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Abstract

The p53 protein plays a major role in the maintenance of genome stability in mammalian cells. Mutations of p53 occur in over 40% of
breast cancers and are indicative of tumor resistance to chemotherapeutic agents. Recently, there has been a high degree of interest in
pharmacological approaches for restoring the normal function to mutant p53. The low molecular weight compound p53 reactivation and
induction of massive apoptosis (PRIMA-1) was shown to induce cytotoxic effects and apoptosis in human tumor cells with mutant p53.
Here, we studied the molecular mechanisms of PRIMA-1-induced apoptosis in human breast cancer cells with p53 mutations such as
MDA-231 and GI-101A as compared to MCF-7 cells. We show that PRIMA-1 selectively induces apoptosis in human breast cancer
cells MDA-231 and GI-101A compared to the MCF-7. This effect was paralleled by an increase in total p53 level in the nucleus and
the induction of its phosphorylation at Ser-15 site. Using the chromatin immunoprecipitation (ChIP) assays, we show that PRIMA-1
restored p53 DNA binding activity to the promoters of the proapoptotic genes such as Bax and PUMA, but inhibited the binding activity
to the promoters of the MAP4K4 gene. Knockdown of p53 protein in breast cancer cells using siRNA followed by PRIMA-1 treatment
resulted in decline of Bax and PUMA proteins expression. Cell incubation with either PRIMA-1 or SP600125 (c-Jun NH2-terminal
kinase inhibitor) resulted in the abrogation of adriamycin-induced c-Jun NH2-terminal kinase (JNK) activation, whereas Bax activation
was not inhibited. We conclude that both Bax and PUMA but not JNK signaling are involved in PRIMA-1-induced apoptosis in breast
cancer cells with p53 mutation.
� 2006 Elsevier Inc. All rights reserved.
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The p53 protein plays a major role in the maintenance of
genome stability in mammalian cells. It is a central tran-
scription factor activated in response to a variety of cellular
stresses, including DNA damage, mitotic spindle damage,
heat shock, metabolic changes, hypoxia, viral infection,
and oncogene activation [1]. p53 can induce growth arrest
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and apoptosis, events that prevent the survival of damaged
cells. It can also promote early senescence in response to
unregulated mitogenic signaling [2,3]. The transactivation
function of p53 is mediated through sequence-specific bind-
ing of its central domain to cis-acting elements within the
promoters or introns of responsive genes. It is also known
that p53 is the most commonly mutated gene in human
cancers and more than 40% of breast tumors are defective
in p53 [4,5]. The frequent mutation of p53 in human
tumors and the presumed dominant gain-of-function effect

of p53 mutations make mutant p53 a prime target for
pharmacological intervention in cancer therapeutics.
Therefore, pharmacological reactivation of mutant p53
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should efficiently eliminate tumor cells through the induc-
tion of apoptosis with minor unwanted side effects on nor-
mal tissues. Hence, the reactivation of mutant p53 in
tumors has emerged as an attractive strategy for novel
tumor therapies. Various strategies have been designed to
restore normal function to mutant p53 [6]. The low molec-
ular weight compound PRIMA-1 (p53 reactivation and
induction of massive apoptosis) (2,2-bis(hydroxymethyl)-
1-azabicyclo(2,2,2)octan-3-one) was identified in cellular
screen of chemical library as a compound that restores
tumor suppressor function to mutant p53 proteins with
subsequent noticeable in vitro and in vivo anti-tumor activ-
ity [7]. However, the precise mechanism(s) of apoptosis
elicited by PRIMA-1 remained under investigation by var-
ious laboratories. For example, recent study by Schuler
and Wiman groups [8,9] showed the involvement of the
proapoptotic Bax and PUMA in PRIMA-1-mediated
apoptosis. In contrast, Li et al. [10] reported the involve-
ment of the c-Jun N-terminal kinase (JNK) pathway and
not the Bcl-2 proteins. Hence the aim of this study was
to further elucidate the apoptotic signal transduction path-
way that is activated upon restoration of the transcription-
al transactivation function with PRIMA-1 in breast cancer
cells. Direct evidence is provided for the requirement of
Bax and PUMA activation as direct targets for PRIMA-
1-induced apoptosis. In contrast, PRIMA-1 inhibited the
binding of p53 to the promoters of the MAP4K4 gene
and abrogated adriamycin-mediated activation of JNK sig-
naling. Taken together, these results suggest a critical role
of Bcl-2 proapoptotic proteins and p53 in PRIMA-1-in-
duced apoptosis of human breast cancer cells. Parts of
the current study were published previously as an abstract
[11].
Materials and methods

