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Abstract: Gliomas are one the most prevalent malignant carcinomas of the central nervous system, and angiogene-
sis plays a critical role in the progression of these blood vessel-rich tumors. HOTAIR, a long non-coding RNA (IncRNA),
acts as an oncogene in gliomas; however, its role in glioma angiogenesis remains unclear. In the present study, we
identified a pro-angiogenic activity of HOTAIR. Silencing HOTAIR inhibited glioma-induced endothelial cell prolifera-
tion, migration, and tube formation. Further studies showed that vascular endothelial growth factor A (VEGFA) was
involved in the HOTAIR-induced glioma angiogenesis. Our study also showed that HOTAIR was present in the glioma
cell culture supernatant and was protected by membranes, suggesting that HOTAIR may affect glioma angiogenesis
not only via regulation of VEGFA expression in the glioma cells, but also by transmission into endothelial cells via

glioma cell-derived extracellular vesicles.
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Introduction

Angiogenesis is a necessary prerequisite for
tumor progression and invasion because it ful-
fills the nutrient and oxygen requirements of
the tumors [1, 2]. Tumors with diameters of 1~2
mm become dormant in the absence of angio-
genesis [3]. Blood vessel-rich human gliomas
are the most common and malignant primary
brain tumors, and their growth and proliferation
are heavily dependent on angiogenesis. Glioma
cells promote angiogenesis and microvascular
network formation to provide nutrients for tu-
mor invasion and metastasis [4, 5]. Therefore,
identification of the critical molecules involved
in angiogenesis may provide breakthroughs for
glioma treatment.

Tumor angiogenesis is a complex multistep pro-
cess that can be triggered by growth factors
such as vascular endothelial growth factor
(VEGF) [6] and fibroblast growth factor (FGF)
[7], by oncogene activation or anti-oncogene

mutations [8, 9], and by miRNA deregulation.
For example, miR-378 promotes angiogenesis
by targeting FUS-1 [10] and miR-130a inhibits
the expression of homeobox genes GAX and
HOXAS to promote angiogenesis [11]. A recent
study showed that long non-coding RNAs
(IncRNAs) play crucial roles in the regulation of
gene expression during angiogenesis and tumor
aggravation.

The HOX transcript antisense intergenic RNA
(HOTAIR), a ~2,000 bp IncRNA transcribed from
the HOXC locus, is a “well-established” nega-
tive prognostic factor for gliomas. The expres-
sion patterns of HOTAIR are closely associated
with glioma staging, and its increased expres-
sion correlates with tumor progression [12].
HOTAIR interacts with the polycomb repressive
complex 2 (PRC2) and miRNAs to promote the
malignancy of gliomas [13]. Knockdown of HO-
TAIR inhibits proliferation, migration, and inva-
sion, promotes apoptosis, and induces cell
cycle arrest [14]. However, to the best of our
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knowledge, there have been no reports regard-
ing the association of HOTAIR with glioma
angiogenesis. In the present study, we found
that HOTAIR functioned as an angiogenesis
activator, and silencing of HOTAIR in glioma
cells significantly suppressed tumor angiogen-
esis in vitro. Moreover, subsequent experi-
ments confirmed that the angiogenic function
of HOTAIR in gliomas is mediated not only by
the regulation of vascular endothelial growth
factor A (VEGFA) expression in glioma cells, but
also by direct transmission into endothelial
cells via glioma cell-derived vesicles.

Materials and methods
Cell lines

The human brain microvascular endothelial
cells (HBMVECs) and the glioblastoma cell line
A172 were purchased from the Cell Resource
Center of Shanghai Institute of Life Sciences.
The cell lines were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco BRL, Gai-
thersburg, Maryland, USA), supplemented with
10% fetal calf serum, penicillin (100 U/mL) and
streptomycin (100 mg/mL) at 37°C in 5% CO,,.

