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MicroRNA-29a plays a prominent role in PRIMA-1"*-induced apoptosis in ovarian
cancer cells
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Abstract: The structural analog of the small 2,2-bis(hydroxymethyl)-1-azabicyclo[2,2,2]octan-3-one molecule named
PRIMA-1for “p53 reactivation and induction of massive apoptosis” has been shown to inhibit cell growth and induce
apoptosis in human tumor cells by restoring the tumor suppressor function of tumor protein p53. In several microRNA
(miRNA) profiling studies related to ovarian cancer, different miRNAs associated with PRIMA-1¥* have been reported,
but miRNAs related to PRIMA-1-induced apoptosis remain unclear. This study was designed to explain the potential
mechanism of PRIMA-1-induced apoptosis. According to the MTSassay and fluorescence-activated cell sorting (FACS)
analysis results, PRIMA-1" induced a significant decrease in cell viability and an increase in apoptosis in both A2780 and
Caov-3 cells, regardless of p53 status. PRIMA-1* upregulated miRNA-29a in both cell lines. To determine the effect of
miRNA-29a on PRIMA-1"-induced apoptosis, A2780 and Caov-3 cells were transfected with miRNA-29a inhibitor. After
treatment with PRIMA-1", cell viability increased and apoptosis decreased in the transfected cells. The results of this study
suggest that miRNA-29a potentially regulates PRIMA-1*-induced apoptosis in ovarian cancer cells.
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INTRODUCTION

The P53 tumor suppressor protein is a transcription
factor that suppresses tumor growth by regulating
many target genes involved in central cellular processes
such as transcription, DNA repair, genomic stability,
aging, cell cycle control and apoptosis [1,2]. It has also
become a target for mechanism-based anticancer drug
discovery because p53 mutations are found in more
than 50% of human cancers [3-7]. In recent years,
attempts have been made to use p53 as a target for
cancer treatment, and various small molecules have
been identified as capable of reversing the oncogenic
properties of mutant p53 [8,9]. Among these small
molecules, the most studied are PRIMA-1 and the
methylated derivative PRIMA-1"[10,11]. PRIMA-1M¢
was shown to inhibit cell proliferation and to induce
apoptosis in malignant cell cultures containing dif-
ferent p53 mutations and in some xenograft animal
tumors by restoration of the p53 tumor suppressor
function [12-16].
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MiRNAs are a short non-coding and highly con-
served RNA class of 18-24 nucleotides. MiRNAs function
in a variety of physiological and pathological processes,
such as cell proliferation, cell differentiation, apoptosis
and tumor growth, by regulating gene expression at the
levels of transcription and translation[17]. According
to recent studies, miRNAs play a prominent role in the
regulation of the tumor phenotype by modulating the
expression and signaling pathways of important genes
involved in tumor pathogenesis, acting as oncogenes
or tumor suppressor genes[18-20]. Several miRNA
profiling studies related to ovarian cancer identified
various miRNAs associated with chemotherapy re-
sistance and disease progression [21-26]. In another
study, miR-138 was shown to suppress invasion and
metastasis by targeting SRY-related HMG-box (SOX)-4
and hypoxia-inducible factor 1-alpha (HIF-1a) genes
in ovarian cancer cells [27]. It was found that mem-
bers of the miR-29 family (miR-29a, miR-29b, and
miR-29c¢) increase p53 levels and trigger apoptosis
in a p53-dependent manner [28].We have recently
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identified altered expression of miRNAs in response
to PRIMA-1M¢ treatment in ovarian cancer cell lines
with mutant and wild-typep53; we demonstrated that
miRNA-29a was among the most regulated miRNAs
in response to PRIMA-1M treatment, however, it was
not shown whether PRIMA-1™induces apoptosis by
regulating specific miRNA expression. Therefore, in
this study a potential role of miRNA-29a for PRIMA-
1M-induced apoptosis has been investigated.

MATERIALS AND METHODS
Cell culture and reagents

The human ovarian cancer cell line Caov-3 (mutant
p53) was obtained from the American Type Culture
Collection (ATCC, USA). A2780 cell line (wild-type
p53) was purchased from the Sigma (Sigma, USA).
Cells were grown in Dulbeccos Modified Eagle Medium
(DMEM, Gibco, USA) with 10% fetal bovine serum and
1% penicillin/streptomycin in a humidified incubator
(37°C, 5% CO,). PRIMA-1"* (purchased from Santa
Cruz, USA)was diluted in Ultra Pure water (Sigma,
USA) and was used for cellular treatments.

