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AHIF promotes glioblastoma progression
and radioresistance via exosomes
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Abstract. Glioblastoma multiforme (GBM) has the highest
mortality rate among patients with brain tumors, and radio-
therapy forms an important part of its treatment. Thus,
there is an urgent requirement to elucidate the mechanisms
conferring GBM progression and radioresistance. In the
present study, it was identified that antisense transcript of
hypoxia-inducible factor-1o. (AHIF) was significantly upregu-
lated in GBM cancerous tissues, as well as in radioresistant
GBM cells. The expression of AHIF was also upregulated
in response to radiation. Knockdown of AHIF in GBM cells
decreased viability and invasive capacities, and increased
the proportion of apoptotic cells. By contrast, overexpres-
sion of AHIF in GBM cells increased viability and invasive
capacities, and decreased the proportion of apoptotic cells.
Furthermore, exosomes derived from AHIF-knockdown
GBM cells inhibited viability, invasion and radioresistance,
whereas exosomes derived from AHIF-overexpressing GBM
cells promoted viability, invasion and radioresistance. Further
biochemical analysis identified that AHIF regulates factors
associated with migration and angiogenesis in exosomes. To
the best of our knowledge, the present study is the first to
establish that AHIF promotes glioblastoma progression and

Correspondence to: Professor Ruisheng Lin, Department of
Neurosurgery, Zhangzhou Affiliated Hospital of Fujian Medical
University, 59 West Shengli Road, Zhangzhou, Fujian 363000,
P.R. China

E-mail: linzzsyy@126.com

“Contributed equally

Key words: glioblastoma, antisense transcript of hypoxia-inducible
factor la, exosome, progression, radioresistance

radioresistance via exosomes, which suggests that AHIF is a
potential therapeutic target for GBM.

Introduction

Glioblastoma multiforme (GBM) is the most frequently
diagnosed and lethal type of primary brain tumor, and is
characterized by high invasive ability. Although surgery is
the primary treatment strategy for GBM, extensive diffuse
parenchymal invasion often results in failure of surgical
resection (1-3). Therefore, radiotherapy is a major adjuvant
therapy for patients with GBM (4). It has long been recognized
that GBM tumors are heterogeneous in their radiation
response, and the degree of radiosensitivity is thought to be
associated with intrinsic and extrinsic properties of the tumor
cell population (5-7). The effects and underlying molecular
mechanisms of GBM progression and radioresistance have yet
to be clarified.

Long non-coding RNAs (IncRNAs) are non-protein-coding
transcripts longer than ~200 nucleotides. Accumulating
evidence has indicated that certain IncRNAs serve important
functions in the regulation of various biological processes,
including proliferation, differentiation and cell death (8-14).
The IncRNA AHIF is the natural antisense transcript of
hypoxia-inducible factor-la (HIF-1a), and is exactly comple-
mentary to the 3'-untranslated region of HIF-1a mRNA (15,16).
A small number of studies have addressed the function of
AHIF in tumor progression (17-20). The expression of AHIF
was detected in invasive ductal carcinoma samples, whereas
adjacent non-cancer tissues did not exhibit AHIF expression.
AHIF is a poor prognostic marker in breast cancer contrib-
uting in HIF-1a. mRNA regulation (18).

Exosomes are nano-sized membrane vesicles with diam-
eters between 30 and 100 nm (21-23). It has previously been
reported that cancer-associated exosomes serve important
roles in regulating the cellular functions of cancerous cells,
fibroblasts, vascular smooth muscle cells and endothelial
cells through effectively delivering microRNAs, mRNAs and
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proteins (24-29). However, the functions of exosomes in GBM
progression and radiotherapy remain unknown.

