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STAT3-PTTG11 abrogation inhibits proliferation
and induces apoptosis in malignant glioma cells
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Abstract. Pituitary tumor transforming gene 1 (PTTGI1) is
abundantly expressed in glioma. Our previous study demon-
strated that the downregulation of PTTG11 gene expression
significantly inhibited the proliferation, migration and invasion
ability, and increased the apoptosis of SHG44 glioma cells.
However, the molecular mechanisms that regulate PTTG11
and its actions remain elusive. In the present study, CCK-8
and flow cytometry assays were used to assess the prolifera-
tion/viability and apoptosis, respectively, of the human glioma
U251 cell line. STAT3-PTTGI signals were further evaluated
by western blotting. The findings of the present study revealed
that STAT3 induced PTTGI11 expression, which subsequently
induced downstream c-Myc and Bcl-2 expression while
inhibiting Bax expression, thereby promoting cell viability
and inhibiting apoptosis. PTTGI11 suppression via siRNA
inhibited the viability and increased the apoptosis of glioma
cells induced by the STAT3 activator S3I-201. c-Myc and Bcl-2
expression was suppressed by PTTG11 inhibition. The findings
of the present study suggest that the STAT3-PTTG11 signaling
pathway may play an important role in glioma progression by
regulating cell proliferation and apoptosis.

Introduction

According to the World Health Organization report 2016,
meningiomas are the most common primary tumors of the
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central nervous system in adults in the world (1). Glioma grows
in an expansive and invasive manner, and tends to progress to a
higher grade (2). Despite aggressive treatment (such as surgery
followed by radiotherapy or chemotherapy), the median survival
time for patients with GBM is only 14.6 months and most patients
die within 2 years (3). The complexity of the genesis of malignant
gliomas involves different genetic and molecular pathways (4).
Epidermal growth factor receptor gene amplification and
phosphatase and tensin homolog mutations are more common
in primary GBM than secondary GBM. In secondary GBM,
mutations occur more commonly in the isocitrate dehydrogenase
1 or 2 and TP53 genes (5,6). In ~80% of GBMs, there are also
changes in tyrosine kinase activity transmembrane receptor
signaling pathways, the p53 pathway (TP53/mouse double
minute 2 homolog/pl4ARF), the phosphorylated retinoblastoma
(RB) pathway [RBl1/cyclin-dependant kinase (CDK) inhibitor
2A/CDK4] and the telomerase reverse transcriptase promoter
region (pTERT) (7,8). The high variation in the genes involved
in GBM is an important reason for the poor efficacy of chemo-
therapy drugs. Therefore, treatment of these highly aggressive
tumors is quite challenging. The understanding of the various
important genes involved in glioma and the underlying signaling
pathways activated during the process of carcinogenesis will
reveal the nature of glioma development and provide new insight
into the treatment of glioma.

Human pituitary tumor-transforming gene 1 (PTTGI11)is a
multifunctional proto-oncogene that is upregulated in various
tumors, including glioma and hepatocellular carcinoma (9).
The upregulation of PTTGI11 is associated with tumor inva-
sion, progression and angiogenesis, suggesting that PTTGlI
may play a crucial role in tumorigenesis (10). PTTGI has
been identified as a key ‘signature gene’, with high levels of
expression predicting metastasis in multiple tumor types,
such as breast, prostate and ovarian cancer (11). Our previous
study demonstrated that the downregulation of PTTGI11 gene
expression significantly inhibited the proliferation, migration
and invasion ability, and increased the apoptosis of SHG44
glioma cells (12). These studies suggest that PTTGI is a poten-
tial oncogene involved in tumor development, invasion and
angiogenesis. However, the molecular mechanisms involved in
the regulation of PTTGI and its actions remain elusive.
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Signal transducer and activator of transcription 3 (STAT3) is
an important regulatory factor that modulates tumor cell prolif-
eration, apoptosis, invasion and metastasis (13). Several previous
studies have demonstrated that STAT3 signaling plays an
important role in the growth of gliomas, and increased STAT3
activation has been associated with the progression of patho-
logical stages and worse overall survival (14-16). S31-201 is
a novel and selective STAT3 inhibitor of the Stat3/Stat3
complex, STAT3 tyrosine phosphorylation and DNA binding,
exerting antitumor properties. Furthermore, the interleukin
(IL)-6/JAK/STAT3 pathway is involved in the pathogenesis
of numerous human malignancies (17,18). In cancer, increased
IL-6 levels result in hyperactivation of JAK/STAT3 signaling,
which is typically associated with a poorer prognosis (19). In
the process of tumorigenesis and development, PTTGI1 and
STAT3 can affect the regulation of the cell cycle and participate
in biological processes, such as cell apoptosis and proliferation.
PTTGI1 and STAT3 regulate some mutual downstream target
genes, including c-Myc and Bax/Bcl-2 (20,21). Overall, the
PTTGI1 pathway may be involved in STAT3 modulated tumor
cell proliferation and apoptosis, although additional studies are
required to confirm this hypothesis.