Cell viability analysis

Cell viability in PRIMA-1Mtreated and untreated
(control) cells was assessed using a Cell Titer 96 aque-
ous nonradioactive cell proliferation assay (Promega,
USA). The cells were seeded at 1x10* cells/well in 200
uL complete medium in a 96-well plate and allowed to
attach for 24 h [29]. Subsequently, A2780 (p53-wild
type) and Caov-3 (p53-mutant) cells were treated
with PRIMA-1"at doses of 20 uM and 40 pM, re-
spectively, for 48 h [30]. At the end of the incubation
time, 20 pL of MTS[3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium]/PMS (phenazine methosulfate) solution
was added to each well for 4 h. The absorbance at 490
nm was measured in a microplate reader (Thermo
Labsystems Multiskan Spectrum, Thermo Lab Systems,
USA), using wells without cells as background. The
sample readings were calculated by subtracting the
average of background absorbances. All experiments
were performed at least four times.
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Apoptosis assay

A2780 and Caov-3 cells were treated with PRIMA-1M¢
at doses of 20 uM and 40 uM, respectively, for 48 h.
Apoptotic cells were determined using the Annexin
V-FITC apoptosis kit (BD Biosciences, USA). All
procedures were performed according to the manu-
facturer’s protocol. Briefly, 1x10° cells were rinsed with
a binding buffer and were suspended in 200 pL of
the same buffer. Then 5 puL of Annexin V and 5 pL of
propidium iodide were added to the suspension. The
cells were incubated for 15min at room temperature
in the dark and then assayed by FACS.

Quantitative real-time PCR

Total RNA, including miRNAs, was isolated from the
cells using the miRNA Easy kit (Qiagen, Germany) ac-
cording to the manufacturer instructions, and was then
quantified with a spectrophotometer (Thermo Fisher
Scientific, Inc., USA) at wavelengths of 230, 260, and
280 nm. For miRNA analysis, samples of isolated RNA
were reverse-transcribed into cDNA using anmiScript
IT RT kit (Qiagen, Germany). Briefly, the RT master
mix included the following: 5 puL template RNA (250
ng), 4 uL 5xmiScriptHiSpec buffer, 2 uL 10x nucleic
mix, 7 uL RNase free water and 2 uL miScript reverse
transcriptase mix up to a total volume of 20 pL. The
reaction mixture was centrifuged, placed on ice and
then incubated at 37°C for 60 min and 95°C for 5 min.
cDNA samples were transferred to a -20°C freezer. The
expression of miRNA-29a was examined in the two cell
lines after exposure to PRIMA-1using the miScript
SYBR Green PCR kit (Qiagen, Germany) according to
the manufacturer’s protocol. Briefly, the PCR amplifi-
cation was conducted in a 25-pL reaction using a 2X
Quanti Tect SYBR Green PCR master mix (12.5 pL),
10xmiScript Universal primer (2.5uL), 10xmiScript
miRNA-29a-spesific primer (2.5uL), RNase free water
(5.5 puL) and 10 ng template cDNA (2 uL). Real-time
PCR was performed in a 96-well plate using a Step
One Plus™ Real-Time PCR System (Thermo Fisher
Scientific, Inc., USA) at 95°C for 15 min, followed by
40 cycles at 94°C for 15 s, 55°C for 30 s and 70°C for
30 s. The expression of miRNA-29a was calculated
relative to small nucleolar RNA (SNORD)72, and
fold-changes were calculated by the 244 method [31].
Each reaction was repeated three times.
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Inhibition of miRNA-29a

To test the efficacy of miRNA-29a on PRIMA-1Me-
induced apoptosis in ovarian cancer cells A2780 and
Caov-3,cells (4x 10*) were transfected with either 10
nM of mirVana inhibitor of miRNA-29a (Invitrogen,
USA) or 10 nM of the negative control, mirVana miRNA
inhibitor (Invitrogen, USA) by the lipofectamine RNAi
MAX transfection method (Invitrogen, USA) according
to the manufacturer’s protocol. After 24 h incubation,
the medium containing lipofectamine RNAi MAX
reagent was removed and normal DMEM was added.
The transfected cells were treated with PRIMA-1¢
and incubated for additional 48 h, and cell viability
and apoptosis were evaluated in the transfected cells.

Statistical analysis

All values are presented as the mean+tstandard devia-
tion. The Student’s t-test was used for comparison of
the two groups. Analyses were performed with Graph
Pad In Stat v.10.0 software (GraphPad Software, Inc.,
USA). P<0.001 was considered statistically significant.
Sigma Plot v.10.0 were used for illustration.