In the present study, the reverse transcription-quantitative
polymerase chain reaction (RT-qPCR), was used to iden-
tify the expression of AHIF in GBM cancerous tissues and
radioresistant GBM cells. Functional experiments in vitro
were performed to address the hypothesis that AHIF could
promote glioblastoma progression and radioresistance via
exosomes. Further biochemical analysis identified that AHIF
regulates factors associated with migration and angiogenesis
in exosomes. To the best of our knowledge, the present study
is the first to establish that AHIF promotes glioblastoma
progression and radioresistance via exosomes, which may be a
potential therapeutic target.

Materials and methods

Patients and tissue samples. The present study was approved
by the Ethics Committee of Renji Hospital, School of Medicine,
Shanghai Jiao Tong University (Shanghai, China). Written
informed consent was obtained from patients for participation
in the study. A total of 31 patients (including 16 males and
15 females) with histologically confirmed GBM were recruited
at Renji Hospital between January 2016 and December 2017
for inclusion in the present study. The mean age of patients
was 49.38+15.87 years (range, 13-85 years). Adjacent normal
tissues were also collected from 7 of the patients with GBM.

Cell culture. The human GBM cell lines U87-MG (glioblastoma
of unknown origin; the cell line was authenticated by
short tandem repeat profiling), U251-MG, A172 and T98G
(purchased in 2014 from the Cell Bank of the Chinese Academy
of Sciences, Shanghai, China) were cultured in Dulbecco's
modified Eagle's medium (Hyclone; GE Healthcare, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
maintained in a humidified atmosphere at 37°C with 5% CO,.

Radiation treatment. Cells [U87-MG and U251-MG, as well as
respective AHIF-knockdown (KD) and AHIF-overexpression
(OE) cells] in culture were treated with an irradiator (GE3000)
using a "¥’Cs source at a dose rate of 4.0 Gy/min for 90 sec.
During irradiation, the cultures were maintained in the cell
culture incubator (5% CO, at 37°C).

RT-gPCR. RNA extraction, cDNA synthesis and RT-qPCR
were performed as described previously (20). Total RNA was
extracted from tissues and/or cells using TRIzol® (Invitrogen;
Thermo Fisher Scientific, Inc.). A total of 1 ug RNA was used
for first-strand cDNA synthesis (99°C for 5 min and 42°C for
45 min) using an oligo-dT primer and M-myeloblastosis virus
reverse transcriptase XL (Promega Corporation, Madison,
WI, USA). The synthesized first-strand cDNA was used for
each qPCR. The qPCR primers were as follows: Human AGIF
forward, 5'"TCAACATACATTAAGGTGATGGCAC-3' and
reverse, 5S-ATTTGCTTCAACACCTCCAACTC-3"; human
vascular endothelial growth factor A (VEGF-A) forward,
S"TTGCCTTGCTGCTCTACCTCCA-3' and reverse, 5-GAT
GGCAGTAGCTGCGCTGATA-3'; human angiogenin
forward, 5'-CAACAAGCGCAGCATCAAG-3' and reverse,
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5'-CAAGTGGTGACCTGGAAAGAAG-3'. SYBR-Green
PCR Master Mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used for the qPCR experiments. f-actin
was used as an internal control. The relative expression of
target genes was determined using the 244 method (30). The
gPCR primers for -actin were: Forward, 5'-CACCATTGG
CAATGAGCGGTTC-3' and reverse, 5-AGGTCTTTGCGG
ATGTCCACGT-3". The thermocycling conditions for gPCR
were as follows: Initial denaturation for 3 min at 95°C, followed
by 45 cycles of 95°C for 10 sec and 58°C for 45 sec. Data were
acquired at the end of the annealing/extension phase. Melt
curve analysis was performed at the end of each run
from 58 to 95°C.