Our previous study demonstrated that the downregulation
of PTTGI1 gene expression significantly inhibited the prolifera-
tion, migration and invasion ability, and increased the apoptosis
of SHG44 glioma cells. However, the molecular mechanisms
that regulate PTTGI1 and its actions remain elusive. In the
present study, CCK-8 and flow cytometry assays were used to
assess the proliferation/viability and apoptosis, respectively, of
the human glioma U251 cell line. The purpose of this study is to
explore the effect of PTTGI on the proliferation and apoptosis
of glioma cell U251 and explore its mechanism.

Materials and methods

Materials. siRNA-PTTGI11, scrambled negative control
siRNA (siRNA-NC) and riboFECT CP Transfection kit were
purchased from Guangzhou RiboBio Co., Ltd (https://www.
ribobio.com/). Cell Counting Kit-8 (CCK-8) was purchased
from Dalian Meilun Biotechnology Co., Ltd. An inhibitor
(S31-201) and agonist (IL-6) of STAT3 were purchased from
Sigma-Aldrich; Merck KGaA. Based on previous reports, a
dose of 200 pm S3I-201 was used in the present study (21-23).
The annexin V-FITC/propidium iodide (PI) apoptosis kit
was purchased from Nanjing KeyGen Biotech Co., Ltd. The
primary antibodies against PTTG11 (cat. no. ab79546) and Bax
(cat.no. ab32503) were purchased from Abcam. The antibodies
against c-myc (cat. no. D84C12), p-STAT?3 (cat. no. D3A7) and
STAT?3 (cat. no. 124H6) were purchased from Cell Signaling
Technology, Inc. The primary antibody against f-actin
(cat. no. 20536-1-AP) was purchased from the Proteintech
Group, Inc. The secondary antibodies, horse radish peroxidase
(HRP)-labeled goat anti-rabbit IgG (cat. no. GAR007) and
HRP-labeled goat anti-mouse IgG (cat. no. GAMO007) were
purchased from Hangzhou Multi Sciences (Lianke) Biotech.
Co., Ltd.

Cell culture. U251 cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM) (Hyclone; GE Healthcare Life
Sciences) containing 10% fetal bovine serum (Thermo Fisher

Scientific Inc.) at 37°C in 5% CO,. The medium was replaced at
48-h intervals. After the cells had reached 80-90% confluency,
the cells were passaged.

Cell transfection. U251 cells in the logarithmic growth phase
were selected for transfection. The cells were divided into
3 groups: A blank group (non-transfected cells), a negative
control group (cells transfected with 50 nM siRNA-negative
control) and an siRNA-PTTGI1 group (cells transfected with
siRNA-PTTGI1). According to our previous study (12), the
sequence of the sSiRNA-PTTG11 was 5-GGGAGATCTCAG
TTTCAA-3" and it was used at a concentration of 50 nM. The
cells were placed in 6-well plates at a density of 1x10° cells/well.
When their confluence reached 70%, cell transfection was
performed according to the manufacturer's instructions from
the transfection kit. After 24 h, the medium was replaced with
fresh medium in which siRNA-NC and siRNA-PTTGI11 were
added along with 80 ng/ml IL-6 for 24 h.