SiRNA, plasmid, and cell transfection

The siHOTAIR and the negative control siRNA
(NC) were synthesized by Biomics Biotechno-
logies Co., Ltd, Nantong, China. The sequences
are: siHOTAIR sense, 5’-CCACAUGAACGCCCAG-
AGAUU-3’; antisense, 5-AAUCUCUGGGCGUUC
AUGUGG-3’; NC sense, 5-UUCUCCGAACGUGU-
CACGUTT-3’; antisense, 5'-ACGUGACACGUUCG-
GAGAATT-3". VEGFA was overexpressed by clon-
ing the open reading frame of VEGFA into the
pcDNA3.1vector backbone. Cells were grown to
confluency on 6-well plates and transfected
using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s
instructions.

Collection of conditional medium (CM)

The supernatant of the A172 cells was collect-
ed and centrifuged at 2,000xg for 20 min at
4°C to remove cell debris 48 h after transfec-
tion. Then, aliquots of the CM were stored at
-80°C until further use.

RNA isolation and real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR)

The total RNA from cells was extracted using
the TRIzol reagent (Invitrogen, Carlsbad, USA)
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following the manufacturer’s instructions. The
first-strand of cDNA was synthesized using a
HiFi-Moloney murine leukemia virus (MMLV)
cDNA kit (Beijing ComWin Biotech Co., Ltd.
Beijing, China). RT-PCR was conducted using
the UltraSYBR mixture (Beijing ComWin Biotech
Co., Ltd. Beijing, China). The IncRNA levels were
normalized against B-actin levels in cell lysates.
RNA in the culture medium was extracted from
a fixed volume (600 pL) by the RNApure circu-
lating reagent (Beijing ComWin Biotech Co., Ltd.
Beijing, China). The IncCRNA levels were normal-
ized against GAPDH levels in the culture medi-
um [15]. The primer sequences for the B-actin
gene were 5-GGCACCACACCTTCTACAAT-3’ (for-
ward) and 5-GTGGTGGTGAAGCTGTAGCC-3’ (re-
verse). The primer sequences for GAPDH were
5-CTCCTCCACCTTGTAGCGTG-3’ (forward) and
5-CATACCAGGAAATGAGCTTGACAA-3’ (reverse).
The primer sequences for HOTAIR were 5’-CA-
GTGGGGAACTCTGACTCG-3’ (forward) and 5'-G-
TGCCTGGTGCTCTCTTACC-3’ (reverse). All prim-
ers were synthesized by GenScript Co. Ltd.
(Nanjing). Data analysis was performed using
the 222 Ct method. Each sample was analyzed
in triplicate.

Western blot analysis

Total protein was extracted from cells using the
protein extraction reagent containing 1 mM
phenylmethanesulfonyl fluoride (PMSF) (Boster
Bioengineering, Wuhan, China). The proteins
were separated by 12% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene diflu-
oride (PVDF) membrane (Pall Gelman Labora-
tory Corporation, Ann Arbor, MI, USA), which
was blocked with 1% bovine serum albumin
(BSA) overnight at 4°C, followed by successive
incubations with primary and secondary anti-
bodies for 2 h each at room temperature. The
antibodies for VEGFA and [3-actin were obtained
from Boster Bioengineering, China. The protein
bands were detected by enhanced chemilumi-
nescence (Advansta, Menlo Park, CA, USA).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay and assessment
of doubling time

