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Abstract. The p53-upregulated modulator of apoptosis
(PUMA) has been reported to be involved in various types
of cancer. However, its potential biological role in gallbladder
carcinoma (GBC) has not been fully elucidated. The present
study aimed to determine the expression levels of PUMA
and its biological effects on GBC. The mRNA and protein
expression levels of PUMA in GBC tissues and cell lines
were measured using reverse transcription-quantitative PCR
and western blotting, respectively. The effects of PUMA
overexpression on cell viability, proliferation and invasive
ability were determined in vitro using the MTT, colony
formation and Transwell invasion assays, respectively. The
apoptotic rates were detected using the Annexin V-FITC
apoptosis detection kit. Furthermore, follow-up of patients
with GBC was performed to identify the association between
PUMA expression levels and GBC prognosis. The results of
the present study demonstrated that the expression levels of
PUMA were significantly lower in the GBC tissues and cell
lines compared with those in adjacent normal gallbladder
tissues and normal gallbladder cells, respectively. Further
experiments indicated that overexpression of PUMA inhibited
the viability, proliferation and invasive ability of GBC cells
compared with those in the control-transfected GBC cells.
In addition, overexpression of PUMA significantly promoted
apoptosis in GBC cells. Furthermore, overexpression of PUMA
inhibited epithelial-mesenchymal transition, and promoted
Bax upregulation and Bcl-2 downregulation compared with
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those in the control group. Low PUMA expression levels were
associated with a short overall survival time in patients with
GBC. In conclusions, PUMA may act as a tumor suppressor in
GBC and may serve as a potential novel treatment target for
human GBC.

Introduction

Gallbladder carcinoma (GBC) was the fifth most common
malignant tumor of the digestive system and the most common
malignant tumor of the biliary tract worldwide in 2015 (1,2).
Early diagnosis and radical surgical resection are the most
effective and preferred treatment approaches for patients with
GBC, resulting in improved long-term survival (3,4). However,
due to the atypical early symptoms, and frequently rapid and
asymptomatic progression, a large proportion of patients with
GBC are likely to be diagnosed with late stage cancer; thus,
resectable GBC accounts for only 15-47% of all cases (5,6).
The aforementioned features of GBC may account for the
unsatisfactory prognosis of patients for GBC. The median
survival time of patients with GBC is only ~6 months, with a
5-year survival rate of <5% worldwide in 2019 (7). Eventually,
the majority of patients with GBC succumb to metastatic
disease (8).

Previous studies have reported that p53-upregulated
modulator of apoptosis (PUMA) serves important roles in
inducing apoptosis in both normal and tumor cells (9-11).
In vitro experiments have demonstrated that PUMA induced
esophageal and lung cancer cell apoptosis, and significantly
attenuated the viability and proliferative ability of head and
neck cancer cell lines; consistent with the in vitro results,
the inhibitory effect of PUMA on the tumor growth was
confirmed in nude mice in vivo (9-12). The aforementioned
studies indicate that PUMA serves a crucial inhibitory role in
tumor development. In addition, PUMA is associated with the
progression, recurrence and metastasis and prognosis of colon
and prostate cancers (13,14).

However, the expression profile and potential biological
roles of PUMA in patients with GBC have not been fully
elucidated to date. Therefore, the current study aimed to deter-
mine the expression levels of PUMA in GBC tissues and cell
lines, and to further investigate its effects in GBC pathogenesis.
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Materials and methods

Clinical specimen collection. A total of 18 paired GBC
and adjacent normal gallbladder tissues were collected
from patients who underwent surgical treatment between
December 2016 and December 2018 in the Second Xiangya
Hospital (Changsha, China), including 6 men and 12 women,
with the mean age of 52 years (range, 42-68 years) in Nevin's
stage I-I1T (15). All patients enrolled in the present study had
not undergone any treatment prior surgery. The fresh GBC
and adjacent normal gallbladder tissues were stored at -80°C
in liquid nitrogen until RNA extraction. Written informed
consent for participation and publication were obtained from
all patients. Follow-up was performed after surgery until
December 2019, and no cases were lost to the follow-up. This
study was approved by the Research Ethics Committee of the
Second Xiangya Hospital (approval no. 179 in 2017).