CCK-8 assay. To assess the proliferation of the U251 cells
after different treatments, 5,000 cells/well were inoculated
into 96-well plates and cultured for 24 h. The cells were
treated with different concentrations of S3I-201 (0, 50, 100
or 200 uM) or IL-6 (20, 40 or 80 ng/ml) for 0, 6, 12, 24, 48
or 72 h. The 0 uM was used as the control. Next, 10 ul of a
CCK-8 solution was added to each well and the cells were
incubated at 37°C for 1 h, according to the manufacturer's
protocols. Subsequently, the absorbance at 450 nm of each
group was measured. The cell viability was calculated using
the formula given in the manufacturer's instructions from
the kit.

Flow cytometry. Transfected U251 cells were digested with
0.25% trypsinase, washed twice with 300 ml prechilled PBS
and then collected by centrifugation 800 x g for 5 min at 4°C.
The cells were resuspended at 1-5x10° cells/ml in 100 ul
binding buffer (eBioscience; Thermo Fisher Scientific, Inc.)
followed by the addition of 5 ul Annexin V labeled with FITC
and 10 ul PI in the dark at room temperature. After 15 min,
400 pl additional binding buffer was added to the reaction
system. Cell apoptosis was analyzed using a flow cytometer
(Attune NxT, Thermo Fisher Scientific, Inc.) at an excitation
wavelength of 488 nm. FlowJo version 10.5 (BD Biosciences)
was used for analysis.

Western blotting. Human glioma U251 cells were lysed with
RIPA buffer (Beijing Solarbio Science & Technology Co.,
Ltd.) that contained protease inhibitors. After quantification
with a BCA protein assay kit (Pierce; Thermo Fisher Scientific,
Inc.) using a Multifunctional microplate reader (Molecular
Devices). Total protein (20 ug/lane) was separated on a 12%
gel using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis. Next, the proteins were transferred to polyvinylidene
difluoride membranes. The 5% Nonfat-Dried milk (Solarbio,
Beijing, China) in TBST was used to block PVDF membranes
at room temperature for 1 h followed by incubation with
primary antibodies against PTTGI11 (1:5,000), Bax (1:1,000),
c-Myc (1:1,000), p-STAT3 (1:2,000), STAT3 (1:1,000), or
B-actin (1:5,000) overnight at 4°C. The membranes were then
incubated with the the secondary antibodies (both 1:10,000)
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Figure 1. Effects of S31-201 and IL-6 on proliferation and apoptosis of U251 cells. (A) Viability of U251 cells in the S31-201 group was significantly decreased.
(B) The viability of U251 cells in the IL-6 group was significantly increased. (C) S3I-201 could promote the apoptosis of U251 cells while IL-6 inhibited

ok

apoptosis. The experiment was repeated three times.
scatter; PI, propidium iodide.

at room temperature for 1 h. ECL solution (EMD Millipore)
was used to detect the proteins on the membrane. The relative
protein levels were normalized to 3-actin.

Statistical analysis. Experimental result data are expressed as
the mean + SEM of three separate experiments. Data for cell
viability were compared using two-way ANOVA followed by
Bonferroni's post hoc test, and one-way ANOVA with Tukey's
post hoc test for the remainder of the multiple comparisons
performed. The analyses were performed using Prism 7 for
Windows (GraphPad Software Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Effects of S31-201 and IL-6 on viability and apoptosis of
U251 cells. It has been reported that S3I-201 and IL-6 are an

P<0.001 compared with the control group (set to 100%). IL, interleukin; SS, side scatter; FS, forward

inhibitor and an agonist of STAT3, respectively (22,23). To
investigate the effects of IL-6 and S3I-201 on glioma cells, the
CCK-8 assay was used at 0, 6, 12, 24, 48 and 72 h after treat-
ment with different doses of S31-201 (0, 50, 100 or 200 xM)
or IL-6 (0, 20, 40 or 80 ng/ml) to measure U251 cell viability
and proliferation, respectively. The results demonstrated that
the viability of U251 cells treated with S31-201 at dosage of
200 M was significantly decreased compared with that of the
control group (Fig. 1A). When U251 cells were treated with
IL-6 at dosage of 80 ng/ml, the proliferation of the U251 cells
was significantly increased compared with that in the control
group (Fig. 1B).