Chemicals, kits, and antibodies. PRIMA-1 (NSC-281668) was obtained
from the Drug Synthesis and Chemistry Branch, National Cancer Institute
(Bethesda, MD); Annexin V-PI kit was purchased from BD Biosciences
(San Diego, CA). Focus�-Cytoplasmic & Nuclear Protein Extraction and
Focus� Mitochondria kits were from Geno Technology, Inc. (St. Louis,
MO). ChIP-IT� kit was from Active Motif (Carlsbad, CA). CB-XTM
Protein Assay kit was from Biosciences (St. Louis, MO). Primary anti-
Table 1
Oligonucleotides used for p53BS ChIP analysis

Target Forward

MAP4K4 p53BS I 5 0-TCGCCAAATTAAATGGTGATTG
MAP4K4 p53BS II 5 0-TCACCATGTTGGCTAGGCTG
MAP4K4 p53BS III 5 0-TTCATTAGGAGGAGATTGTGTCAGC
MAP4K4 p53BS IV 5 0-GGAATTCCCTTGTATAATAGCCAGC
MAP4K4 p53BS V 5 0-CGGGCATGATGGCACAT
NOXA p53BS 5 0-CTCGAGACCTGCTCCACTTC
BAX p53BS1 5 0-GGAGTCTCTCTCGGTTGCAC
BAX p53BSII 5 0-GGGCAGATTGTGTGGAGTTT
PUMA p53BSI 5 0-ACAGATCCACACCCCCAGC
PUMA p53BSII 5 0-AGCCGAGATAGTGCCATTGC
b-Globin 5 0-GGCAAGGTGAACGTGGATGAAGTTG
bodies against p53 (DO-1), phos-p53(ser20), c-Jun(H-79), and p-c-Jun(Ser
63/73) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA);
phosp53(ser15) and phos-p53(ser46) antibodies were purchased from Cell
Signaling Technology (Beverly, MA). Anti-PUMA(CT)bbc3 antibody was
from ProSci Inc. (Poway, CA), anti-Bax(Ab-3) antibody was from Cal-
biochem (EMD Biosciences Inc., San Diego, CA). The goat anti-mouse,
anti-rat, and anti-rabbit secondary antibodies labeled with IRDye� 38
were purchased from LI-COR, Inc. Biosciences (Lincoln, NE). PageRul-
er� Prestained Protein Ladder was the product of Fermentas Life Sciences
(Hanover, MD). Adriamycin was from SIGMA (St. Louis, MO).
SP600125 (JNK inhibitor II) was from Calbiochem (EMD Biosciences
Inc., San Diego, CA). siGENOME SMARTpool tumor protein p53 (Li-
Fraumeni syndrome) siRNA, siCONTROL Non-Targeting siRNA #2,
and DharmaFECT 2 Transfection Reagent were purchased from
Dharmacon Research Inc. (Lafayette, CO). All other chemicals were of
reagent grade. All ChIP primers used in this study were synthesized by
Invitrogen (Carlsbad, CA) and the sequences are shown in Table 1.

Cell lines and flow cytometry. The human breast MDA-231 and GI-
101A carcinoma cells were used in this study. MDA-231 expresses
endogenous A278P, R280K, and M385T p53 mutations and GI-101A has
Y236C, A278P, and *R72P (polymorphism) mutant p53. In addition, we
used the human breast MCF-7 carcinoma cells with wild-type p53. These
cells were routinely maintained in monolayer cultures in RPMI-1640
medium (Invitrogen, Inc., Carlsbad, CA) supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT). Cells were grown in a humidified
atmosphere of air containing 5% CO2 at 37 �C. Exponentially growing
cultures at 80% confluence were used in all experiments, as previously
reported [12]. For flow cytometry, cells were treated with 100 lM PRIMA-
1 for 24 h. After drug treatment, the cultures were rinsed with PBS and re-
incubated with fresh medium for 24, 48, and 72 h, then trypsinized, cen-
trifuged for 10 min at 600–700 rpm, and resuspended in binding buffer. A
mixture of 0.1 ml of cell suspensions, 5 ll of Annexin V-FITC, and 10 ll
of PI was incubated for 15 min at room temperature in the dark. A flow-
cytometric analysis proceeded within 1 h after the addition of 400 ll of
binding buffer. These experiments were carried out using the FACSort�
flow cytometer (Becton–Dickinson Immunocytometry Systems, San Jose,
CA, USA) and data were analyzed using FlowJo software (Tree Star, Inc.,
Ashland, OR). Each experiment was repeated three times.