Cell culture. The normal gallbladder cells were obtained by
primary culture of cells isolated from healthy gallbladder
wall tissue, which was obtained from six patients with
gallbladder polyps undergoing cholecystectomy, including
three men and three women, with the mean age of 50 years
(range, 44-65 years). Written informed consent for participa-
tion and publication were obtained from all patients. The
gallbladder wall tissue was transferred to ice-cold Ca**-free
Hanks solution with 0.5 mM EGTA and cut into 1-cm? frag-
ments under sterile conditions. Subsequently, the tissue was
placed on a 60-mm culture dish and treated for 45 min at room
temperature with 0.025% trypsin (Thermo Fisher Scientific,
Inc.) in PBS containing 0.02% EDTA-2Na. The tissue was
agitated every 15 min using a pipette to promote the release of
the cells. The gallbladder cells were collected by centrifuga-
tion at 1,200 x g for 5 min and counted in a CC-108 microcell
counter (TOA Corporation).

Human GBC cell lines GBC-SD, SGC-996, NOZ and
EHGB-1 obtained from the Institute of Biochemistry and
Cell Biology of the Chinese Academy of Sciences. The GBC
cells were cultured in Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal
bovine serum supplemented with 100 U/ml penicillin and
100 U/ml streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C with 5% CO,.

RNA extraction and reverse transcription-quantitative (RT-q)
PCR. The TRIzol® Reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to extract RNA from clinical tissues
and cell lines, which was subsequently treated with DNase I
(Invitrogen; Thermo Fisher Scientific, Inc.) for purification
according to the manufacturer's instructions. The miRcute
miRNA First-Strand cDNA Synthesis kit (Takara Bio, Inc.)
was used to perform reverse transcription according to the
manufacturer's instructions. qPCR was performed using the
SYBR® Green PCR detection kit (Takara, Bio, Inc.) in a 7500
Real-Time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions
with the following primers: PUMA forward, 5'-TGAAGA
GCAAATGAGCCAAACG-3' and reverse, 5-CAGAGCACA
GGATTCACAGTCT-3"; and GAPDH forward, 5"TGACTT
CAACAGCGACACCCA-3' and reverse, 5'-CACCCTGTT

GCTGTAGCCAAA-3'. The expression levels of GAPDH were
used to normalize the results and the 2°42°4 method was used
to calculate the relative expression levels of target gene (16).

Western blotting. Total protein was extracted from clinical
tissues and cell lines using RIPA lysis buffer (50 mM Tris
pH 8.0, 120 mM NaCl, 0.5% sodium deoxycholate, 0.5%
NP-40,0.1% SDS, 1 mM EDTA, 50 mM NaF, | mM Na,VO,,
1 mM PMSF and 2 pg/ml aprotinin) on ice for 30 min.
The protein concentration was determined by BCA assay,
and 50 ug protein/lane was separated by 10% SDS-PAGE
at 120 V for 60 min and transferred to PVDF membranes.
The membranes were blocked with 5% non-fat milk in TBS
(10 mM Tris pH 7.4 and 150 mM NacCl) and 0.1% Tween-20
(TBST) at room temperature for 60 min, followed by
incubation with primary antibodies against PUMA (1:1,000;
cat. no. ab33906), E-cadherin (1:10,000; cat. no. ab40772),
vimentin (1:1,000; cat. no. ab92547), Bax (1:1,000;
cat. no. ab32503), Bcl-2 (1:2,000; cat. no. ab182858) (all from
Abcam) and B-actin (1:1,000; cat. no. A2228; Sigma-Aldrich;
Merck KGaA) at 4°C for 12 h. Subsequently, the membranes
were washed three times with TBST for 5 min and incu-
bated with HRP-conjugated goat anti-rabbit IgG (1:2,000;
cat. no. sc-2004) or anti-mouse IgG (1:2,000; cat. no. sc-2005)
(both from Santa Cruz Biotechnology, Inc.) secondary anti-
body at 37°C for 60 min. The protein bands were visualized
with an enhanced chemiluminescence system (Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
The Gel Doc 2000 imaging system (Bio-Rad Laboratories,
Inc.) was used for densitometric analysis of the protein bands
with ImagelJ software (version 1.8.0.112; National Institutes of
Health) according to the manufacturer's instructions. [3-actin
was used as the internal control.

