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Targeting long non-coding RNA PVT1/TGF-3/Smad by p53 prevents glioma

progression

Zhang Li, Ming Li, Pengcheng Xia, Lili Wang, and Zhiming Lu

Department of Clinical Laboratory, Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University, Jinan,Shandong Province, China

ABSTRACT

Glioma is a primary intracranial malignant tumor with poor prognosis, and its pathogenesis is unclear. This
study discussed the impact of p53/IncRNA plasmacytoma variant translocation 1 (IncRNA PVT1)/trans-
forming growth factor beta (TGF-B)/Smad axis on the biological characteristics of glioma. Glioma and
normal tissues were collected, in which relative IncRNA PVT1 and p53 expression was assessed. Pearson’s
analysis was adopted for the correlation analysis between IncRNA PVT1 and p53. Short interfering RNA
(siRNA) against IncRNA PVT1 (siRNA-PVT1), siRNA-p53 or both was transfected into the glioma cells to
evaluate effects of IncRNA PVT1 and p53 on cell proliferation, migration, invasion, and apoptosis. Mouse
xenograft model of glioma was established to verify function of IncRNA PVT1 and p53 in vivo. Relationship
among p53, IncRNA PVT1 and TGF-3/Smad was predicted and confirmed. Glioma tissues and cells showed
downregulated p53 expression and increased IncRNA PVT1 expression. An adverse relationship was noted
between p53 expression and INcRNA PVT1 expression. p53 was shown to be enriched in the IncRNA PVT1
promoter region and resulted in its suppression. p53 inhibited glioma cell proliferation, migration, and
invasion, and induced apoptosis as well as arrested tumor growth by downregulating IncRNA PVTI1.
LncRNA PVT1was found to bind to TGF-f3 and activate TGF-3/Smad pathway, promoting progression of
glioma. Consequently, p53 exerts anti-oncogenic function on glioma development by suppressing IncRNA
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PVT1 and subsequently inactivating TGF-3/Smad pathway.

Introduction

Histologically, there exist over 100 different types of pri-
mary brain and central nervous system (CNS) tumors.'
Glioma is one most frequent primary brain tumor originat-
ing from glial or supporting cells of the CNS, and can be
graded I-IV based on morphology and malignant behavior
specified in WHO classification.” Glioma can be caused by
genetic and environmental factors as well as improper life-
styles, such as inherited mutations, and ionizing radiation.’
Current treatment for glioma includes surgery, radiother-
apy, chemotherapy, and drug-targeted therapies.* However,
there are still high rates of mortality and recurrence, and
fatal prognosis.’

p53 is considered as a tumor suppressor protein and tightly
regulates cell growth via promotion of apoptosis and DNA
repair under stressful conditions.® Normal function of p53
possesses tumor-suppressing properties, while tumor-
associated mutations in p53 are a hallmark of multiple
human cancers and lead to significant defects in p53
function.” p53 represents one of the well-documented bio-
markers in human glioma owing to its potential of predicting
the prognosis in patients with glioma.® Meanwhile, inhibiting
P53 expression has been shown to elicit stimulated prolifera-
tion of glioma cells, thus aggravating the progression of
glioma.” Previous literature has reported IncRNA plasmacy-
toma variant translocation 1 (IncRNA PVT1) to be a p53-

inducible target gene, which produces spliced non-coding
RNAs."” Increasing evidence has demonstrated the oncogenic
properties of IncRNA PVT1 due to its promoting role in
proliferation and growth of many cancers.'’ LncRNA PVT1
is highly expressed in tumors, including human glioma,
where IncRNA PVT1 knockdown attenuates glioma cell via-
bility, migration, and invasion by negatively regulating
microRNA-424 (miR-424)."> Likewise, miR-128-3p and
miR-140-5p have been reported to be implicated in the onco-
genic action of IncRNA PVT1.">"'® However, the regulatory
mechanism underlying high IncRNA PVT1 expression in
glioma remains under-studied. Of note, the positive correla-
tion between IncRNA PVTI and the transforming growth
factor beta (TGF-B)/Smad pathway, which acts as a driver of
cancer progression by inducing cancer cell viability, metasta-
sis and the epithelial-mesenchymal transition, contributes to
pancreatic cancer progression.'” Inactivated TGF-B/Smad
pathway has been revealed to inhibit glioma cell
metastasis,'® in addition to advancing glioma cell sensitivity
to radiation therapy.'” The aforementioned findings sug-
gested a certain correlation among p53, IncRNA PVT1, and
TGF-B/Smad pathway, but the knowledge of the mechanism
by which they act in glioma is not fully elucidated. Thus, the
present study set out for the in-depth analysis of the p53/
IncRNA PVT1/TGF-B/Smad pathway in glioma based on
in vitro and in vivo experiments.
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Results

