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Glioma is recognized as a highly angiogenic malignant brain
tumor. Vasculogenic mimicry (VM) greatly restricts the thera-
peutic effect of anti-angiogenic tumor therapy for glioma
patients. However, the molecular mechanisms of VM forma-
tion in glioma remain unclear. Here, we demonstrated that
LINC00339 was upregulated in glioma tissue as well as in
glioma cell lines. The expression of LINC00339 in glioma
tissues was positively correlated with glioma VM formation.
Knockdown of LINC00339 inhibited glioma cell proliferation,
migration, invasion, and tube formation, meanwhile downre-
gulating the expression of VM-related molecular MMP-2 and
MMP-14. Furthermore, knockdown of LINC00339 signifi-
cantly increased the expression of miR-539-5p. Both bioinfor-
matics and luciferase reporter assay revealed that LINC00339
regulated the above effects via binding to miR-539-5p. Besides,
overexpression of miR-539-5p resulted in decreased expression
of TWIST1, a transcription factor known to play an oncogenic
role in glioma and identified as a direct target of miR-539-5p.
TWIST1 upregulated the promoter activities of MMP-2 and
MMP-14. The in vivo study showed that nude mice carrying
tumors with knockdown of LINC00339 and overexpression
of miR-539-5p exhibited the smallest tumor volume through
inhibiting VM formation. In conclusion, LINC00339 may be
used as a novel therapeutic target for VM formation in glioma.
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INTRODUCTION
Glioma is the most angiogenic primary brain tumor characterized by
microvascular proliferations.1 At present, anti-angiogenic therapy is
an important strategy to inhibit glioma progression.2 However, it
remains unsatisfactory, which might result from failing to inhibit
vasculogenic mimicry (VM).3 Therefore, apart from traditional
anti-angiogenic therapy, investigation of anti-VM on the molecular
biology level and whether it further inhibits glioma progression
need to be addressed clearly.

In recent years, evidence has shown that anti-angiogenic therapy
might elicit greater malignancy due to the increase of tumor adapta-
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tion and invasion in hypoxic and ischemic environment.4 Besides,
anti-angiogenic therapy may relate to the hypoxic response and
VM formation.5 VM is characterized by non-endothelial tumor cells
forming tubular structures in aggressive tumors. These structures
have been proved in several malignant tumors, including glioma.6

There is significant association between VM and glioma grades,
and VM has been revealed to be involved in the proliferation,
invasion, and metastasis of glioma.7–9 Also, researchers have found
that the existence of VMmay provide nutrients to ensure that glioma
cells grow in hypoxic and ischemic environment.10,11 Therefore,
destruction of VM may be a novel perspective for glioma treatment
strategy. However, the molecular mechanisms involved in the regula-
tion of VM in glioma process remain elusive so far.

Recently, various studies have demonstrated that lncRNA and miR-
NAs play critical roles in the regulation of diverse cellular processes,
including tumor development, differentiation, and angiogenesis.12–14

So far, to our knowledge, there are only few reports about LINC00339
and miR-539-5p. Long intergenic non-coding RNA LINC00339 (also
known as HSPC157) was only reported to be a candidate for the
action of genetic variants on endometriosis risk.15 Recently, miR-
539-5p was reported to be downregulated in the lipopolysaccharide
(LPS)-treated periodontal ligament cells (PDLCs) compared with
the control group.16 In addition, miR-539 was previously reported
to be a tumor suppressor in some cancers, such as osteosarcoma
and hepatocellular carcinoma.17,18 The studies about LINC00339
and miR-539-5p in glioma and VM inhibition remain unconducted.

TWIST1 is a basic helix-loop-helix (bHLH) transcription factor that
regulates embryonic morphogenesis.19 TWIST1 is upregulated in
various cancers, including glioma.20,21 Further, overexpression of
Author(s).
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TWIST1 has been shown to promote cell metastasis, survival, and
angiogenesis.22 In addition, it is known that TWIST1 opens nuclear
membrane pores with the help of an accessory protein and enters
the nucleus to regulate transcription of downstream genes that are
involved in the process of VM.23 In recent years, TWIST1 has been
proven to be a crucial inducer for tumor epithelial-mesenchymal
transition and participates in the process of VM in hepatocellular
carcinoma24 and large-cell lung cancer.25 However, the role of
TWIST1 in the process of VM in glioma has not been documented.

Matrix metalloproteinases (MMPs) are a family of zinc-binding
endopeptidases and are reported to be involved in many physiological
processes including tissue growth and regeneration, embryonic devel-
opment, angiogenesis, apoptosis and nerve growth.26,27 Among these
MMPs, MMP-2 and MMP-14 (also known as membrane type 1-ma-
trix metalloproteinase, MT1-MMP) are overexpressed in malignant
glioma, and their expression levels correlate directly with the patho-
logic grades of glioma.28 They are considered essential in tumor
invasion and migration.29,30 One of the mechanisms of glioma inva-
sion is the activation of downstream targets, where MMP-14 activates
proMMP-2 and indirectly MMP-2. The expression level of MMP-14
closely correlates with the expression level of MMP-2.31,32 Moreover,
MMPs showed a positive correlation with VM formation. In the final
stage of the VM signaling pathway, expression, and activation of
MMP-14 can converts proMMP-2 to active MMP-2. MMP-2 binding
with the activated MMP-14 promoted the cleavage of the laminin5g2
chain into promigratory g20 and g2x fragments, which in turn
stimulated the ability of migration and invasion of tumor cells. Simul-
taneously, it also formed the so-called lumens, which are the VM.33

Therefore, we hypothesized that MMP-14 and MMP-2 have similar
molecular mechanism in the process of VM in glioma.

In summary, the aim of this present study is to clarify the role and
potential mechanism of LINC00339 in inhibiting VM and to deter-
mine whether miR-539-5p and transcription factors TWIST1 are
involved in this process. These findings suggest a new strategy for
the glioma therapy based on anti-VM in the future.