Plasmid generation and cell transfection. The PUMA sequence
was synthesized and subcloned into the LV-BBC3 vector
(22944-1) (Shanghai GeneChem Co., Ltd.). Ectopic expression
of PUMA was achieved by the PUMA lentivirus transfection,
and an empty vector (KL8781-1) (Shanghai GeneChem Co.,
Ltd.) used as a negative control. Prior to transfection, human
GBC cell lines were cultured in complete medium without
antibiotics for at least 24 h. When the GBC-SD and EHGB-1
cell confluence reached 30-50%, the cells were washed with
1X PBS once and transfected with the LV-BBC3 (22944-1)
(5x10® TU/ml; 40 ul; MOI, 20) and empty (KL8781-1)
(5x108 TU/ml; 40 ul; MOI, 20) vector at 37°C for 72 h, in the
presence of Lipofectamine® 2000 (Invitrogen, Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
At 48 h post-transfection, the cells were harvested, and the
expression levels of PUMA were determined by RT-qPCR.

MTT assay. At 48 h post-transfection, the cells were seeded
into 96-well plates (2x10* cells/well). Following culture for 4 h
at 37°C, the supernatant was discarded, and 150 ul DMSO was
added to each well. After shaking for 10 min, 100 pI cell suspen-
sion was placed into another 96-well plate with 100 1 DMSO
solution as a control. The Cell Proliferation Reagent Kit I (MTT;
Roche Applied Science) was used at 37°C for 4 h to determine
the cell viability. The absorbance values were determined
at 450 nm using a spectrophotometer (Omega Bio-Tek, Inc.).
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Figure 1. PUMA mRNA and protein expression levels in GBC tissues and cell lines. (A) PUMA mRNA expression levels were significantly lower in GBC
tissues compared with those in adjacent tissues, and in GBC cell lines compared with those in the normal group. (B) PUMA protein expression levels
in GBC tissues were significantly decreased compared with those in the adjacent tissues. (C) PUMA protein expression levels in GBC cell lines and
PUMA-overexpressing EHGB-1 and GBC-SD cell lines. "P<0.05 and “P<0.01 vs. normal or as indicated. PUMA, p53-upregulated modulator of apoptosis;

GBC, gallbladder carcinoma; AD, adjacent.

Colony formation assay. At 48 h post-transfection, the
cells were harvested, trypsinized and counted. A total of
500 cells/well were placed into a 6-well plate and cultured
at 37°C. The culture medium was refreshed every 3 days.
Following 14-day culture, the cells were washed with 1X PBS,
fixed with 3.7% methanol at 37°C for 15 min and stained with
0.1% crystal violet at 37°C for 10 min (Sigma-Aldrich; Merck
KGaA). Visible colonies =50 cells were manually counted
using an optical microscope (Olympus Corporation).

Transwell invasion assay. The invasive ability of the cells was
evaluated using an 8-um pore Transwell chamber. The upper
chamber was pre-coated with Matrigel at 37°C overnight.
At 48 h post-transfection, the cells (1x10°) were suspended
in serum-free DMEM and plated into the upper chamber.
The lower chamber was filled with DMEM containing 10%
FBS. Following 48-h incubation at 37°C with 5% CO,, the
chamber was removed, and the cells remaining in the upper
chamber were cleaned with cotton wool. The invasive cells
were washed with 1X PBS, fixed with 100% methanol at 37°C
for 30 min and stained with 0.1% crystal violet at 37°C for

20 min. Finally, images of five random fields were captured
using an optical microscope (x400 magnification; Olympus
Corporation) for quantification analysis. Each experiment was
repeated three times.

