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Abstract
PRIMA-1 (p53 reactivation and induction of massive
apoptosis) is a chemical compound that was originally
identified as a selective mutant p53-dependent growth
suppressor by screening a library of low-molecular-weight
compounds. However, its mechanism of action is un-
known. In this study, we examined toxicity of PRIMA-1 to
three premalignant human colorectal adenoma cell lines
(RG/C2, BR/C1, and AA/C1) and four colorectal carcinoma
cell lines (DLD-1, SW480, LOVO, and HCT116) and its
mechanism of action. It selectively induced apoptosis only
in the mutant p53 premalignant and malignant colon cell
lines, but was not toxic to the wild-type p53 premalignant
and malignant colon cell lines. Using stable transfectants
of temperature-sensitive p53 mutant Ala143 in null p53
H1299 lung cancer cells, we found that PRIMA-1 induced
significantly more apoptosis in cells with mutant p53
conformation (37�C) than the wild-type p53 conformation
(32.5�C). Cell cycle analysis indicated that its inhibition of
cell growth was correlated with induction of G2 arrest.
Western blot analysis showed PRIMA-1 increased p21 and
GADD45 expression selectively in the mutant p53 cells.
However, Fas, Bcl-2 family proteins, and caspases were
not involved in PRIMA-1–induced cell death. The c-Jun-
NH2-kinase (JNK) inhibitor SP 600125, but not p38
mitogen-activated protein kinase inhibitor SB 203580 or
extracellular signal-regulated kinase inhibitor PD 98059,
blocked PRIMA-1–induced apoptosis. Transfection with a
dominant-negative phosphorylation mutant JNK, but not a

dominant-negative p38 or wild-type JNK, inhibited
PRIMA-1–induced cell death, suggesting that the JNK
pathway plays an important role in PRIMA-1–induced
apoptosis. PRIMA-1 is a highly selective small molecule
toxic to p53 mutant cells and may serve as a prototype for
the development of new p53-targeting agents for therapy
of premalignant and malignant cells. [Mol Cancer Ther
2005;4(6):901–9]

Introduction
Under physiologic conditions in normal cells, p53 protein is
expressed at low levels and has a short half-life due to
rapid turnover mediated by ubiquitination and proteolysis
(1). The p53 protein becomes stabilized and activated in
response to a number of stimuli, including exposure of
cells to DNA-damaging agents and oncogene activation.
The activation of p53 allows it to carry out its function as a
tumor suppressor through cell cycle arrest, apoptosis, DNA
repair, differentiation, and antiangiogenesis (2–7). At least
50% of human tumors contain mutations or deletions of p53
(8). The fact that the specific DNA-binding function of p53
is disrupted in most tumors with a p53 mutation indicates
that this function is critical for p53-mediated tumor
suppression. p53-dependent cell death is a major pathway
for the efficacy of cancer chemotherapy, and tumors
carrying mutant p53 are often more resistant to chemo-
therapy than tumors with wild-type (WT) p53 (9). The wide
range of the biological effects of p53 can be explained by its
activation of expression of a number of target genes (>60),
including p21; growth arrest; and DNA damage-inducible
(GADD) family proteins, 14-3-3j, MDM2, cyclins, trans-
forming growth factor-h, Bax, and Fas/APO1 (1). p21 is not
only a cyclin-dependent kinase inhibitor but also acts as a
direct participant in regulating genes involved in growth
arrest, senescence, and aging, thus providing an additional
layer of control over the cell cycle (10). Induction of p21
caused a number of different cell lines to arrest in both
G1 and G2 (11). GADD45 and 14-3-3j are transcriptional
targets of WT p53 and act as mediators of p53-dependent
G2 arrest. GADD45 is also regulated in a p53-independent
manner (12).

The mitogen-activated protein kinase (MAPK) family
comprises c-Jun-NH2-kinase (JNK), p38 MAPK, and several
extracellular signal-regulated kinases (ERK). This signal
transduction pathway has been implicated in many
physiologic processes, including growth, differentiation,
survival, and cell death through a p53-independent
mechanism (13). JNK and p38 MAPK signaling pathways
are also activated by various and overlapping stimuli, such
as heat shock, radiation, growth factors, and some
chemotherapy drugs (14–16). In JNK family proteins, the
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10 isoforms are encoded by three genes—JNK1, JNK2 , and
JNK3 (17). JNK1 protein kinase activation requires phos-
phorylation on Thr183 and Tyr185 (18). Expression of the
dominant-negative JNK (DN-JNK), which is the mutant
JNK1 isoform where the sites of activating Thr183 and
Tyr185 phosphorylation are replaced with Ala and Phe,
respectively, markedly suppressed the ability of paclitaxel
to induce apoptosis (19).

The p53 mutant Ala143 is a human temperature-sensitive
mutant p53 with two conformational states. At 32.5jC, it
possesses strong DNA-binding ability and functions like
WT p53; but at 37jC, its ability to bind DNA and activate
transcription is severely weakened or lost and acts like
mutant p53 (20, 21). Using the human null p53 lung
cancer cell line H1299 and prostate cancer cell line PC-3,
we stably transfected the human temperature-sensitive
p53 mutant Ala143 (Val-Ala) for use as our model in
previous studies. With these cell lines, we previously
reported that Fas-mediated apoptosis occurred only with
the WT p53 phenotype at 32.5jC but not at the mutant
p53 temperature (22).

PRIMA-1 (p53 reactivation and induction of massive
apoptosis) is a chemical compound originally identified as
a selective mutant p53-dependent growth suppressor by
screening a library of low-molecular-weight compounds.
This small molecule (molecular weight: 185) restored
sequence-specific DNA binding and functional p53 confor-
mation to mutant p53 protein in vitro and in situ (23, 24).
Results from screening PRIMA-1 in the National Cancer
Institute cell line database showed a significant preference
for growth inhibition of tumor cell lines expressing mutant
p53 compared with lines expressing WT p53 (25). The
mechanisms responsible for this preferential activity, its
effect on premalignant cells, and the pathways of cell death
are unknown.

In this study, we examined the toxicity of PRIMA-1 to
human colon premalignant and malignant cells and lung
cancer cells. We also investigated its mechanism of action
in the intrinsic and extrinsic pathways of apoptosis, as well
as its effects on cell cycle regulatory proteins and the
MAPK pathways.

