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Abstract

Restoration of p53 function in tumor cells would be an attractive strategy for lung cancer therapy
because p53 mutations are found in more than 50% of lung cancers. The small molecule PRIMA-1
has been shown to restore the tumor suppression function of p53 and to induce apoptosis in human
tumor cells. The mechanism of apoptosis induced by PRIMA-1 remains unclear. We investigated
the effects of PRIMA-1 in apoptosis with Western immunoblot analysis, TagMan microRNA real-
time PCR, cell viability analysis and flow cytometry using human lung cancer cell lines containing
mutant (H211 and H1155), wild-type (A549) or null (H1299) p53. PRIMA-1 induced massive
apoptosis in the H211 and H1155 cells, but was less toxic to the A549 and H1299 cells. Western
immunoblot analysis showed cleavage of PARP in H211 and H1155 cells but not in A549 and
H1299 cells following treatment with PRIMA-1. In addition, p53 protein was also phosphorylated
in H211 and H1155 cells. TagMan microRNA assay showed that the expression of
microRNA-34a was increased in the H211 and H1155 cells posttreatment. Knockdown
microRNA-34a decreased the rate of apoptosis caused by PRIMA-1. The above results suggest
that microRNA-34a is one of the important components of PRIMA-1-induced apoptotic network
in the cancer cells harboring mutant p53.
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The tumor suppressor p53 mediates cell growth by activating the transcription of multiple
genes specifically involved in cell cycle regulation, apoptosis and genomic stability.13 P53
is also involved in response to various stress signals including anticancer therapies.?
Mutation of the p53 tumor suppressor gene is the most frequently reported genetic defect in
human cancer, with mutations observed in greater than 50% of lung tumors.*> Although
thousands of mutations have been reported, the vast majority of mutations occurring in
tumors are missense mutations, which result in full length, but functionally aberrant
proteins, and occur within the sequence-specific DNA-binding domain of the protein (amino
acid residues 100-300). As a result, mutant p53 proteins are unable to bind to and
transactivate the target genes that mediate tumor suppression.®:” By providing a key
difference between normal cells and tumor cells, the p53 protein represents an important
target for drug development.8:2

It has been reported that restoration of wild-type p53 function leads to regression of cancers
in mice.1011 These results support efforts to treat cancers through pharmacological
reactivation of p53 with small molecules such as CP-31398 or PRIMA-1 (p53-dependent
reactivation and induction of massive apoptosis).12-14

The small molecule PRIMA-1 has been shown to induce apoptosis in human tumor cells
containing mutant p53 by restoration of the tumor suppressor function of p53.13 This is
believed to be mediated by a change in the conformation of mutated p53 protein, restoring
DNA binding and activation of p53 target genes.13 It has been reported that Bax, PUMA and
other p53 downstream genes are involved in PRIMA-1-mediated apoptosis.1>16 However, it
has also been reported that PRIMA-1-induced apoptosis involves the c-Jun N-terminal
kinase (JNK) pathway but not the Bcl-2 pathway.1’ The mechanism of apoptosis induced by
PRIMA-1 remained under investigation.

MicroRNAs are small, 18-24 nucleotide noncoding RNAs. MicroRNAs regulate target
genes by regulation of mMRNA level and direct regulation of protein synthesis of target
genes.18 Increasing evidence has suggested that microRNAs can function as either
oncogenes or tumor suppressor genes.19 Recently, microRNA-34 family members (34a, 34b
and 34c) were identified as targets of the p53 gene.29-22 The microRNA-34 family members
are regulated directly by interaction of p53 with these consensus sites and were reported to
induce apoptosis in cancer cells.29-28 In many tumor types, the promoters of the miR-34a
and the miR-34b/c genes are subject to inactivation by CpG methylation.29 However, the
involvement of PRIMA-1 in regulating expression of microRNA to induce apoptosis in
cancer cells has not yet been shown. We investigated the effects of PRIMA-1 in regulation
of microRNA-34 family members as a potential mechanism for the mutant p53-depedent
apoptosis induced by this agent.

