elimination of JNK2 accounts for its greater inhibitory effects.

The ability of JNK to bind to and phosphorylate p53 was
reported several years ago (24, 32). More recently, several
reports have appeared indicating that JNK plays opposing
roles in regulating the stability of the p53 protein under normal
growth conditions and during stress (15, 16). Finally, it was
recently shown that p53 transcription is subject to repression
by activated c-Jun, a major known substrate of JNK (39).
Taken together, these observations suggest important links
between the activities of JNK and p53. Our study demonstrat-
ing that JNK2AS treatment leads to growth inhibition and
apoptosis of RKO, MCF-7, and HCT116 human tumor cells in
a p53-dependent manner provides evidence for yet another
link between these stress-regulated pathways. The greater sen-
sitivity of p53-deficient tumor cells to JNK2AS treatment is not
restricted to these cell types, since we have observed that other
human tumor cell lines with null or mutant p53 status display
greater growth inhibition and cytotoxicity following JNKAS
treatment than do cells with normal p53 function (Table 1) (6;
Potapova et al., submitted). Whether reintroduction of wild-
type p53 into tumor cells with mutant or null p53 status can

FIG. 5. Biochemical evidence of DNA degradation in p53-deficient cells
treated with JNKAS. Apoptosis of p53-proficient (neo) and p53-deficient (E6)
MCF-7 and RKO cells was assessed 24 h after treatment with 0.3 mM JNKAS or
control oligonucleotides using an ELISA that measures nucleosomal degrada-
tion. JNKScr depicts results for treatments with equal amounts of JNK1Scr plus
JNK2Scr (0.15 mM each). Results are expressed as relative absorption (OD) at
405 nm.
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alter their response to JNKAS treatment remains to be inves-
tigated.

p53 can act in two opposing directions to influence the
sensitivity of a cell to stressful conditions: it can promote ap-
optosis in response to certain cytotoxic agents (e.g., hydrogen
peroxide) while conferring protection against the cytotoxic ef-
fects of others (e.g., UVC irradiation and tumor necrosis factor
alpha) (7, 8, 21, 40). The factors contributing to these seem-
ingly disparate functions of p53 are far from clear, but recent
studies have provided strong evidence that the protective in-
fluence of p53 is mediated largely through its ability to up-

regulate p21Cip1/Waf1 expression (18, 19). Consistent with this
view, we observed that MCF-7, RKO, and HCT116 cells with
normal p53 function responded to the JNK2AS treatment with
induction of p21Cip1/Waf1 while the p53-deficient derivatives did
not (Fig. 8). Although JNK1AS treatment resulted in induc-
tion of p21Cip1/Waf1 expression (Fig. 8A), this effect was less
pronounced than that seen in JNK2AS-treated cells, and
p21Cip1/Waf1 protein levels were induced to a much lesser ex-
tent (data not shown). These results, taken together with the
absence of marked growth suppression following JNK1AS
treatment (Fig. 3 and 7), suggest that JNK2 may have a specific
function(s) which is not shared by JNK1. That the p21Cip1/Waf1

expression might be important in contributing to the survival of
JNK2AS-treated cells was supported by additional studies with
HCT116 cells in which targeted disruption of the p21Cip1/Waf1

gene was likewise associated with enhanced apoptosis follow-
ing JNK2AS treatment (Fig. 9).

Based on these observations, we propose the following
model. Tumor cells require JNK2 for normal growth, and the
depletion of JNK2 in cells with normal p53 function by the
JNK2AS treatment perturbs normal homeostasis, triggering a
stress response. This results in the induction of p21Cip1/Waf1,
which promotes survival. The lack of p53 in the E6-expressing
and p532/2 cells prevents the induction of p21Cip1/Waf1, depriv-
ing the cells of this important protective factor and therefore
leading to growth suppression and apoptosis. It is not clear,
however, how the death program is initiated or which of the
mediators of this response are important. It is also important
to note that not all p53-deficient cells undergo apoptosis in
response to JNK2AS treatment. T98G glioblastoma cells, for
example, do not die but, rather, undergo arrest in the S and G2
phases of the cell cycle (Potapova et al., submitted). However,

FIG. 6. FACS analysis of mock-transfected and JNKAS-treated RKO cells. RKO neo and RKO E6-expressing cells were treated with either JNK1AS, JNK2AS,
or a combination of control scrambled oligonucleotides (JNKScr). They were harvested 24 h following the lipofection, and 2 3 106 cells were subjected to DNA content
analysis by FACS. The percentage of total cells contained in the sub-G1 peak of JNK2AS and JNK1AS- plus JNK2AS-treated RKO E6 cell cultures is indicated in the
figure (arrow). For all other treatments of E6-expressing RKO and RKO neo cells, the sub-G1 fraction was 1.5% or less.

FIG. 7. Inhibition of JNK expression in HCT116 cells results in growth sup-
pression in a p53-dependent manner. Viable cell mass was measured at 24 h, 48 h
(shown here), and 72 h following treatment with JNKAS and control oligonu-
cleotides as described in Materials and Methods. Growth inhibition following
JNK2AS treatment is p53 dependent: p, statistically significant difference be-
tween the number of viable cells in JNK2AS-treated cultures of parental
HCT116 cells and HCT116 p532/2 cells (P , 0.003, Student’s t test).
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unlike p53-deficient cells used in this study, T98G cells show
marked induction of p21Cip1/Waf1 expression following
JNK2AS treatment, more so in fact than do parental MCF-7,
RKO, and HCT116 cells. It is likely that the high levels of
p21Cip1/Waf1 contribute to the cell cycle arrest, since the impor-
tance of p21Cip1/Waf1 in mediating G2 arrest has recently been
established (8). The mechanisms leading to this p53-indepen-
dent induction of p21Cip1/Waf1 remain to be clarified.

In summary, there is accumulating evidence suggesting that
the JNK pathway plays an important role in regulating the
growth of tumor cells and may in fact contribute to cellular
transformation (4–6; Potapova et al., submitted). The current
findings reported here support this view and further suggest

that JNK (JNK2 in particular) is important for growth of hu-
man tumor cells lacking functional p53. It may be possible to
exploit this preferential sensitivity of p53-deficient cells to
JNK2AS treatment for the design of therapeutic approaches
for the management of tumors harboring p53 mutations (23).
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