Materials and Methods
Reagents
PRIMA-1 was chemically synthesized by Karolinska

Institute [Stockholm, Sweden; name: 2,2-bis (hydroxy-
ymethyl)-1-azabicyclo[2,2,2]octan-3-one]. PRIMA-1 stocks
were prepared in 100% DMSO and stored in aliquots at
�80jC. MAPK inhibitors (SP 600125, PD 98059, and SB
203580) were purchased from Sigma (St. Louis, MO).

Cell Lines andTissue Culture
The premalignant cell lines used in this study have been

derived from human colorectal adenomas in the laboratory
of Drs. Christos Paraskeva and Ann Williams (University of
Bristol, Bristol, United Kingdom). RG/C2 (mutant p53/
Arg282Trp) and BR/C1 (mutant p53/deleted amino acids
262-266) are clonogenic, nontumorigenic adenoma-derived

cell lines hemizygous for mutant p53 (26, 27). AA/C1 (WT
p53) is a clonogenic, nontumorigenic adenoma cell line (28).
These premalignant lines grow in vitro but cannot grow
in vivo or in soft agar. H1299/ts p53-143#6 is the stably
transfected temperature-sensitive p53 mutant Ala143 in null
p53 H1299 lung cancer cells described in our previous
study (22). The human colon cancer cell lines DLD-1
(mutant p53/Ser241Phe), SW480 (mutant p53/Arg273His),
LOVO (WT p53), HCT116 (WT p53), and lung cancer cell
line H1299 (null p53) were obtained from American Type
Culture Collection (Rockville, MD). The premalignant
colon cell lines RG/C2, BR/C1, and AA/C1 were main-
tained with a 1:1 mixture of DMEM/F12 supplemented
with 5% horse serum, 4 mmol/L L-glutamine, 100 Ag/mL
penicillin/streptomycin, 20 mmol/L HEPES, 10 Ag/mL
insulin, 0.5 Ag/mL hydrocortisone, 100 ng/mL cholera
toxin, and 20 ng/mL epidermal growth factor (26). DLD-1,
SW480, LOVO, HCT116, and H1299 cells were maintained
in RPMI 1640 supplemented with 10% FCS.

Antibodies
Anti-p21 polyclonal antibody (clone: H-164), anti-

GADD45 polyclonal antibody (clone: H-165), anti-14-3-3j
polyclonal antibody (clone: C-18), anti-Bcl-XL polyclonal
antibody (clone: H-5), anti-Bax polyclonal antibody (clone:
N-20), and anti-JNK1 polyclonal antibody (clone: C-17)
were obtained from Santa Cruz (San Diego, CA). Anti-
human Fas polyclonal antibody was obtained from MIC
(Watertown, MA). Anti–a-tubulin monoclonal antibody
was obtained from Sigma.

DN-JNK Plasmid andTransfectants
Human WT JNK1 (p46 JNK, WT-JNK) cDNA was

produced in our laboratory by reverse transcription-PCR
and confirmed by DNA sequencing. DN-JNK cDNA was
produced by amino acid substitution of threonine (ACG)
183 for alanine (GCG) and tyrosine (TAT) 185 for
phenylalanine (TTT) in the dual-activating phosphorylation
sites of WT-JNK.

The E1/E3-deleted adenovirus vectors pAd/CMV/WT-
JNK (Ad-WT-JNK) and pAd/CMV/DN-JNK (Ad-DN-
JNK) were constructed and propagated into 293A cells
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). The virus particle titter was 3 � 108 pfu/
mL as determined by plaque titration assays in 293A
cells. pAd/CMV/DsRed (Invitrogen) was used as a
control. For transient transfection, DLD-1 cells were
infected with adenovirus containing either pAd/CMV/
DsRed (Ad-vector), pAd/CMV/WT-JNK (Ad-WT-JNK), or
pAd/CMV/DN-JNK (Ad-DN-JNK) for 36 hours, and
their expression was assessed by Western blot.

4V,6-Diamidino-2-Phenylindole Staining
Cells were treated with various concentrations of

PRIMA-1 for different periods of time. Cells were washed
with PBS, fixed in 4% paraformaldehyde at room
temperature for 1 hour, and stained with 50 Ag/mL of
4V,6-diamidino-2-phenylindole (DAPI) at 4jC for 2 hours.
Percentage of apoptotic cells was scored in at least 400 cells
in each sample by fluorescence microscopy. The micros-
copy reader was blinded to the actual groups.
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AnnexinVAssay
Cells were treated with 100 Amol/L PRIMA-1 for

16 hours. To quantitate the incidence of apoptotic cells,
cells were stained with phycoerythrin-labeled Annexin V
using the apoptosis detection kit (MIC) according to the
manufacturer’s protocol. The percentage of Annexin V-
phycoerythrin–positive cells was quantitated from the
fluorescence intensity of 10,000 cells using FACScan flow
cytometry (Becton Dickinson, Franklin Lakes, NJ).

Terminal DeoxynucleotidylTransferaseAssay
Cells were preincubated for 16 hours at 37jC or 32.5jC

and then treated with 50 or 100 Amol/L PRIMA-1 for
16 hours. Terminal deoxynucleotidyl transferase (TdT)
assay was done with a MEBSTAIN Apoptosis Kit Direct
(MIC) according to the manufacturer’s instructions. The
percentage of TdT-positive cells were quantitated from the
fluorescence intensity of 5,000 cells using FACScan flow
cytometry (Becton Dickinson).

Cell CycleAnalysis
For propidium iodide staining, cells were preincubated

for 16 hours at 37jC or 32.5jC and then treated with
50 Amol/L PRIMA-1 for different periods of time. After
collection by centrifugation at 1,200 rpm for 5 minutes, cell
pellets were washed once in PBS and fixed in 70% ice-cold
ethanol and kept at �20jC overnight. Fixed cells were
centrifuged, washed once in PBS, and then resuspended in
PBS containing 50 Ag of propidium iodide per milliliter
and 100 Ag of DNase-free RNase A per milliliter. The cell
suspension was incubated for 30 minutes at 37jC and
protected from light and 10,000 cellswere analyzed by
FACScan flow cytometry (Becton Dickinson).