LncRNA PVT1 was highly expressed in glioma and
associated with poor prognosis

Initially, IncRNA PVT1 expression was increased in glioma
clinical samples from patients at WHO stage I, WHO stage
II and WHO stage III while an ascending trend was
observed over the staging (Figure la). Moreover, upregula-
tion of IncRNA PVT1 was found in HS683, T98, U373,
SHG44, A172, U251, and U87MG when compared with
HEB cells as determined by RT-qPCR (Figure 1b). These
experimental data suggested high IncRNA PVTI1 expression
in glioma tissues and cells.

Then, patients were divided into three groups according to
IncRNA PVT1 expression (low-expression group: IncRNA
PVT1 expression was threefold lower, moderate expression
group: IncRNA PVT1 expression was three- to sixfold; high-
expression group: IncRNA PVT1 expression was sixfold higher
than control individuals). Analysis using Kaplan-Meier
method showed that patients with higher IncRNA PVT1
expression exhibited shorter survival period (Figure 1c).

P53 binds to IncRNA PVT1 and inhibits its expression
in vitro

Subsequently, p53 expression in clinical glioma samples was
determined. As shown in Figure 2a, p53 was downregulated in
3 WHO stages and the decline was more significant over the
tumor progression. In addition, low expression of p53 was
detected in HS683, T98, U373, SHG44, A172, U251, and
U87MG cell lines when compared with HEB cell line as
revealed by RT-qPCR (Figure 2b).

Then, patients were divided into three groups according to
p53 expression (high-expression group: p53 expression was 1/
2 higher, moderate expression group: p53 expression was 1/2 -
1/4-fold; low-expression group: p53 expression was 1/4-fold
lower than control individuals). Kaplan—Meier analysis showed
that higher p53 expression corresponded to the longer survival
period of patients (Figure 2c). Further Pearson’s correlation
coefficient revealed an inverse relation between IncRNA PVT1
and p53 expression in glioma (Figure 2d).

In order to further examine the relationship between
IncRNA PVTI and p53, we transfected glioma U373 cell
line (moderate IncRNA PVT1 and p53 expression) for
silence/overexpression of p53, and then examined their
transfection efficiency by RT-qPCR (Figure 2e). In addi-
tion, decreased IncRNA PVT1 expression was observed in
U373 cells following p53 overexpression, while p53 knock-
down elicited upregulated IncRNA PVTI1 expression
(Figure 2f, g).

Furthermore, the RIP assay revealed an interaction
between IncRNA PVT1 and p53 in U373 cells (Figure 2h).
In order to investigate on whether p53 regulated IncRNA
PVT1 transcription, IncATLAS website (http://Incatlas.crg.
eu/) predicted a putative binding region of p53 in IncRNA
PVT1 promoter (Figure 2i). Dual-luciferase reporter gene
assay provided further evidence that luciferase activity was
increased by IncRNA PVTI1 promoter and CMY-p53 plas-
mids (Figure 2j).

P53 impedes glioma cell proliferation, migration, and
invasion, while inducing apoptosis by targeting IncRNA
PVT1

Next, we aimed to investigate whether p53 can inhibit the
biological behavior of glioma cells by targeting IncRNA PVTI.
We transfected the representative glioma U373 cell lines with
siRNA-PVT1 or siRNA-p53 for 48 h and then verified their
transfection efficiency by conducting RT-qPCR (Figure 3a).

According to CCK-8 assay (Figure 3b), EAU assay
(Figure 3c), and flow cytometry (Figure 3d), transfection with
siRNA-PVT1 decreased cell viability and proliferation, arrested
cells at S and G,/M phases, and reduced cell arrest at GO/G1
phase, all of which were found to be opposite following trans-
fection of siRNA-p53 alone, while treatment of both siRNA-
PVTI1 and siRNA-p53 abolished the action of siRNA-p53
alone. Taken together, p53 inhibited glioma cell proliferation
by suppressing IncRNA PVT1 in vitro.