Material and Methods

Cell culture and reagent

Human lung cancer cell lines A549 (wild-type p53); H211 (mutant p53, residue 248, from R
to Q); H1155 (mutant p53, residue 273 from R to H) and H1299 (p53 null) were obtained
from the American Type Culture Collection (ATCC, Rockville, MD) and were grown in
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RPMI 1640 medium with 10% fetal bovine serum and 1% penicillin/streptomycin in a
humidified incubator (37°C, 5% of CO,). PRIMA-1 (p53-dependent reactivation and
induction of massive apoptosis) was obtained from Calbiochem (San Diego, CA). PRIMA-1
diluted in water was used for cellular treatments.

Cell viability analysis

Five thousand cells were seeded in each well of a 96-well plate 24 hr before treatment. Cells
were treated with PRIMA-1 (100 pM). Dimethylthiazolyl-2-5-diphenyltetrazolium bromide
(MTT) dye solution (Sigma, St. Louis, MO) was added into the 96-well plate 20 hr
posttreatment. The plate was incubated at 37°C for 4 hr, and then the treatment was
terminated by adding stop solution (isopropanol with 0.04 N HCI). MTT was cleaved by live
cells to a colored formazan product. Absorbance at 560 nm wavelength was recorded using a
Bio-Rad microplate reader 680 (Bio-Rad Laboratories, Hercules, CA). Each treatment was
repeated in quadruplicate. An averaged absorbance of blank values (containing all reagents
except cells) was subtracted from all absorbance to yield corrected absorbance. The relative
absorbance of each sample was calculated by comparing the average of corrected
absorbance with an average of corrected untreated control.

Quantitation of microRNAs by real-time PCR

Total RNA was isolated from the cell lines using Trizol RNA isolation following the
protocol supplied by the manufacturer (GIBCO BRL, Rockville, MD). RNA samples were
treated with DNase (Ambion, Austin, TX) to remove contaminating DNA and stored in
—70°C freezer. Quantitation of micro-RNAs was carried out using TagMan microRNA
assays (Applied Biosystems, Foster City, CA). Reverse transcription was performed by
using TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). Briefly, 500 ng of template total RNA was reverse transcribed in a 15 pl reaction.
MicroRNA-specific stem-loop primers for hsa-miR-34a, hsa-miR-34b, hsa-miR-34c and
RUNA48 (Applied Biosystems) were used for the reverse transcription. Primers and probes
used for the real-time PCR analysis of microRNA were also obtained from Applied
Biosystems (Applied Biosystems, Foster City, CA). The PCR amplification was conducted
in 25 pl reaction using the TagMan Universal PCR Master Mixture, No AmpErase UNG kit
(Applied Biosystems, Foster City, CA) according to the protocol supplied by the
manufacturer. Real-time PCR was carried out in a 96-well plate using an Applied
Biosystems 7900HT Sequence Detection System at 95°C for 10 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min. Each sample was done in triplicate, and each
reaction was repeated at least once to ensure reproducibility. The PCR cycle number at
threshold was used for the comparison. The relative quantitative method was used for the
quantitative analysis. Calibrator was the averaged ACt from the untreated cells. Endogenous
control was RUN48.

Inhibition of microRNA-34a, p53 and apoptosis analysis

To determine the effect of microRNA-34a on PRIMA-1-induced apoptosis in lung cancer
cells H211 and H1155, 4 x 10° cells were transfected with either 40 nM of miRIDIAN
hairpin inhibitor of microRNA-34a or 40 nM of p53 ON-TARGET plus smart pool siRNA
or 40 nM of miRIDIAN microRNA hairpin inhibitor negative control (Dharmacon, Chicago,
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IL) using Lipofectamine 2000 transfection system (Invitrogen, CA) according to the
manufacturer’s protocol. One day after incubation in medium containing Lipofect-amine
2000 agent, these transfected cells were transferred to a dish that contains normal growth
medium. H211 and H1155 cells were transfected with miRIDIAN hairpin inhibitor to inhibit
has-miR-34a or siRNA antip53 or negative control. The transfected cells were treated with
PRIMA-1 (25 uM for H211 and 100 uM for H1155) 24 hr posttransfection. After an
additional incubation of 24 (H211) or 48 hr (H1155), the cells were harvested, stained with
Annexin V-FITC apoptosis kit (BD Pharmingen, CA) and analyzed by fluorescence
activated cell sorting (FACS). In addition, PARP cleavage in these cells was analyzed with
Western blot.