Western Blot
Cell lysates were prepared in lysis buffer [20 mmol/L

Tris�Cl (pH 7.6), 1 mmol/L EDTA (pH 8.0), 150
mmol/L NaCl, 1% Triton X-100, 10 Ag/mL aprotinin,
5 mmol/L benzamidine, 50 Ag/mL leupeptin, 10 Ag/mL
pepstatin A, and 1 mmol/L phenylmethylsulfonyl fluoride]
for 15 minutes on ice and centrifuged at 10,000 � g

for 30 minutes. Equal amounts of lysates (40 Ag) were
boiled in SDS sample buffer and loaded on SDS-PAGE.
After transfer, immunoreactive products were detected by
the ECL system (Amersham Pharmacia, Piscataway, NJ).
Expression of a-tubulin was used as a control.

Results
PRIMA-1^ Induced Apoptosis in Mutant p53 Prema-

lignant and Malignant Colon Cancer Cells
To investigate the selective toxicity of PRIMA-1 to

premalignant and malignant colon cells, we studied three
premalignant human lines (RG/C2, BR/C1, and AA/C1)
and four malignant human lines (DLD-1, SW 480, LOVO,
and HCT 116). In comparison to the WT p53 cell lines (AA/
C1, LOVO, and HCT 116), a greater percentage of apoptotic
cells were found in the mutant p53 lines (RG/C2, BR/C1,
DLD-1, and SW480) after exposure to 100 Amol/L PRIMA-1
for 24 hours by DAPI staining (Fig. 1). In addition, Annexin
V assays were done in human malignant DLD-1, SW480,
LOVO, and HCT116 cell lines. As shown in Fig. 2, PRIMA-1
induced significantly more apoptosis in Annexin V assays in
the mutant p53 lines DLD-1 and SW480 cells than the WT
p53 lines (LOVO, HCT116) after exposure to 100 Amol/L
PRIMA-1 for 16 hours (average 68% versus 13%, respectively).

Figure 1. PRIMA-1– induced apoptosis in premalignant and malignant
human colon cells by DAPI staining. Cells were treated with 100 Amol/L
PRIMA-1 for 24 h, and changes in nuclear morphology were analyzed by
DAPI staining. Percentage of apoptotic cells with nuclear morphology
typical of apoptosis was scored in at least 400 cells in each sample by
fluorescence microscopy. All microscopy experiments were done by a
blinded reader to the actual groups. Columns, mean of three independent
experiments.

Figure 2. PRIMA-1 induced apoptosis in malignant human colon cells by
Annexin V assay. Cells were treated with 100 Amol/L PRIMA-1 for 16 h.
The Annexin V assays utilized the phycoerythrin-labeled apoptosis
detection kit according to the manufacturer’s protocol (MIC). The
percentage of Annexin V-phycoerythrin–positive cells was quantitated
by the fluorescence intensity of 10,000 cells using FACSCalibur. Experi-
ments were done thrice and a representative experiment is shown.
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The results showed that PRIMA-1 preferentially induced
more cell death in the mutant p53 lines than in the WT p53
premalignant and malignant colon cells. Also, it showed for
the first time that premalignant cells with mutant p53 were
as sensitive to PRIMA-1 as malignant cells with mutant p53.

PRIMA-1^ Induced Apoptosis in the Temperature-
Sensitive p53 Mutant143 Model

To further substantiate whether PRIMA-1 was more
toxic to mutant or WT p53 cancer cells for induction of
apoptosis, we established stable transfectants of human
temperature-sensitive p53 mutant 143(Val-Ala) in the null
p53 human lung adenocarcinoma cancer cell line H1299 (22).
Cells were preincubated at 37jC or 32.5jC for 16 hours and
then treated with 50 or 100 Amol/L PRIMA-1 for 24 hours.
Apoptotic cells were determined by DAPI staining and TdT
(TdT-mediated nick end labeling, TUNEL) assays. The
results are shown in Fig. 3. PRIMA-1 was more toxic to
H1299/ts p53-143#6 cells at the mutant p53 temperature
(37jC) than at its WT p53 temperature (32.5jC). The degree
of apoptosis was as follows: 58% at 37jC and 11% at 32.5jC
by DAPI staining (Fig. 3A) and 65% at 37jC and 20% at
32.5 jC by TdT assay (Fig. 3B) after exposure to 100 Amol/L

PRIMA-1. In addition, there was only 8% apoptosis in
nontransfected null p53 H1299 cells exposed to 100 Amol/L
PRIMA-1 at either temperature by both assays (Fig. 3A
and B). These data indicated that PRIMA-1 was preferen-
tially more toxic to cells expressing the mutant p53 form
than WT p53 form in H1299 lung cancer cells and its
induction of apoptosis was p53 dependent.

The Effect of PRIMA-1on Cell Cycle
To determine whether PRIMA-1 had an effect on the cell

cycle, DNA content analyses for G1 and G2 peaks were
done in temperature-sensitive p53 mutant H1299 stable
transfectants. When cells were treated with 50 Amol/L
PRIMA-1, the G2 peak increased only at 37jC, but not at

Figure 3. PRIMA-1 induced apoptosis in H1299 human lung cancer cells
expressing a temperature-sensitive p53 mutant Ala143. A, percentage of
apoptotic cells by DAPI staining. Cells were preincubated for 16 h at
37jC or 32.5jC and then treated with 50 or 100 Amol/L PRIMA-1 for
24 h. Nuclear morphology was analyzed by DAPI staining from 400 cells.
B, TdT (TUNEL) assay for apoptosis induced by PRIMA-1. Cells were
preincubated for 16 h at 37jC or 32.5jC and then treated with
100 Amol/L PRIMA-1 for 16 h. DNA fragmentation was determined by
TdT (TUNEL) assay from 5,000 cells according to the manufacturer’s
instructions. A representative histogram from an experiment shows
relative apoptotic cell numbers from 5,000 cells studied in three
independent experiments.