Immunoblotting. Cells were incubated with 0 or 100 lM PRIMA-1
for 0, 2, 4, 8, 12 or 24 h, washed twice with PBS (pH 7.4), and harvested.
Harvested cells were either used to prepare the whole cell lysates or for
subcellular fractionation studies. Nuclear, mitochondria, and cytosolic
fractions were obtained by the following procedures. Adherent cells
(2 · 107) were harvested and washed with PBS. Nuclear and mitochon-
drial fractions were isolated with the use of a FOCUS�-Cytoplasmic &
Nuclear Protein Extraction kit and a FOCUS� Mitochondria Kit (Geno
Technology Inc., St. Louis, MO). The nuclear and mitochondrial pellets
were lysed in SDS sample buffer, and the samples were concentrated with
a Microcon filtration device (Millipore, Bedford, MA) before separation
by SDS–PAGE and immunoblotting. For immunoblotting, 50 lg protein
samples were separated by SDS–PAGE (4–20% polyacrylamide gradient
Reverse

50-AAGCTCTGGCTAATTCACTTGGA
50-TGCAGATCACTTGAGGCCAG
50-TGAACATGCCTCTCAGTGGC
50-TGCAGTCTAGCATCACATGGTAAAT
50-TGCCTCAGCCTCCCTAGTAGC
50-CGCTGGAATCCTCTCTGTTC
50-CCAAGCTACTCGGGAGACTG
50-CTTGAGGCCAGGAGTTTGAG
50-ACTTTGTGGACCCTGGAACG
50-CGGAGTTTGCTCTTGTTGCC

GTG 50-GGAGTGGACAGATCCCCAAAGGACTCAAAG
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gel) and transferred on nitrocellulose (Millipore, Bedford, MA). The
membrane was developed according to a protocol provided by LI-COR,
Inc. (Lincoln, NE) as previously reported [12]. Blots were blocked in
50% blocking buffer diluted in TBS-T (50 mM Tris–HCl, pH 7.5,
150 mM NaCl, and 0.1% Tween 20) for 1 h and incubated with primary
antibodies. The dilutions of all primary antibodies were used according
to the manufacturer’s instructions. Antibody binding was detected using
a secondary antibody: the goat anti-mouse, anti-rat, and anti-rabbit
secondary antibodies conjugated with IRDye� 38. The reactive bands
were revealed and detected with the Odyssey� Infrared Imaging System
(LI-COR, Inc.). Protein bands were quantified with the provided image
analysis software program. Statistical analysis was based on three inde-
pendent experiments.

Chromatin immunoprecipitation (ChIP) assay. In vivo chromatin
immunoprecipitation (ChIP) assay was performed according to the
instruction manual of ChIP-IT kit (Active Motif, Carlsbad, CA). Briefly,
formaldehyde was added to cells treated with or without 100 lM PRIMA-
1 for 10 min. The cells were pelleted and resuspended in 200 ml of SDS
lysis buffer (1% SDS/10 mM EDTA/50 mM Tris–HCl, pH 8.1) and
incubated on ice. Lysate samples were sonicated and debris was removed
by centrifugation. The chromatin solution was obtained and salmon
sperm DNA/Protein A agarose slurry was added and incubated for 2 h at
4 �C. Beads were pelleted by centrifugation, and supernatants were incu-
bated with 2 mg of p53 (DO-1) antibody overnight at 4 �C. The resultant
DNA complexes were collected using a salmon sperm DNA/Protein A
agarose slurry. After reverse crosslinking of histone–DNA with glycine
followed by RNase A treatment, DNA was purified using mini-columns
provided with kit. The purified DNA was amplified by promoter-specific
primers and PCR products were subjected to agarose gel electrophoresis in
the presence of SYBR Safe� DNA gel stain (Invitrogen, Eugene, OR).
The primer sequences from the promoter region of each gene were shown
in Table 1. The primer pairs of MAP4K4-p53BSI-V were used as descri-
bed by Miled et al. [13]. The PCR bands were quantified using Bio-Rad
Quantity one software (Bio-Rad, Hercules, CA).

