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Long non-coding RNA (IncRNA) are a class of non-coding RNAs demonstrated to play pivotal roles in regulating tumor progression. Therefore,

deciphering the regulatory role of IncRNA in the development of glioma may offer a promising therapeutic target for treatment of glioma. We per-

formed RT-qPCR analysis on the expression of IncRNA plasmacytoma variant translocation 1 (PVT1) and miR-365 in glioma tissues and cell lines.

Cell proliferation and viability was assessed with CCK8 assay. Cell migration was assessed by wound healing assay. Transwell assay was used to as-

sess cell invasion capacity. Expression of CD133+ cells was detected by flow cytometry. Western blot assay was used to detection the expression of

ELF4 and stemness-related protein SOX2, Oct4 and Nanog. Bioinformatics and dual-luciferase assay were used to predict and validate the interac-

tion between PVT1 and miR-365. Elevated PVT1 expression was observed in glioma tissues and cells. Knockdown of PVT1 and overexpression of

miR-365 inhibited proliferation, migration, invasion and promoted stemness and Temozolomide (TMZ) resistance of glioma cells. PVT1 regulated
ELF4 expression by competitively binds to miR-365. PVT1 regulated the stemness and sensitivity of TMZ of glioma cells through miR-365/ELF4/
SOX2 axis. This study identified that PVT1 promoted glioma stemness through miR-365/ELF4/SOX2 axis.
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INTRODUCTION

As one of the most common and aggressive malignant primary
brain tumor, malignant glioma has invariably poor 5-y survival
rates, due to invasive growth and high recurrence rate [1]. Thera-
peutic strategies for glioma are still limited because the molecular
mechanisms underlying glioma formation still remain elusive [2].
Glioma displays strong infiltrating and aggressive properties [1].
The first therapeutic choice is surgery, followed by the treatment
with the alkylating agent, Temozolomide (TMZ) [3].

Cancer stem-like cells (CSCs) are functionally defined as a
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subpopulation of cells within a tumor that can self-renew, have tu-
morigenic potential and can recapitulate the original tumor, which
can enable them to persist, contributing to post-treatment recur-
rence [4]. The glioma malignancy is also increased by the presence
of CSCs, which contributes to the aggressiveness, frequent relapse
and higher resistance to chemotherapy and radiotherapy of glioma
[5]. In glioma stem cells (GSCs), there is clonal heterogeneity at the
genetic level with distinct tumorigenic potential, which is likely
to influence disease progression and response to treatment [6]. In
the past, several strategies have been pursued to target GSCs, such
as induction of apoptosis, inhibition of self-renewal and chemo-
resistance-related pathways, or induction of their differentiation
[7]. However, the regulatory mechanism of stemness and therapy
resistance in GSCs remains largely unknown.

E74 Like ETS Transcription Factor 4 (ELF4) is a member of Ets
family of proteins [8]. It has been proposed to function as a on-
cogene in some contexts, contributing to tumor formation [9]. It
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has also been reported that ELF4 is highly expressed in gliomas
and contributes to glioma genesis by promoting stem cell traits,
through direct activation of Sox2 expression [10].

Long noncoding RNAs (IncRNAs) are a class of non-coding
RNAs longer than 200 nucleotides without coding potential [11].
Accumulating evidences demonstrated that they play pivotal role
in the regulation of a variety of cellular biological process such as
cell proliferation, differentiation, metastasis and drug resistance
[12-15]. Recent studies also have showed that the IncRNA plasma-
cytoma variant translocation 1 (PV'T1) is an oncogene in a variety
of cancers including glioma. For example, PVT1 knockdown in-
hibits glioma progression by regulating miR-424 expression [16].
PVT1 also promotes glioma cell proliferation and invasion by
targeting miR-200a [17]. Besides, downregulation of PVT1 can at-
tenuate paclitaxel resistance in glioma cells by regulating miR-365
[18]. However, the mechanism of how PVT1 regulates stemness
and therapy resistance in glioma remains unclear.