Figure 4. Time course effect of PRIMA-1 upon cell cycle in human lung
cancer cells H1299/ts p53-143#6. Cells were preincubated for 16 h at
37jC or 32.5jC; treated with 50 Amol/L PRIMA-1 for 6, 12, 24, or 48 h;
stained with propidium iodide; and 10,000 cells were analyzed by flow
cytometry. The experiment was repeated thrice. A representative
experiment is shown from three independent experiments. DNA content
is presented as relative fluorescence.

Table 1. The effects of PRIMA-1 on the cell cycle of H1299 cells

Cell cycle phase Control 6 h 12 h 24 h 48 h

37jC
Sub-G1 4 4 6 10 22
G0-G1 50 51 36 40 38
S 22 19 18 20 19
G2-M 24 26 40 30 21

32.5jC
Sub-G1 4 4 4 6 6
G0-G1 52 54 50 46 48
S 20 19 21 23 23
G2-M 24 23 25 25 23

NOTE: Data show cell cycle distribution of cells incubated at 37jC or 32.5jC
for 16 hours and then treated with 50 Amol/L PRIMA-1. Values represent
the results of flow cytometry experiments. Representative histograms for the
6- and 12-hour points are shown in Fig. 4.
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32.5jC, at 6- and 12-hour time points as shown in Fig. 4.
The cell cycle distribution changes after treatment with
50 Amol/L PRIMA-1 for up to 48 hours is summarized in
Table 1. In addition, these results were also replicated with
BrdUrd staining/fluorescence-activated cell sorting analysis
(data not shown). The data suggested that PRIMA-1
preferentially caused G2 arrest in the H1299 cells express-
ing the mutant p53 form at 37jC, but not at the WT p53
temperature.

The Effect of PRIMA-1 on p53 Target Genes Involved
in Cell Cycle Control and Apoptosis

To investigate whether the G2 arrest of PRIMA-1 on cell
cycle was potentially related to cell cycle regulatory
proteins directly transactivated by functional p53, we
investigated the expression of p21, GADD45, and 14-3-3j
in H1299/ts p53-143 lung cancer cells, DLD-1, and HCT116
colon cancer cells. As shown in Fig. 5A, expression of p21
and GADD45, but not 14-3-3j, was increased by PRIMA-1
exposure in a time course study in H1299/ts p53-143
cells with mutant p53 form at 37jC and the mutant p53
DLD-1 colon cancer cells. However, there was no change of
expression of these proteins in the WT p53 HCT116 cells

Figure 5. Effect of PRIMA-1 on p53 target genes involved in cell cycle
control (A) and apoptosis (B). A, cell lysates were prepared from H1299/
ts p53-143#6 lung cancer cells at 37jC (mutant p53), DLD-1 colon
cancer cells (mutant p53), and HCT116 colon cancer (WT p53) treated
with 100 Amol/L PRIMA-1 for 0, 16, or 24 h. Expression of p21, GADD45,
and 14-3-3j was detected by using a polyclonal anti-p21 antibody (H-
164), anti-GADD45 antibody (H-165), and anti-14-3-3j antibody (C-18),
respectively. Expression of a-tubulin was used as a control. B, Western
blot time course for expression of Fas, Bcl-XL, and Bax in H1299/ts p53-
143 #6 cells at 37jC (mutant p53) exposed to 100 Amol/L PRIMA-1. No
changes were noted in these proteins in the H1299 cells (mutant p53) and
similar results were obtained in DLD-1 and HCT116 cell lines (data not
shown). Experiments were done thrice.

Figure 6. Effects of MAPK inhibitors on PRIMA-1– induced apoptosis. A,
propidium iodide staining in mutant p53 human colon cancer cell line
DLD-1. Cells were preincubated with 50 Amol/L MAPK inhibitor SP
600125 (JNK inhibitor), SB 203580 (p38 MAPK inhibitor), or PD 98059
(ERK inhibitor) for 2 h and then treated with 100 Amol/L PRIMA-1 for 24 h,
stained with propidium iodide, and analyzed by flow cytometry. DNA
content is presented as relative fluorescence. Data represents the mean of
three experiments. The fold increase above control is shown at the right of
each figure. B, DAPI staining in mutant p53 human colon premalignant cell
line RG/C2. Cells were preincubated with 50 Amol/L JNK inhibitor SP
600125 for 2 h and then treated with 100 Amol/L PRIMA-1 for 24 h.
Nuclear morphology was analyzed by DAPI staining. Percentage of cells
with nuclear morphology typical of apoptosis was scored in at least 400
cells in each sample by fluorescence microscopy. All microscopy experi-
ments were done by a reader blinded to the actual groups. Columns, mean
of three experiments. C, time course study by DAPI staining in human lung
cancer cell line H1299/ts p53-143#6 at 37jC (mutant p53 form). Cells
were pretreated with 50 Amol/L JNK inhibitor SP 600125 for 2 h and then
treated with 50 Amol/L PRIMA-1 for 0, 8, 16, or 24 h. Nuclear morphology
was analyzed by DAPI staining as above. Columns, mean of three
experiments.
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from the same exposure to PRIMA-1 (Fig. 5A). These data
suggested that PRIMA-1 induced G2 arrest and it was
preceded or occurred concomitantly with increased levels
of p21 and GADD45. Levels of Bax, Bcl-XL, and FAS
were examined from the above experimental groups to
investigate the involvement of the intrinsic and extrinsic
pathways in the mechanism of apoptosis, respectively. As
shown in Fig. 5B, the H1299 stably transfected temperature-
sensitive p53 line showed no change in the levels of
these proteins. The same findings were also detected in the
DLD-1 and HCT116 cell lines (data not shown), implying
that the intrinsic and extrinsic pathways of apoptosis were
not involved in the mechanism of cell death by PRIMA-1
in these different cell lines.