Small interfering RNA system and transfection. Small interfering RNAs
were synthesized by Dharmacon Research Inc. (Lafayette, CO). The
p53siRNA consisted of a mixture of four siRNA duplexes targeting four
different regions of the p53 mRNA (siGENOME SMARTpool tumor
protein p53 (M-003329-01)). A pool of four non-targeting siRNA duplexes
was used as a negative control (siRNA CONTROL non-targeting siRNA
pool, D-001210-02). Transfection of cells with siRNA duplexes was per-
formed using DharmaFECT2 siRNA transfection reagent (Dharmacon,
Inc.). To determine the optimum conditions for p53 downregulation, cells
were transfected with 0, 25, 50, and 100 nM of control siRNA and
p53siRNA for 0, 24, 48 or 72 h as recommended by Dharmacon. The
downregulation of p53 protein was determined by Western blot. Subse-
quently, cells were transfected with 100 nM of control siRNA or p53siR-
NA for 48 h and following a change of media, treated for a further 24 h
with 100 lM PRIMA-1. To assess whether the effect of PRIMA-1 on Bax
and PUMA expression is p53 dependent, cells were harvested and lysed for
Western blotting using primary antibodies for Bax and PUMA as previ-
ously reported [12]. Triplicate samples were collected for each experiment.

JNK signaling inhibition assay. Cells were pre-treated with 10 lM
adriamycin (ADR) for 2 h, washed twice with PBS, and exposed to either
50 lM SP600125 or 100 lM PRIMA-1 for 24 h. Cell lysates were prepared
as described previously [3]. Western blot was performed as described
above using anti-c-Jun, anti-p-c-Jun, and anti-Bax primary antibodies.
The reactive bands were revealed and detected with the Odyssey� Infrared
Imaging System (LI-COR, Inc.) as previously reported [12].

Statistical analysis. Data were represented as means ± SEM using
GraphPad Prism version 4.00 for Windows (GraphPad Software, San
Diego, CA).1 In all cases, n refers to the number of independent
experiments. Statistical analyses were preformed by the Student t-test
and analysis of variance (ANOVA) where p < 0.05 was considered
significant.
1 http://www.graphpad.com.
Results and discussion

Mutant p53-dependent apoptotic activity by PRIMA-1

We recently reported [12] that the restoration of the
transcriptional transactivation function of p53 target genes
in breast cancer cells by PRIMA-1 is dependent on p53
mutation; and that the a-isoform of the heat shock protein
90 (Hsp90a) is associated with mutant p53 reactivation. We
further showed that both p53 and Hsp90a are translocated
to the nucleus of tumor cells for the transcriptional trans-
activation of p53 target genes. Thus, PRIMA-1 unlike
other low molecular weight p53 rescue compounds, pro-
motes the refolding of mutant form of p53 into an active
confirmation via protein–protein interaction with Hsp90a.
To investigate the apoptotic effect of PRIMA-1 on breast
cancer cells, we used the Annexin-V assay that is common-
ly used for detecting cells undergoing apoptosis [14]. Cells
were treated with or without 100 lM PRIMA-1 for 24 h.
After drug treatment, cultures were rinsed with PBS and
re-incubated in fresh medium for another 72 h. Flow-cyto-
metric profiles of Annexin-V and propidium iodide-stained
MDA-231, GI-101A, and MCF-7 cells are shown in
Fig. 1A. Breast cancer cells with p53 mutations (MDA-
231 and GI-101A) showed 30–38% increase in the number
of apoptotic cells after treatment with PRIMA-1 as com-
pared to controls. In contrast, MCF-7 cells treated with
PRIMA-1 showed relatively minor cell death (8%). These
data indicate that PRIMA-1 induces apoptosis only in
breast cancer cells with mutated p53, similar to other
reports although with different cell types [9]. Next, we
checked the time course for the induction of apoptosis in
these cells. Data shown in Fig. 1B indicated that the GI-
101A cells had a delayed apoptotic response at 72 h,
whereas MDA-231 cells responded earlier at 48 h. This
could reflect differences in p53 mutation sites in both cells.
The p53 mutation sites in MDA-231 cells are A278P,
R280K, and M385T whereas GI-101A has Y236C,
A278P, and *R72P (polymorphism) mutant p53. These dif-
ferences in p53 mutation sites may impact on the equilibri-
um for DNA binding restoration of p53 and hence the
activation of p53 target genes that involved in apoptotic
cell death.