Western blot analysis. Cells were lysed in radioimmunopre-
cipitation assay buffer (Pierce; Thermo Fisher Scientific, Inc.),
and protein was quantified using Coomassie Blue protein
standards (Pierce; Thermo Fisher Scientific, Inc.). Protein
samples (30 ’g) were subjected to SDS-PAGE (10% gel)
and transferred onto polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA, USA). The membranes
were incubated with blocking buffer [5% skimmed milk in
Tris-buffered saline with 0.1% Tween-20 (TBS-T)] at room
temperature for 1 h and then proteins were detected with the
following antibodies at 1:500 dilution, incubated overnight
at 4°C: Anti-cluster of differentiation (CD)63 antibody (cat.
no. 25682-1-AP; ProteinTech Group, Inc., Chicago, IL, USA),
anti-CD81 antibody (cat. no. ab109201; Abcam, Cambridge,
MA, USA), anti-cytochrome ¢ oxidase IV (Cox IV; cat.
no. sc58348, Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), anti-B-cell lymphoma 2 (Bcl-2; cat no. 2870; Cell
Signaling Technology, Inc., Danvers, MA, USA), anti-B-cell
lymphoma extra-large (Bcl-xl; cat no. 2764; Cell Signaling
Technology, Inc.), anti-myeloid cell leukemia-1 (Mcl-1; cat
no. 94296; Cell Signaling Technology, Inc.) and anti-f3-actin
antibody (cat no. ab8227; Abcam). The membranes were
washed with TBS-T, then incubated with horseradish peroxi-
dase-conjugated anti-rabbit or anti-mouse secondary antibody
(cat. nos. AP182P and AP308P, respectively; 1:10,000 dilution;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at room
temperature for 2 h. Detection was performed using western
blot detection reagents (Odyssey; LI-COR Biosciences,
Lincoln, NE, USA).

Lentiviral vector-mediated gene KD or OE. The AHIF-KD
target sequence was: 5'-GATCCAAAGCTCTGAGTAA-3'"
The AHIF-OE sequence (NCBI accession no. NR_045406.1)
was constructed by Hanyin Ltd., Co. (Shanghai, China). The
recombinant lentivirus and negative control (NC; PHY-008
for AHIF-OE NC and PHY-310 for AHIF-KD NC) Ilentivirus
were prepared and titered to 109 transfection units/ml
(Hanyin Ltd., Co.). After 48 h, the efficiency of AHIF-KD or
AHIF-OE was confirmed using RT-qPCR as aforementioned.
To obtain stably transfected cells, GBM cells (U87-MG,
U251-MG, A172 and T98G) with AHIF-KD or AHIF-OE
cells and respective control cells were seeded in 6-well
dishes at a density of 1x105 cells/well. The cells were then
infected with the same virus titer on the following day with
8 pg/ml Polybrene (Maokang Co., Shanghai, China). At ~72 h
after viral infection, the culture medium was replaced with
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Figure 1. AHIF is highly expressed in GBM and in response to radiotherapy. (A) Expression of AHIF in normal tissues (n=7) and GBM tissues (n=28).
(B) Relative AHIF mRNA levels in GBM cells, including U87-MG, U251-MG, A172 and T98G cell lines. (C) Relative AHIF mRNA levels in U251-MG
cells treated with 6 or 0 Gy radiation. (D) Relative AHIF mRNA levels in U87-MG cells treated with 6 or 0 Gy radiation. AHIF, antisense transcript of

hypoxia-inducible factor la; GBM, glioblastoma multiforme.

Dulbecco's modified Eagle's medium (DMEM; Hyclone; GE
Healthcare) containing 4 #g/ml puromycin supplemented with
10% FBS. The puromycin-resistant cells were amplified in
medium containing 2 ug/ml puromycin for 7 days and then
transferred to a medium without puromycin.

Cell Counting Kit-8 (CCK-8) assay. A CCK-8 assay
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan)
was performed according to the manufacturer's protocol.
In brief, exosome-treated GBM cells (U87-MG, U251-MG,
A172 and T98G), with AHIF-KD or AHIF-OE cells and
respective control cells, were cultured at equal cell density
(2,500 cells/100 pl per well) in 96-well plates for continuous
detection over a 5-day period. The culture was terminated by
adding 10 1 CCK-8 (5 mg/ml) to the culture medium. After
2 h, the wells were analyzed using a microplate reader (BioTek
E1x800; BioTek Instruments, Inc., Winooski, VT, USA) at
490 nm.