The Effectof MAPKInhibitors on PRIMA-1^Mediated
Apoptosis

To investigate other possible mechanisms of PRIMA-1–
induced apoptosis in mutant p53 cells, MAPK inhibitors
were used to determine whether segments of the MAPK
pathway were involved. Fig. 6A showed the results of the
effect of three inhibitors on PRIMA-1–mediated apoptosis
by propidium iodide staining. The JNK inhibitor SP
600125 at 50 Amol/L reduced the increase in apoptosis
from 3.6-fold to 1.4-fold in the mutant p53 colon cancer cell
line DLD-1 after exposure to 100 Amol/L PRIMA for
24 hours. Similar results were also obtained in the pre-
malignant RG/C2 mutant p53 cells by DAPI staining as
shown in Fig. 6B. In addition, similar results were detected
in a time course study of 50 Amol/L JNK inhibitor SP 600125
in H1299/ts p53-143 cells at 37jC with DAPI staining as
shown in Fig. 6C. However, the p38 MAPK inhibitor SB
203580 and the ERK inhibitor PD 98059 at 50 Amol/L did
not significantly inhibit PRIMA-1 – induced cell death
(Fig 6A). All three MAPK inhibitors at 50 Amol/L did not
show significant toxicity in control experiments without
PRIMA-1 in the DLD-1, RG/C2, and H1299/ts p53-143 cell
lines (Fig. 6A-C). These results indicated that the JNK
pathway played an important role in PRIMA-1–induced
apoptosis in the three different cell lines with mutant p53.

Expression of DN-JNK and Its Effect on PRIMA-1^
Induced Cell Death

To further show that the JNK pathway was essential to
the mechanism of cell death induced by PRIMA-1, we
modulated JNK expression via an Ad5 adenovirus system.
DLD-1 cells were transiently transfected with adenovirus
containing either control Ad-vector, Ad-WT-JNK, or Ad-
DN-JNK with three different multiplicities of infection
(MOI) for 36 hours. The expression of WT-JNK and DN-
JNK was detected by Western blot as shown in Fig. 7A.
Approximately equal amounts of WT-JNK and DN-JNK
were expressed from transfection of 50 or 100 MOI
adenovirus in a dose-dependent manner. Cells were treated
with 50 or 100 Amol/L PRIMA-1 for an additional 24 hours
after being transfected with 50 MOI adenovirus of either
Ad-vector, Ad-WT-JNK, or Ad-DN-JNK for 36 hours. The
TdT assay was done for detection of apoptosis. DN-JNK
expression decreased induction of apoptosis by 100 Amol/L
PRIMA-1 from 28% to 11% in DLD-1 cells (Fig. 7B). In

experiments with H1299/ts p53-143#6 cells treated with
50 Amol/L PRIMA-1, DN-JNK expression reduced apop-
tosis from 21% to 10% (Fig. 7C). However, transfection
with Ad-WT-JNK did not produce a significant reduction
in apoptosis in these cells (Fig. 7B and C). These results
with JNK chemical inhibitor and DN-JNK showed that the
JNK MAPK pathway played a critical role for PRIMA-1–
induced apoptosis in these human premalignant and
malignant cell lines.

Discussion
The low-molecular-weight compound PRIMA-1 was iden-
tified in a cellular screen of a chemical library from the
National Cancer Institute using Saos-2-His273 osteosarcoma
cell line that expresses tetracycline-regulated mutant p53
(23). Li et al. (24) and Baker et al. (25) had reported that
PRIMA-1 restored sequence-specific DNA binding and the
active conformation to mutant p53 proteins in vitro and
in situ . PRIMA-1 induced apoptosis in a mutant p53–
dependent manner using a panel of cell lines with
expression of most common p53 mutant proteins. In this
study, we showed, for the first time, that PRIMA-1 was not
only toxic to malignant mutant p53 cells but was also toxic
to premalignant mutant p53 human colon cells using DAPI
and Annexin V assays (Figs. 1 and 2). In addition, PRIMA-1
was significantly more toxic to the mutant p53 conforma-
tion than the WT p53 form in lung cancer H1299 cells stably
transfected with a human temperature-sensitive p53
mutant Ala143 (Fig. 3). We have also found the selective
induction of apoptosis by PRIMA-1 in mutant p53 human
cancer cells from breast, mesothelioma, and pancreatic cell
lines compared with WT p53 lines.4

PRIMA-1 induced G2 arrest in H1299 cells expressing
human temperature-sensitive p53 mutant Ala143 at 37jC but
not at 32.5jC (Fig. 4; Table 1). This was associated temporally
with an induction of p21 and GADD45 in these cells, as well
as in the mutant p53 DLD-1 cells, which is likely responsible
for the PRIMA-1–induced G2 arrest. However, p21 and
GADD45 were not induced in the HCT116 cells with WT p53
(Fig. 5A). Induction of p21 by PRIMA-1 has been observed in
human lung cancer cell line H1299 expressing mutant p53
His175, as well as in the human colon mutant p53 cancer cell
line SW 480 (23). Induction of p21 mainly occurs in p53-
dependent and p53-independent G1 arrest and apoptosis
(29–32). p21 also participates in the G2 checkpoint, as shown
in altered HCT116 colon cancer cells lacking either p21 or
p53, which did not arrest in G2 after exposure to ionizing
radiation (33). Cisplatin and BBR3464, a trinuclear platinum
complex that exhibits potent cytotoxicity and efficacy
against cisplatin-resistant tumors, induced p21 expression
and caused a selective G2-M arrest in ovarian cancer cells
(34). T-cadherin–mediated cell growth regulation involves
G2, but not G1, phase arrest and requires p21 expression (35).

4 Y. Li and R.L. Fire, unpublished data.
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These observations suggested a novel mechanism of growth
regulation for drugs, inducing p21 expression and subse-
quent G2 arrest. Our results support the concept that p21
induction by PRIMA-1 in mutant p53 cells can mediate a
p53-dependent G2 arrest mechanism. GADD45 is another
transcriptional target of p53 implicated in regulating the G2-
M transition, but whether GADD45 plays a direct role in
apoptosis remains unclear (12). GADD genes are stress
response genes and classified as GADD34, GADD45 ,
and GADD153 , and they are induced by stressors, such as
UV irradiation, chemical carcinogens, and starvation,
respectively (36, 37). The GADD family of genes, by means
of the p38 MAPK pathway, has been shown to play an
important role in melanoma differentiation-associated gene-7
(mda-7)– induced apoptosis in human melanoma cells (38).
Peroxynitrite-mediated oxidative stress activated p38
MAPK to induce three GADD genes in human neuroblas-
toma SH-SY5Y cells (39). We found the induction of
GADD45 by PRIMA-1 in cell lines with only mutant p53
including the human lung cancer H1299 temperature-
sensitive p53 mutant Ala143 cells and human colon cancer
DLD-1 cells, but not in the HCT116 line with WT p53 (Fig.
5A). The p38 MAPK inhibitor SB 203580 did not block
PRIMA-1–induced apoptosis in DLD-1 cells (Fig. 6A),
suggesting that the GADD45 gene was involved in the G2