RESULTS
LINC00339 Expression Was Significantly Associated with VM in

Glioma

First, we examined VM in low-grade glioma tissues (LGGTs), high-
grade glioma tissues (HGGTs), and normal brain tissues (NBTs) by
CD34-PAS. Representative VMs were positive for (periodic acid-
schiff) PAS but negative for CD34. The anti-CD34 immunohisto-
chemical staining identified the endothelium in tissue sections, result-
ing in a brown product. PAS staining was conducted to identify
basement membrane-like structures between tumor cells that were
highlighted pink. Sometimes, red blood cells can be observed in the
hollows. To examine whether LINC00339 expression correlates
with VM, we further measured the levels of LINC00339 in LGGTs,
HGGTs, and NBTs by qRT-PCR. As shown in Figure 1A, VM was
not found in NBTs. We also found that VM rarely existed in LGGTs.
On the contrary, VMwas very common in HGGTs. Subsequently, the
expression levels of LINC00339 in the above tissues were analyzed by
qRT-PCR. As shown in Figure 1B, LINC00339 expression was signif-
icantly upregulated in LGGTs and HGGTs compared with NBTs.
Moreover, LINC00339 expression was significantly upregulated in
HGGTs compared with LGGTs. Also, we detected the expression
levels of LINC00339 in glioma cell lines (U87 and U251) and
NHAs (normal human astrocytes). LINC00339 expression was
much higher in U87 and U251 than that in NHAs (Figure 1C). There-
fore, these results indicated that LINC00339 expression was signifi-
cantly associated with VM in glioma (Figure 1D).

Knockdown of LINC00339 Inhibited VM Formation

To explore the possible functional role of LINC00339 in inhibiting
VM, the stably transfected U87 and U251 cells silencing of
LINC00339 were used in the subsequent experiments. The efficiencies
were shown in Figure 2A.

To further elucidate the potential mechanisms in regulating VM, we
then assessed the effects of LINC00339 knockdown on U87 and U251
cells proliferation, migration, invasion, and tube formation. As shown
in Figure 2B, the viability of cells was inhibited in shLINC00339
groups compared with shNC groups. As shown in Figure 2C, the
ability of tube formation of cells was suppressed in shLINC00339
groups compared with shNC groups. As shown in Figure 2D, the
migration and invasion of cells were decreased in shLINC00339
groups compared with shNC groups. In addition, we also evaluated
the expression of VM-related molecular MMP-2 and MMP-14. The
results showed that knockdown of LINC00339 downregulated the
protein expression of MMP-2 and MMP-14 (Figure 2E). Collectively,
these results indicated that knockdown of LINC00339 could inhibit
glioma VM.

Overexpression of miR-539-5p Inhibited VM Formation

The expression levels of miR-539-5p in human glioma tissues and cell
lines were analyzed by qRT-PCR. As shown in Figure 3A, miR-539-5p
expression was significantly downregulated in LGGTs and HGGTs
compared with NBTs, Moreover, miR-539-5p expression was signif-
icantly downregulated in HGGTs compared with LGGTs. Also, we
detected the expression levels of miR-539-5p in glioma cell lines
(U87 and U251) and NHA; miR-539-5p expression was much lower
in U87 and U251 than in NHAs (Figure 3B). To better understand the
functional role of miR-539-5p in regulating VM, qRT-PCR was
applied to validate the efficiency of pre-miR-539-5p and anti-miR-
539-5p. The high transfection efficacy of pre-miR-539-5p and anti-
miR-539-5p could sustain 7 days from 2 days post-transfection.
The transfected efficacy at 3 days post-transfection was shown in
Figure 3C.

We then assessed the effects of miR-539-5p overexpression and inhi-
bition on U87 and U251 cell proliferation, migration, invasion, and
tube formation. As shown in Figure 3D, the viability of cells in
pre-miR-539-5p groups were reduced compared with pre-NC groups,
whereas cells in anti-miR-539-5p groups showed the opposite effect.
In addition, the tube formation, migration, and invasion as well as the
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Figure 1. LINC00339 Expression Is Significantly Associated with VM in Glioma

(A) CD34-PAS double staining of normal brain tissues (NBTs), low-grade glioma tissues (LGGTs), and high-grade glioma tissues (HGGTs). VM is shown by black arrows (n = 3,

NBT group; n = 10, each glioma tissue group) (magnification: top, 200� and bottom, 400�; scale bar, 50 mm). (B) Relative expression level of LINC00339 in NBTs, LGGTs,

and HGGTs. Data represent means ± SD (n = 3, NBT group; n = 10, each glioma tissue group). *p < 0.05 versus NBT group. **p < 0.01 versus NBT group. #p < 0.05 versus

LGGT group. (C) Relative expression level of LINC00339 in NHA, U87, and U251. Data represent means ± SD (n = 5, each). &p < 0.05 versus NHA group. (D) The correlation

between VM and LINC00339 expression.
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expression levels of MMP-2 and MMP-14 were similar to the above
results (Figures 3E–3G).

LINC000339 Negatively Regulated and Targeted miR-539-5p

LncRNA may function as a molecular sponge in modulating the
expression and biological functions of miRNA.34 As shown in Fig-
ure 4A, the expression level of miR-539-5p was significantly
increased in stably transfected U87 and U251 cell silencing of
LINC00339. To further clarify the underlying mechanism, bioinfor-
matics prediction and luciferase reporter assays were performed
(Figure 4B). The results showed no significant difference in the rela-
tive luciferase activity between co-transfection with LINC00339-
Mut and pre-miR-539-5p groups and co-transfection with
LINC00339-Mut and pre-NC groups; relative luciferase activity
was markedly reduced in LINC00339-Wt and pre-miR-539-5p co-
transfection groups compared with LINC00339-Wt and pre-NC
co-transfection groups. To confirm whether LINC00339 and miR-
539-5p were present in the expected RNA-induced silencing com-
plex (RISC), an RNA-binding protein immunoprecipitation (RIP)
172 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
assay was carried out. qRT-PCR was performed to measure RNA
levels in immunoprecipitates. The expression of LINC00339 and
miR-539-5p were both increased in the anti-Ago2 group compared
with the anti-normal group. In the anti-miR-539-5p group, the ex-
pressions of LINC00339 and miR-539-5p immunoprecipitated with
Ago2 were lower than those in the control group, respectively
(Figure 4C).