Invasion assay. GBM cells (U87-MG, U251-MG, A172 and
T98G), with AHIF-KD or AHIF-OE cells and respective
control cells, at 1x10* cells/100 pl were plated in the upper
chambers of Matrigel-coated Transwell assay inserts (EMD
Millipore) in 200 ml serum-free DMEM. The inserts were
then placed into wells of a 24-well plate containing DMEM
with 10% FBS as a chemoattractant. After 24 h at 37°C, the
top layer of the insert was wiped with a cotton swab to remove
remaining cells. The invading cells on the lower surface were
stained with 0.1% crystal violet at room temperature for 1 h and
images were captured using digital microscopy. The number
of cells in five random fields of each chamber was determined,
and the mean number of cells was calculated.

Cell apoptosis analysis. Apoptosis was analyzed by
translocation of phosphatidylserine to the cell surface using an
Annexin and DAPI Apoptosis Detection kit (BD Biosciences,

Franklin Lakes, NJ, USA). GBM cells (U87-MG, U251-MG,
A172 and T98G), with AHIF-KD or AHIF-OE cells and
respective control cells, were treated with 6-Gy radiation, then
collected and washed in ice-cold PBS. Cells were stained with
AnnexinV-fluorescein isothiocyanate and DAPI for 30 min in
the dark. Cell apoptosis was analyzed using BD CellQuest™
Pro software (BD Biosciences) on a FACSAria flow cytometer
(BD Biosciences). Fluorescence was captured with emission
wavelength of 488 nm.

Exosome isolation and co-culture. In order to isolate
exosomes, GBM cells (U87-MG, U251-MG, A172 and T98G),
with AHIF-KD or AHIF-OE cells and respective control cells,
were cultured for 48 h and the supernatant was collected.
The supernatants were then centrifuged twice (1,000 x g for
10 min and 3,000 x g for 30 min at 4°C) to deplete them of the
cells and fragments. Then, Total Exosome Isolation Reagent
(Thermo Fisher Scientific, Inc.) was added overnight, followed
by centrifugation 10,000 x g for 1 h at 4°C. Exosomes were
resuspended in PBS and stored at -80°C. The concentration of
exosomes was determined using a Bicinchoninic Acid Protein
assay. Exosomes were then added to 10° GBM cells at a concen-
tration of 50 ng/ml serum-free DMEM for 24 h. AHIF-OE cells
were treated with exosomal inhibitor GW4869 (10 uM for 24 h
at 37°C with 5% CO,) prior to collection of the supernatant.

Electron microscopic observation of exosomes. The
exosome suspension was added to an equal volume of 4%
paraformaldehyde (Nacalai Tesque, Inc., Kyoto, Japan), and
the mixture was applied to a Formvar/carbon film-coated
transmission electron microscope (TEM) grid (Alliance
Biosystems, Inc., Osaka, Japan). Subsequently, the sample was
fixed by incubation with 1% glutaraldehyde for 5 min, washed
with PBS, and incubated with 1% uranyl acetate for 5 min. The
sample was observed under a TEM (Hitachi H-7650; Hitachi,
Ltd., Tokyo, Japan).
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Figure 2. Suppression of AHIF in GBM cells decreases viability, invasion and radioresistance. Relative AHIF levels in (A) T98G and (B) A172 cells with or
without AHIF KD. Cell Counting Kit-8 analysis of viability in (C) T98G-AHIF-KD and control cells, and (D) T98G-AHIF-KD and control cells. Invasion
analysis of (E) T98G-AHIF-KD and control cells, and (F) T98G-AHIF-KD and control cells. Apoptosis analysis of (G) T98G-AHIF-KD and control cells,
and (H) T98G-AHIF-KD and control cells. All experiments were performed three times. AHIF, antisense transcript of hypoxia-inducible factor lo; GBM,
glioblastoma multiforme; KD, knockdown; NC, negative control; OD, optical density.

