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Abstract. Malignant pheochromocytoma (PHEO) is diag-
nosed only when metastasis has occurred, making it less likely
for patients to obtain the benefits of traditional chemotherapy.
Anti-oncogene TP53 mutation has been detected in PHEO and
is possibly related to disease progression. However, whether
the upregulation of wild-type TP53 has antitumoral effects
on PHEO remains completely unknown. In the present study,
we used RNA activation (RNAa) technique to upregulate
the expression of wild-type TP53 by transfecting synthetic
dsP53-285 into PHEO cell line PC12. We found that the
upregulation of wild-type p53 blocked the transition of PC12
cells from the GO/G1 to the S phase, with induction of apop-
tosis. Additionally, the above-mentioned findings were attested
in vivo. Most importantly, dsP53-285-induced antitumoral
effects were reversible following co-transfection with siRNA
that targeted pS3 mRNA. Collectively, our results revealed that
the upregulation of p53 and possibly other anti-oncogenes may
provide a potential effective therapeutic strategy for PHEO.

Introduction

Pheochromocytoma (PHEO) is a rare neuroendocrine
tumor derived from the adrenal medulla and extra-adrenal
neural crest chromaffin tissues, with an incidence of
2-8 cases/million/year. However, a higher than expected
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incidence has been reported (1). Theoretically, radical resection
remains the sole treatment option. Despite the relatively
satisfactory outcome of an 84-96% 5-year survival rate in
patients with benign masses, the <50% survival rate (2-4)
and up to 65.4% recurrence rate within 5 years (5) are the
overwhelming statistics for patients with malignant PHEO.
Apart from the gold standard of finding ectopic chromaffin
tissue, there are no early diagnostic markers for PHEO and
treatment is not optimal for patients with metastatic disease. In
addition, alternative treatments are of little benefit to patients
with metastatic disease. Therefore, there is an urgent need
for new and effective therapeutic agents for PHEO patients,
especially those with malignant tumors.

Cancer is generally considered a genomic disease that
progresses by accumulating gene mutations leading to onco-
gene activation and/or anti-oncogene inactivation. 7P53, as
a common tumor-suppressor gene, is mutated in more than
half of human cancers (6). Through the regulation of various
target genes, the biological functions of p53 include DNA
repair, cell cycle arrest and induction of apoptosis or senes-
cence (7-9). Thus, inactivating 7P53 mutations could result
in tumorigenesis. By coincidence, numerous studies have
revealed TP53 mutations in PHEO (10,11). However, whether
the ‘artificial’ upregulation of 7P53 has anti-PHEO effects
remains completely unknown.

In the present study, dsP53-285, a small double-stranded
RNA (dsRNA) that targets the TP53 promoter was employed
to induce wild-type TP53 expression in the PHEO cell line
PC12. This phenomenon, termed RNA activation (RNAa),
is conserved in mammalian species. The enhanced p53
expression caused cell cycle arrest and induced apoptosis
in association with altered expression of the corresponding
proteins and mRNAs, including cyclin D1, CDK4/6 and
caspase 9 and 3. Finally, our results were further demonstrated
using in vivo models.

Materials and methods

Cell line and main reagents. PHEO cell line (PC12) was
originally donated by the Institute of Neurology in Ruijin
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Hospital Affiliated to the Medical School of Shanghai
Jiaotong University. dsP53-285 was purchased from
RiboBio (Guangzhou, China). The primary antibodies (p53,
p21, cyclin D1, CDK4/6 and caspase 3 and 9) were purchased
from Cell Signaling Technology (Danvers, MA, USA). The
5-pair-primers were designed by BioINT (Shanghai, China).
The Hoechst 33258 Staining kit was obtained from the
Beyotime Institute of Biotechnology (Shanghai, China).

Cell culture and transfection. PC12 cells were cultured in 60 cm?
dishes in an incubator at 37°C, with 5% CO, and 90% humidity.
The culture medium for PC12 cells consisted of 5% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), 10% horse serum (Thermo Fisher Scientific) and
1% penicillin-streptomycin. PC12 cells were subcultured or the
culture medium was replaced every three days.