LINC00339 Regulated VM via Binding to miR-539-5p

To clarify whether miR-539-5p was involved in the LINC00339-
regulated VM, the combinations of transfection were conducted
prior to the assessment of U87 and U251 cell proliferation, migra-
tion, invasion, and tube formation. As shown in Figure 5A, the
results showed that the viability of U87 and U251 cells in
shLINC00339 + pre-miR-539-5p groups was significantly decreased,
while in shLINC00339 + anti-miR-539-5p groups, it was signifi-
cantly increased. The tube formation, migration, and invasion as
well as the expression of MMP-2 and MMP-14 were similar to the
above results (Figures 5B–5D).



(legend on next page)
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MiR-539-5p Targeted and Negatively Regulated TWIST1

We assessed the effects of miR-539-5p overexpression and inhibition
on the expression of TWIST1. Results showed that miR-539-5p over-
expression decreased the protein expression of TWIST1, while
miR-539-5p inhibition had the opposite effects (Figure 6A). The
potential targets of miR-539-5p were predicted by the bioinformatics
databases, and a luciferase reporter assay was performed (Figure 6B).
The results showed no significant difference in the relative luciferase
activity between the TWIST1-Mut + pre-miR-539-5p and TWIST1-
Mut + pre-NC groups; the TWIST1-Wt + pre-miR-539-5p group
significantly reduced luciferase activity compared with TWIST1-
Wt + pre-NC group.

TWIST1 Mediated the Tumor-Suppressive Effects of miR-539-

5p-Regulated VM

To determine whether the tumor-suppressive effects of miR-539-5p-
regulated VM were mediated by TWIST1, the combinations of trans-
fection were conducted prior to the assessment of U87 and U251 cell
proliferation, migration, invasion, and tube formation. As shown in
Figure 7A, the results revealed that U87 and U251 cell viability in
pre-miR-539-5p + TWIST1-NC groups was significantly decreased,
while the viability in pre-miR-539-5p + TWIST1-ORF groups was
significantly increased. In miR-539-5p + TWIST1-ORF-30 UTR
groups, the viability was decreased compared with that in miR-539-
5p + TWIST1-ORF groups. The tube formation, migration, and
invasion, as well as the expression of MMP-2 and MMP-14, were
similar to the above results (Figures 7B–7D). Results revealed that
miR-539-5p overexpression inhibited the proliferation, migration,
invasion, and tube formation of U87 and U251 cells by targeting
the 30 UTR of TWIST1. TWIST1-ORF rescued the inhibitory effect
induced by miR-539-5p overexpression. However, TWIST1-ORF-30

UTR did not rescue the above effect.

TWIST1 Bound to the Promoters of MMP-2 and MMP-14

Proteins in Glioma U87 and U251

We performed chromatin immunoprecipitation (ChIP) assays to
clarify whether TWIST1 was directly associated with the promoters
of MMP-2 and MMP-14 in U87 and U251. The position of transcrip-
tion start site (TSS) of MMP-2 andMMP-14 was predicted by DBTSS
HOME (http://dbtss.hgc.jp/). Analysis of sequences of upstream
region (1,500 bp) and downstream region of the TSS using the
“TFSEARCH” program indicated the presence of potential
TWIST1-binding sites. Two putative TWIST1 binding sites at �285
and �281 positions in MMP-2 and two putative TWIST1 binding
sites at �309 and �291 in MMP-14 were respectively confirmed.
Primers were designed to bind sequences flanking the putative
TWIST1 binding sites. As a negative control, PCR was conducted
Figure 2. Knockdown of LINC00339 Inhibited VM Formation

(A) Relative LINC00339 expression in U87 and U251 cells after transfection with LINC00

of LINC00339 on U87 and U251 cells. (C) Three-dimensional culture of U87 and U251

100 mm). (D) Migration and invasion of U87 and U251 cells after LINC00339 knockdown

was to evaluate the effect after LINC00339 knockdown on the protein expression of MM

*p < 0.05 versus shNC group. **p < 0.01 versus shNC group.
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to amplify in the upstream region of the putative TWIST1 binding
site that was not expected to associate with TWIST1, respectively.
The results revealed that there was an association of TWIST1 with
putative binding sites of MMP-2 and the putative binding site of
MMP-14. There was no association of TWIST1 with all of the control
regions (Figure 8).

LINC00339 Knockdown Combined with miR-539-5p

Overexpression Suppressed Tumor Growth and VM in a

Xenograft Mouse Model

To further verify the above findings, in vivo xenograft mouse model
was performed. As shown in Figure 9A, shLINC00339, pre-miR-
539-5p, and shLINC00339 + pre-miR-539-5p groups had smaller
tumor volumes compared with the shNC + pre-NC group, while
shLINC00339 + pre-miR-539-5p group had the smallest tumor
volume. As shown in Figure 9B, the survival analysis showed that
shLINC00339, pre-miR-539-5p, and shLINC00339 + pre-miR-539-
5p groups produced longer survival compared with the shNC +
pre-NC group, while shLINC00339 + pre-miR-539-5p group demon-
strated the longest survival. Last, we detected VM in vivomouse xeno-
graft model by CD34-PAS. As shown in Figure 9C, there was no
significant difference in the number of VM between control and
shNC + pre-NC group or in the number of VM of the shLINC00339,
pre-miR-539-5p, and shLINC00339 + pre-miR-539-5p group. The
shLINC00339 + pre-miR-539-5p group had the least number of VM.