To determine cell proliferation, the HBMVECs
were seeded at a density of 5x10° cells/well in
a 96-well plate and incubated for 24 h. The
media was subsequently changed to 100% CM
and incubated for another 24 h. 10 yL MTT
solutions (5 mg/mL) was added to each well
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Figure 1. Knockdown of HOTAIR suppressed glioma angiogenesis in vitro. A. HOTAIR was knocked down in A172
cells and real time RT-PCR analysis was performed to detect HOTAIR expression. B. Cell proliferation was measured
using the MTT assay and the doubling time was calculated using the Patterson formula. HBMVECs treated for 24
h with the supernatant of A172 siHOTAIR transfectants showed significantly increased doubling time compared to
that of the siRNA negative control supernatant. C. HBMVECs treated with A172 siHOTAIR supernatant formed signifi-
cantly fewer colonies than the cells treated with the siRNA negative control supernatant. D. Migration of HBMVECs
was measured using the transwell migration assay (maghnification, 200x). The migration ability of HBMVECs was
significantly inhibited after incubation with the A172 siHOTAIR supernatant. E. Tube formation was measured by the
HBMVEC capillary tube formation assay, and the results were expressed as the number of branches (magnifica-
tion, 100x%). Data represent mean = SD (N = 3, each). Con: control; si-NC: siRNA negative control; CM: conditional
medium; “P<0.05, “*P<0.001.

and incubated for 4 h at 37°C. After removal of
the medium, the formazan crystals were dis-
solved in 0.15 mL of dimethyl sulfoxide (DMSO).
The absorbance of MTT-formazan was mea-

Colony formation assay

For the colony formation assay, the HBMVECs
were seeded into 6-well plates at a density of

sured at 550 nm using a SpectraMaxM3 micro-
plate reader (Molecular Devices, Sunnyvale,
CA, USA). The doubling time was calculated us-
ing the Patterson formula: Td=TIg2/1g(Nt/NO),
where Td is the doubling time (hours), T is the
time taken for cells to proliferate from NO to Nt
(hour), and N is the cell count.
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5x102 cells/well and cultured for further 2
weeks. The cells were then washed twice with
phosphate buffered saline (PBS), fixed with 4%
paraformaldehyde for 30 min, and stained with
Giemsa for 15 min. The colonies were counted
using an Eclipse Ti-S inverted microscope (Ni-
kon, Japan).

Am J Transl Res 2017;9(11):5012-5021
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HBMVEC recruitment assay

A 24-well plate with 8-um pore size polycarbon-
ate membrane (Corning, USA) was used for the
endothelial recruitment assay. The A172 cells
were placed in the lower compartments, trans-
fected with siHOTAIR or siNC for 48 h and re-
freshed with 600 uL serum-free medium before
the recruitment experiments. The HBMVECs
were then resuspended in 100 yL of serum-
free medium and seeded in the upper compart-
ments of the chambers. The cells remaining on
the upper surface of the membrane were re-
moved after incubation at 37°C for 12 h. The
cells on the lower surface of the membrane
were fixed with 4% paraformaldehyde for 30
min and stained with Giemsa for 15 min.

HBMVEC capillary tube formation assay

The HBMVECs (2.5x10% cells) were grown in the
absence or presence of 100% CM for 6 h at
37°C in a 96-well plate coated with Matrigel
(BD Biosciences, USA). The formation of capil-
lary-like structures was observed under a light
microscope. The branch points of the formed
tubes, which represent the degree of angiogen-
esis in vitro, were scanned and quantitated un-
der an Eclipse Ti-S inverted microscope (Nikon,
Japan).

Enzyme-linked immunosorbent assay (ELISA)

The VEGFA in the culture supernatants was
detected by ELISA (Boster Bioengineering, Wu-
han, China) according to the manufacturer’s
instructions.

Statistical analysis

Data were expressed as mean + standard devi-
ation (SD) from at least three separate experi-
ments performed in triplicate, except where
otherwise noted. Statistical analysis was per-
formed using one-way analysis of variance
(ANOVA) for multiple comparisons and t-tests
for comparisons between groups. A P value of
less than 0.05 (P<0.05) was considered statis-
tically significant.