A, 6 P < 0.0001 B L 4 P < 0.0001 C 47 - U251-NC D 37 - uB7NC —
I 2 — = -+ U251-AHIF-OE - - UST-AHIF-OE -
5 5
5 4 5 P / 2 2
g g2 o
[F] - 0 o
a g (=] 1
s 2 5 1
g >
- =
2 & Y 5 - a o E -

- 2 oy A 3
U251-NC U251-AHIE.OE UBT-NC UST-AHIF-OE S P& & &S & PP
F
80

Cellsfield
Celsftield

U&T-AHIF-OE

U251-NC U251-AHIF-0E UBT-N

50. P=0.0014
W P < 0.0001 - Sl
Fd = 40
= Y
8 E»

I »
8 2 20
(=3 =%
2 §‘ 10
<
0
UZSTNG  U251-AHF-OE UBT-NC UST-AHIF-OF

Figure 3. Overexpression of AHIF in GBM cells enhances viability, invasion and radioresistance. Relative AHIF levels in (A) U251-MG and (B) U87-MG
cells with or without AHIF OE. Cell Counting Kit-8 analysis of viability in (C) U251-AHIF-OE and control cells, and (D) U87-AHIF-OE and control cells.
Invasion analysis of (E) U251-AHIF-OE and control cells, and (F) U87-AHIF-OE and control cells. Apoptosis analysis of (G) U251-AHIF-OE and control
cells, and (H) U87-AHIF-OE and control cells. All experiments were performed three times. AHIF, antisense transcript of hypoxia-inducible factor la; GBM,
glioblastoma multiforme; OE, overexpression; NC, negative control; OD, optical density.

Exosome labeling with PKH67. Exosomes derived from  Fluorescent Labeling kit (Sigma-Aldrich; Merck KGaA). The
AHIF-KD or AHIF-OE cells were labeled with PKH67,aGreen  concentration of PKH67 used for exosome labeling was 2 yM
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Figure 4. Exosomes derived from AHIF-KD GBM cells inhibit cell viability, invasion and radioresistance. (A) Representative electron micrograph of exosomes
isolated from GBM cells. (B) Western blot analysis indicating the presence of CD81 and CD63 in isolated exosomes. (C) GBM cells endocytose exosomes.
Fluorescence microscopy results of exosomes co-cultured with A172 cells. Exosomes were stained with PHK67 (green). Cell Counting Kit-8 analysis of
viability in (D) T98G and (E) A172 cells treated with exosomes derived from AHIF-KD or control cells. Invasion analysis of (F) T98G and (G) A172 cells
treated with exosomes derived from AHIF-KD or control cells. Apoptosis analysis of (H) T98G and (I) A172 cells treated with exosomes derived from
AHIF-KD or control cells. All experiments were performed three times. AHIF, antisense transcript of hypoxia-inducible factor la; GBM, glioblastoma
multiforme; KD, knockdown; CD, cluster of differentiation; OD, optical density; NC, negative control; IB, immunoblot.

per exosome from 5x10° cells. The labeled exosomes were
assessed using an inverted fluorescence microscopy (Olympus
CKX41; Olympus Corporation, Tokyo, Japan).

Statistical analysis. Results are presented as the mean + stan-
dard error of the mean. One-way analysis of variance with
Tukey's test was conducted to compare multiple groups. All
statistical analyses were performed using SPSS for Windows
(version 17.0; SPSS, Inc., Chicago, IL, USA). Two-tailed P<0.05
was considered to indicate a statistically significant difference.