DISCUSSION
Glioma is recognized as a highly angiogenic tumor. It has been veri-
fied previously that anti-angiogenic tumor therapy is one of the ther-
apeutic options for glioma patients.35 But previous studies also
confirmed that anti-angiogenic tumor therapy shows limited and
transitory efficacy for glioma.36 Endothelium-dependent vessels had
been considered essential for supplying blood to tumor tissue. Con-
ventional anti-angiogenic tumor therapy also relied on endothelial
cells to regulate tumor angiogenesis. On other side, there is a fluid-
conducting network that is formed by certain types of tumor cells
through their acquisition of plasticity to mimic endothelial func-
tion.37 Maniotis et al.38 first reported that highly aggressive and
metastatic melanoma cells formed a new vascular structure named
vasculogenic mimicry. Subsequently, this tubular structure was found
in various malignant tumors, including breast carcinoma,39 ovarian
carcinoma,40 prostate carcinoma,41 non-small-cell lung carci-
nomas,42 and glioma43. In the present study, VM in the glioma tissues
was determined by dual staining for endothelial marker CD34 and
periodic acid-schiff. Our result demonstrated that the histologic
grades of glioma tissues were positively correlated with glioma VM
formation, which were consistent with previous studies.43 Liu et al.7
339-silencing plasmid. (B) CCK-8 assay was used to evaluate the proliferation effect

cells after LINC00339 knockdown was calculated (magnification, 100�; scale bar,

were measured (magnification, 200�; scale bar, 100 mm). (E) Western blot analysis

P-2 and MMP-14 in U87 and U251 cells. Data represent means ± SD (n = 5, each).
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also detected the presence of VM in high-grade gliomas, and the high-
histologic-grade glioma had a higher incidence of VM than that of
lower-grade glioma. But the molecular mechanism of VM in glioma
remains unclear.

Aberrant expression of some lncRNAs has been reported in glioma,
and lots of lncRNAs played important roles in regulating biological
processes of glioma. In the present study, we revealed for the first
time that the expression of LINC00339 was significantly upregulated
in glioma tissues as well as in glioma cells, suggesting that LINC00339
might be involved in the regulation of glioma progression. We also
demonstrated that the expression levels of LINC00339 in glioma
tissues were positively correlated with glioma VM formation. This
evidence suggested that aberrant expression of LINC00339 might
play a pivotal role in the glioma VM formation.

VM is characterized as a complex process that includes tumor cell
proliferation, metastasis, invasion, as well as tube formation. In this
work, we proved that LINC00339 expression in glioma cells was
more upregulated than that in NHA cells. In an attempt to elucidate
the effect of LINC00339 on glioma cells, we further investigated its
possible role in regulating proliferation, metastasis, and invasion of
glioma cells, which were critical for VM formation. The results
showed that knockdown of LINC00339 inhibited the proliferation,
migration, and invasion of glioma cells. Tube formation assay is
recognized as a universal in vitro VM evaluation method.44 Our
results reflected that knockdown of LINC00339 impaired tube forma-
tion of glioma cells. Lots of factors were involved in glioma VM
formation, including COX-2, VE-cadherin, TGF-b1, and so on. Pre-
vious studies also have indicated that the MMP family, especially
MMP-2, MMP-9, and MMP-14, were involved in the key signaling
pathway of VM formation.45,46 Our results indicated that
LINC00339 inhibited the expression of MMP-2 and MMP-14 in gli-
oma cells. All the above results presented evidence that LINC00339
might be involved in regulation VM formation.

Recently, a new regulatory mechanism surfaced in which lncRNA
might serve as a competing endogenous RNA (ceRNA) or amolecular
sponge in modulating the expression and biological functions of
miRNA,34 suggesting that there might be an inverse correlation
between expression of lncRNA and miRNA. In order to elucidate
the molecular mechanism of LINC00339 in glioma VM formation,
bioinformatics analysis and luciferase reporter assays were conducted
to explore the potential targeted miRNA of LINC00339. The results
Figure 3. Overexpression of miR-539-5p Inhibited VM Formation

(A) Relative expression levels of miR-539-5p in NBTs, LGGTs, and HGGTs. Data represe

NBT group. #p < 0.05 versus LGGT group. (B) Relative expression levels of miR-539-5p

NHA group. (C) Relative miR-539-5p expression in U87 and U251 cells after transfection

evaluate the proliferation effect of miR-539-5p on U87 and U251 cells. (E) Three-dimens

calculated (magnification, 100�; scale bar, 100 mm). (F) Migration and invasion of U

(magnification, 200�; scale bar, 100 mm). (G) Western blot analysis was to evaluate th

MMP-2 andMMP-14 in U87 and U251 cells. Data represent means ± SD (n = 5, each). *p

NC group. ##p < 0.01 versus anti-NC group.
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showed that LINC00339 might serve as a ceRNA in modulating the
expression and biological functions of miR-539-5p. Our present study
also showed that knockdown of LINC00339 significantly increased
the expression of miR-539-5p in glioma cells. Moreover, we have
validated the direct binding ability of the predicted miR-539-5p bind-
ing site on LINC00339. Previous studies have shown that some other
lncRNAs serve as ceRNAs in modulating the expression of miR-539.
For example, lncRNA CARL can act as an endogenous miR-539
sponge that regulates PHB2 expression, mitochondrial fission, and
apoptosis.47 LncRNA LOC100129148 enhanced the KLF12 expres-
sion through functioning as a competitive “sponge” for miR-539-5p
in human nasopharyngeal carcinoma.48

MiR-539-5p was located at chromosome 14q32.31. This region has
been characterized as a cancer suppressor gene in numerous cancers,
including glioma. Our present study demonstrated that the endoge-
nous expression of miR-539-5p was significantly downregulated in
glioma tissues as well as in glioma cells, suggesting that it might be
a tumor suppressor in glioma. Consistent with our results, miR-
539-5p has been reported to exert a tumor-suppressive role in other
cancers.49 Our results showed that overexpression of miR-539-5p
inhibited proliferation, migration, and invasion, impairing VM tube
formation as well as downregulating the expression of MMP-2 and
MMP-14 in glioma cells. On the contrary, knockdown of miR-539-
5p remarkably promoted the proliferation, migration, and invasion
of glioma cells as well as stimulated tube formation in vitro. Those
findings indicated that miR-539-5p would be involved in VM forma-
tion and act as a tumor suppressor on VM formation. Furthermore, to
investigate whether miR-539-5p mediated the suppressive effects of
LINC00339 knockdown in glioma VM formation, LINC00339
knockdown combined with miR-539-5p overexpression inhibited
VM in vitro. Moreover, the in vivo study showed that knockdown
of LINC00339 combined with overexpression of miR-539-5p ex-
hibited the smallest tumor volume as well as the longest survival
and inhibited VM formation. Therefore, LINC00339 knockdown
inhibited VM in glioma through upregulating miR-539-5p.