Effect of PRIMA-1 on p53 phosphorylation

p53 phosphorylation is commonly used as a surrogate
marker for p53 activation including that of the induction
of apoptosis. For this purpose, Western blot analysis was
used to detect the phosphorylation status of p53 following
exposure of breast cancer cells to PRIMA-1. Cells were
treated with 100 lM PRIMA-1 for 2, 4, 8, 12, and 24 h,
and the expression of p53 protein (total and phosphory-
lated) in the subcellular fractions of cells was examined.
As shown in Fig. 2A–C, treatment of cells with PRIMA-
1 resulted in significant increase in the levels of p53 in the
nuclear fraction (NF) of p53 mutant cell lines, but not in

http://www.graphpad.com


MCF-7 

MDA-231 

Control PRIMA-1
   72                           72Time (h) 

A 

B

GI-101A 

4.19 

8.01 
4.12 

30.9 

38.6 

A
p

o
p

to
si

s 
ce

lls
 (

%
) 

   Control             24h                 48h                  72h 

*

*

*

*

Fig. 1. The apoptotic activities of PRIMA-1 in breast cancer cells as
assessed by Annexin V and determined by the FACS analysis. (A) Breast
cancer cell lines were treated with or without 100 lM PRIMA-1 for 24 h.
Cells were washed and harvested at 72 h following treatments, stained with
Annexin V-FITC/PI, and analyzed with flow cytometry. (B) The percent-
age of apoptotic cells following drug treatment with or without 100 lM
PRIMA-1 for 24 h, then harvested at 24, 48, and 72 h following treatments
and analyzed as indicated in (A). Data are presented as means ± SEM of
three independent experiments. The level of significance is indicated:
*p < 0.05.

206 T. Wang et al. / Biochemical and Biophysical Research Communications 352 (2007) 203–212
the wild-type p53 tumor cells. In MDA-231 cells, total p53
protein increased to a peak at 12 h compared to control;
while in GI-101A cells, the expression of p53 was delayed
till 24 h, which is similar to the time required for the apop-
totic response shown by both cell lines (Fig. 1B). In con-
trast, the expression of total p53 in MCF-7 cells showed
decreasing trend in both whole cell lysates (WCLs) and
the nuclear fractions (NFs). In addition to the increase in
total p53 protein levels, serine 15 (Ser-15) phosphorylation
was also induced by PRIMA-1 in both MDA-231 and GI-
101A. Serine 15 phosphorylation of p53 was significantly
higher in the nuclear fractions of cells treated with PRI-
MA-1 for 12 h. Other phosphorylation sites such as Ser20
and Ser46 were not significantly changed upon PRIMA-1
treatment (data not shown). As shown in Fig. 2C, there
is no obvious phosphorylation of p53 on serine 15 in
MCF-7 cells treated with PRIMA-1. It is well known that
there are at least eight phosphorylation sites within the N
terminal subdomain of p53: serines 6, 9, 15, 20, 33, 37,
and 46 and threonine 18 [15]. The biological functions of
several of these phosphorylations are not clear. However,
it appears that the Ser-15 phosphorylation plays a crucial
role in the transactivation process of p53 [16,17]. Unlike
other compounds known to rescue p53 function without
altering the phosphorylation status of p53 like CP-31398
[18], phosphorylation of p53 at serine 15 by PRIMA-1
seemed to be involved in the reactivation of p53 transcrip-
tional function. It is also possible that the phosphorylation
of Ser-15 leads to an enhancement of the acetylation of
C-terminal lysines and has some effect on p53-mediated
apoptosis [19]. Furthermore, stabilization of p53 also
occurs through phosphorylation of Ser-15 and binding to
Hsp90 [20]. Our recent study showed that the reactivation
of p53 transcriptional function involved the binding of
p53 to Hsp90 [12]. Thus multiple effects of a single phos-
phorylation site (Ser-15) suggest that this phosphorylation
may be causing a conformational change in the transactiva-
tion domain of p53 protein following treatment with
PRIMA-1 that allows for the proper induction of p53
target genes.