Results

siHOTAIR inhibited the pro-angiogenic activity
of glioma cells

To explore the effect of HOTAIR on glioma angio-
genesis, we knocked down HOTAIR in A172
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cells using siRNA, and performed the MTT and
colony formation assays and the in vitro endo-
thelial recruitment and capillary tube format-
ion assays. As shown in Figure 1A, the level of
HOTAIR expression was significantly reduced
48 h after transfection compared with that of
the siRNA NC. We stimulated HBMVECs with
supernatant from the siHOTAIR transfected
cells (CM), and found that this CM significantly
increased the doubling time of the HBMVECs
(NC: 21.3240.65 h; siHOTAIR: 23.22+0.54 h;
Figure 1B). The HBMVECs formed fewer colo-
nies after incubation with the CM of the siHO-
TAIR transfected cells (Figure 1C). Results of
both the doubling time and colony formation
assays demonstrated the effect of HOTAIR
expression in glioma cells on HBMVEC prolifer-
ation. Furthermore, the endothelial recruitment
assays performed in 24-transwell chambers
with 8 ym pore inserts revealed that siHOTAIR
significantly suppressed the migratory ability of
the HBMVECs (Figure 1D). The tube formation
assay showed that the morphological differen-
tiation of HBMVECs was suppressed after incu-
bated with the CM obtained from siHOTAIR
transfected A172 cells (Figure 1E). Collectively,
these results indicated that downregulation of
HOTAIR in glioma cells could inhibit the pro-
angiogenic activity in vitro.

VEGFA is involved in HOTAIR-mediated angio-
genesis

VEGFA is one of the most potent factors involved
in tumor angiogenesis [16]. Zhang et al. verified
that HOTAIR promoted VEGFA transcription by
directly targeting the VEGFA promoter [17]. We
determined the VEGFA protein level in the A172
cells and culture medium after siHOTAIR trans-
fection to confirm that VEGFA is involved in
HOTAIR-mediated glioma angiogenesis. As sho-
wn in Figure 2A, the VEGFA levels in the siHO-
TAIR transfected A172 cells were significantly
reduced compared with those transfected with
NC. Moreover, the results of the ELISA demon-
strated that the secretion of VEGFA decreased
in cells treated with the siHOTAIR transfected
culture supernatant (Figure 2B).

Next, we overexpressed VEGFA in A172 cells to
further confirm that the angiogenic function of
HOTAIR in gliomas is mediated by VEGFA. Wes-
tern blot analysis showed that A172 cells co-
transfected with pVEGFA and siNC exhibited
elevated VEGFA levels compared with the cells
transfected with the empty vector and siNC,

Am J Transl Res 2017;9(11):5012-5021
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Figure 2. Overexpression of VEGFA attenuates the effect of siHOTAIR. A. Western blot was performed to determine
the VEGFA protein level in A172 cells. siHOTAIR suppressed the expression of VEGFA in the A172 cells. B. ELISA was
performed to determine the VEGFA protein level in the A172 cell CM. siHOTAIR suppressed the secretion of VEGFA in
the A172 cell CM. C. The expression of VEGFA increased in A172 cells infected with the pVEGFA compared with those
of cells infected with the empty vector, as measured by western blot. D. CM from A172 cells overexpressing VEGFA
attenuated the suppressive effect of siHOTAIR on HBMVEC migration, as measured by the transwell migration assay
(magnification, 200x). E. CM from A172 cells overexpressing VEGFA attenuated the suppressive effect of siHOTAIR
on HBMVEC tube formation, as measured by the tube formation assay (magnification, 100x). Data represent mean
+ SD (N = 3, each). si-NC: siRNA negative control; CM: conditional medium; *P<0.05, **P<0.001.

and transfection with pVEGFA restored VEGFA 2C). Notably, the overexpression of VEGFA in
levels in the HOTAIR knockdown cells (Figure the siHOTAIR transfectants abrogated the in-
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Figure 3. HOTAIR is transmitted by A172 cell-derived vesicles. A. Western blot was performed to analyze the expres-
sion of VEGFA in HBMVECs. The VEGFA protein level decreased after incubation with A172 cell CM. B. Real time
RT-PCR analysis of HOTAIR in the CM of A172 cells. C. Real time RT-PCR analysis of HOTAIR in the CM of A172 cells
treated with RNase, Triton X-100 or a combination of the two for 20 min (N = 3). Data represent mean + SD (N = 3,

each). "P<0.05, ""P<0.001.

hibitory effects of siHOTAIR on HBMVEC migra-
tion and capillary tube formation (Figure 2D
and 2E).