Flow cytometry. The cells were inoculated in a 6-well plate
(1x10° cells/well) and divided into four groups: GBC-SD
control, GBC-SD PUMA overexpression, EHGB-1 control
and EHGB-1 PUMA overexpression. The cells were collected,
washed and resuspended in PBS. The Annexin V-FITC
apoptosis detection kit (Beckman Coulter, Inc., USA) was
used to detect apoptotic cells with Annexin V-FITC and PI
double staining according to the manufacturer's instructions.
The analysis was performed using a BD FACSAria™ II flow
cytometer (Becton, Dickinson and Company), and the data
were analyzed using CellQuest Pro software (version 5.1;
Becton, Dickinson and Company).

Statistical analysis. Data are presented as the mean + standard
deviation. SPSS 17.0 software (SPSS, Inc.) was used for
statistical analyses. The differences were analyzed using
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Figure 2. PUMA overexpression inhibits gallbladder carcinoma cell proliferation. (A) Fluorescence of GBC-SD cells following transfection with the LV-BBC3
vector. (B) PUMA mRNA expression were levels significantly upregulated in the GBC-SD and EHGB-1 OE groups compared with those in the corresponding
NC groups. (C and D) Cell proliferation was significantly inhibited in the (C) GBC-SD and (D) EHGB-1 OE groups compared with that in the corresponding
NC groups. "P<0.05 and “"P<0.01. PUMA, p53-upregulated modulator of apoptosis; NC, negative control; OE, PUMA overexpression.

paired-samples Student's t-test for two paired groups, indepen-
dent sample Student's t-test for two independent groups and
one-way ANOVA with the Bonferroni correction for multiple
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

PUMA is expressed at low levels in GBC tissues and cell
lines. RT-qPCR and western blotting were performed to deter-
mine the levels of PUMA expression in GBC and adjacent
normal gallbladder tissues, as well as in GBC cell lines. As
demonstrated in Fig. 1A and B, 77.8% (14/18) of GBC tissues
exhibited decreased mRNA expression levels of PUMA
compared with those in the adjacent tissues. Compared
with those in the adjacent normal gallbladder tissues, the
expression levels of PUMA were significantly lower in GBC
tissues. Furthermore, the expression levels of PUMA were
also significantly lower in GBC cell lines compared with
those in primary normal gallbladder cells. As PUMA expres-
sion levels were lower in GBC-SD and EHGB-1 cell lines
compared with those in the other two cell lines, the GBC-SD
and EHGB-1 cell lines were used in the subsequent experi-
ments. Following PUMA overexpression vector transfection,
the levels of PUMA protein expression were detected; as
presented in Fig. 1C, the expression levels of PUMA protein
were significantly higher in PUMA-overexpressing EHGB-1

and GBC-SD cells compared with those in the corresponding
control groups.

Overexpression of PUMA inhibits GBC cell proliferation and
invasion. MTT and colony formation assays were performed
to verify the function of PUMA in GBC. The expression levels
of PUMA in GBC-SD and EHGB-1 cells were upregulated by
transfection with LV-BBC3 (22944-1) vector, and the empty
(KL8781-1) vector was used as a negative control (Fig. 2A).
As presented in Fig. 2B, PUMA mRNA expression levels
were significantly upregulated in GBC-SD and EHGB-1
overexpression groups compared with those in the negative
control groups. The proliferation of GBC-SD and EHGB-1
cell lines was significantly inhibited in the PUMA overexpres-
sion groups compared with that in the control groups, and
the inhibitory effect appeared to become stronger with the
increasing time post-transfection (Fig. 2C and D). Furthermore,
the colony formation ability of the GBC-SD and EHGH-1 cells
was detected by colony formation assay; as demonstrated in
Fig. 3A, compared with that in the negative control group, the
colony formation ability was significantly suppressed in the
PUMA overexpression groups.

Transwell invasion assay was used to evaluate the effects
of PUMA on the cell invasive ability in vitro. The results
demonstrated that compared with those in the negative control
groups, the numbers of invasive cells were significantly lower
in the PUMA overexpression groups (Fig. 3B). These results
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Figure 3. PUMA overexpression inhibits gallbladder carcinoma cell colony formation and invasion. (A) The colony formation and (B) invasive abilities were
significantly inhibited in the GBC-SD and EHGB-1 OE groups compared with those in the corresponding NC groups. “P<0.01. PUMA, p53-upregulated

modulator of apoptosis; NC, negative control; OE, PUMA overexpression.

suggested that PUMA may act as a negative regulator of the
invasive ability of GBC cells.