Figure 3e illustrates a descending cell migration and invasion
trend following transfection with siRNA-PVT1, while transfec-
tion with siRNA-p53 brought about a contrasting trend, and
treatment of both siRNA-PVT1 and siRNA-p53 abolished the
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Figure 1. High expression of IncRNA PVT1 in glioma tissues and cells related to poor prognosis. (a), LncRNA PVT1 expression determined by RT-qPCR in clinical samples
of patients with glioma (N = 75) and normal samples (N = 10). (b), LncRNA PVT1 expression determined by RT-qPCR in HEB cell line and glioma cell lines. (c), Correlation
of IncRNA PVT1 expression with patients’ survival analyzed by the Kaplan-Meier method (N = 75). * p < .05. The experiment was repeated 3 times independently.
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action of siRNA-p53 alone. Meanwhile, Western blot analysis
(Figure 3f) showed that N-cadherin, MMP3, and MMP9 expres-
sion was reduced, while E-cadherin expression was elevated in
siRNA-PVT1-transfected cells, while transfection with siRNA-
p53 induced opposite trends, and additional transfection of
siRNA-PVT1 counterweighed the effect of siRNA-p53
(Figure 3e, F; Supplementary Figure 1). These results suggested
that glioma cell migration and invasion were repressed by p53-
mediated IncRNA PVT1 inhibition in vitro.

Subsequently, we attempted to explore whether p53 can
mediate glioma cell apoptosis by targeting IncRNA PVTI
using flow cytometry. It was found that cell apoptosis was
suppressed by siRNA-p53 yet promoted by siRNA-PVTI,
while co-transfection of siRNA-p53 and siRNA-PVT1 neutra-
lized the function of siRNA-p53 (Figure 3g), highly suggestive
of the promoting action of p53 on glioma cell apoptosis by
targeting IncRNA PVTI.
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P53 inactivates the TGF-B/Smad pathway in glioma cells
by targeting IncRNA PVT1

Then, TGF-p/Smad pathway-related protein expression was
measured in clinical glioma samples (Figure 4a; Supplementary
Figure 2A), results of which revealed upregulation of TGF- and
increased extent of Smad2/3 phosphorylation in glioma sam-
ples, while the increase tended to be more significant over the
glioma stages.

Further investigation revealed that the luciferase activity
was increased in cells co-transfected with IncRNA PVT1 UTR
and CMY-TGF-p plasmids (Figure 4b). Moreover, TGF-f
expression and extent of Smad2/3 phosphorylation were atte-
nuated in glioma cells transfected with siRNA-PVT1, while
siRNA-p53 transfection led to opposite effects, and co-
treatment of siRNA-p53 and siRNA-PVT1 counteracted the
effect of siRNA-p53 (Figure 4c).
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Figure 2. P53 targets IncRNA PVT1. (a), p53 expression determined by RT-qPCR in clinical samples of glioma patients (N = 75) and normal samples (N = 10). (b), p53
expression determined by RT-gPCR in glioma cell lines. (c), Correlation of p53 expression with patients’ survival analyzed by the Kaplan-Meier method (N = 75). (d),
Pearson correlation of p53 expression with INcRNA PVT1 expression in clinical samples of patients with glioma (N = 75). (e), Transfection efficiency of oe-p53 and siRNA-
p53 determined by RT-qPCR in glioma cells. (f), LncRNA PVT1 expression determined by RT-qPCR in glioma U373 cells following p53 overexpression. (g), LncRNA PVT1
expression determined by RT-gPCR in glioma U373 cells following p53 knockdown. (h), Interaction between IncRNA PVT1 and p53 confirmed by RIP assay in glioma
cells. (i), Binding sites between IncRNA PVT1 promoter and p53 predicted on IncATLAS website. (j), Binding of p53 to IncRNA PVT1 promoter confirmed by dual-
luciferase reporter gene assay in 293 T cells. * p < .05. The experiment was repeated 3 times independently.
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Figure 3. P53 targeting IncRNA PVT1 restrains glioma cell proliferation, migration, and invasion, whereas inducing apoptosis in vitro. (a), Transfection efficiency of siRNA-
PVT1 and siRNA-p53 determined by RT-qPCR in U373 cells. (b), U373 cell viability measured by CCK-8 assay. (c), U373 cell proliferation measured by EdU assay. (d), U373
cell cycle distribution detected by flow cytometry. (e), U373 cell migration and invasion measured by Transwell assay. (f), Expression of N-cadherin, MMP3, E-cadherin,
and MMP9 proteins in U373 cells determined by Western blot analysis. (g), U373 cell apoptosis measured by flow cytometry. * p < .05. The experiment was repeated 3

times independently.