Western immunoblot analysis and antibodies

Results

Western immunoblot analysis was performed as described previously.30:31 Briefly, cells
were digested with lysis buffer, which contained 250 mM NaCl, 5 mM EDTA, 1% Igepal, 5
mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and 1% protease inhibitor cocktail
(Sigma, Saint Louis, MO). Protein concentrations were evaluated using the Bradford reagent
(Bio-Rad, Hercules, CA). One hundred micrograms of total protein was loaded onto
NUPAGE™ 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA). Protein on the gels was
electro-transferred onto nitrocellulose membranes and blocked with blocking buffer (5% of
nonfat milk, 500 mM of NaCl, 20 mM Tris and 0.1% Tween-20). The membranes were
incubated with primary antibodies at 4°C overnight. After washing with TBS-T (blocking
buffer without milk) 5 times, 10 min each, the membranes were incubated with anti-mouse
Ig or anti-rabbit Ig horseradish peroxidase linked to whole secondary antibodies (Amersham
Pharmacia Biotech, Piscataway, NJ) at room temperature for 1 hr. After washing 5 times, 10
min each, a chemiluminescent detection system (ECL Western blotting detection reagents,
Amersham Pharmacia Biotech, Piscataway, NJ) was used to detect the secondary antibody.
Finally, the membranes were exposed to X-ray films.

Antibodies used in current studies were as follows: DO-7, anti-human p53 specific
monoclonal antibody (BD PharMingen, San Diego, CA); AC-15, anti--Actin monoclonal
(Sigma, St. Louis, MO); C2-10, anti-PARP [poly (ADP-ribose) polymerase] monoclonal
(BD PharMingen, San Diego, CA); anti-PARP polyclonal (Cell Signaling Technology,
Danvers, MA); anti phosphorylated p53 (Serl5) rabbit polyclonal (Santa Cruz, Santa Cruz,
CA).

PRIMA-1 induces significant reduction of cell viability in H211 and H1155 cells

To investigate the influence of PRIMA-1 in apoptotic cell death in the lung cancer cells, we
treated the lung cancer cell lines H1299 (null), A549 (wild-type), H211 (mutant 248Q) and
H1155 (mutant 273H) with PRIMA-1 at a dose of 100 uM. MTT assay was used for the cell
viability analysis, and an averaged absorbance was recorded 24 hr posttreatment. Cell
viability analysis showed that the PRIMA-1 was cytotoxic to these cells, and the H211 and
H1155 cells had much lower percentage of viable cells when compared with untreated
controls. There were only 31% viable cells in the H211 and 54% in the H1155 cells
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posttreatment. In contrast, 82 and 89% viable cells were detected in the A549 and H1299
cells, respectively (Fig. 1). These results demonstrate that the PRIMA-1 is more toxic to

mutant p53-containing cells H211 and H1155 when compared with the other 2 cell lines

tested.

PRIMA-1 induces apoptosis in cells with p53 mutations

To investigate the relationship between the PRIMA-1 and p53 status in apoptosis, we used
human lung cancer cell lines as described in the MTT experiment. First, we treated these
lung cancer cells with 50 and 100 pM of PRIMA-1 for 24 hr. Western immunoblot analysis
with anti-PARP antibody was used to detect apoptosis. As shown in Figure 2a, PARP
cleavage was found in H211 and H1155 cells post PRIMA-1 treatment, indicating the
existence of an apoptotic process in these cells. In comparison, no PARP cleavage was
found in the A549 and H1299 cells.

To further evaluate the role of PRIMA-1 in induction of apoptosis, these cell lines were
exposed to PRIMA-1 at a dose of 100 uM, and then cells were harvested at 6, 24 and 48 hr
posttreatment. Western immunoblot analysis showed that PARP cleavage was observed 6 hr
posttreatment, and the cleaved PARP (89 KD) was increased 24 and 48 hr posttreatment in
the H211 and H1155 cells, respectively (Fig. 2b). In contrast, the PARP cleavage was absent
from the A549 and H1299 cells at all time points. These results suggest that PRIMA-1 is a
highly selective small molecule toxic to cells containing mutant p53.