Recently, competitive endogenous RNA (ceRNA) has been
reported as a new underlying mechanism of IncRNA, which In-
cRNAs act as miRNA sponges to regulate the expression of target
of those miRNAs [19]. MiRNAs are small RNAs with approxi-
mately 22 nucleotides in length and act as gene expression regula-
tors involved in the regulation of sophisticated gene expression
to coordinate a broad spectrum of biological processes including
carcinogenesis [20]. miR-365 was reported to be related with the
development of many types of cancers. It is related to the occur-
rence and development of non-small-cell lung cancer (NSCLC)
by inhibiting TRIM25 expression [21]. miR-365-3p/EHF/keratin
16 axis regulates oral squamous cell carcinoma metastasis [22].
While miR-365 promotes lung carcinogenesis by downregulat-
ing the USP33/SLIT2/ROBO1 axis [23]. Recently, it also has been
reported to inhibit proliferation, migration and invasion of glioma
by regulating ELF4 [24]. However, less is known about the role of
miR-365-mediated regulation of stemness and TMZ resistance in
glioma as well as its underlying mechanism.

In this study, we investigated the role and mechanism of IncRNA
PVTTI in stemness and TMZ resistance of glioma. We showed that
IncRNA PVT1 was upregulated in glioma tissues and cells and
promoted stemness and TMZ resistance of glioma through miR-
365/ELF4 axis. These findings provided a new insight of the regu-
latory role of IncRNA in the development of glioma and offered a
promising therapeutic target for treatment of glioma.

MATERIALS AND METHODS

Tissue samples

Glioma tissue specimens (n=30) and normal brain tissue speci-
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mens (n=28) were provided by the Zhongnan Hospital of Wuhan
University. All patients’ tissue specimens were promptly frozen in
liquid nitrogen and maintained at -80C for the isolation of RNA
and proteins later. No patients had ever received any treatment
from neurosurgery, chemotherapy, or radiotherapy. The present
study has been reviewed and approved by the Ethics Committee
of Zhongnan Hospital of Wuhan University (IRB No. 20190319),
and adhered to the tenets of the Declaration of Helsinki. Before
participating in this study, each patient provided written informed
consent. The patients detailed characteristics are supplemented in
Table 1.

Cell lines and cell culture

Human astrocyte normal cells HEB and the human glioma cell
lines T98G, A172,U87, U251 and U373 obtained from American
Type Culture Collection (ATCC, USA). Cells were cultured at
37T in the presence of 5% CO, in high-glucose Dulbeccos modi-
fied Eagles medium (DMEM, Gibco, USA) containing 10% fetal
bovine serum (FBS, Gibco, USA), 100 U/ml penicillin (HyClone,
USA), and 100 pg/ml streptomycin (HyClone, USA). In cyto-
toxicity test, the U251 and U87 cells were exposed to increasing
concentrations (10, 25, 50, 100, 200 uM) of TMZ (Sigma-Aldrich,
USA) for 48 h.

RNA extraction and RT-qPCR

RNA from tissues and cells was extracted by TRI-reagent
(Sigma, USA) according to the manufacturers protocol. Then the
RNA was measured with a NanoDrop-2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). First-strand cDNA was

Table 1. Correlation between PVT1 expression and clinical feature of
gliomas patients

S n PVT]1 expression p-value
Low High (ttest)
Age (years) p>0.05
<50 17 9 8
=50 13 6 7
Gender p>0.05
Male 18 11 7
Female 12 5 7
KPS p>0.05
<70 20 11 9
=70 10 5 5
Tumor size p<0.05
<3cm 17 6 11
>3 cm 13 3 10
Tumor grade p<0.01
[~1 13 3 10
I~V 17 3 14
www.enjournal.org 245
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Table 2. Oligonucleotide primer sets for RT-qPCR

Name Sequence (5’'>3’) p-value (t test)
PVTI1F AAAACGGCAGCAGGAAATGT 20
PVTIR GGAGTCATGGGTGTCAGACA 20
GAPDH-F CCAGGTGGTCTCCTCTGA 18
GAPDH-R GCTGTAGCCAAATCGTTGT 19
miR-365-F CAGGGACTTTTGGGGGCA 18
miR-365-R GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC CACA 51
ELF4-F AGCTGTCACTCTGCCCAACT 20
ELF4-R GGGTCAGTGACAGGTGAGGT 17
U6 F CTCGCTTCGGCAGCACA 20

then synthesized with PrimeScript RT Master Mix System (Takara,
China) following the manufacturers protocol. Real-time qPCR
of the reverse transcription products was determined with SYBR
Green qPCR assay (Takara, China), analyzed through the 7500
Real-time PCR System (ABI, USA) and normalized with GAPDH
or U6, respectively. The relative expression levels of RNAs were

calculated using the comparative 24"

method. All experiments
were performed at least three times. The primers used for RT-

qPCRare listed in Table 2.