Differences in p53 binding to the promoter regions of

MAP4K4, Bax, and PUMA genes
Downstream target genes of p53 are thought to mediate

its tumor suppressive activity as well as initiate apoptotic
cell death. Therefore, questions should be raised on
whether differential transactivation of these genes is regu-
lated at the level of p53 binding to their promoters. For
examples, previous reports indicated that PRIMA-1-in-
duced apoptosis in tumor cells occurred by the activation
of Bax, a proapoptotic Bcl-2 family member [8,9], and also
through the activation of c-Jun-NH2-kinase (JNK) signal-
ing pathway [10]. However, whether the induction of these
genes is regulated at the level of p53 binding to their pro-
moters was not addressed or investigated in these studies.
To address this issue, in vivo p53 binding to consensus sites
in the Bax, PUMA, and MAP4K4 promoters was investi-
gated in cells exposed to PRIMA-1. p53-DNA complexes
were crosslinked in vivo by treating breast cancer cells with
formaldehyde and processed by chromatin immunoprecip-
itation-PCR. Since p53 has more than one binding site on
the promoters of the above-mentioned genes [21], multiple
primers were used in the PCR amplifications as shown in
Table 1. PRIMA-1 treatment of both MDA-231
(Fig. 3A) and GI-101A (Fig. 3B) led to the induction of
p53 binding to its binding sites on both Bax-I and
PUMA-I promoters. Since the affinity of p53 binding to
its binding site on the Bax promoter is known to be weaker
than its binding to p21 and PUMA promoters [13], the
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Fig. 2. Effect of PRIMA-1 on p53 phosphorylation in breast cancer cells. (A) MDA-231, (B) GI-101A, and (C) MCF-7 cells. Cells were treated 100 lM
PRIMA-1 for 2, 4, 8, 12, and 24 h, and were subjected to fractionation with the FOCUS� kit (GenoTechnology Inc., St. Louis, MO). Whole cell lysate
(WCL) and nuclear fraction (NF) were prepared and protein concentration was determined using the Bio-Rad determination kit. Aliquots (50 lg) of
lysates were subjected to immunoblotting with anti-p53 and anti-p53Ser15 primary antibodies. b-Actin was used as loading controls. Data are presented as
means ± SEM of three independent experiments. The level of significance is indicated: *p < 0.05.
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Fig. 3. In vivo p53 binding to the promoters of Bax, PUMA, and MAP4K4 binding sites. ChIP analysis was performed on MDA-231, GI-101A, and
MCF-7 cells following treatment with 100 lM PRIMA-1 for 24 h. Crosslinked chromatin was immunoprecipitated with DO-1 antibody against total p53
and samples were analyzed by PCR using primers (Table 1) specific for Bax, PUMA, and MAP4K4 (I, II, III, IV, and V) p53 binding sites. b-Globin was
used as control. (A–C) ChIP from MDA-231, GI-101, and MCF-7 cells, respectively, for PUMA-I and Bax-I p53 binding sites. (D–F) ChIP from MDA-
231, GI-101, and MCF-7 cells, respectively, for MAP4K4 p53 binding sites. Data are representative of two to three independent experiments.
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increase in p53 binding on PUMA-1 binding site seen in
Fig. 3A and B is not as obvious as in case of Bax-I binding
compared to controls. In contrast, PRIMA-1 did not pro-
mote DNA binding of p53 to both Bax-I and PUMA-I
promoters in MCF-7 cells (Fig. 3C), in fact the binding
of p53 to Bax-I and PUMA-I promoters is depressed in
these cells after treatment with PRIMA-1 compared to
control. The data indicate that PRIMA-1 treatment
restored the transcriptional binding affinity of p53 to the
proapoptotic target genes only in cells with mutated p53.
Similar results were obtained with the transcriptional bind-
ing activation of p53 on both Bax-II and PUMA-II pro-
moters after treatment of both MDA-231 and GI-101A
cells with PRIMA-1 and the lack of their activation in
MCF-7 cells (data not shown).