PRIMA-1 induces apoptosis involving phosphorylation of p53

Phosphorylation of p53 is a critical step for p53 activation. We investigated the status of p53
phosphorylation in those PRIMA-1-treated lung cancer cells in a time course of samples.
Ab49, H211, H1155 and H1299 cells were treated with PRIMA-1 for 6, 24 and 48 hr at a
dose of 100 uM. Cell lysates were subjected to Western immunablot analysis probed with
antiphosphorylated p53 antibody. Western immunoblot results showed that PRIMA-1
exposure led to increase phosphorylation of p53 at Ser15 (Fig. 3). As shown in Figure 3,
phosphorylated p53 protein was increased in the H211 and H1155 cells post PRIMA-1
exposure. Increased phosphorylation of Serl5 appeared as early as 6 hr posttreatment in the
H1155 cells and 24 hr in the H211 cells. The increased phosphorylated p53 protein was
maintained through 48 hr posttreatment in the H211 and H1155 cells. In contrast, no
phosphorylation of p53 at Ser15 was detected in the A549 and H1299 cells at all time points.

Expression of microRNA-34a is regulated by PRIMA-1

To investigate whether PRIMA-1 regulates microRNA-34 family members in lung cancer
cells, A549, H211, H1155 and H1299 cells were cultured with PRIMA-1 at a dose of 100
UM and harvested at 6, 24 and 48 h. We evaluated the expression of microRNA-34a, 34b
and 34c in these lung cancer cells using the TagMan microRNA assays. As shown in Figure
4a, the PRIMA-1 can upregulate microRNA-34a in the H211 and H1155 cells. The
microRNA-34a was increased about 1.65- to 2-fold in the H211 and H1155 cells 24 and 48
hr posttreatment when compared with untreated controls. In contrast, microRNA-34b and
34c showed no change 24 and 48 hr posttreatment in the H211 and H1155 cells. No
significant increase was found in microRNA-34 family members in the A549 and H1299
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cells at any time point (Fig. 4a). These microRNA data are consistent with the apoptotic
analysis evaluated by MTT and PARP cleavage analysis.

To evaluate the relationship between mutant p53 and microRNA-34a expression
posttreatment of PRIMA-1, we performed p53 knockdown experiments with sSiRNA
transfection. The H211 and H1155 cells were treated with transfection of siRNA directed
against p53 or negative control. Western blot analysis confirmed the reduction of p53
protein in both cell lines posttransfection (Fig. 4b). Real-time PCR results indicated that the
level of microRNA-34a was reduced in the siRNA-tranfected H211 and H1155 cells post
PRIMA-1 treatment (Fig. 4c). The expression level of PRIMA-1-induced microRNA-34a is
associated with the p53 protein.

microRNA-34a reduces PRIMA-1-induced apoptosis

As mentioned earlier, PRIMA-1 promotes expression of microRNA-34a in the H211 and
H1155 cells. To investigate if the microRNA-34a regulates the PRIMA-1-induced apoptosis,
we performed apoptosis analysis in H211 and H1155 cells transfected with miRIDIAN
hairpin inhibitor anti-microRNA-34a or negative control. TagMan microRNA real-time
PCR showed that the microRNA-34a was reduced 8.7-and 2.5-fold, respectively, in the
transfected (with miRIDIAN hairpin inhibitor anti-microRNA-34a) H211 and H1155 cells
when compared with negative controls (Fig. 5a). After confirming the specific knockdown
of microRNA-34a, the effect on PRIMA-1-induced apoptosis was assessed by FACS
analysis of cells for annexin V and propidium iodide staining. The percentage of apoptotic
cell in the control group was 76.5%, whereas the rate of apoptotic cell in the microRNA-34a
knockdown group was 46.6% in the H211 cells. The apoptotic rate in the control group of
H1155 cell was 22.3%; in contrast, the rate of apoptosis in the microRNA-34a knockdown
group was only 16.5% (Fig. 5b). In addition, we also analyzed PARP cleavage with Western
blotting analysis. The amount of cleaved PARP protein (PARP-89KD) was reduced in the
microRNA-34a knockdown cells (Fig. 5¢). Expression of miRIDIAN hairpin inhibitors to
knockdown microRNA-34a decreases PRIMA-1-induced apoptosis in the H211 and H1155
cells.