Accumulated evidence has shown that miRNAs can modulate biolog-
ical processes by inhibiting protein translation and promoting the
degradation of the target mRNAs by binding to the 30 UTR of specific
mRNAs.50 A recent study indicated that miR-539-5p exerted its
tumor-suppressive role on nasopharyngeal carcinoma by targeting
KLF12.48 In thyroid cancer, miR-539 inhibits cell migration and inva-
sion by directly targeting CARMA1.51 In osteosarcoma, miR-539
nt means ±SD (n = 3, NBT group; n = 10, each glioma tissue group). *p < 0.05 versus

in NHA, U87, and U251. Data represent means ± SD (n = 5, each). &p < 0.05 versus

with miR-539-5p agomir and miR-539-5p antagomir. (D) CCK-8 assay was used to

ional culture of U87 and U251 cells with the expression of miR-539-5p changed was

87 and U251 cells with the expression of miR-539-5p changed were measured

e effect with the expression of miR-539-5p changed on the protein expression of

< 0.05 versus pre-NC group. #p < 0.05 versus anti-NC group. **p < 0.01 versus pre-



Figure 4. LINC000339 Negatively Regulated and

Targeted miR-539-5p

(A) Effect of knockdown of LINC00339 on the expression

of miR-539-5p in U87 and U251 cells. Relative expression

levels of miR-539-5p were detected by qRT-PCR. Data

represent means ± SD (n = 3, each). *p < 0.05 versus

shNC group. (B) Relative luciferase activity was performed

by dual-luciferase reporter assay. Data represent means ±

SD (n = 3, each). *p < 0.05 versus LINC00339-Wt + pre-

NC group. (C) miR-539-5p was identified in LINC00339-

RISC complex. LINC00339 and miR-539-5p expression

levels were detected using qRT-PCR. Data represent

means ± SD (n = 5, each). *p < 0.05 and **p < 0.01 versus

anti-normal IgG group of respective group, #p < 0.05 and
##p < 0.01 versus anti-Ago2 in control group.
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inhibits cell proliferation, invasion, and migration by targeting
MMP-8.52 In prostate cancer, ectopic overexpression of miR-539
can drastically inhibit SPAG5 expression, and the restoration of
SPAG5 expression can reverse the inhibitory effects of miR-539 on
cell proliferation and metastasis.53 In our study, bioinformatics soft-
ware and luciferase assays indicated that TWIST1 was the target of
miR-539-5p. Overexpression of miR-539-5p reduced the expression
of TWIST1, whereas the inhibition of miR-539-5p increased the
secretion and expression of TWIST1. These results suggested that
miR-539-5p inhibited the TWIST1 expression by targeting its
30 UTR in glioma cells. TWIST1, a basic helix-loop-helix transcrip-
tion factor, was revealed to play an oncogenic role in glioma and pro-
moted invasion through epithelial-mesenchymal transition.54 It
Molecular Th
contributed to tumor cell plasticity and is
strongly associated with VM formation.
TWIST1 has been found to be a crucial inducer
of epithelial mesenchymal transition.55 Besides,
it is known that TWIST1 opens nuclear mem-
brane pores with the help of an accessory pro-
tein and enters the nucleus to regulate transcrip-
tion of downstream genes that are involved in
the process of VM formation. In hepatocellular
carcinoma, TWIST1 not only plays an impor-
tant role in tumor cell invasion and migration
but was also closely associated with tumor cell
plasticity to VM pattern.56,57 In gastric cancer,
MACC1 regulates TWIST1 and promotes VM
formation.58 To determine whether TWIST1
was involved in the miR-539-5p regulated VM
formation, the combinations of transfection
were conducted. The results showed that
TWIST1-ORF could rescue the inhibitory effect
induced by miR-539-5p overexpression, sug-
gesting that TWIST1 could play an important
role in miR-539-5p-mediated VM formation.

On the basis of these above findings, ChIP
assays were performed to elucidate whether
TWIST1 interacted with the promoters of MMP-2 and MMP-14.
The results demonstrated that TWIST1 acted as a transcriptional fac-
tor, which could bind to the promoter region of MMP-2 and MMP-
14. Previous reports had shown that TWIST1 interacted directly with
the MMP-2 promoter to drive MMP-2 expression in glioma.59

Conclusions

In conclusion, we discovered for the first time that the role of
LINC00339 on glioma formation and the molecular mechanism of
LINC00339 in affecting VM was correlated with the regulation
of the miR-539-5p/TWIST1 pathway. Consequently, LINC00339
and related molecular pathways may be novel therapeutic targets
for the inhibition of VM formation in glioma.
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Figure 6. miR-539-5p Targeted and Negatively Regulated TWIST1

(A) The protein expression of TWIST1 after cells were transfected with miR-539-5p

agomir and miR-539-5p antagomir. Data represent means ± SD (n = 3, each). **p <

0.01 versus pre-NC group. ##p < 0.01 versus anti-NC group. (B) Relative luciferase

activity was performed by dual-luciferase reporter assay. Data represent means ±

SD (n = 3, each). *p < 0.05 versus TWIST1-Wt + pre-NC group.
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MATERIALS AND METHODS
Patient Tissue Specimens

All human glioma specimens and normal brain tissues (NBTs) were
obtained from the Department of Neurosurgery, Shengjing Hospital
of China Medical University. All tissues were immediately frozen in
liquid nitrogen after surgical resection. The research procedures in
our study were approved by the Institutional Review Board at the
hospital. All participants provided their written informed consent
and the hospital ethical committee approved the experiments.
Glioma specimens were divided into two groups: low-grade glioma
tissues (LGGTs) and high-grade glioma tissues (HGGTs) by at least
two experienced neuropathologists according to the 2007 WHO
classification of tumors in the central nervous system. NBTs were
used as negative controls. The research protocol was reviewed and
approved by the Ethics Committee of Shengjing Hospital of China
Medical University, and informed consent was obtained from all
Figure 5. LINC00339 Regulated Tumor-Induced VM via Binding to miR-539-5p