Cell transfection

miR-365 mimics, miR-365 inhibitor and their respective negative
control (NC) were synthesized and purchased from GenePharma
(Genepharma, China). The sh-RNA specific for PVT1 and sh-
RNA (negative control) were designed and synthesized by Ribobio
(Ribobio, Guangzhou, China). U87 and U251 cells were trans-
tected with sh-PVT1 (100 pmol), miR-365 mimics (50 nM) and
miR-365 inhibitor (100 nM) using Lipofectamine 2000 reagent
(Invitrogen) in accordance with the manufacturer’ instructions.
Briefly, the cells were seeded in 6-well plates, 24 h later the cells
were transfected according to the manufacturer’s protocol. The
RNA extraction and western blot experiment were conducted at
48 h after transfection.

Transwell invasion assays

The invasive ability of cells was determined using 24-well tran-
swell chambers coated with Matrigel (BD Biosciences, USA). In
brief, the upper chambers were added with 200 ul serum-free
DMEM, while the DMEM in the lower chamber was added 10%
FBS. 1x10° transfected cells in serum-free medium were seeded at
in the top chamber and incubated at 37C in a humidified incuba-
tor containing 5% CO,. 48 h after incubation, the non-invaded
cells on the upper surface of the membrane were removed with a
cotton swab, Cells on the lower part of the membrane were fixed
with 5% glutaraldehyde in phosphate-buffered saline (PBS) for
15 min, fixed with 70% ethanol for 30 min and stained with 0.1%
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crystal violet for 10 min. The invasive cells were quantified by
photographing 3 independent visual fields under the microscope
(Olympus, Japan).

Wound-healing assay

Wound-healing assay was conducted as described before. Briefly,
cells were grown to 80% confluence in a 6-well plate with DMEM
supplemented with 10% FBS and were scratched with sterile 10 pl
pipette tip to create a wound. Then, cells were washed with PBS to
remove floating cells and added to a medium without serum for
48 h. Photos of the wound were captured at different time points (0
and 24 h) under x100 magnitude microscope.

Sorting of CD133" cells by flow cytometry

Sorting of CD133" cells was carried out as described before
[25]. Briefly, cells were washed three times with PBS, collected by
centrifugation at 300xg for 5 min at room temperature, and re-
suspended and dissociated into single cell suspension in the Pre-
Sort Buffer (BD FACS™, USA) by repeatedly pipetting and were
then centrifuged at 300xg for 5 min at room temperature. Then,
cells were washed with 8 ml PBS, blocked with 2 ml FcR Blocking
Reagent (Miltenyi Biotec GmbH, Germany) for 10 min at 4°C and
PE-conjugated anti-CD133 antibodies (1:1,000; Miltenyi Biotec
GmbH, Germany) for 10 min at 4°C in the dark. The cells were
washed once with 2 ml PBS and then the proportion of CD133"
cells were detected using the BD FACSCalibur™ analyzer (BD
FACS™ USA) with FlowJo 7.6 software.

Western blot

Cells were harvested and isolated with RIPA lysis buffer (Ther-
moFisher Scientific, USA) containing protease inhibitors (Roche,
Switzerland). Then, equal amounts of protein samples were sepa-
rated by 10% SDS-PAGE gel electrophoresis and then transfer to
PVDF membranes, and incubated with primary antibodies: ELF4
(Abcam, USA, 1:1,000), SOX2 (Abcam, USA, 1:1,000), Oct4 (Ab-
cam, USA, 1:1,000), Nanog (Abcam, USA, 1:1,000) and GAPDH

https://doi.org/10.5607/en20060
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(Abcam, USA, 1:3,000). The membrane was then washed with
TBST containing 0.1% Tween 20 for three times. Moreover, the
membrane was incubated with HRP-labeled goat anti-mouse/rab-
bit IgG (1:5,000, ZDGB-bio, China) for 2 h at room temperature.
Signals were visualized with SuperPico chemiluminescent sub-

strate (Pierce, USA) and film exposure.