P53 arrests tumor growth of glioma via inhibition on the
IncRNA PVT1/TGF-B/Smad axis

Finally, we established a glioma model in mice using U373 cells
transfected with sh-p53, sh-PVT1 or both to evaluate the effect
of p53 target-inhibition of IncRNA PVT1 on glioma. By mea-
suring tumor growth, tumor growth was inhibited in mice
treated with sh-PVT1 alone but sh-p53 alone increased tumor
growth, and combined treatment with sh-p53 + sh-PVT1 treat-
ment abolished the action of sh-p53 alone (Figure 5a, b).

After 32 days, nude mice were euthanized to retrieve tumors
for subsequent analysis. Expression of p53, IncRNA PVT1,
TGEF-B and extent of Smad2/3 phosphorylation was deter-
mined in tumor tissues (Figure 5c, d). In response to sh-p53
treatment, p53 expression was reduced, while the expression of
IncRNA PVTI, TGF-pB and extent of Smad2/3 phosphorylation
was elevated. Opposite results were observed in presence of sh-
PVTI. Also, action of sh-p53 was counterweighed by further
sh-PVT1 treatment.

The pro-apoptotic Caspase-3 and Bax expression was upre-
gulated, but that of anti-apoptotic Bcl-xL and Bcl-2 genes was
decreased in mouse tumor tissues upon transfection with sh-
PVT1, while sh-p53 treatment induced opposite changing ten-
dency, and combined treatment with sh-p53 + sh-PVT1 coun-
teracted and action of sh-p53 treatment alone (Figure 5e;
Supplementary Figure 2B).

Discussion

p53 is one of the key anti-oncogenes in multiple cancers, the
activity of which is ubiquitously lost in human cancers by p53
gene mutation (60% of cancers) or by the loss of cell signaling
upstream and downstream of p53 in the remaining cancers
expressing p53-wild type gene.”® In the current study, we
demonstrated that p53 potentially contributed to IncRNA
PVT1-mediated TGF-p/Smad pathway inactivation and there-
fore inhibiting the occurrence and progression of glioma,
revealing that p57 and IncRNA PVT1 were functionally corre-
lated through a binding relation in glioma.

P53 expression has been verified to be remarkably decreased
in tumor tissue specimens of patients with glioma relative to
adjacent normal tissue specimens.”’ The present study also
found downregulated p53 expression in glioma tissues and
cells. p53, an essential tumor suppressor, prevents tumor pro-
gression; a recent study has indicated that inhibition of p53
expression induced by LINC00467 upregulation promotes pro-
liferation and invasion abilities of glioma cells.”” In addition,
activated p53 confers an inhibitory effect on glioma tumor
growth following a xenograft tumor model construction.*’
These findings suggested that p53 may be a potential target
for diagnostics and therapeutics in glioma. Similar to our
results, p53 possesses the characteristics to bind to the
IncRNA PVT1 promoter and divergently regulates transcription
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efficiency of IncRNA PVT1 in hepatocellular carcinoma cells;
specifically, upregulated p53 decreased IncRNA PVTI1
expression in SMMC-7721 and HepG2 cells.** LncRNA
PVT1 acts as an oncogenic regulator of multiple malignan-
cies, highly expressed in many malignancies and suggests
a poor prognosis, including glioma.*® For instance, IncRNA
PVT1 is abundantly expressed in glioma clinical samples, and
has superior diagnostic values as the glioma patients with
high IncRNA PVTI1 expression exhibit worse prognosis.'’
IncRNA PVT1 expression is observed to be much higher in
glioma tissues, and higher in high grade (III-IV) than low
grade (I-II) tumors.”® Also, IncRNA PVT1 is a promising
biomarker for diagnosis, therapy, and prognosis of patients
with diffuse glioma.”” Meanwhile, attenuated IncRNA PVT1
suppressed proliferation, migration and invasion, and
boosted apoptosis of U251 and U87 cells along with
reduced transplanted tumor volume and weight of glioma
in mice.'"**® The aforementioned findings concur with our
findings that p53 had the potential to impede glioma cell
proliferation, migration, and invasion while inducing apop-
tosis and arresting tumor growth via IncRNA PVTI1
inhibition.