Discussion

Various strategies have been designed to restore the function of mutant p53 in cancer
cells.16 Small molecules that can restore sequence-specific DNA-binding, wild-type
conformation and transcriptional transactivation to mutant p53 have been identified,12.10
PRIMA-1 is a low-molecular-weight compound, which has been reported to restore wild-
type function to mutant p53.13 In this study, we analyzed the ability of PRIMA-1 to induce
apoptosis using 4 lung cancer cell lines containing wild-type, mutant or null p53. We
showed that PRIMA-1 was able to induce apoptosis in the p53 mutant cells. The lung cancer
cell line H1155 contains p53 with mutation in Codon 273 and H211 contains p53 with
mutation in Codon 248. These findings may have significant clinical implications, because
the IARC p53 mutation database (http://www-p53.iarc.fr/index.html) showed that 273 and
248 are 2 of the most frequently mutated sites in human lung cancers.
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The mechanisms of apoptosis induced by PRIMA-1 are still unclear. Chipuk et al.15
reported PRIMA-1-induced Bax-dependent apoptosis involving cytochrome c release and
caspase activation in the absence of transcription. However, it has also been reported that
PRIMA-1-induced apoptosis involves the JINK pathway but not the Bcl-2 proteins.1’
Clearly, the PRIMA-1-induced p53-dependent apoptosis is a complex process involving
multiple genetic pathways.

MicroRNASs regulate target genes by a number of mechanisms that involves regulation of
mRNA level and direct regulation of protein translation of target genes.1® MicroRNA-34
family members have been implicated in the regulation of cell proliferation and
apoptosis.20-28 The involvement of microRNA-34 family members in the PRIMA-1-induced
apoptosis is particular intriguing. We report here, for the first time, the ability of this drug to
activate microRNA-34a. Importantly and consistent with its putative mechanism of action,
this happened only with cells harboring p53 mutations. PRIMA-1 restores wild-type
function to mutant p53, and the restored functional p53 proteins upregulate the
microRNA-34a to induce apoptosis in the lung cancer cells containing mutant p53. We
noticed the reduction of micro-RNA-34a in H1299 and A549 cells after 6, 24 and 48 hr of
incubation with PRIMA-1. We think the reduction may associate with status of p53.
However, we do not know the mechanism involved for the reduction. In addition, the
expression level of microRNA-34a was not altered after the H211 and H1155 cells were
treated with cisplatin at a dose of 5 pg/ml for 6, 24 and 48 hr (data not shown). This
indicates that the PRIMA-1 has specific ability to restore p53 function to up-regulate
microRNA-34a in these cells.

There were differences in the way PRIMA-1 causes micro-RNA-34 family members to
activate. For example, micro-RNA-34a was upregulated in the H211 and H1155 cells post
PRIMA-1 treatment, but microRNA-34b and 34c were not responsive to the treatment of
PRIMA-1 in these cells (Fig. 4a). Thus, the apoptotic pathway induced by PRIMA-1 in the
H211 and H1155 is associated exclusively with the micro-RNA-34a. Furthermore, by
inhibition of microRNA-34a with miRIDIAN hairpin inhibitor, the PRIMA-1-induced
apoptosis was reduced in the H211 and H1155 cells. These results indicate that the
microRNA-34a plays an important role in the PRIMA-1-induced apoptosis in these cells.
Further investigation in understanding the relationships among p53 mutations, expression of
microRNA-34 family members and PRIMA-1-induced apoptosis in vitro and in vivo is
necessary to develop effective strategies for p53-related pharmacological therapeutic
intervention in human lung cancers.

It has been reported that p53 phosphorylation at Ser15 is related to activation of p53.3233 |n
this study, we showed close correlations among p53 phosphorylation at Ser15, expression of
microRNA34a and PRIMA-1-induced apoptosis. These results indicate that the
microRNA-34a is one of the important components of the PRIMA-1-induced p53-dependent
apoptotic network.