(A) CCK-8 assay was used to evaluate the proliferation effect on U87 and U251 cells. (

100�; scale bar, 100 mm). (C) Migration and invasion of U87 and U251 cells were me

evaluate the effect on the protein expression of MMP-2 andMMP-14 in U87 and U251 ce

**p < 0.01 versus shNC + pre-NC group.
participants included in the study, in agreement with institutional
guidelines.

Cell Culture

Glioma U87 and U251 cell lines and HEK293T cells (Cell Resource
Center, Shanghai Institutes for Biological Sciences) were cultured in
high-glucose DMEM supplemented with 10% fetal bovine serum.
Primary normal human astrocytes (NHA) were obtained from the
Sciencell Research Laboratories (Carlsbad, CA, USA) and cultured
in RPMI-1640 (Gibco, Carlsbad, CA, USA) with 10% fetal bovine
serum. All the cells were incubated at 37�C in a humidified incubator
with 5% CO2 and changed medium every 2 days.

CD34 Endothelial Marker Periodic Acid Schiff Dual Staining

CD34-PAS was examined for the presence of VM. First, standard
immunohistochemical staining was performed with the help of
UltraSensitive S-P kit (Fuzhou MaiXin Biotech, China).
Formalin-fixed, paraffin-embedded tumor slides were cut at
5 mm, deparaffinized in xylene, hydrated, and boiled in EDTA
antigen-unmasking solution. After slides were cooled to room
temperature, incubated in peroxide at room temperature for endog-
enous peroxidase ablation, blocked with goat serum, and stained
with a rabbit anti-human CD34 primary monoclonal antibody
(1:100, Beijing Zhongshan Goldenbridge, China) overnight at
4�C. After washing with PBS thrice and incubating with goat-
anti-rabbit secondary antibody at room temperature for 10 min,
the slides were treated with a DAB kit (Fuzhou MaiXin Biotech,
China). Then, the slides were exposed to periodic acid solution
for 10 min, incubated with schiff solution for 10 min in dark,
and counterstained with Mayer’s hematoxylin (Zhuhai Baso,
Guangdong, China). Lastly, the slides were viewed under a light
microscope to detect CD34 and PAS signals.

Quantitative Real-Time PCR Analysis

Total RNA was extracted from cells and tissues with the use of
Trizol reagent according to the manufacturer’s instructions (Life
Technologies, Carlsbad, CA, USA). Formeasuring the expression level
of LINC00339, 1 mg of RNA was reverse transcribed using a
Primescript RT reagent kit with gDNA Eraser (Perfect Real Time)
(TAKARA Bio Technology, Dalian, China) and quantitative real-
time PCR was performed using SYBR Premix Ex TaqII (Tli RNaseH
Plus) (TAKARA Bio Technology, Dalian, China). The information
of LINC00339 and internal control GAPDH primers using as
follows: LINC00339, forward, 50-GGTTGACGAAGTCTGGA
ACG-30; reverse, 50-GCCCATCATTTCATTGGGTA-30; GAPDH,
forward, 50-GGTGAAGGTCGGAGTCAACG-30; reverse, 50-CCATG
TAGTTGAGGTCAATGAAG-30.
B) Three-dimensional culture of U87 and U251 cells was calculated (magnification,

asured (magnification, 200�; scale bar, 100 mm). (D) Western blot analysis was to

lls. Data represent means ±SD (n = 5, each). *p < 0.05 versus shNC +pre-NC group.
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Figure 8. TWIST1 Bound to the Promoters of MMP-2 and MMP-14 Proteins

in Glima U87 and U251

(A and B) Schematic representation of MMP-2 and MMP-14 promoter region in

3,000 bp upstream of the transcription start site (TSS, designated as +1).

Chromatin immunoprecipitation (ChIP) PCR products for putative TWIST1

binding sites and an upstream region not expected to associate with TWIST1

are depicted with bold lines. Dashed lines represent the primers used for

each PCR reaction. Image is representative of independent ChIP experiments

(n = 3).
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To test miR-539-5p expression, TaqMan MicroRNA Reverse Tran-
scription Kits and Taqman Universal Master Mix II with the
TaqMan MicroRNA Assay miR-539-5p and endogenous control
U6 (Applied Biosystems, Foster City, CA, USA) were performed ac-
cording to manufacturer’s protocol. Relative levels of mRNA
expression were analyzed using the quantification (2� DDCt)
method.
Figure 7. TWIST1 Mediated the Tumor-Suppressive Effects of miR-539-5p-Reg

(A) CCK-8 assay was used to evaluate the proliferation effect on U87 and U251

(magnification, 100�; scale bar, 100 mm). (C) Migration and invasion of U87 and U2

blot analysis was to evaluate the effect on the protein expression of MMP-2 and

*p < 0.05 versus pre-NC + TWIST1-NC group. #p < 0.05 versus pre-miR-539-

group. **p < 0.01 versus pre-NC + TWIST1-NC group. ##p < 0.01versus pre-miR-5

group.
Transfection and Generation of Stably Transfected Cell Lines

Short-hairpin RNA directed against human LINC00339 was
constructed in pGPU6/GFP/Neo plasmid (shLINC00339) (Gene
Pharma, Shanghai, China). Human full-length TWIST1 coding
sequence (CDS) and with its 30 UTR sequences were ligated into
pIRES2-EGFP plasmid (TWIST1-ORF and TWIST1-ORF-30

UTR) (GenScript, Piscataway, NJ, USA), respectively. Plasmid
carrying a non-targeting sequence was used as a negative control
(NC).

Transfection was performed at about 80% confluency of cells (glioma
U87 and U251) in 24-well plates using Lipofectamine 3000 Reagents
(Life Technologies, Carlsbad, CA, USA). The stably transfected cells
were selected by the culture medium containing Geneticin (G418;
Sigma-Aldrich, St. Louis, MO, USA). After approximately 4 weeks,
G418-resistant cell clones were established. Stable cell lines trans-
fected efficiencies were assessed by qRT-PCR.