The day before transfection, the cells were treated with
trypsin and seeded into new 6-well plates at a density of 50-60%
and then cultured without antibiotics. All dsSRNAs were trans-
fected at a final concentration of 50 nmol/I with Lipofectamine
RNAiMax (Thermo Fisher Scientific) according to the manu-
facturer's instructions. Additionally, dSRNA was replaced with
Opti-MEM (Thermo Fisher Scientific), a medium in which
liposomes are combined with dsRNA, for mock transfection.

Protein extraction and western blot analysis. Cells transfected
with or without dsP53-285 were harvested, washed twice with
phosphate-buffered saline (PBS), and then lysed in ice-cold
lysis buffer containing 1% phenylmethylsulfonyl fluoride
(PMSF) and 10% cocktail for 30 min at 4°C. Afterwards cell
lysates were centrifuged at 12,000 rpm for 30 min and then
loading buffer was added before storage at -20°C. The proteins
were separated by SDS-PAGE (8% gels) and transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). BSA (5%) was used to block non-
specific binding for 1 h at normal atmospheric temperature.
Membranes were subsequently incubated overnight at 4°C with
primary antibodies (1:1,000) and (-actin (1:2,000). Thereafter,
the membranes were washed three times with PBS-T and
then incubated with corresponding secondary antibodies at
room temperature for 40 min. Following washing three times,
the protein bands were detected using the enhanced chemi-
luminescence method with Image Lab software (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) with automatic or
manual exposure.

RNA extraction and real-time quantitative polymerase chain
reaction (qPCR). TRIzol reagent (Thermo Fisher Scientific)
was used to extract RNA from the cells. RNA (500 ng) was
reverse transcribed using a reverse transcription kit (Takara
Biotechnology, Dalian, China) according to the manufacturer's
instructions. Quantitative PCR was performed on a 7500
Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA) with SYBR Premix Ex Taq II (Takara Biotechnology).
The program was set for an initial denaturation step of 5 min
at 95°C, followed by 40 cycles at 95°C for 15 sec, 60°C for
30 sec, and 72°C for 30 sec, with a final extension at 72°C for
5 min. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal control. Relative expression of the
targeted genes was calculated using the 222" method.
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Cell proliferation assay. At 24 h after transfection, the cells
at a density of 3x10°/well, were reseeded and incubated in a
96-well plate in 200 pl culture medium. After 24,48 and 72 h
Cell Counting kit 8 (CCK8; YeaSen, Shanghai, China) was
added to each well according to the manufacturer's protocol,
and incubated for 0.5-4 h before absorbance measurements
were performed at 450 nm with Gen5 software (BioTek,
Winooski, VT, USA). The percentage of viable cells at every
time-point was calculated in relation to the mock group. The
formula for the relative cell number is: relative number = absor-
bance of every group/absorbance of mock group.

Colony formation assay. At 24 h after transfection, the cells at
a density of 1x10%/well were reseeded into sterile 6-well plates
with complete media for 10 days. Each medium was replaced
every 3 days to maintain cell growth. The colonies were fixed
with methanol for 15 min and then stained with crystal violet
(Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room
temperature. Following washing three times with PBS, the
cells were imaged with a digital camera.

Cell cycle analysis. The cells were treated with trypsin and
then resuspended in 300 ul of PBS. Subsequently, the cells
were fixed with 700 ul absolute ethyl alcohol overnight
at 4°C. Cellular DNA was stained with propidium iodide
(PI; 0.05 mg/ml) and analyzed using flow cytometry (BD
Biosciences, Franklin Lakes, NJ, USA).

Apoptosis assay. Cellular apoptosis was observed using the
Hoechst 33258 nuclear staining kit. Briefly, after transfection,
the cells were stained with Hoechst 33258 for 15 min and then
washed twice with PBS before images were captured with a
fluorescence microscope (Olympus, Tokyo, Japan).

Apoptosis was also objectively quantified by flow cytom-
etry through double staining with Annexin V and PI (BD
Biosciences). Briefly, at the end of every time-point, the
cells were harvested and centrifuged at 1,000 rpm for 5 min
and resuspended with binding buffer before staining with
Annexin V-FITC for 10 min and PI for 5 min before flow
cytometric analysis to detect apoptosis.