The MAP4K4 gene encodes an upstream activator of
JNK signaling pathway [22]. JNK signaling has been impli-
cated in the cellular response to stress and apoptosis
[23,24]. However, evidence has also been accumulating to
suggest the involvement of JNK in cell survival or anti-ap-
optosis. The anti-apoptotic function of JNK is related to
the status of p53. For example, specific antisense oligonu-
cleotides of JNK (JNKS) were shown to inhibit the growth
of certain p53-deficient tumor cells but not p53-positive
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tumor cells [25]. This effect was attributed to the fact that
the activation of the JNK pathway inhibits p53-induced
cell cycle arrest and therefore promotes p53-induced apop-
tosis [26]. Thus, JNK may only exert its anti-apoptotic
function in p53-deficient tumor cells [27]. To test whether
PRIMA-1-induced apoptosis in breast cancer cells is also
the result of MAP4K4 gene activation as well, we per-
formed the ChIP assays on the five p53 binding sites
(MAP4K4p53BSI-V). Fig. 3D–F show that PRIMA-1
inhibited the binding of p53 to its binding sites on
MAP4K4 gene in all breast cell lines regardless of the sta-
tus of its p53 function. The data clearly indicate that the
JNK signaling pathway may not be involved in PRIMA-
1-induced apoptosis in breast cancer cells as attested by
MDA-231
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the lack of p53 binding to its promoter on MAP4K4 gene.
Although the previous report by Li et al. [10] showed the
involvement of JNK signaling in PRIMA-1-induced apop-
tosis in colorectal carcinoma cells, the authors did not per-
form in vivo studies of p53 binding to the promoter sites on
MAP4K4 gene in these cell lines. In addition to our in vivo
p53 binding studies to the promoter sites of Bax, PUMA,
and MAP4K4, we also investigated the binding of p53 to
the promoter sites of other p53 proapoptotic genes such
as Noxa, which encodes a BH3-only protein and hence is
likely to contribute to p53-mediated apoptosis in a similar
manner to PUMA and Bax. Our ChIP analysis failed to
support the involvement of Noxa in PRIMA-1-induced
apoptosis in breast cancer cells (data not shown). Thus, it
GI-101A

         +         + 

Control p53 siRNA

A-1. (A) MDA-231 and GI-101A cells were treated with siRNA directed
ilized as a control (control siRNA). Expression of p53 following treatment
l lines by Western blot analysis utilizing b-actin as a loading control. The
ording to b-actin levels. (B) MDA-231 and GI-101A cells transfected with
24 h. The expression of p53, Bax, and PUMA was determined by Western
SEM of three independent experiments. Western blots are representative
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appears that, in response to PRIMA-1 restoration of p53
transcriptional transactivation function, p53 activates the
‘‘intrinsic’’ mitochondrial apoptotic pathway by inducing
the expression of at least two Bcl-2 proapoptotic family
members—PUMA and Bax shifting the balance towards
proapoptotic effect. Our recent expression proteomics
Fig. 5. Downregulation of JNK signaling pathway by PRIMA-1. MDA-231 (
for 2 h, washed with PBS then treated with either 50 lM SP600125 or 100 lM P
treated and control samples was separated by SDS–PAGE (4–20% polyacrylam
and Bax. b-Actin was used as a loading control. The reactive bands were detect
absorbance of c-Jun, p-c-Jun, and Bax bands to that of the actin band was u
representative of three independent experiments.
study has supported these findings and showed the activa-
tion of mitochondrial intrinsic pathway upon PRIMA-1
treatment of breast cancer cells [28]. Based on these data,
we concluded that the involvement of JNK signaling in
PRIMA-1-induced apoptosis in breast cancer cells seems
unlikely.
A), GI-101A (B), and MCF-7 (C) cells were pre-treated with 10 lM ADR
RIMA-1 for 24 h. Fifty micrograms of protein samples of cell lysates from
ide) and Western blotted with antibodies directed against c-Jun, p-c-Jun,