In addition, flow cytometry was performed to confirm that
IL-6 (80 ng/ml) and S3I-201 (200 xM) affected apoptosis of the
U251 cells. The results revealed that the percentage of apoptotic
cells was significantly increased in the S31-201 group compared
with that in the control group (Fig. 1C). However, the percentage
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Figure 2. Effect of different doses of S31-201 and IL-6 on the protein expression of p-STAT3 and PTTGI11 proteins in U251 cells. (A) Western blotting results
of p-STAT3, STAT3 and PTTGI11 proteins in U251 cells treated with S3I-201. Expression levels of the (B) p-STAT3 and (C) PTTGI1 proteins were both
decreased after S31-201 treatment. (D) Western blotting results of p-STAT3, STAT3 and PTTGI11 proteins in U251 cells treated with IL-6. Expression levels
of (E) p-STAT3 and (F) PTTGI1 proteins were both increased after IL-6 treatment. Quantified results were normalized to B-actin expression. Values were
expressed as percentages compared to control group (set to 100%). The experiment was repeated three times. ““P<0.01, ““P<0.001 compared with the control
group (set to 100%). IL, interleukin; p, phosphorylated; PTTGI1, pituitary tumor transforming gene 1.

of apoptotic cells was decreased in the IL-6 group compared
with the control group, although this did not reach statistical
significance (Fig. 1C). In conclusion, these data implied that
S31-201 could decrease U251 cell viability and promote apop-
tosis, while IL-6 increased proliferation and had no effect on
apoptosis. Thus, it was hypothesized that STAT3 could promote
the viability of and inhibit the apoptosis of U251 cells.

Effects of S31-201 and IL-6 on the protein expression of
p-STAT3 and PTTGII in U251 cells. PTTGI1 is known to
promote the proliferation of glioma cells (24). To elucidate the
association between STAT3 and PTTG11, western blotting was
used to measure the protein expression levels of p-STAT3 and
PTTGI1. The results demonstrated that the expression levels
of p-STAT3 and PTTGI1 were significantly decreased in the
50, 100 and 200 M S31-201 groups compared with those in the
control group (Fig. 2A-C). However, there was no statistically
significant difference between the 10 xM S3I-201 and control
groups (Fig. 2A-C). By contrast, the p-STAT3 and PTTG11
levels were increased in the IL-6 group compared with those in
the control group, with this effect reaching significance when
cells were treated with 80 ng/ml IL-6 (Fig. 2D-F). The changes
in PTTGI1 and p-STAT3 demonstrated similar trends to each
other when treated with S31-201 and IL-6. Therefore, it was
concluded that the protein expression of the p-STAT3 protein
was positively associated with PTTGI11 protein expression.

IL-6 promotes the proliferation of U251 cells by affecting
the expression of PTTGII. The aforementioned results
demonstrated that IL-6 promoted the proliferation of U251
cells and increased the expression of PTTGI1 in U251 cells.
To verify whether IL-6 promotes the proliferation of U251 by

upregulating the expression of PTTGI11, U251 cells were trans-
fected with sSiRNA-PTTG11 and treated with IL-6, and the cell
viability and apoptotic rates of U251 cells were investigated.
The results of the CCK-8 assays revealed that the difference in
U251 cell viability between the control and siRNA-NC group
was not statistically significant (Fig. 3A). Compared with the
siRNA-NC group, the viability of the siRNA-PTTGI1 and
siRNA-PTTGI1+IL-6 groups was significantly decreased,
while for the siRNA-NC+IL-6 group it was significantly
increased between 24 and 72 h (Fig. 3A). There was no statisti-
cally significant difference between the siRNA-PTTGI1 and
siRNA-PTTGI1+IL-6 groups (Fig. 3A).

Flow cytometry experiments were performed to further
verify these results. The results demonstrated that compared
with that in the siRNA-NC group, the percentage of apoptotic
cells was significantly increased in the siRNA-PTTGI1 and
siRNA-PTTGI1+IL-6 groups; however, it was decreased in the
siRNA-NC+IL-6 group (Fig. 3B and C). There was no statisti-
cally significant difference in the apoptosis rate between the
siRNA-PTTGI11+IL-6 group and the siRNA-PTTGI1 group
(Fig. 3B and C). These results suggest that silencing PPTGI
could affect cell proliferation and apoptosis, but that IL-6
could not effectively weaken this effect. In conclusion, IL-6
regulates the proliferation and apoptosis of U251 cells by
affecting the expression of PTTGI11.