In summary, the above results suggest that PRIMA-1 promotes p53-dependent elevation of
microRNA-34a to regulate apoptosis in the lung cancer cells containing mutant p53. Given
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the high prevalence of p53 mutations in Codon 273 and 248 in human lung cancer cells,
development of related compounds for lung cancer therapy deserves consideration.
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Figure 1.
Analysis of cell viability post PRIMA-1 treatment. Cells were treated with the PRIMA-1

(100 pM), and the MTT assay was performed to determine cell viability 24 hr posttreatment.
Each treatment was repeated in quadruplicate. An averaged absorbance of blank values
(with no cells) was subtracted from all absorbance to yield corrected absorbance. The
relative absorbance of each sample was calculated by comparing the average of corrected
absorbance with an average of corrected untreated control. Each value presented in this
figure was an average value obtained from 4 measurements.
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Western immunoblot analysis of PARP cleavage induced by PRIMA-1 in lung cancer cell
lines. (a) Human lung cancer cells A549 (wild-type p53), H1299 (p53 null), H211 (mutant
p53, 248Q) and H1155 (mutant p53, 273H) were treated with PRIMA-1 at a dose of 50 or
100 uM. Cells were harvested 24 hr posttreatment. A total of 100 ug cell lysate each sample

was subjected for Western immunoblot analysis. Western immunoblot membrane was

probed with antibodies against full length and cleaved PARP. (b) Human lung cancer cells
were treated with PRIMA-1 (100 pM). Cells were harvested and lysed at 6, 24 and 48 hr
posttreatment. Western immunoblot analysis was used to analyze the cleavage of PARP

protein in the lung cancer cells at indicated time point. Membrane was probed with
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antibodies against full length and cleaved PARP. Loading control was f-actin. The cleaved
PARP was detected in the H211 and H1155 cells after treatment with PRIMA-1.
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Figure 3.
Analysis of p53 phosphorylation in lung cancer cell lines. Human lung cancer cells A549,

H1299, H211 and H1155 were treated with PRIMA-1 (100 pM) and then harvested at 6, 24
and 48 hr posttreatment. Cell lysates were subjected to SDS-PAGE and probed with anti-
p53 and anti-phospho-p53 antibodies against Serl5, respectively. PRIMA-1 exposure led to
increase phosphorylation of p53 at Ser15. Loading control was B-actin.
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Figure4.
PRIMA-1 upregulates expression of microRNA-34a. (a) TagMan microRNA real-time PCR

analysis was used to evaluate the expression of microRNA-34a, b and c. Cells were treated
with the PRIMA-1 (100 pM), and cells were harvested at 6, 24 and 48 hr posttreatment.
Real-time PCR was carried out in a 96-well plate using an Applied Biosystems 7900HT
Sequence Detection System. The relative quantitative method was used to determine
expression of the microRNA-34 family members. The averaged microRNA-34 family
member from the control (Ctr) group of each cell line was used as calibrator. For each cell
line, the averaged values obtained from other time points were compared with the calibrator.
Each value presented in this figure was an average value obtained from 3 amplifications. (b)
Western blot analysis was used to confirm the knocking down of p53. (c) Expression levels
of microRNA-34a were estimated with TagMan microRNA real-time PCR in the anti-p53
siRNA transfected and control cells. The error bars show standard deviation.

* indicates p < 0.05, 2-tailed t-test.
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Figureb.

Knockdown microRNA-34a reduces PRIMA-1-induced apoptosis. H211 and H1155 cells
were transfected with miRIDIAN hairpin inhibitor to inhibit expression of microRNA-34a
or negative control. The transfected cells were treated with PRIMA-1 (25 uM for H211 and
100 pM for H1155) 24 hr posttransfection. After an additional incubation of 24 hr, the
transfected and PRIMA-1-treated cells were harvested. TagMan microRNA real-time PCR
was used to confirm the specific knockdown of microRNA-34a in the H211 and H1155cells
(a). The transfected and PRIMA-1-treated cells were then stained with Annexin V-FITC
apoptosis kit and analyzed by fluorescence activated cell sorting (b). The apoptosis was also
evaluated by Western blot analysis of PARP cleavage (c). Each value presented in this
figure was an average value obtained from 3 independent analyses. The error bars show
standard deviation. * indicates p < 0.05, 2-tailed t-test.

Int J Cancer. Author manuscript; available in PMC 2014 September 04.