ed with the Odyssey� Infrared Imaging System. The ratio of the integrated
sed as an index of protein expression in each cell line. Western blots are
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p53-dependent induction of Bax and PUMA by the

treatment of PRIMA-1

To confirm our ChIP data that in vivo p53 binding to its
promoter on Bax and PUMA resulted in the activation of
Bax and PUMA proteins, we utilized siRNA specific to p53
to downregulate the expression of p53 gene. Incubation of
MDA-231 and GI-101A cells with p53siRNA (100 nM) for
48 h resulted in the reduction of p53 expression by approx-
imately 80% compared to cells treated with siRNA control
(Fig. 4A). Induction of PRIMA-1-mediated expression of
Bax and PUMA in MDA-231 and GI-101A breast cancer
cells was completely inhibited by p53siRNA when com-
pared to control siRNA-treated cells (Fig. 4B). These data
clearly indicate that PRIMA-1-mediated activation of Bax
and PUMA is p53 dependent and thus confirmed our ChIP
data (Fig. 3A and B). Collectively these data also indicate
that the activation of proapoptotic targets, Bax and
PUMA, plays a major role in the induction of PRIMA-1-
induced apoptosis [8,9].

Downregulation of JNK signaling pathway by PRIMA-1

c-Jun NH2-terminal kinase (JNK), a member of the
mitogen-activated kinase (MAPK) family, is a key regula-
tor of apoptosis [23,24]. Modulation of its activity can
either promote or inhibit apoptotic process, depending on
cell system and the modulator. The kinase acts on a variety
of targets, including, in addition to c-Jun, other transcrip-
tion factors such as p53 and c-Myc and proapoptotic and
anti-apoptotic members of the Bcl-2 family such as Bcl-2
and Bcl-xl, thereby influencing levels and activities of mol-
ecules that participate in cell death [27]. To further confirm
that PRIMA-1 inhibited the binding of p53 to its binding
sites on the promoters of MAP4K4 (Fig. 3), we investigat-
ed JNK pathway activation induced by adriamycin (ADR),
a DNA-damaging agent known to activate JNK signaling
[29], in the presence or absence of PRIMA-1 or
SP600125, a specific JNK inhibitor. Cells were pre-treated
with 10 lM ADR for 2 h then exposed to either 50 lM
SP600125 or 100 lM PRIMA-1 for 24 h. Western blot
analysis was performed with c-Jun, phosphorylation c-
Jun (p-c-Jun), and Bax antibodies. A representative result
of this study is illustrated in Fig. 5. Treatment of MDA-
231 and GI-101A cells with ADR resulted in increased
expression of both c-Jun and p-c-Jun protein levels that
was decreased in the presence of either PRIMA-1 or
SP600125 (Fig. 5A and B). In contrast to this inhibitory
effect on JNK activation, PRIMA-1 increased ADR-in-
duced Bax expression in these cells. These data indicate
that PRIMA-1 promoted the activation of Bax but abro-
gated the activation of JNK in breast cancer cells with
p53 mutation. ADR-induced Bax expression was inhibited
in the presence of SP600125, which was previously attribut-
ed to increased p53 and MDM2 interaction due to the
inhibitory effect of SP600125 on p53 phosphorylation
[30]. Similarly, both PRIMA-1 and SP600125 inhibited
ADR-induced JNK activation in MCF-7 cells (Fig. 5C),
again to confirm our previous ChIP data (Fig. 3) that PRI-
MA-1 inhibited the binding of p53 to its binding sites on
the promoters of MAP4K4 gene.

In conclusion, the data presented here demonstrated
that PRIMA-1 induces apoptosis in breast cancer cells with
mutated p53. Importantly, PRIMA-1 promoted the bind-
ing of p53 to its binding sites on the promoters of both
Bax and PUMA. Although others have suggested the
involvement of Bax in PRIMA-1-induced apoptosis in dif-
ferent model systems, this is the first direct evidence that
Bax and PUMA are required for p53-dependent PRIMA-
1-induced apoptosis. The current data are also suggestive
that JNK activation is not involved in PRIMA-1-induced
apoptosis in breast cancer cells.
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