Mouse xenograft model. Equivalent amounts of PC12 cells
(~20x10°, 200 ul) infected with Lenti-dsP53-285 or
Lenti-dsControl (Bio-Link, Shanghai, China) were injected
subcutaneously into the left hind flanks of female athymic-
nude 4-week-old mice (Shanghai Institute of Materia Medica,
Chinese Academy of Sciences). After one week of macroscopic
tumor formation, the tumor length and width were assessed
every 3 days for 21 days using calipers. Tumor volume (V) was
calculated using the formula: V = length x width? x 0.5236. On
the 28th day after injection, the mice were sacrificed and the
tumors excised, weighed and imaged with a digital camera.

The Research Medical Ethics Committee of Ruijin
Hospital Affiliated to the Medical School of Shanghai Jiaotong
University, approved the present study. All applicable interna-
tional, national and/or institutional guidelines for the care and
use of animals were followed.

Immunohistochemistry (IHC). After fixing in 10% neutral
formalin and dehydrating in concentration gradient alcohol,
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samples were embedded in paraffin, and then cut into 3-ym
serial sections, which were dewaxed twice in xylene, rehy-
drated in alcohol and then rinsed with PBS, followed by
treatment with 3% H,O, for 10 min to inactivate endogenous
peroxidase. After antigen retrieval, the slides were incubated
with 10% goat serum at a constant temperature to block non-
specific reactions for 10 min. Subsequently, the sections were
treated with pS3 antibody (1:100 dilution) for 12 h at 4°C. After
being washed with PBS three times, the slides were incubated
with secondary antibody at 37°C for 30 min. Subsequently,
they were washed again with PBS and developed in diamino-
benzidine (DAB) substrate. The slides were counterstained in
hematoxylin and dehydrated with ethanol and xylene before
being mounted. Yellowish-brown granules at a percentage of
10% or more located in the nucleus of p53 was considered as
positive.

Statistical analysis. All data are presented as the means =+ stan-
dard deviation. Statistical analyses were performed with
SPSS 14.0 software (IBM SPSS, Armonk, NY, USA) and
the corresponding bar graph or line chart were drawn using
GraphPad Prism 7 software. Differences in measurement and
enumeration data were compared using Student's t-test. A
P-value <0.05 was considered to indicate a statistically signifi-
cant difference.

Results

dsP53-285 activates wild-type TP53 expression by targeting
its promoter. A previous study has revealed that dsP53-285
can activate p53 expression by targeting its promoter
sequence at the -285/-267 site (Fig. 1A) in the chimpanzee
and African green monkey, which have relatively conserved
sequences with human (12). Based on this evidence, we trans-
fected synthetic dsP53-285 into PC12 cells and analyzed p53
expression. Compared to the mock and negative control (NC)
groups, dsP53-285 significantly upregulated p53 mRNA and
protein expression (Fig. 1B and C). Similarly, upregulation of
p21 mRNA and protein were synchronous with the increased
pS53 expression. Since p21 expression is only induced by
wild-type p53, these results directly or indirectly demon-
strated that dsP53-285 induced wild-type p53 expression in
PC12 cells.

dsP53-285 decreases cell viability. To evaluate the effect of
enhanced p53 levels by dsP53-285, CCK8 proliferation assay
was performed to assess cell viability. The results revealed
a significant progressive decline in cell viability in the
dsP53-285-transfected cell group compared to the mock and
NC groups (Fig. 1D). The relative cell percentage after 72 h
of transfection were 44.88+3.09 (P<0.001), 96.67+9.07 and
87.93+5.56% (P<0.01) in the dsP53-285, mock and NC groups,
respectively.

dsP53-285 inhibits cell proliferation and induces cell cycle
arrest and apoptosis. Colony formation assay was conducted
to assess cell proliferation in the different experimental
groups. As shown in Fig. 2A, the number of colony forma-
tion in the dsP53-285 group was much less than in the other
two groups. Further analysis of the cell cycle progression
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Figure 1. (A) dsP53-285 (dsP53) sequence and target alignments in
human (HM), chimpanzee (PT) and African green monkey (CA).
(B and C) Protein and mRNA expression levels of p53 and p21. “P<0.01
compared to the mock group; #P<0.01 compared to the dsControl group.
(D) Cell number relative to the mock group. ns, no statistical significance;
“P<0.01 compared to the mock group; “P<0.05 and *#P<0.001 compared to
the dsControl group.