Transient Transfection of miRNAs and Grouping

MiR-539-5p agomir, miR-539-5p antagomir, and their respective
non-targeting sequences (negative control, NC) were synthesized
(Gene Pharma, Shanghai, China). Glioma U87 and U251 cells were
respectively transfected with miR-539-5p agomir (pre-miR-539-5p),
miR-539-5p antagomir (anti-miR-539-5p), or their respective NC
using Lipofectamine 3000 reagent. The transfected efficacy was
evaluated by qRT-PCR, and the high transfection efficacy occurred
at second day after transfection; experiments were divided into five
groups: control group, pre-NC group, pre-miR-539-5p group, anti-
NC group, and anti-miR-539-5p group.

The shNC and shLINC00339 stable transfected cells co-transfected
with miR-539-5p agomir, miR-539-5p antagomir, and their NC
were divided into five groups: control group, shNC + pre-NC group
(shNC stable transfected cells co-transfected with pre-NC),
shLINC00339 + pre-miR-539-5p group (shLINC00339 stable trans-
fected cells co-transfected with pre-miR-539-5p), shNC + anti-NC
group (shNC stable transfected cells co-transfected with anti-NC),
and shLINC00339 + anti-miR-539-5p group (shLINC00339 stable
transfected cells co-transfected with anti-miR-539-5p).

The TWIST1-ORF and TWIST1-ORF-30 UTR stable transfected
cells co-transfected with miR-539-5p agomir or their NC were
divided into five groups: control group (un-transfected cells), pre-
NC + TWIST1-NC group (TWIST1-NC stable transfected cells
co-transfected with pre-NC), pre-miR-539-5p + TWIST1-NC
group (TWIST1-NC stable transfected cells co-transfected with
ulated VM

cells. (B) Three-dimensional culture of U87 and U251 cells were calculated

51 cells were measured (magnification, 200�; scale bar, 100 mm). (D) Western

MMP-14 in U87 and U251 cells. Data represent means ± SD (n = 5, each).

5p + TWIST1-NC group. &p < 0.05 versus pre-miR-539-5p + TWIST1-ORF

39-5p + TWIST1-NC group. &&p < 0.01 versus pre-miR-539-5p + TWIST1-ORF
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pre-miR-539-5p), pre-miR-539-5p + TWIST1-ORF group
(TWIST1-ORF stable transfected cells co-transfected with pre-
miR-539-5p) and pre-miR-539-5p + TWIST1-ORF-30 UTR group
(TWIST1-ORF-30 UTR stable transfected cells co-transfected with
pre-miR-539-5p).

Western Blot Analysis

Harvested cells (glioma U87 and U251) were lysed in cell lysis buffer
(Beyotime Institute of Biotechnology, China) and whole-cell lysates
(40 mg) were loaded onto SDS-PAGE and transferred to polyvinyli-
dene difluoride (PVDF) membranes (Millipore, USA). The mem-
branes were blocked with blocking buffer (5% non-fat milk in 1%
Tween Tris-buffered saline [TBS]) for 2 hr at room temperature,
followed by incubation with primary antibodies overnight at 4�C,
incubated with horseradish peroxidase-conjugated secondary anti-
bodies for 2 hr at room temperature and then developed with the
enhanced chemiluminescence reagents (Beyotime Institute of
Biotechnology, China) according to the manufacturer’s protocol.
For protein band analyses, an internal control GAPDH (Proteintech,
USA) was used. The antibody against TWIST1, MMP-14, and MMP-
2 was purchased from Proteintech.

In vitro VM Tube Formation Assay

The formation of VM tube in glioma U87 and U251 cells was
performed as described previously.60 In brief, a 96-well culture plate
was coated with 60 mL Matrigel Basement Membrane Matrix (BD
Biosciences, Bedford, MA, USA) per well and then allowed to
polymerize for 1 hr at 37�C. The cells were resuspended and seeded
onto the surface of Matrigel at a density 1� 105 cells/well, then incu-
bated for 6 hr. The cell morphology and vascular structures were
observed and photographed under an invertedmicroscope (Olympus,
Tokyo, Japan). An independent observer counted the total number of
tube-like structures per image.

Cell Proliferation Assay

Cell proliferation assay was performed using the Cell Counting Kit-8
(CCK8, Beyotime Institute of Biotechnology, China) according to the
instructions. Cells were plated into 96-well cell culture plates with five
replicate wells for each group, 10 mL CCK8 was added into each well
and incubated for another 4 hr; the optical density value of the
samples were finally measured at the wavelength of 450 nm.

Cell Migration and Invasion Assay

The abilities of cells to migrate and invade through a permeable mem-
brane were assessed using the 24-well transwell chambers with 8-mm
pore size polycarbonate membrane (Costar, Corning, NY, USA). The
cells were resuspended in serum-free medium then seeded in the
upper transwell chambers on the top side of membrane, or the upper
Figure 9. In Vivo Tumor Xenograft Study

(A) For subcutaneous xenograft study, cells were injected subcutaneously into nude

measured and calculated. (B) The survival curves of nudemicewere shown. Data represe

shLINC00339 group. &p < 0.05 versus pre-miR-539-5p group. (C) CD34-PASwas applie

of VM per field. (magnification, 400�; scale bar, 50 mm).
chambers were pre-coated with Matrigel and incubated at 37�C for
4 hr before the invasion assay started, then the cells were incubated
for about thirty hr at 37�C in a humidified incubator. The cells on
the upper surface of the membrane were removed with cotton swabs;
the migrated and invaded cells on the lower membrane surface were
fixed with methanol and glacial acetic acid and then stained with 20%
Giemsa solution for 30 min at room temperature. The number of cells
that migrated and invaded through the membrane were counted in
five random fields.

Bioinformatics Prediction and Luciferase Reporter Assay

The potential miR-539-5p binding sites of LINC00339 were predicted
with the help of bioinformatics databases (Starbase v2.0). The puta-
tive miR-539-5p target binding sequence in LINC00339 and its
mutant of the binding sites were synthesized and cloned into the
pmirGLO luciferase miRNA Target Expression vector (Promega,
Madison, WI, USA).