arrest of the cell cycle in PRIMA-1, but the p38 MAPK
pathway may not be required for PRIMA-1 to induce cell
death in these colon cancer cells. Induction of apoptosis by
PRIMA-1 was potently inhibited in DLD-1, RG/C2, H1299/
p53-143#6 cell lines by specific JNK inhibitor SP 600125 and
DN-JNK (Figs. 6 and 7B, C). Generally, activation of ERK
forms of MAPK elicits survival responses, whereas activa-
tion of the stress-activated protein kinases, JNK, and p38
generally promote cell death (40, 41). The effects of these
MAPKs seem to be cell type specific. Paclitaxel-induced
apoptosis in MCF-7 cells (WT p53) can be inhibited in a p53-

dependent manner by the JNK inhibitor SP 600125 (42) and
can also be blocked with inhibitors of the ERK and p38
MAPK pathways in a p53-independent manner (43).
Cantharidin-induced apoptosis via activation of p38 MAPK
and JNK pathways were associated with mutant p53 and
activation of caspase-3 (44). These data suggest that agent-
induced G2 arrest and apoptosis can be through p53-
dependent and p53-independent MAPK pathways in a cell
type–specific manner.

Specific caspase-8, caspase-9, and caspase-3 inhibitors,
each at 4 Amol/L, either alone or all together did not
block PRIMA-1–induced cell death under the conditions
in our study in the lung cancer cell line H1299
temperature-sensitive p53-143 and colon cancer cell line
DLD-1 (data not shown). However, the pan-caspase

Figure 7. The effect of DN-JNK on PRIMA-1– induced apoptosis. A,
expression of WT-JNK and DN-JNK in mutant p53 colon cancer DLD-1 cell
line. Cells were infected with different MOIs of adenovirus containing
either pAd/CMV/DsRed (Ad-vector ), pAd/CMV/WT-JNK (Ad-WT-JNK ), or
pAd/CMV/DN-JNK (Ad-DN-JNK) for 36 h. Expression of JNK and DN-JNK
proteins was detected by Western blot using anti-JNK1 polyclonal
antibody (clone: C-17). Expression of a-tubulin was used as a control. B,
DN-JNK blocked PRIMA-1– induced cell death in the DLD-1 cell line. Cells
were infected with 50 MOI of adenovirus containing either Ad-vector, Ad-
WT-JNK, or Ad-DN-JNK for 36 h. DLD-1 cell transient transfectants were
treated with 50 or 100 Amol/L PRIMA-1 for an additional 24 h. Apoptotic
cells were determined by TdT (TUNEL) assay and quantitated by flow
cytometry from 5,000 cells tested according to the manufacturer’s
instructions. The histograms show relative apoptotic cell numbers of a
representative experiment from three experiments. The fold increase above
control is shown at the right of each figure. C, DN-JNK blocked PRIMA-1–
induced cell death in H1299/ts p53-143#6 cells at 37jC (mutant p53
form). Cells were infected with 50 MOI of adenovirus containing either Ad-
vector, Ad-WT-JNK, or Ad-DN-JNK for 24 h. H1299 transient trans-
fectants were treated with 50 Amol/L PRIMA-1 for an additional 24 h.
Apoptotic cells were determined by TdT (TUNEL) assay from 5,000 cells
tested as above. The histogram shows relative apoptotic cell numbers of a
representative experiment from three studies. The fold increase above
control is shown at the right of each figure.
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inhibitor VAD-FMK, at 100 Amol/L, completely blocked
PRIMA-1–mediated cell death in human non–small cell
lung carcinoma cell lines H460 and H23 (45). It is
possible that the extraordinarily high concentration of the
pan-caspase inhibitor (100 Amol/L) in this previous study
may have been nonselective. In our experiments, the pan-
caspase inhibitor VAD-FMK at 40 Amol/L also reduced
PRIMA-1–induced cell death by 40% in mutant p53
colon cancer DLD-1 cells. Thus, PRIMA-1 did not induce
any activities of the caspases tested (caspase-8, caspase-9,
or caspase-3), but high concentrations of the pan-caspase
inhibitor VAD-FMK reduced apoptosis induced by
PRIMA-1, suggesting either a nonspecific toxic effect or
an unknown caspase may be involved in this mechanism.
Collectively, these results and prior studies suggest that
PRIMA-1–induced apoptosis can be through a caspase-
dependent or caspase-independent pathway possibly
dependent upon cell line type.

Tumors carrying mutant p53 are often more resistant to
conventional cancer therapy (9, 46, 47). Therefore, it is
important to develop novel therapeutic strategies that
target mutant p53 in tumors. A number of small molecules,
such as CP-31398, WR1065, and PRIMA-1, have been
identified, which restore partial degree of native confor-
mation and WT function to mutant p53 (48). The study of
the structure-activity relationship of these molecules could
be helpful in the future for the discovery of more potent
analogues for restoration of p53 function in mutant p53
tumors.

In conclusion, PRIMA-1 selectively induced apoptosis
only in mutant p53, but not in WT p53, premalignant
colon cells, and in malignant colon cells. It also induced
significantly more apoptosis in human lung cancer H1299
cells with mutant p53 conformation than the WT p53
conformation. Induction of G2 arrest by PRIMA-1 is
probably conferred by up-regulation of p21 and GADD45.
Induction of apoptosis occurred through the JNK pathway
but did not require the p38 MAPK or ERK pathways as
shown in the dominant-negative and pharmacologic
inhibitor experiments. There was no evidence for involve-
ment of Fas, the Bcl-2 family proteins, and caspase-8,
caspase-9, and caspase-3 in PRIMA-1–induced apoptosis
in premalignant and malignant colon cells and malignant
lung cells with mutant p53. Our new findings suggest that
PRIMA-1–induced cell death is through the JNK pathway
in a p53-dependent manner and this may have important
implications for cancer treatment, especially for colon
cancer in different phases of transformation, including
premalignant and malignant states. This work shows
the selective efficacy of PRIMA-1 for inducing apoptosis
in premalignant mutant p53 colon cells, which could
possibly eliminate cells in evolution to frank malignancy.
There are currently very few therapeutics or clinical
modalities outside of surgery that have this potential.
PRIMA-1 may serve as a leading prototypic compound for
the development of new p53-targeting agents for more
potent small molecules that work at clinically achievable
concentrations.