indicated that the dsP53-285 group was primarily arrested
in the GO/G1 phase (Fig. 2B and C). The number of cells
in the GO/G1 phase accounted for 56.47+4.14% in the
dsP35-285 group compared to 47.23+1.29 and 46.64+3.25%
in the mock (P<0.05) and NC groups (P<0.05), respectively.
Consequently, expression of proteins and genes related to the
cell cycle, including cyclin D1 and CDK4/6 were analyzed
by western blotting and qPCR. Compared to the other two
groups, the levels of cyclin D1 and CDK4/6 were decreased in
the dsP53-285 group (Fig. 2D and E).

Twenty-four hours after transfection, apoptotic morpho-
logic characteristics such as cell shrinkage, rounding and
decreased synaptic structures were observed in the dsP53-285
group (Fig. 3A). Subsequently, Hoechst 33258 nuclear staining
kit was used to evaluate the presence of apoptosis. Compared to
the other two groups, the nuclei of dsP53-285-transfected cells
were dyed sapphirine-color, indicative of apoptosis (Fig. 3B).
In addition, flow cytometry was used to objectively quantify
apoptosis through double staining with Annexin V and PI.
As illustrated in Fig. 3C and D, we concluded that dsP53-285
markedly induced progressive cellular apoptosis. At 72 h, the
apoptotic rate in the dsP53-285 group was 5.48+0.53 compared
to 1.16+0.30 and 0.94+0.48% in the mock and NC groups,
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Figure 2. (A) The results of the colony formation assay. (B and C) Cell cycle arrest in the GO/G1 phase. ns, no statistical significance; "P<0.05 and “P<0.01
compared to the mock group; “P<0.05 and *P<0.01 compared to the dsControl group. (D and E) Protein and mRNA expression levels of CDK4, CDK6 and
cyclin D1. "P<0.05 compared to the mock group; #P<0.01 compared to the dsControl group.
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Figure 3. (A) The morphological characteristics of apoptosis under light microscopy. (B) The apoptotic induction detected by Hoechst 33258 nuclear stain
assay. (C and D) dsP53-285-induced early apoptosis as detected by flow cytometry. ns, no statistical significance; "P<0.05 and ““P<0.001 compared to the mock
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respectively. Furthermore, western blot analysis revealed
that apoptosis-related proteins, caspase 9 and its downstream
caspase 3, were cleaved and activated in the dsP53-285
group (Fig. 3E).

Cell cycle arrest and apoptosis induced by dsP53-285 depend
on enhanced wild-type p53 expression. To determine whether
the above-mentioned findings depended on the overexpression
of wild-type TP53, we silenced its expression using a small
interfering RNA (siP53) (Fig. 4A). Consequently, the cell cycle
arrest was relieved in cells co-transfected with dsP53-285
and siP53 but not in those co-transfected with dsP53-285 and
NC (Fig. 4B). The number of cells in the GO/G1 phase at 72 h
of p53 knockdown accounted for 45.47+2.99% compared to

*ok

P<0.001. (D) Expression level of (cleaved)-caspase 3

58.74+3.81% in the group co-transfected with dsP53-285 and
NC (P<0.01). Similarly, dsP53-285-induced apoptotic ability
was reversed after being transfected with siP53 (Fig. 4C).
Early apoptotic rate at 72 h of p53 knockdown was 0.91+0.16
vs. 4.71£0.41% in the other group. Consistent with the results
of flow cytometry, the expression level of cyclin D1 was
upregulated and cleaved-caspase 3 was downregulated after
transfection with siP53 (Fig. 4D). These data revealed that cell
cycle arrest and apoptosis induced by dsP53-285 completely
depended on the enhanced wild-type p53.

dsP53-285 reduces xenograft tumor grow in vivo. Through
the construction of a recombinant lentivirus expression vector,
PC12 cells stably expressing pS3 were transplanted into nude
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Figure 5. In vivo experiments. (A) Expression of p53 in samples from transplanted tumors (magnification, x200). (B) Mouse body weight. ns, no statistical
significance. (C) Tumor volumes. ns, no statistical significance; “P<0.05; “P<0.01. (D) Photographs of isolated xenograft tumors.