IL-6 affects U251 apoptosis and cell viability by altering the
expression of STAT3-PTTGI11-related proteins. The afore-
mentioned results demonstrated that the expression levels of
p-STAT3 and PTTGI1 were positively associated in U251 cells,
while IL-6, as an agonist of STAT3, could upregulate the expres-
sion of PTTGI1 to promote cell proliferation. It was therefore
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Figure 3. Effect of sSiRNA-PTTGI11 on the viability and apoptosis of U251 cells. The control group was untreated, and negative control group cells were treated
with NC siRNA. (A) Viability of U251 cells in each group after cell transfection. The viability of the U 251 cells decreased after the cells were transfected
with siRNA-PTTGl11, and there was no statistically significant difference between the siRNA-PTTGI1 and siRNA-PTTGI11+IL-6 (80 ng/ml) groups after
24 h, while the viability of the siRNA-NC+IL-6 group was significantly increased from 24 to 72 h. (B and C) Apoptosis rate of U251 cells in each group after
transfection. Apoptosis was significantly increased in the siRNA-PTTGI1 and siRNA-PTTGI11+IL-6 groups, but decreased in the siRNA-NC+IL-6 group
compared with siRNA-NC group. "P<0.05 and *“P<0.001 compared with the control group (set to 100%). IL, interleukin; SS, side scatter; FS, forward scatter;
PI, propidium iodide; PTTG11, pituitary tumor transforming gene 1; NC, negative control; si, small interfering.

hypothesized that STAT3 might act upstream of PTTGI11 and
regulate the apoptosis and proliferation of U251 cells by altering
the expression of PTTGI1. To prove this hypothesis, U251 cells
were transfected with siRNA-PTTGI1. Following confirma-
tion of transfection efficiency, western blotting was performed
to observe the changes in protein levels (Fig. 4A and C). The
results indicated that silencing PTTG11 had no significant effect
on p-STAT3 (Fig. 4A and B). However, IL-6 could upregu-
late the expression of p-STAT3 in U251 cells (Fig. 4B). The
expression of PTTGI11 was increased in the siRNA-NC+IL-6
group; however, IL-6 did not obviously increase the level
of PTTGI1 after silencing of PTTGI11 (Fig. 4C). In addition,
proliferation-associated proteins (c-Myc and Bcl-2) (25) were
decreased in the siRNA-PTTGI1 and siRNA-PTTGI1+IL-6
groups compared with the levels in the siRNA-NC group
(Fig. 4D and E). By contrast, the expression of c-Myc and Bcl-2

was enhanced in the siRNA-NC-IL-6 group compared with the
siRNA-NC group (Fig. 4D and E). In addition, the levels of the
apoptosis-associated protein (Bax) (26) in the siRNA-PTTGI1
and siRNA-PTTGI11+IL-6 groups were significantly higher
compared with the level in the siRNA-NC group (Fig. 4F). In
the siRNA-NC+IL-6 group, there was a decrease in the level of
Bax protein compared with the siRNA-NC group (Fig. 4F). In
conclusion, IL-6 could upregulate the expression of PTTG11,
c-Myc and Bcl-2, and decrease the expression of BAX by
inducing the expression of p-STAT3, which could be achieved
by regulating the target gene PTTGI1.