Overexpression of PVT1 has been found to activate TGF-p/
Smad pathway in pancreatic cancer cells.'” In this study, we
identified that IncRNA PVT1 activated TGF-B/Smad pathway
in glioma cells. TGF-p triggers tumor pathogenesis possibly by

directly supporting tumor growth, maintaining self-renewal of
glioma initiating stem cells or inhibiting anti-tumor
immunity.*® Activation of the TGF-B/Smad pathway predicts
a poor prognosis since patients with activated TGF-p/Smad
show a short overall survival.’® Poly (C)-binding protein 2
activates TGF-B/Smad pathway via inhibition of familial
hemophagocytic lymphohistiocytosis 3, and thus aggravates
glioma.”® Moreover, repressing TGF-B/Smad pathway helps
to inhibit proliferation and promote apoptosis of glioma cells,
thus ameliorating glioma and other related diseases.”> p53 can
inhibit TGF-f expression and induce the resultant suppressed
migration and growth of human Tenon’s fibroblasts.>
Downregulation of the TGF-B1/Smad/p38 pathway activation
contributes to increased p53 expression and subsequently sup-
presses proliferation of pulmonary arterial smooth muscle
cells, ultimately leading to retarded pulmonary arterial
hypertension.”* Based on the findings above, we reasoned
that p53 silencing might promote IncRNA PVT1-mediated
TGF-B/Smad pathway activation and accelerate glioma.

In summary, we identified a novel regulatory signaling axis,
p53/IncRNA PVT1/TGF-B/Smad, in glioma (Figure 6). Our
findings may lead to rational drug discovery specifically target-
ing this axis in human glioma. Nevertheless, due to some
reports on the positive correlation between p53 and the TGE-
B/Smad pathway,**>® additional studies are required to inves-
tigate specific mechanism of this axis in glioma.
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Methods
Ethics statement

The study was approved by Ethics Committee of Shandong
Provincial Hospital, Cheeloo College of Medicine, Shandong
University. All patients have received written informed consents
prior to sample collection. Animal experiments were conducted
under approval of the Ethics Committee of Shandong Provincial
Hospital, Cheeloo College of Medicine, Shandong University.

Sample collection

Primary tumor tissue samples were collected from 75 patients
with glioma underwent surgery at the Department of
Neurosurgery of Shandong Provincial Hospital, Cheeloo
College of Medicine, Shandong University from January 2010
to August 2014, followed by pathological examination. Based on
the 2000 WHO classification of glioma, there were 14 cases at
stage I, 35 cases at stage II, and 26 cases at stage III. Ten normal
brain tissue samples were obtained from patients received intra-
cranial decompression surgery with brain swelling and brain
hernia formation after craniocerebral trauma, serving as the
control. After collection, all specimens were immediately frozen
in liquid nitrogen and then stored at —80°C.

RT-gPCR

Total RNA was extracted using TRIzol reagents (15596026,
Invitrogen, Carlsbad, CA, USA). The extracted RNA was rever-
sely transcribed into cDNA using the PrimeScript RT reagent
Kit (RR047A, Takara, Japan). Next, synthesized cDNA was
subjected to RT-qPCR using the Fast SYBR Green PCR kit
(Applied Biosystems, Foster City, CA, USA) on an ABI PRISM
7300 instrument (Applied Biosystems). The primers are all
listed in Supplementary Table 1. The fold changes of target
genes were calculated by 27**“ method.

Cell treatment

Human renal epithelial cells 293 T (257191), normal brain tissue
cells HEB (MZ-0831), and glioma cell lines U373 (08061901,
ECACC General Collection), U87MG (89081402, ECACC
General Collection), HS683 (MZ-1343, Mingzhou Biotech Co.,
Ltd., Ningbo, Zhejiang, China), T98 (MZ-0789, Mingzhou
Biotech), A172 (MZ-0012, Mingzhou Biotech), SHG-44, and
U251MG (MZ-2062, Mingzhou Biotech) were cultured in
RPMI 1640 medium (Gibco Company, NY, USA) at 37°C with
5% CO,.