Cell viability assay

Cell viability was measured with a Cell Counting Kit 8 (CCK-
8) Kit (Dojindo, Japan). Briefly, 2x10°/well of cells were seeded
into 96-well plates at 48 h after transfection. Then, 10 pl of CCK-
8 solution was added into the culture medium, and the cells were
incubated for 1 h at 37°C. The OD value was read at 490 nm with
a Microplate reader (BioRad, USA). The data are presented as
means+SD of multiple experiments.

Plasmid construction and luciferase activity assay

The predicted miR-365 binding site on PVT1 and the 3’ UTR
of ELF4 as well as the mutated target region were amplified and
cloned into the pmirGLO plasmids (Promega, USA). Then, 800
ng/well of luciferase reporter plasmids and 50 pmol/well miR-
365 mimics were co-transfected into HEK-293T cells with Lipo-

fectamine 2000 reagent (Invitrogen). 48 h after transfection, Dual-

Luciferase Reporter Assay System (Promega, USA) was used to

examine the relative luciferase activity.

Statistical analysis

All experiments in this study were repeated three times. All
results of the experiment were statistically analyzed using Graph-
pad Prism 5 (Graphpad, USA). The results were presented as
mean+Standard Deviation (SD). Statistical significance was ana-
lyzed using Students t-test (two groups) or one-way ANOVA test
and Pearsons correlation coefticient. Survival analysis was carried
out with the log-rank test and Kaplan-Meier method. p<0.05 was
considered statistically significant.

RESULTS

PVTI was upregulated and miR-365 was down-regulated
in glioma tissues

First, we investigate the expression of IncRNA PVT1 and miR-
365 in 30 glioma tissue samples and 28 non-tumor tissues by
RT-qPCR. As shown in Fig. 1A, IncRNA PVT1 was significantly
upregulated, while, miR-365 was downregulated in glioma tis-
sue samples compared with normal tissues (p<0.01, Students t-

test, Fig. 1B). In addition, Pearson correlation coefficients clearly
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Fig. 1. PVT1 was upregulated and miR-365 was downregulated in glioma tissues. (A) The levels of IncRNA PVT1, assessed by RT-qPCR, were higher in
glioma tissue samples comparatively to normal brain tissue specimens. GAPDH was used for normalization. (B) The expression of miR-365 detected by
RT-qPCR, was down-regulated in glioma tissue samples compared with normal tissues. U6 was used for normalization. (C) Pearsons correlation test was
used to verify correlations between PVT1 and miR-365, and analysis of the results revealed that expression of PVT1 was negtively correlated with miR-
365 in glioma tissue samples. (D) PVT1 expression, assessed by RT-qPCR, was positively correlated with the WHO grade and tumor size. (F) Kaplan-
Meier survival curves revealed that high expression of PVT1 was associated with poor survival in glioma patients. Data are presented as Mean+SD of

three independent experiments. *p<0.05, **p<0.01.
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showed that the expression of PVT1 was negatively correlated with
the expression of miR-365 (R*=0.6295, p<0.001, Fig. 1C). We also
analyze the correlation between PVT1 expression and two clinic-
pathological parameters (WHO grade and tumor size). PVT1 was
significantly associated with WHO grade (I~II vs. III~IV; p<0.01,
Students t-test, Fig. 1D) and tumor size (<3 cm vs. >3 cm; p<0.05,
Students t-test, Fig. 1E) and not ralated with the patients age and
gender (p>0.05, Students t-test, Table 1). Moreover, patients with
high PVT1 expression levels exhibited markedly worse overall
survival prognoses (p<0.05,log-rank test, Fig. 1F).