RESULTS

PRIMA-1™ causes a significant decrease in cell
viability and an increase in apoptosis in ovarian
cancer cells

To examine the effect of PRIMA-1Y on apoptotic cell
death in ovarian cancer cells, the A2780 (p53-wild type)
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and Caov-3 (p53-mutant) cell lines were treated with
20 uM and 40 uM PRIMA-1M¢, respectively, and cell
viability was determined using the MTS assay after
48 h of treatment. It was determined thatPRIMA-1M¢
was significantly cytotoxic for both cell lines, indepen-
dently of p53 status (p<0.001). After the treatment with
PRIMA-1M¢ the Caov-3 and A2780 cells had 44.75%
and 42.75% viable cells, respectively (Fig.1A).These
results were confirmed by FACS analysis. In Caov-3
cells, 13% of the cells in the control group and 64.6%
of the cells in the PRIMA-1M-treated group were
apoptotic, whereas in A2780 cells, the apoptotic cell
percentages in the control and PRIMA-1"¢-treated
group were respectively 10.8 and 57.8% (Fig. 1B).

PRIMA-1™*induces miRNA-29a expression in
ovarian cancer cells

Previously we observed by miRNA PCR array that
miRNA-29a was among the most expressed miRNAs
afterPRIMA-1"exposure in both cell lines (A2780
and Caov-3).To further confirm the miRNA array
data, miRNA expression was examined in the two
cell lines after treatment to PRIMA-1M¢, For this, the
cell lines were treated with PRIMA-1Mat 20 uM and
40 uM doses (A2780 and Caov-3, respectively), and
miRNA-29a expression at 8, 24 and 48 h was evaluated
using miScript microRNA PCR analysis. As shown
in Fig. 2, PRIMA-1M'raised miRNA-29a expression
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Fig. 2. PRIMA-1""upregulates expression of
miRNA29a in ovarian cancer cells. RT-qPCR
analysis was used to evaluate the expression
of miRNA29a. The cells were treated with
PRIMA-1"for 8, 24 and 48 h. RT-qPCR

Fig. 1. Analysis of cell viability and apoptosis after PRIMA-1" treatment. A2780 (20pM) and
Caov-3 (40 pM) cells were treated with PRIMA-1M, and the MTS assay was performed to
determine cell viability 48h post-treatment (A). Cells treated with PRIMA-1 for 48 h were
stained with the Annexin V-FITC apoptosis kit and analyzed by FACS (B). Each experiment
was repeated four times. The results are presented as the mean+SD. * indicates P<0.001.

was carried out in a 96-well plate using a
Step One Real Time-PCR instrument. Fold
induction was calculated by the 22 method.
Each reaction was repeated three times.
The results are presented as the mean+SD.
* indicates P<0.001.
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Fig. 3.Inhibition of miRNA-29a reduces PRIMA-1"-induced apoptosis. A2780 and Caov-3 cells were transfected with the mirVana
miRNA inhibitor to inhibit the expression of miRNA-29a. Transfected cells were treated with PRIMA-1" for 24 h.RT-qPCR was used
to confirm the specific knockdown of miRNA-29a in the transfected cells (A). After treatment with PRIMA-1M¢, cell viability was de-
termined by MTS (B), and apoptosis was evaluated by FACS analysis of the transfected cells (C). All values were obtained from three
independent analyses. The results are presented as the mean+SD, * indicates P<0.001.

after 48 h treatment 11.12- and 10.16-fold in A2780
and Caov-3 cells, respectively, when compared with
untreated controls (p<0.001).

Inhibition of miRNA-29a reduces PRIMA-1Met.
induced apoptosis

As mentioned, PRIMA-1M increases miRNA-29a
expression in A2780 and Caov-3 cells. To investigate
whether miRNA-29a regulates PRIMA-1"-induced
apoptosis, A2780 and Caov-3 cells were transfected with
mirVana, the mir-29a inhibitor and negative control.
A significant reduction in miRNA-29a expression in
cells transfected with mirVana mir-29a inhibitor was
indicative of successful transfection (Fig.3A). After 24
h of PRIMA-1" treatment, cell viability in transfected
cells was measured as previously described. As shown
in Fig.3B, after treatment with PRIMA-1™, cell vi-
ability increased in cells transfected with the miRNA-
29a inhibitor when compared to cells transfected with
the negative control in both cell lines (p<0.001).This
result showed that miRNA-29a plays an important role
in sensitizing ovarian cancer cells to PRIMA-1"¢. To
examine in more detail whether miRNA-29a regulates
PRIMA-1M-induced apoptosis, cells transfected with
miRNA-29a inhibitor were treated with PRIMA-1"
for 24 h, and apoptosis was evaluated by FACS analysis
(Fig.3C). The apoptosis results were also consistent with
viability. Compared to cells transfected with inhibitor
miRNA and cells transfected with its negative control,
cell viability increased from 42% to 62.4% in A2780 cells
and from 32% to 65.4% in Caov-3 cells. As expected,

inhibition of miRNA-29a reduced PRIMA-1-induced
apoptosis, namely; the proportion of apoptotic cells in
cells transfected with inhibitor miRNA-29a decreased
to 22.8% and 19.8%, in A2780 and Caov-3 cells, re-
spectively. These results, when evaluated together,
showed that miRNA-29a could play a prominent role
in the regulation of PRIMA-1""-induced apoptosis in
ovarian cancer cells.