mice, referred to as dsP53-285 group. At the end of the experi-
ments, the tumors were isolated, weighed and subjected to
immunohistochemical staining. Predictably, positive expres-
sion of p53 was observed in the dsP53-285 group rather than
in the control group transfected with Lenti-dsControl vector
cells (Fig. 5A). Compared to the control group, the mean tumor
volume in the dsP53-285 group was significantly smaller
(3,548+148 vs. 5,547+555 mm?, P<0.01; Fig. 5C and D),
but without significant difference in mouse body weight
(22.00+0.53 vs. 22.83+1.15 g, P>0.05; Fig. 5B).

Discussion

TP53 is an established tumor suppressor gene with frequent
inactivating mutations in various human types of cancer,
including PHEO (13-16). As a dsRNA targeted to TP53
promoter sequence, dsP53-285 has been ascertained to activate
the wild-type TP53 expression with antitumor effects in human
cancers (17,18).

Currently, there are no clinically reliable markers for the
early diagnosis of malignant PHEO, with the exception of the
gold standard of finding ectopic chromaffin tissue. However,
patients with metastatic disease miss optimal treatment
opportunities and only partially benefit from conventional
chemotherapy. However, little is known about whether
dsP53-285 has any anti-PHEO effects through the activation
of wild-type TP53.

The data presented in the present study demonstrated
that synthetic dsP53-285 could induce robust wild-type TP53
expression. As a downstream target of wild-type but not
mutant TP53, p21 expression at both the mRNA and protein
level was upregulated by dsP53-285, indirectly revealing
that dsP53-285 could induce p21 expression. Preliminary

proliferation assay results demonstrated that dsP53-285
directly inhibited progressive PC12 cell viability. Moreover,
we ascertained that transfection of dsP53-285 inhibited
tumor cell viability through the induction of GO/G1l-phase
arrest and apoptosis, both of which were consistent with the
altered expression level of related mRNAs and proteins. In
addition, dsP53-285 impeded tumor growth in vivo. Notably,
dsP53-285-induced antitumor effects were reversed following
co-transfection with siP53. This finding further indicated that
dsP53-285 enhanced p53 expression and functions.
Dysregulation of the cell cycle that causes abnormal cell
proliferation to promote tumor progression is a universal
phenomenon of tumors. The cell cycle is regulated by
cyclin-CDK complexes, such as cyclin D1-CDK4/6 complexes,
which are required for the transition from the GO/G1 phase
to the S phase. Besides, p21 protein mediates p53-dependent
cell cycle arrest by binding and inhibiting cyclin-CDK
complexes (19-23). Other researchers as well as we have
demonstrated that dsP53-285 induces GO/G1 phase arrest and
supresses the expression of cyclin D1 and CDK4/6 (17,18).
Following p53 knockdown, the cell cycle arrest induced by
dsP53-285 was reversed, revealing that dsP53-285 activated
wild-type p53 and p21 to induce GO/G1 phase arrest.
Apoptosis contributes to maintaining homeostasis of
organismal internal environment through the orderly and
effective clearance of damaged cells. Thus, its dysregulation
is frequently associated with excessive proliferation that even-
tually leads to tumor formation and drug resistance (24,25).
Research reveals that p53 regulates the BCL-2 family of
proteins regarded as the most vital regulators of apop-
tosis (26). In the present study, we firstly demonstrated that
dsP53-285 could induce apoptosis through the upregulation of
cleaved-caspase 9 and 3, an activated form of caspase proteins.
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However, we did not detect expression changes in the levels of
BCL-2 family of proteins such as BCL-2 and Bax.

RNAa involves specific and nonspecific target genes.
Additionally, it has a prolonged duration that could last up
to two weeks (27,28). In regard to oncotherapy, RNAa has
primarily been focused on activating mutant anti-oncogenes
that are universally inactivated in human tumors, irrespective
of mutant oncogenes. Thus, RNAa appears to be an effective,
specific and widespread strategy for cancer therapy.

In conclusion, our results strongly suggest that dsP53-285
could inhibit proliferation and induction of apoptosis in
PC12 cells through upregulation of wild-type TP53. Our
findings highlight the therapeutic potential of dsP53-285 for
PHEO.
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