LncRNA PVTI knockdown inhibited the stemness and TMZ
resistance of glioma cells

To explore the regulatory role of PVT1 on glioma cells, we then
investigated the expression of PVT1 in glioma cell lines T98G,
A172,U87, U251 and U373 as well as the human normal glial
cell line HEB by RT-qPCR. As shown in Fig. 2A, PVT1 was sig-
nificantly upregulated in glioma cells compared with HEB cells
(p<0.05, one-way ANOVA test), and the results of which showed
that U87 and U251 cells showed the highest expression of PVT1
compare to other glioma cell lines. Then, U87 and U251 cells were
transfected with PVT1 shRNA, as shown in Fig. 2B, PVT1 was
successfully down-regulated in U87 and U251 cells transfected
with sh-PVT1 compared with sh-NC (p<0.05, Student’s t-test).
Cell proliferation, migration and invasion were inhibited in U87
and U251 cells transfected with sh-PVT1 compared with sh-NC
(p<0.01, Students t-test, Fig. 2C~E). Moreover, the ratio of posi-
tive CD133" cells was decreased after PVT1 knockdown (Fig. 2F).
In addition, the expression of ELF4 and stemness factors (SOX2,
Oct4, Nanog) of U87 and U251 cells were all decreased after PVT1
knockdown (Fig. 2G). Besides, effect of PVT1 knockdown on the
sensitivity of U87 and U251 cells to TMZ was also evaluated, and
sh-PVTI could effectively promote the sensitivity of U87 and
U251 cells to TMZ compared with sh-NC (p<0.05, Students t-test,
Fig. 2H).

miR-365 overexpression inhibited the stemness and TMZ
resistance of glioma cells

As the expression of miR-365 was proved to be negatively cor-
related with the expression of PVT1 in glioma tissues, we wonder
whether it also has the opposite effect on the stemness of glioma
cells. As shown in Fig. 3A, miR-365 was significantly upregulated
in U87 and U251 cells transfected with miR-365 mimics com-
pared with mimics-NC (p<0.01, Students t-test). MiR-365 overex-
pression resulted in inhibition of cell proliferation, migration and
invasion (Fig. 3B~D, Students t-test). Moreover, miR-365 overex-
pression also inhibited the ratio of CD133" U87 and U251 cells
248
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(Fig. 3E). In addition, the expression of ELF4 and stemness factors
(SOX2, Oct4, Nanog) in U87 and U251 cells were all decreased af-
ter transfection with miR-365 mimics compared with mimics-NC
(p<0.01, one-way ANOVA test, Fig. 3F). Besides, effect of miR-365
overexpression on the sensitivity of U87 and U251 cells to TMZ
was also evaluated, and miR-365 mimics could effectively promote
the sensitivity of U87 and U251 cells to TMZ compared with sh-
NC (p<0.01, Students t-test, Fig. 3G).

PVTI competitively binds miR-365 to regulate ELF4
expression

To explore the mechanism by which PVT1 regulates stemness
of glioma cells, we investigated the interaction among PVT1, miR-
365 and ELF4. First, the expression of miR-365 and ELF4 were
detected in U87 and U251 cells after transfected with sh-PVT1
or sh-NC. MiR-365 was up-regulated (p<0.01, Students t-test, Fig.
4A) while ELF4 was down-regulated after transfected with sh-
PVT1 compare to sh-NC (p<0.05, Students t-test, Fig. 4B). We
also analyzied the correlation between the expression of PVT1
and ELF4 of glioma tissues. as shown in Fig. 4C, PVT1 and ELF4
was positively correlated in glioma tissue samples (R*=0.6659,
p<0.001), indicating ELF4 could be the downstream of PVT1.
To further verify ELF4 was regulated by PVT1, ELF4 expression
was detected in U87 cells after PVT1 knockdown by western blot,
which showed that expression of ELF4 in U87 cells of sh-PVT1
group was significantly down-regulated as compared with that
of the NC group (p<0.01, Students t-test, Fig. 4D). Furthermore,
to confirm PVT1 regulated ELF4 expression by competitively
sponging the miR-365, the expression of PVT1 and ELF4 was
detected in U87 cells after transfected with miR-365 mimics or
inhibitor. As were shown in Fig. 4E, E both PVT1 and ELF4 were
down-regulated by miR-365 overexpression and up-regulated by
miR-365 inhibition. In addition, we predicted the potential miR-
365 binding region on PVT1 by bioinformatics (Fig.4G). Then,
dual-luciferase reporters containing wild-type PVT1 (PVT1-wt)
and mutant PVT1 (PVT1-mut) gene were constructed and their
luciferase activity was detected by the dual-luciferase reporter
assay. We demonstrated that miR-365 mimics significantly sup-
pressed the luciferase activity of the luciferase reporter containing
PVT1-wt in HEK-293T cells compared with mimics NC (p<0.05,
Students t-test), and no effect observed on the mutated form (Fig,
4G), which indicated that PVT1 directly interacted with miR-365.
Similarly, miR-365 mimics significantly suppressed the luciferase
activity of the luciferase reporter containing ELF4 3'UTR-wt in
HEK-293T cells compared with mimics NC (p<0.01, Students t-
test), and no effect observed on the mutated form (Fig. 4H). Taken
together, these results indicated that LncRNA PVT1 was a direct