Discussion

Due to the failure of conventional therapeutic strategies (surgery
combined with radiotherapy and chemotherapy) (27,28),
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Figure 4. IL-6 affects apoptosis and proliferation by altering the expression of related proteins in U251 cells. The control group was untreated, and negative
control group cells were treated with NC siRNA. (A) Expression of proliferation and apoptosis-related proteins in U251 cells of each group as shown by
western blotting. The expression levels of p-STAT3, PTTG11, c-Myc, Bcl-2 and Bax in U251 cells after the indicated treatment. (B) Whether PTTG11 was
silenced or not, IL-6 could upregulate the expression of p-STAT3. (C) IL-6 at dosage of 80 ng/ml could upregulate the expression of PTTG11. This effect was
not obvious when PTTGI11 was silenced. (D) c-Myc and (E) Bcl-2 were decreased in the siRNA-PTTGI11 and siRNA-PTTGI114IL-6 groups, but enhanced in
the siRNA-NC+IL-6 group compared with siRNA-NC group. (F) Bax levels in the siRNA-PTTGI11 and siRNA-PTTGI11+IL-6 groups were notably higher
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but were at their lowest in the siRNA-NC+IL-6 group compared with siRNA-NC group. ‘P<0.05, “P<0.01 and “"P<0.001 compared with the control group
(set to 100%). IL, interleukin; PTTGL11, pituitary tumor transforming gene 1; NC, negative control; si, small interfering.

an understanding of the molecular mechanisms of glioma will
be helpful for treating the disease and for delivering tumoricidal
agents. The oncogenic transcription factor STAT3 is a key
signaling hub, regulating a number of tumor-related processes,
including proliferation, migration, apoptosis-resistance, angio-
genesis and immune evasion (29). A previous study demonstrated
that PTTGI11 plays an important role in gene modulation,
angiogenesis, mitoses, cell cycle control, cell transformation,
DNA repair and cell apoptosis (30). A high expression level of
PTTGI1 has been observed in U251 glioma cells. Both STAT3
and PTTGI1 have been implicated in multiple steps of glioma
development and progression (19,24), but the mechanisms that
regulate their coordinated functions were not known.

The findings of the present study used an activator and
inhibitor of STAT3 to reveal that a positive association exists
between the extent of STAT3 and PTTGI11 activation. The
present study demonstrated that both p-STAT3 and PTTGI1
protein levels were significantly decreased in the S3I-201
group compared with those in the NC group (Fig. 2A-C).
However, p-STAT3 and PTTGI1 protein levels increased
significantly in the IL-6 group compared with those in the NC
group (Fig. 2D-F). When PTTGI-siRNA was used, the effects
of STAT3 on proliferation were significantly suppressed and
PTTGI silencing increased the apoptosis of U251 cells. These
results demonstrated that PTTG1 may be one of the genes
targeted by the STAT3 signaling pathway that acts to promote
glioma proliferation and apoptosis.

In addition, in the present study, the protein expression of
genes downstream of the STAT3-PTTG] signaling pathway
was assessed. Therefore, the effect of PTTGI1-siRNA trans-
fection on IL-6-induced proliferation and apoptosis-related
protein expression in U251 cells was investigated. Following
PTTGI-siRNA transfection, the protein expression levels of
PTTGI1, c-Myc and Bcl-2 were decreased, while that of Bax
was increased. IL-6-induced STAT?3 activation upregulated
PTTGI11, c-Myc and Bcl-2 protein expression, and down-
regulated Bax protein expression, which was achieved by
regulating the target gene PTTGI1. The findings of the present
study demonstrated that c-Myc, which is responsible for
the inhibition of cell proliferation, was downregulated after
PTTG11-siRNA transfection. It was also demonstrated that
Bcl-2 was downregulated and BAX was upregulated following
PTTGI11-siRNA transfection, showing that together, these
processes are responsible for increased levels of cell apoptosis.
These results are similar to previous reports (24,25).

Of course, this study also has limitations. We used the
U251 cell line to study the role of PTTGI in glioma prolif-
eration and apoptosis, and explored its mechanism. Although
U251 is a widely used and recognized cell for gliomas study,
but the use of single cell line still makes this research slightly
underweight. In conclusion, the findings of the present study
demonstrated that PTTGI1 is a downstream gene of STAT3.
STAT3 induces PTTGI1 expression, which then induces
c-Myc and Bcl-2 expression, and inhibits BAX expression,
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thereby promoting cell proliferation and inhibiting apoptosis.
The findings of the present study suggest that PTTG11 plays an
important role in glioma progression by regulating cell prolif-
eration and apoptosis. PTTG11 may be a potential therapeutic
target for blocking glioma cell proliferation.
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