Acknowledgments

We thank Dr. Klas Wiman (Department of Oncology-Pathology, Karolinska
Institute, Stockholm, Sweden) for providing PRIMA-1; Dr. Christos
Paraskeva (University of Bristol, Bristol, United Kingdom) for premalignant
cell lines RG/C2, BR/C1, and AA/C1; and Drs. Regina Santella and Pavel
Rossner (Department of Environmental Health Sciences at Columbia
University Medical Center, New York, NY) for sequencing the p53
mutation in human colon premalignant cells BR/C1.

References

1. El-Deiry WS. The p53 pathway and cancer therapy. Cancer J 1998;
11:229–36.

2. Friend S. p53: A glimpse at the puppet behind the shadow play.
Science 1994;265:334–5.

3. Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53 mutations in
human cancers. Science 1991;253:49–53.

4. Cho Y, Gorina S, Jeffrey PD, Pavletich NP. Crystal structure of a p53
tumor suppressor-DNA complex: understanding tumorigenic mutations.
Science 1994;265:346–55.

5. Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, Craig R.
Participation of p53 protein in the cellular response to DNA damage.
Cancer Res 1991;51:6304–11.

6. Livingstone LR, White A, Sprouse J, Livanos E, Jacks T, Tlsty TD.
Altered cell cycle arrest and gene amplification potential accompany loss
of wild-type p53. Cell 1992;70:923–35.

7. Yin Y, Tainsky MA, Bischoff FZ, Strong LC, Wahl GM. Wild-type p53
restores cell cycle control and inhibits gene amplification in cells with
mutant p53 alleles. Cell 1992;70:937–48.

8. Beroud C, Soussi T. p53 gene mutation: software and database.
Nucleic Acids Res 1998;26:200–4.

9. Levine AJ. p53, the cellular gatekeeper for growth and division. Cell
1997;88:323–31.

10. Weinberg WC, Denning MF. p21 Waf1 control of epithelial cell cycle
and cell fate. Crit Rev Oral Biol Med 2002;6:453–64.

11. Taylor WR, Stark GR. Regulation of G2/M transition by p53.
Oncogene 2001;20:1803–15.

12. Sheikh MS, Hollander MC, Fornace AJ Jr. Role of GADD45 in
apoptosis. Biochem Pharmacol 2000;59:43–5.

13. Garrington TP, Johnson GL. Organization and regulation of mitogen-
activated protein kinase signaling pathways. Curr Opin Cell Biol 1999;11:
211–8.

14. Subbaramaiah K, Hart JC, Norton L, Dannenberg AJ. Microtubule-
interfering agents stimulate the transcription of cyclooxygenase-2:
evidence for involvement of ERK1/2 and p38 mitogen-activated protein
kinase pathways. J Biol Chem 2000;275:14838–45.

15. McCawley LJ, Li S, Wattenberg EV, Hudson LG. Sustained activation
of the mitogen-activated protein kinase pathway: a mechanism underlying
receptor tyrosine kinase specificity for matrix metalloproteinase-9 induc-
tion and cell migration. J Biol Chem 1999;274:4347–53.

16. Paumelle R, Tulasne D, Leroy C, Coll J, Vandenbunder B, Fafeur V.
Sequential activation of ERK and repression of JNK by scatter factor/
hepatocyte growth factor in Madin-Darby canine kidney epithelial cells.
Mol Biol Cell 2000;11:3751–63.

17. Harper SJ, LoGrasso P. Signalling for survival and death in neurons:
the role of stress-activated kinases, JNK and p38. Cell Signal 2001;13:
299–310.

18. Gupta S, Campbell D, Derijard B, Davis RJ. Transcription factor ATF2
regulation by the JNK signal transduction pathway. Science 1995;267:
389–93.

19. Ham Y-M, Choi J-S, Chun K-H, Joo S-H, Lee S-K. The c-Jun
N-terminal kinase 1 activity differentially regulated by specific mechanisms
during apoptosis. J Biol Chem 2003;278:50330–7.

20. Zhang W, Guo XY, Hu GY, Liu WB, Shay JW, Deisseroth AB. A
temperature-sensitive mutant of human p53. EMBO J 1994;13:2535–44.

21. Friedlander P, Haupt Y, Prives C, Oren MA. A mutant p53 that
discriminates between p53-responsive genes cannot induce apoptosis.
Mol Cell Biol 1996;16:4961–71.

22. Li Y, Raffo AJ, Drew L, et al. Fas-mediated apoptosis is dependent on
wild-type p53 status in human cancer cells expressing a temperature-
sensitive p53 mutant alanine-143. Cancer Res 2003;63:1527–33.

PRIMA-1 Induces JNK-Mediated Apoptosis908

Mol Cancer Ther 2005;4(6). June 2005

on July 5, 2018. © 2005 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

http://mct.aacrjournals.org/


23. Bykov VJN, Issaeva N, Shilov A, et al. Restoration of the tumor
suppressor function to mutant p53 by a low-molecular-weight compound.
Nat Med 2002;8:282–8.

24. Bykov VJN, Selivanova G, Wiman KG. Small molecules that
reactivate mutant p53. Eur J Cancer 2003;39:1828–34.

25. Bykov VJN, Issaeva N, Selivanova G, Wiman KG. Mutant p53-
dependent growth suppression distinguishes PRIMA-1 from known
anticancer drugs: A statistical analysis of information in the National
Cancer Institute database. Carcinogenesis 2002;23:2011–8.

26. Baker SJ, Preisuner AC, Jessup JM, et al. p53 gene mutations occur
in combination with 17p allelic deletions as late events in colorectal
tumorigenesis. Cancer Res 1990;50:7717–22.