PUMA inhibits the epithelial-mesenchymal transition (EMT),
and promotes the upregulation of Bax and the downregulation
Bcl-2. As the EMT process serves a critical role in cancer cell
migration and invasion, the expression levels of EMT-induced
makers were detected in GBC cells. As demonstrated in Fig. 4A,
the protein levels of E-cadherin were upregulated, whereas
the levels of vimentin were downregulated in the PUMA

overexpression groups compared with those in the negative
control groups. In addition, the protein expression levels of Bax
were upregulated, and the levels of Bcl-2 were downregulated
in the PUMA overexpression groups compared with those in
the negative control groups (Fig. 4B). These results suggested
that PUMA may regulate the Bax/Bcl-2 signaling pathway and
the EMT to inhibit the invasive ability of GBC cells.

PUMA promotes apoptosis in GBC cells. Following
overexpression of PUMA, the apoptotic rates of GBC-SD and
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EHGB-1 cells were detected by flow cytometry. As demon-
strated in Fig. 5, the apoptotic rates were 5.0+1.7 and 5.4+1.8%
in the GBC-SD and EHGB-1 control groups, respectively, but
sharply increased to 35.0+4.5 and 28.6+3.9% in the GBC-SD
and EHGB-1 PUMA overexpression groups, respectively
(both P<0.01).

PUMA is a predictor of a favorable prognosis in patients
with GBC. Patients with GBC included in the present study
were followed up. According to the relative PUMA mRNA
expression level and the logarithm of 222 value was zero as a

cutoff point, the patients were divided into PUMA high (n=4)
and low (n=14) groups. No deaths occurred in the two groups
in first three months after surgery. As demonstrated in Fig. 6,
patients in the PUMA high group exhibited a longer overall
survival time compared with those in the PUMA low group
(P<0.05).

Discussion

Emerging evidence has suggested that alterations in a number
of tumor-suppressor genes and oncogenes are associated with
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the oncogenesis and progression of GBC (17,18); however,
the specific molecular mechanism of GBC remains largely
unclear. Due to the poor prognosis of patients with GBC, it
is necessary to urgently identify the exact mechanisms of
occurrence and progression of GBC.

Previous studies have reported that PUMA induces apop-
tosis in normal and tumor cells (19-22); however, a limited
number of studies are currently available on the role of PUMA

in GBC (23-25). Our previous study has demonstrated the
expression of PUMA and its pathological significance in
GBC, adjacent tissues, adenomatous gallbladder polyps and
chronic cholecystitis (23). Another study has investigated
the expression of PUMA and its clinicopathological signifi-
cance in benign and malignant lesions of the gallbladder,
concluding that PUMA is associated with the carcinogenesis,
progression, metastasis and high invasiveness of gallbladder
adenocarcinoma (24). Additionally, the expression of WW
domain-containing oxidoreductase and its effects on inducing
apoptosis by upregulating the expression of PUMA in GBC
cells have been demonstrated (25). However, in the three
aforementioned studies, the expression levels of PUMA in
GBC cell lines have not been reported. In the present study,
the expression levels of PUMA in GBC, adjacent tissues and
GBC cell lines were investigated, and a series of functional
experiments were performed to study the effects of PUMA on
GBC for the first time.

The biological functions of the PUMA gene have been
introduced in detail in a previous study (23). The p53-
dependent and non-dependent apoptotic pathways serve key
roles in PUMA-induced apoptosis; previous studies have
reported that the mechanism of PUMA-induced apoptosis may
include the following: i) PUMA and Bcl-2/Bcl2x1 combine to
inhibit the Bax/Bak signaling pathway in normal or tumor
cells (9); ii)) PUMA combines with p53/Bcl2xl1 to release p53,
which activates Bax to induce apoptosis (9,20,21); iii) PUMA
directly binds to Bax/Bak to change its conformational, and
then Bax is activated to induce cell apoptosis (21,22). However,
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further studies are needed to elucidate the precise underlying
mechanism of PUMA-induced apoptosis.