https://doi.org/10.5607/en20060
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p<0.001.
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Fig. 4. PVT1 competitively binds miR-365 to regulate ELF4 expression. (A) Elevated miR-365 expression observed when PVT1 was knockdown in
glioma cells U87 and U251, as detected by RT-qPCR. (B) ELF4 mRNA expression was downregulated when PVT1 was knockdown in glioma cells U87
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GAPDH was used for normalization. (E) PVT1 expression was downregulated in U87 cells after transfected with miR-365 mimics and upregulated
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pendent experiments. *p<0.05, *p<0.01.

target of miR-365 and positively modulated ELF4 expression by

competitively binding to miR-365 in glioma cells.
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PVTI regulated the stemness and TMZ resistance of glioma

cells through modulation of miR-365/ELF4/SOX2 axis
Next, we test whether PVT1 regulates stemness and TMZ resis-

tance of glioma cells through miR-365/ELF4/SOX2 axis. As shown
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in Fig. 5A, ELF4 was down-regulated by PVT1 knockdown, while,
miR-365 inhibitor rescued this effect compared with that of inhib-
itor-NC (p<0.01, one-way ANOVA test). At the same time, PVT1
knockdown inhibited the proliferation of U87 cells, which could
be significantly rescued by miR-365 inhibitor compared with in-
hibitor-NC (Fig. 5B). The expression of ELF4 and stemness factors
SOX2, Oct4 and Nanog were also downregulated in the sh-PVT1
group compared with the sh-NC group (p<0.01, one-way ANOVA
test). While, the effect of sh-PVT1 on the expression of ELF4 and
stemness factors SOX2, Oct4 and Nanog was rescued by miR-365
inhibition (Fig. 5C). In addition, the elevated sensitivity of U87 to
TMZ by PVT1 knockdown was also compensated by miR-365
inhibition (Fig. 5D). Taken together, these results indicated that
PVT1 could regulate the stemness and TMZ resistance of glioma
cells through miR-365/ELF4/SOX2 axis.
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DISCUSSION

As the most common and aggressive primary central nervous
system (CNS) tumors, gliomas exhibit poor prognosis due to tu-
mor infiltration, treatment resistance and tumor recurrence [26].
GSCs, a small subpopulation of self-renewing and tumorigenic
cancer stem cells, have been implicated in the unresponsiveness of
glioma tumors to therapy and are most crucial for driving invasive
tumor growth and relapse [6]. Thus, understanding the underlying
molecular mechanisms of glioma stemness will help in the design
of more effective therapies against glioma and preventing tumor
recurrence. Besides, IncRNAs are emerging as important regulators
of various biological processes. However, the specific functions of
IncRNAs in GSCs are just beginning to be characterized, which
needs further elucidation [27]. In this study, we demonstrated that
IncRNA PVT1 was upregulated in glioma tissues and cells and
promoted stemness and TMZ resistance of glioma.