The cells were trypsinized, inoculated into 6-well plates at
1 x 10 cells/well, and cultured for 24 h. Upon 75% confluence,
cells were transfected using Lipofectamine 3000 reagents
(Invitrogen). To overexpress IncRNA PVT1, IncRNA PVTI
c¢DNA was amplified by RT-qPCR and sub-cloned into
PcDNA™3.1 vector (Thermo Fisher Scientific). The sequence of
small interfering RNA (siRNA) targeting IncRNA PVT1 (siRNA-
PVT1; sense: 5-UUAGUAUCCUGAAAUGUGC-3’, antisense:
5-GCACAUUUCAGGAUACUAA-3’) and the negative control
(NC) sequence (siRNA-control; sense: 5-UUCUCCGAACGU
GUCACGUTT-3’, antisense: 5-ACGUGACACGUUCGGAGA
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ATT-3) were designed.”® The sequence of siRNA targeting p53
(SR322075), consisting of siRNA-control (sense: 5-ACUACU
GAGUGACAGUAGA-3’, antisense: 5-UCUACUGUCACUC
AGUAGU-3’) and siRNA-p53 (sense: 5-UGCGUGUGGAGUA
UUUGGAUG-3, antisense: 5-UGGUACAGUCAGAGCCA
ACCUC-3’), was designed by OriGene Company. The corre-
sponding treatment was conducted 48 h after transfection.

Dual luciferase reporter gene assay

First, upstream 2000 base sequences of IncRNA PVTI tran-
scription starting point was cloned into pGL4.0-Basic lucifer-
ase vector (Obio Technology, Shanghai, China) to construct
fluorescent plasmids with reference to the manual of dual
luciferase reporter system (Promega, Madison, WI, USA).
The plasmids were then co-transfected into 293 T cells with
p53 overexpression plasmid (CMV-p53).

The 3'untranslated region of mouse TGF-$ containing the
putative IncRNA PVT1 binding sites was amplified from mouse
genomic DNA by RT-qPCR, and then inserted into pmiR-
REPORT (Guangzhou RiboBio, Guangdong, China) to con-
struct fluorescent plasmids, which were co-transfected with
TGEF-p overexpression plasmids (CMV-TGEF-p) into 293 T cells.

After 48 h of transfection, luciferase activity was measured
using the Dual Luciferase Reporter Assay System (Promega).

RNA-Binding protein immunoprecipitation (RIP) assay

The binding of IncRNA PVT1 to p53 protein was detected by
the RIP Assay Kit (Millipore, Billerica, MA, USA). U373 cells
were lysed with radioimmunoprecipitation assay (RIPA) lysis
solution (P0013b, Beyotime, Shanghai, China) for 5 min, and
then centrifuged at 14000 rpm and 4°C for 10 min. The super-
natant was collected and divided into two equal parts, one of
which was taken out as input, and the other incubated with
rabbit antibodies against p53 (#2527, Cell Signaling
Technologies, Beverly, MA, USA) for 30 min, and rabbit anti-
human immunoglobulin G (IgG; 1: 100, ab109489, Abcam,
Cambridge, UK) serving as NC for co-precipitation. The sam-
ple and input were detached by protease K, and RNA was then
extracted for RT-qPCR detection of IncRNA PVT1 expression.

CCK-8 assay

The cells were collected and inoculated into 96-well plates at
3 x 10° cells/well. After adhered to the wall, CCK-8 reaction
solution (341-07761, Dojindo Laboratories, Kumamoto,
Japan) was added at 24, 48, and 72 h, and then incubated for
2 h. The optical value value was measured at 450 nm using
a microplate reader. Seven parallel wells were set.

EdU assay

The cells were plated into 24-well plates. The culture medium
was added with EdU solution (C10310-1, RiboBio) to
a concentration of 10 umol/L, and cells were then incubated for
2 h. Next, cells were fixed, washed with PBS containing 3%
bovine serum albumin (BSA), and incubated with PBS contain-
ing 0.5% Triton-100 for 20 min. Each well was added with 100 uL
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dye solution and incubated for 30 min. Following nuclear stain-
ing with DAPI for 5 min, the slide was mounted and number of
positive cells was counted under a fluorescence microscope (FM-
600, Pudan Optical Instrument, Shanghai, China).