DISCUSSION

Recently, different strategies have been developed to
use P53 as a target in cancer treatment. Identifica-
tion of various small molecules that can reverse the
oncogenic properties of mutant p53 is among these
strategies[9,32]. PRIMA-1¢ is a methylated deriva-
tive of one of these low molecular weight compounds,
PRIMA-1[33]. Studies have shown that PRIMA-1M¢js
more effective in cancer cells expressing mutant p53
than wild-type p53 or null cells [16,34], while several
studies have shown that PRIMA-1"¢ exhibits cytotoxic
effects independent of the p53 mutation status[35-38].
It was reported that PRIMA-1M has sufficient activity
to suppress growth in epithelial ovarian cancer cells,
regardless of the mutation status of p53 [30].PRIMA-1
was shown to trigger apoptosis by altering the expres-
sion of p53 downstream genes such as p53 upregulated
modulator of apoptosis (PUMA), phorbol-12-myristate-
13-acetate-induced protein 1 (NOXA) and apoptosis
regulator BAX, also known as bcl-2-like protein 4 in
the mutant p53 bladder cancer cell line [39]. PRIMA-1
induces apoptosis by promoting the activation of
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proapoptotic signaling pathways and inhibiting JNK
cell viability in mutant p53 breast cancer cells [40].In
this study, PRIMA-1" was shown to cause a significant
reduction in cell viability and increased apoptosis in
ovarian cancer cells carrying both wild-type p53 and
mutant p53. There is no precise information about
the mechanism of PRIMA-1™-induced apoptosis,
especially in ovarian cancer. The fact that PRIMA-1¢
is effective in both mutated and unmutated ovarian
cancer cells can only be explained by p53-independent
mechanisms of action [41].

MiRNAs act in a variety of physiological and bio-
logical processes, such as cell proliferation, differentia-
tion, and hematopoiesis, by regulating the expression
of multiple target genes [42]. Recently, dysregulation
of miRNAs has been associated with cancer initiation
and progression. The role of miRNAs in apoptosis is
not fully understood, but there is evidence that miR-
NAs are important in this process [43]. For example,
when the role of miR-34 family members in regulating
PRIMA-1 induced apoptosis was investigated [44], it
was reported that PRIMA-1 upregulated miR-34a in
mutant p53 human lung cancer cells, which suggests that
PRIMA-1 upregulates miR-34a to induce apoptosis in
lung cancer cells. Investigation of the role of miRNA-29a
in response to PRIMA-1" in multiple myeloma cells
revealed that miRNA-29a plays an important role in
sensitizing the cells to PRIMA-1"¢[42]. Comparison
of miRNA expression levels among PRIMA-1-treated
and untreated groups in a lung tumor model in trans-
genic mice expressing human mutant p53showed
that 9 miRNAs changed at least 6-fold after PRIMA-1
treatment compared to the control group; these are
miR-194, miR-1937a, 1937b, miR-34¢c, miR-192, miR-
1949, miR-2135, miR-3472, miR-712 and miR-1931.
However, thus far, it has not been determined which
miRNAs regulate PRIMA-1-induced apoptosis in
ovarian cancer cells. In the present study, we showed
that miRNA-29a expression was increased by PRIMA-
1Metreatment in A2780 and Caov-3 ovarian cancer cells
carrying wild-type p53 and mutant p53, respectively.
These results indicate that miRNA-29a is associated with
PRIMA-1™-induced apoptosis. Thus, cells transfected
with the mirVana miRNA-29a inhibitor were treated
with PRIMA-1"¢, and cell viability and apoptosis were
analyzed. The reduction of apoptosis in these transfected
cells provides important evidence that miRNA-29a plays
a prominent role in PRIMA-1M-induced apoptosis.
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The increase in cell viability in these transfected cells
supports the importance of miRNA-29a in PRIMA-1
Met_induced apoptosis.

CONCLUSION

The results of this study show that the mechanisms of
action of PRIMA-1Y¢ differ in part from those previ-
ously described. In the present report, the antitumor
activity of PRIMA-1"¢ was shown to be independent
of p53 mutation status in ovarian cancer cells and that
apoptosis was induced by increasing miRNA-29a.
Accordingly, PRIMA-1"should be examined as a
potential anti-cancer agent in in vivo and clinical tri-
als. Further studies are needed to examine the role of
miRNA-29a in the mechanism of PRIMA-1¢-induced
apoptosis in more detail, including the apoptotic genes
that it regulates.
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