27. Paraskeva C, Buckle BG, Sheer D, Wigley CB. The isolation and
characterization of colorectal epithelial cell lines at different stages in
malignant transformation from familial polyposis coli patients. Int J Cancer
1984;34;49–56.

28. Elder DJE, Halton DE, Crew TE, Paraskeva C. Apoptosis
induction and cyclooxygenase-2 regulation in human colorectal
adenoma and carcinoma cell lines by the cyclooxygenase-2-selective
non-steroidal anti-inflammatory drug NS-398. Int J Cancer 2000;86:
553–60.

29. EI-Deiry WJ, Harper W, O’Connor PM, et al. WAF1/CIP1 is induced in
p53-mediated G1 arrest and apoptosis. Cancer Res 1994;54:1169–74.

30. Macleod KF, Sherry N, Hannon DB, et al. p53-dependent and -inde-
pendent expression of p21 during cell growth, differentiation and DNA
damage. Genes Dev 1995;9:935–44.

31. Jiang H, Lin J, Su Z, Collart FR, Huberman E, Fisher PB. Induction
of differentiation in human promyelocytic HL-60 leukemia cells activates
p21 expression in the absence of p53. Oncogene 1994;9:3397–406.

32. Parker SB, Eichele G, Zhang P, et al. p53-independent expression of
p21 in muscle and other terminally differentiating cells. Science 1995;
267:1024–7.

33. Dutriaux FBA, Lengauer C, Waldman T, et al. Requirement for p53 and
p21 to sustainG2 arrest afterDNAdamage. Science 1998;282:1497–510.

34. Perego P, Gatti L, Righetti SC, et al. Development of resistance to a
trinuclear platinum complex in ovarian carcinoma cells. Int J Cancer 2003;
105:617–24.

35. Huang Z-Y, Wu Y, Hedrick N, Gutmann DH. T-cadherin-mediated cell
growth regulation involves G2 phase arrest and requires p21 expression.
Mol Cell Biol 2003;23:566–78.

36. Fornace AJ Jr, Nebert DW, Hollander MC, et al. Mammalian genes
coordinately regulated by growth arrest signals and DNA-damaging
agents. Mol Cell Biol 1989;9:4196–203.

37. Jackman J, Alamo I Jr, Fornace AJ Jr. Genotoxic stress confers
preferential and coordinate messenger RNA stability on the five GADD
genes. Cancer Res 1994;54:5656–62.

38. Sarkar D, Su ZZ, Lebedeva IV, et al. Mda-7 (IL-24) mediates selective
apoptosis in human melanoma cells by inducing the coordinated over-
expression of the GADD family of genes by means of p38 MAPK. Proc Natl
Acad Sci U S A 2002;99:10054–9.

39. Oh-Hashi K, Maruyama W, Isobe K. Peroxynitrite induces GADD34,
45 and 153 via p38 MAPK in human neuroblastoma SH-SY5Y cells. Free
Radic Biol Med 2001;30:213–21.

40. Harpe SJ, LoGrasso P. Signalling for survival and death in neurons:
the role of stress-activated kinases, JNK and p38. Cell Signal 2001;13:
299–310.

41. Dent P, Yacoub A, Fisher PB, Hagan MP, Grant S. MAPK pathways in
radiation responses. Oncogene 2003;22:5885–96.

42. Mingo-Sion AM, Marietta PM, Koller E, Wolf DM, Van Den Berg CL.
Inhibition of JNK reduces G2/M transit independent of p53, leading to
endoreduplication, decreased proliferation, and apoptosis in breast cancer
cells. Oncogene 2004;23:596–604.

43. Bacus SS, Gudkov AV, Lowe M, et al. Taxol-induced apoptosis
depends on MAP kinase pathways (ERK and p38) and is independent of
p53. Oncogene 2001;20:147–55.

44. Huh JE, Kang K-S, Chae C, Kim H-M, Ahn K-S, Kim S-H. Role of
p38 and JNK mitogen-activated protein kinase pathways during
cantharidin-induced apoptosis in U937 cells. Biochem Pharmacol 2004;
67:1811–8.

45. Chipuk JE, Maurer U, Green DR, Schuler M. Pharmacologic activation
of p53 elicits Bax-dependent apoptosis in the absence of transcription.
Cancer Cell 2003;4:371–81.

46. Yeager TR, Reznikoff CA. Methotrexate resistance in human uro-
epithelial cells with p53 alterations. J Urol 1998;159:581–5.

47. O’Connor PM, Jackman J, Bae I. Characterization of the p53 tumor
suppressor pathway in cell lines of the National Cancer Institute anticancer
drug screen and correlations with the growth-inhibitory potency of 123
anticancer agents. Cancer Res 1997;57:4285–300.

48. Wang W, Rastinejad F, EI-Deiry WS. Restoring p53-dependent tumor
suppression. Cancer Biol 2003;2:55–63.

Molecular Cancer Therapeutics 909

Mol Cancer Ther 2005;4(6). June 2005

on July 5, 2018. © 2005 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

http://mct.aacrjournals.org/


2005;4:901-909. Mol Cancer Ther 
  
Yin Li, Yuehua Mao, Paul W. Brandt-Rauf, et al. 
  

-kinase pathway2c-Jun-NH
and malignant cancer cells by PRIMA-1 through the 
Selective induction of apoptosis in mutant p53 premalignant

  
Updated version

  
 http://mct.aacrjournals.org/content/4/6/901

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://mct.aacrjournals.org/content/4/6/901.full#ref-list-1

This article cites 45 articles, 21 of which you can access for free at:

  
Citing articles

  
 http://mct.aacrjournals.org/content/4/6/901.full#related-urls

This article has been cited by 5 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
(CCC)
Click on "Request Permissions" which will take you to the Copyright Clearance Center's

.http://mct.aacrjournals.org/content/4/6/901
To request permission to re-use all or part of this article, use this link

on July 5, 2018. © 2005 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

http://mct.aacrjournals.org/content/4/6/901
http://mct.aacrjournals.org/content/4/6/901.full#ref-list-1
http://mct.aacrjournals.org/content/4/6/901.full#related-urls
http://mct.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mct.aacrjournals.org/content/4/6/901
http://mct.aacrjournals.org/