Our previous study has reported that PUMA is a marker
that may be associated with the clinical behavior of GBC and
may reflect the occurrence, development and prognosis of
GBC in patient tissues (23). In the present study, the expression
levels of PUMA were detected in GBC tissues and cell lines,
and its functional roles on the biological behaviors of GBC
cell lines were further investigated. The results demonstrated
that the expression levels of PUMA were significantly lower
in GBC tissues compared with those in the adjacent tissues,
and were low in GBC cell lines. Further experiments were
performed in vitro to demonstrate the functions of PUMA
in the biological behavior of GBC; the results demonstrated
that following overexpression, PUMA significantly inhibited
the proliferative and invasive abilities of GBC cells compared
with those of the control groups, which suggested that PUMA
may serve as a tumor suppressor in GBC.

The potential mechanisms of PUMA-inhibited invasion
were further investigated in the present study. The EMT is a
process during which epithelial cells trans-differentiate into
mesenchymal cells (26,27). The EMT endows tumor cells
with the traits of migration and invasion and induces cancer
stem cell properties (27,28). However, the effects of the EMT
in PUMA-induced GBC cell apoptosis remain unknown. The
results of the present study demonstrated that PUMA overex-
pression in GBC cell lines increased the protein expression
levels of E-cadherin and decreased the levels of vimentin
compared with those in the negative control group. These
results suggested that PUMA-induced EMT reversal may
account for the inhibitory effects of PUMA on GBC cell
invasion. However, further studies are needed to unravel the
precise signaling pathways involved in the PUMA-mediated
inhibition of the EMT.

The results of the present study also demonstrated that the
protein expression levels of Bax were upregulated, whereas
the levels of Bcl-2 were downregulated following PUMA
overexpression compared with those in the negative control
groups. The Bcl-2 family serves a vital role in apoptosis (29).
As a member of the Bcl-2 family, Bax promotes apoptosis;
the protein expression levels of Bax are associated with the
regulation of apoptosis, since high levels of the Bax protein
induce apoptosis (30,31). As a suppressor of apoptosis, Bcl-2
negatively regulates apoptosis by regulating mitochondrial
cytochrome c release (32). In addition, Bcl-2 binds to Bax to
form a Bax/Bcl-2 polymer to inhibit the apoptotic process (33).
High expression levels of Bcl-2 also maintain cell stability by
inducing glutathione aggregation in the cell nucleus to reduce
caspase activity (34). The results of the present study suggested
that PUMA may inhibit GBC invasion at least partially by
regulating the expression of Bax and Bcl-2. However, further
studies are needed to clarify the exact mechanism of this
regulation process.

In the present study, a normal gallbladder epithelial cell line
was intended to be used as a control for the in vitro experi-
ments; however, careful review of the available literature did not
identify any normal gallbladder epithelial cell lines. Primary
culture of cells isolated from normal gallbladder wall tissues
were subsequently considered. However, these cells could not
be used as a control cell line due to their short survival time.

The follow-up results in the present study demonstrated
that patients with GBC in the PUMA high group exhibited a
longer survival time compared with those in the PUMA low
group, which suggested that PUMA may be a new clinical
marker for the prognosis of GBC and may serve as a potential
target for the diagnosis and treatment of patients with GBC.
However, a larger sample and long-term studies are required
to verify this hypothesis.

In the present study, the expression levels of PUMA and its
inhibitory effects on GBC were only investigated by a limited
number of clinical specimen and cell experiments. Further
studies are required to confirm these results in a large sample
and in vivo animal experiments.

In conclusion, the results of the present study demonstrated
that PUMA inhibited the proliferative and invasive capabilities
of GBC cells through the Bax/Bcl-2 signaling pathway and
partially by regulating the EMT. These results suggested that
PUMA may serve as a potential tumor maker for the diagnosis
and treatment of GBC in clinical practice. In the last decade,
studies on circulating tumor cells (CTCs) have enriched the
methods of detecting tumor cells (35,36); in our future work,
the potential functions of PUMA in CTCs will be investigated.
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