HOTAIR is transmitted by A172 cell-derived ex-
tracellular vesicles (EVs)

We observed that the level of VEGFA in HBM-
VECs was significantly reduced after incubation
with the CM of the siHOTAIR transfected A172
cells (Figure 3A), indicating that HOTAIR affect-
ed not only the proliferation, migration, and
tube formation of HBMVECs via induction of
VEGFA expression in A172 cells, but also the
direct transmission of HBMVECs through CM.
To examine whether HOTAIR could be secreted
in the extracellular milieu, we extracted RNAs
from the cell CM. As shown in Figure 3B, HOTAIR
was detectable in both the siHOTAIR and the
NC transfected cell CM.

Recent studies have suggested that some
IncRNAs could be transported to target tissues
by cell-derived vesicles to regulate tumor pro-
gression, including angiogenesis and metasta-
sis. Therefore, we next detected the existing
pattern of extracellular HOTAIR. We collected
the CM from A172 cells and treated with RNase
(2 mg/mL), Triton X-100 (0.1%) or a combina-
tion of the two. The RT-PCR results revealed
that the levels of HOTAIR in CM were unchanged
upon RNase or Triton X-100 treatment, but de-
creased significantly when treated with RNase
and Triton X-100 simultaneously (Figure 3C),
indicating that the extracellular HOTAIR was
mainly contained in membranous structures
instead of being released directly. Collectively,
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these data suggest that HOTAIR sorted into
A172 cell-derived EVs and transmitted to the
HBMVECs.

Discussion

Accumulating evidence indicates that ncRNAs,
including short ncRNAs (for example, microR-
NAs and siRNAs) and long ncRNAs (IncRNASs)
play an important role in tumor development
such as carcinogenesis, angiogenesis, and me-
tastasis [18-20]. LncRNAs, which are ncRNAs >
200 ntin length, are new candidates in molecu-
lar diagnosis of cancer. Several cancer-associ-
ated IncRNAs have been identified in tissues,
cell lines, blood, urine, and saliva from patients
with various forms of cancer [21]. HOTAIR is a
dysregulated IncRNA, which is frequently obser-
ved in multiple types of cancers including glio-
mas. Previous studies indicated that HOTAIR
regulated glioma carcinogenesis and metasta-
sis. Recently, H19 and HULC have been identi-
fied as regulators of glioma angiogenesis. H19
promoted glioma angiogenesis and the biologi-
cal behavior of glioma-associated endothelial
cells by inhibiting miRNA-29a [22]; HULC con-
trols glioma angiogenesis by regulating ESM-1
levels via the PI3K/Akt/mTOR signaling path-
way [23]. However, the role of HOTAIR in glioma
angiogenesis and its molecular mechanisms
have not been reported yet. To investigate the
effects of HOTAIR on glioma angiogenesis, we
silenced HOTAIR expression in A172 cells and
observed that HOTAIR silencing reversed the
key processes of glioma angiogenesis such as
glioma-induced endothelial cell proliferation,
migration, and tube formation.

Am J Transl Res 2017;9(11):5012-5021
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HOTAIR not only affected glioma-induced endothelial cell proliferation, migra-
tion, and tube formation via regulation of VEGFA expression in glioma cells,
but was also involved in angiogenesis by transmission into endothelial cells via

glioma cell-derived EVs.