Flow cytometry

After treatment, cells were detached with trypsin and collected.
Next, cells were fixed overnight with 75% alcohol. The
next day, approximately 100 uL cell suspension containing
10° cells was collected and treated according to protocols on
the Muse™ Cell Cycle Kit or Muse® Annexin V & Dead Cell Kit,
followed by analysis on a flow cytometer (MUSE MILLIPORE)
to analyze proportion of cells arrested at GO/G1, S and G2/M
phases as well as proportion of apoptotic cells.

Transwell assay

The upper Transwell chamber was coated with Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA). The cells were cultured
in serum-free medium for 12 h and resuspended in serum-free
medium at 1 x 10 cells/mL. Then the medium containing 10%
FBS was put into lower chamber, which was added with 100 puL
cell suspension for incubation at 37°C for 24 h. The cells that
did not invade surface of Matrigel membrane were removed,
the rest was fixed with 100% methanol and stained with 1%
toluidine blue (Sigma-Aldrich, St Louis, MO, USA). The
stained invasive cells were counted under an inverted light
microscope (Carl Zeiss, Oberkochen, Germany). Cell migra-
tion was detected without Matrigel coating.

Western blot analysis

Total protein was isolated using RIPA lysis buffer, separated
by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, and then transferred onto polyvinylidene fluoride
membranes. The membrane was and probed with diluted
primary rabbit antibodies against Caspase-3 (ab13847), Bcl-
2-associated X protein (Bax; ab32503), B-cell lymphoma 2
(Bcl-2) (ab32124), Bcl-XL (ab32370), TGF-B1 (ab92486), -
actin (ab8227), GAPDH (ab181602), E-cadherin (3195),
N-cadherin (13116), matrix metalloproteinase (MMP)3
(14351), MMP9 (13667), Smad2 (5339), Smad3 (9523),
phosphorylated (p)-Smad2 (18338), and p-Smad3 (9520,
Cell Signaling Technologies) overnight at 4°C. The antibo-
dies were from Abcam except for p-Smad2/3. After washing,
membrane was re-probed with the horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (ab205719,
1: 2000, Abcam) for 1 h. The protein bands were visualized
using enhanced chemiluminescence (EMD Millipore). B-
actin and GAPDH were used as internal controls. The
gray values were analyzed with Image ] software.

Nude mouse models of glioma

A total of 24 female 4-week BALB/c nude mice purchased from
Beijing Institute of Pharmacology and Toxicology, Chinese
Academy of Medical Sciences were selected in this study, and
individually housed in specific pathogen-free animal laboratory at

22-25°C, humidity of 60% - 65%, and a 12-h light/12-h dark
cycle with free access to food and water. After one week of
adaptive feeding, mice were subjected to subsequent experiments.

Lentivirus harboring short hairpin RNA (shRNA) against
IncRNA PVTI1 (sh-PVT1), sh-p53 or sh-NC (Sigma-Aldrich)
was titrated to 10° TU/mL. U373 cells were seeded in a 6-well
plate at 2 x 10° cells/well and cultured for 24 h. U373 cells
were infected with lentivirus for 72 h and cultured at least
14 days in medium containing 4 pg/mL puromycin. Cells
resistant to puromycin were cultured for 9 days in medium
containing 2 pg/mL puromycin and further cultured in puro-
mycin-free medium to collect U373 cells with stable knock-
down of IncRNA PVTI or p53.

Nude mice were injected with 2 x 10° U373 cells that had
been transfected with plasmids of shRNA-p53, shRNA-PVTI, or
both at the armpit of upper limb. The diameter of tumor was
measured twice every 8 days. Thirty two days later, mice were
euthanized, after which tumor volume and weight were assessed.

Statistical analysis

All statistical analyses were conducted using SPSS 21.0 (IBM,
NY, USA). The measurement data were presented as mean +
standard deviation. Data between two groups were compared
using unpaired t-test and those among multiple groups were
compared using one-way ANOVA, followed by Tukey multiple
comparisons posttest. Cell viability at different time points was
compared by two-way ANOVA, tumor data at different time
points were analyzed by Bonferroni-corrected repeated mea-
sures ANOVA. The survival rate was calculated by the Kaplan-
Meier method and analyzed by Log-rank test. Pearson’s corre-
lation coefficient was used to analyze correlation of two
indexes. p < .05 was considered statistically significant.
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