Increasing evidence demonstrates that IncRNA plays regulatory
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role on the stemness of glioma cells. Studies have shown that In-
cRNA UCAL is necessary for stemness via acting as a ceRNA for
Slug in glioma cells [28]. While, increased level of H19 promotes
invasion, angiogenesis, and stemness of glioma cells [29]. In the
present study, we found that IncRNA PVT1 was upregulated in
glioma tissues and cells, indicating that PVT1 may be involved in
the tumorigenesis or progression of glioma. Additionally, we found
that PVT1 knockdown inhibited the stemness of glioma cells and
enhanced the sensitivity of glioma cells to TMZ. These results im-
plied that PVT1 could help in the design of more effective thera-
pies against glioma. In consistent with our results, many IncRNAs
have been reported to be associated with development of TMZ
resistance. LncRNA TP73-AS1 can promote temozolomide resis-
tance in glioma cancer stem cells [30]. LncRNA AC003092.1 was
also reported to promote TMZ chemosensitivity through miR-
195/TFPI-2 signaling modulation in glioma [31]. In this study, we
found that PVT1 regulated the stemness and TMZ resistance of
glioma cells through modulation of miR-365/ELF4/SOX2 axis. In
addition, targeted nanocomplex carrying siRNA against MALAT1
was reported to sensitize glioma to temozolomide, which indi-
cated combining standard TMZ treatment with IncRNA-targeting
therapies by nanocomplex could enhance the very poor prognosis
for glioma patients recently [15]. Thus, whether systemic delivery
of PVT1 shRNA via a nanocomplex that targets brain tumors may
enhance the therapeutic efficacy of TMZ should also be explored
in the future.

Many studies have shown that IncRNA can function as ceRNA
to sponge miRNAs thus to regulate the expression of their target
genes [32, 33]. In this study, bioinformatics and luciferase reporter
assays were carried out and verified the interaction of IncRNA
PVT1 and ELF4 with miR-365. Our data showed that miR-365
was significantly upregulated when PVT1 was knockdown, while,
ELF4 expression was significantly downregulated when PVT1 was
knockdown. As ELF4 was previously reported to be the target of
miR-365 [34]. Therefore, we demonstrated that PVT1 promoted
stemness and TMZ resistance and functions as ceRNA to regulate
ELF4 expression by sponging miR-365 in glioma cells. Consistent
with the previous report that PVT1 could suppress cell prolifera-
tion and invasion of colorectal cancer via sponging miR-214-3p
[35]. PVT1 can promote tumor progression by regulating the miR-
143/HK2 axis in gallbladder cancer [36].

Moreover, luciferase reporter assays demonstrated that IncRNA
PVTI directly interacted with miR-365 and we also proved that
miR-365 inhibited the stemness and sensitivity to TMZ of glioma
cells. As no previous studies have reported that miR-365 could
regulate drug sensitivity of glioma cells, this is the first study that

uncover a regulatory role of miR-365 in the sensitivity of glioma
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cells to TMZ. Moreover, the expression of miR-365 was negatively
correlated with the expression of ELF4 and direct binding of
miR-365 to ELF4 was proved by dual-luciferase reporter assays.
Thus, we concluded that IncRNA PVT1 positively regulates post-
transcriptional expression of ELF4 through sponging miR-365.

Here, we also further implicated that PVT1 regulated the stem-
ness of glioma cells though ELF4/SOX2 signaling pathway. SOX2,
HMG-box transcription factor, plays an important role in main-
taining stem cell self-renewal within glioma [37]. It also acted as
an oncogene in gliomas [38] and was identified as a direct target
of ELF4 in mouse primary brain cells and human glioma cell lines
[10]. In our study, we validated that ELF4/SOX2 axis is down-
stream pathway of miR-365. Our data suggested that miR-365/
ELF4/SOX2 pathway may be responsible for the ability of PVT1 to
modulate stem-like characteristics of glioma cells.

In conclusion, we showed that IncRNA PVT1 could enhance the
stemness and TMZ resistance in glioma cells by serving as a ceR-
NA to regulate ELF4 expression by sponging miR-365 in glioma.
This interaction would be considered a potential target for the di-
agnosis of glioma and outcome assays of TMZ-based therapy; thus,
further elucidating the function of PVT1 is of much significance
to explain the mechanism of which TMZ resistance and even can
overcome the resistance in glioma. Besides, these findings may also
provide a better understanding of the biological effects of IncRNA
on stemness in glioma cells. Thus, understanding the underlying
molecular mechanisms of glioma stemness will help in the design
of more effective therapies against glioma and preventing tumor

recurrence.
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