The target genes of miR-539-5p were predicted using the bioinfor-
matics databases miRanda (http://www.MiRanda.org). To examine
whether miR-539-5p targets TWIST1 directly, we constructed wild-
type TWIST1 reporter plasmid (TWIST1-Wt) and mutated-type
TWIST1 reporter plasmid (TWIST1-Mut) with pmirGLO-promoter
vector (GenePharma, Shanghai, China), respectively.

HEK293T cells were seeded in 96-well plates for 1 day, and cells at
60%–80% confluence were co-transfected with the pmirGLO vector
constructed with either wild-type or mutation type and miR-539-5p
overexpression or miRNA NC plasmids using Lipofectamine 3000
Reagents according to the manufacturer’s instructions. The luciferase
activity was measured 2 days after transfection using a dual luciferase
assay kit (Promega, Madison, WI, USA), and the relative firefly lucif-
erase activity was expressed as the ratio of firefly luciferase activity to
renilla luciferase activity. All transfections were performed in
triplicate.

RNA Immunoprecipitation

RIP assay was performed using the EZ-Magna RIP Kit (Millipore,
Billerica, MA, USA) according to the manufacturer’s protocol.
Glioma U87 and U251 cells lysates of the control groups and antago-
mir-539-5p groups were prepared and incubated with RIP buffer
containing magnetic beads conjugated with human anti-Argonaute2
(Ago2) antibody. Normal mouse immunoglobulin G (IgG) (Milli-
pore) was regarded as negative control. Samples were incubated
with Proteinase K buffer, and then immunoprecipitated RNA was
isolated. The RNA concentration was measured by a Nanodrop
(Thermo Scientific). Furthermore, purified RNA was obtained and
analyzed by qRT-PCR.
mice. A sample tumor from representative group was shown. Tumor volume was

nt mean ±SD (n = 8, each). *p < 0.05 versus shNC + pre-NC group. #p < 0.05 versus

d to detect the VM in xenografted tumor, and results were expressed as the number
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ChIP Assay

ChIP was carried out with Simple ChIP Enzymatic Chromatin IP Kit
(Cell Signaling Technology, Danvers, Massachusetts, USA) according
to manufacturer’s protocol. In brief, cells (glioma U87 and U251)
were cross-linked with 1% formaldehyde in culture medium for
10 min and treated with glycine for 5 min at room temperature. These
cells were collected in lysis buffer. Chromatin was then digested with
Micrococcal Nuclease. Immunoprecipitation was incubated with
anti-TWIST1 antibody (Proteintech, USA) or normal rabbit IgG
followed by immunoprecipitation with Protein G Agarose beads
during an overnight incubation at 4�C with gentle shaking. As an
input reference, 2% were removed before antibody supplemental.
The DNA cross-links was reversed by 5 mol/L NaCl and Proteinase
K at 65�C for 2 hr, and then DNA was purified. Immunoprecipitated
DNA was amplified by PCR using specific primers, the primers of
each PCR set, and the sizes of PCR product. Immunoprecipitated
DNA was amplified by PCR using their specific primers (MMP2,
PCR1 (F) 50-ACCATTCCTTCCCGTTCCT-30, (R) 50-CTACTCGC
CCTCCTCCACTT-30; PCR2 (F) 50-TGAGCAGTGAGGATGAC
CAG-30, (R) 50-CACCTTGGGAAATAGAGCAGTC-30; PCR3 (F)
50-TTGGCCAGCTTCTTTACTGC-30, (R) 50-GGGTATCGGTTTC
CAGTGTG-30. MMP14, PCR1 (F) 50-AGCTTTATCCTGCCCT
CTCC-30, (R) 50-TCTGTGGCTCCAACCTTTGT-30; PCR2 (F)
50-GAGGAATCAAGCCACTCAGAA-30, (R) 50-TCTCTCGCTCTC
TCCTCTGG-30; PCR3 (F) 50-TTTGCTGTCTCCCTCTGCTT-30,
(R) 50-TTGGAAGTGGGCTCTTCAGT-30). In each PCR reaction,
the corresponding inputs were taken in parallel for PCR validation.
The PCR products were resolved on a 3% agarose gel. Figure 8 is
representative of three independent ChIP experiments.

In Vivo Xenograft Mouse Model

For the in vivo study, the stably transfected cell lines (glioma U87 and
U251 cells) were used. To generate pre-miR-539-5p and
shLINC00339 + pre-miR-539-5p stably transfected cell lines, the
plasmid pGCMV/EGFP/miR-539-5p (GenePharma) was transfected
into cells, and the pGCMV/EGFP/miR-539-5p plasmids was trans-
fected into shLINC00339 stable transfected cells using Lipofectamine
3000 reagent and selected by culture medium containing G418,
respectively. Experiments were divided into five groups: control
group, shNC + pre-NC group, shLINC00339 group, pre-miR-539-
5p group, shLINC00339 + pre-miR-539-5p group.

The 4-week-old BALB/c athymic nude mice were obtained from the
Cancer Institute of the Chinese Academy of Medical Science. Exper-
iments with mice were conducted strictly in accordance with a proto-
col approved by the Administrative Panel on Laboratory Animal Care
of the Shengjing Hospital. For subcutaneous implantation, 3 �
105 cells were injected subcutaneously into the flank area of each an-
imal. Tumor volume was measured every 5 days and calculated by the
following formula: volume (mm3) 1/4 length width2/2. For survival
analysis in orthotopic inoculations, 3� 105 cells were stereotactically
implanted into the right striatum of themice. The number of survived
nude mice was recorded every 5 days for 45 days. Lastly, we detected
VM in vivo mouse xenograft model by CD34-PAS.
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Statistical Analysis

All experiments were carried out at least three times. All data were ex-
pressed as the mean ± SD. Statistically significant differences between
two groups were determined by Student’s t test. For three or more
groups, statistical analysis was performed using one-way ANOVA.
p < 0.05 was considered as statistically significant.
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