Angiogenesis is a balanced process controlled
by pro- and anti-angiogenic molecules; it is dis-
rupted during tumor development, with a con-
comitant shift towards pro-angiogenic factors
that stimulate uncontrolled and disorganized
vascular growth. These molecular factors can
be secreted by cancer, endothelial, stromal,
and hematopoietic cells, as well as by the extra-
cellular matrix [24]. VEGFA is a well-known pro-
angiogenic factor, and accumulating evidence
shows that VEGFA is upregulated in gliomas
through multiple mechanisms. Low oxygen con-
centration in growing gliomas upregulates HIF,
which increases VEGFA mRNA levels [25]; the
brain-derived neurotrophin factor and integrin-
linked kinase 1 (ILK1) increases VEGFA expres-
sion by stimulating HIF-1 [25, 26]; both EGFR
signaling and transcription factor FoxM1B sti-
mulate VEGFA levels in gliomas independently
of HIF [24, 27]; Ido et al. reported that HuR is
upregulated in glioblastoma multiforme, which
suppresses the post-transcriptional degrada-
tion of VEGFA mRNA, thereby contributing to a
further increase in VEGFA levels [28]. In addi-
tion to these mechanisms, in the present paper,
we observed that HOTAIR silencing significantly
reduced the expression of VEGFA in glioma
cells, and overexpression of the VEGFA abro-
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gated the inhibitory effec-

HBMVEC . )
ts of siHOTAIR on glioma-
induced endothelial cell
migration and capillary tu-
Ty be formation.
HOTAIR .
e~ Recently, several studies
s have demonstrated that
i both normal and tumor
‘* cells release EVs as bioac-

tive molecular shuttles to
modulate their microenvi-
ronment and interact with
neighboring cells. EVs can
be distinguished into exo-

: somes (EXOs), shedding

R microvesicles (SMVs), and

apoptotic bodies (ABs), de-
pending on their size and
origin [29]. Since EVs are
verified to be involved in
several processes leading
to tumor progression, tu-
mor cell derived-EVs have
been studied extensively.
Tumor cell-derived EVs
transmit  “messages” to
other tumor cells or normal stromal cells to cre-
ate a microenvironment, support tumor metas-
tasis and drug resistance [30-34], promote tu-
mor cell escape from immunosurveillance and
apoptosis [35, 36], and stimulate angiogenesis
[37-39]. The “messages” in the cargo of EVs
includes proteins, lipids, and nucleic acids [40-
42], and they are protected from nucleases,
proteases, fluctuations in pH and osmolarity,
and other environmental factors by membran-
es. In 2014, Gezer et al. showed that numerous
IncRNAs, including HOTAIR, were found in EVs
derived from human cervical and breast carci-
nomas by real time RT-PCR analysis [43]. Alth-
ough evidence show that glioma cells secrete
extracellular vesicles to support tumor progres-
sion [44-46], there are no reports of HOTAIR
transmission by glioma cell-derived vesicles
that stimulate angiogenesis. Our RT-PCR analy-
sis confirmed the presence of HOTAIR in A172
cell CM, and experiments using detergent and
RNase indicated that HOTAIR in the CM was
protected by membranes. Therefore, we specu-
lated that HOTAIR might be transported into
A172 cell-derived EVs. It should be mentioned
that HOTAIR could be detected in the CM of
siHOTAIR transfected cells, which is consist-
ent with the observation by Gezer et al. that
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“HOTAIR was highly enriched in EVs even if
their expression was very low in cells”. Moreover,
our data showed that the level of VEGFA in
HBMVECs decreased significantly after incuba-
tion with the CM of the siHOTAIR transfected
A172 cells, suggesting that HOTAIR not only
affected glioma-induced endothelial cell prolif-
eration, migration, and tube formation via regu-
lation of VEGFA expression in A172 cells, but
was also involved in angiogenesis by transmis-
sion into endothelial cells via A172 cell-derived
EVs (Figure 4).

Altogether, our results revealed the role of HO-
TAIR in glioma angiogenesis and elucidated its
possible molecular mechanisms. Next, we pro-
pose to isolate EVs from glioma cell culture
supernatant and patient plasma to identify the
types of EVs that contain HOTAIR and further
investigate the activities of HOTAIR in endothe-
lial cells.
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