Results

AHIF is highly expressed in GBM and in response to radio-
therapy. Fresh tissues were collected from patients with GBM
as well as adjacent non-cancerous tissues. The results of
RT-qPCR indicated that AHIF expression was significantly
upregulated in GBM tissues compared with in normal tissues
(Fig. 1A). AHIF expression was then investigated in an array
of GBM cell lines (U87-MG, U251-MG, A172 and T98G). As
indicated in Fig. 1B, T98G and A712 cells exhibited increased
levels of AHIF expression compared with in U87-MG
and U251-MG cells. Furthermore, AHIF expression was
increased in U87-MG and U251-MG cells following irradia-
tion (Fig. 1C and D), indicating that AHIF expression may be
affected by radiotherapy.

Suppression of AHIF in GBM cells decreases cell viability,
invasion and radioresistance. To investigate the function
of AHIF in GBM progression and radiotherapy, T98G and
A172 cells with stable KD of AHIF were constructed using
a lentivirus. As presented in Fig. 2A and B, AHIF was
effectively inhibited in AHIF-KD cells compared with in
the NC cells. CCK-8 analysis of these cells suggested that
the viability of AHIF-KD cells was significantly decreased
compared with that of NC cells (Fig. 2C and D). Invasion assay
results demonstrated that AHIF-KD cells had a significantly
decreased invasive capacity compared with that of NC cells
(Fig. 2E and F). Furthermore, an apoptosis assay of AHIF-KD
cells following 6-Gy treatment indicated that the proportion
of apoptotic cells was significantly increased (Fig. 2G and H).
In summary, these results indicate that KD of AHIF in GBM
cells decreased the viability and invasive ability, and increased
the proportion of apoptotic cells following radiotherapy.

OE of AHIF in GBM cells increases cell viability, invasion
and radioresistance. To further clarify the function of AHIF
in GBM progression and radiotherapy, GBM cells with stable
OE of AHIF were constructed using a lentivirus. As presented
in Fig. 3A and B, AHIF was effectively overexpressed in
AHIF-OE U87-MG and U251-MG cells compared with in
the NC cells. CCK-8 analysis of these cells identified that
the viability of AHIF-OE cells was significantly increased
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Figure 5. Exosomes derived from AHIF-OE GBM cells promote cell viability, invasion and radioresistance. Cell Counting Kit-8 analysis of viability of
(A) U251-MG and (B) U87-MG cells treated with exosomes derived from AHIF-OE or control cells. Invasion analysis of (C) U251-MG and (D) U87-MG cells
treated with exosomes derived from AHIF-OE or control cells. Apoptosis analysis of (E) U251-MG and (F) U87-MG cells treated with exosomes derived from
AHIF-OE or control cells. All experiments were performed three times. AHIF, antisense transcript of hypoxia-inducible factor la; OE, overexpression; OD,

optical density; NC, negative control.

compared with that of NC cells (Fig. 3C and D). Invasion assay
results demonstrated that OE of AHIF significantly increased
the cell invasive ability (Fig. 3E and F). Furthermore, an
apoptosis assay of AHIF-OE cells following 6-Gy treatment
indicated that the proportion of apoptotic cells was signifi-
cantly decreased (Fig. 3G and H). In summary, these results
indicate that OE of AHIF in GBM cells increased the viability
and invasive ability, and decreased the proportion of apoptotic
cells following radiotherapy.

Exosomes derived from AHIF-KD cells inhibit GBM cell
viability, invasion and radioresistance. Exosomes have
previously been identified to serve important functions in
hypoxia and tumor progression (26,27). Therefore, in the
present study, it was investigated whether AHIF was able to
regulate GBM progression and radiotherapy via exosomes.
Exosomes were isolated from GBM cell medium and their
morphology was observed under a TEM (Fig. 4A). Western
blot analysis indicated that the exosomes were enriched
with the exosomal markers CD63 and CDS81, but not the
mitochondrial marker Cox IV (Fig. 4B), indicating that
exosomes had been successfully isolated. Fig. 4C presents
fluorescence microscopy images of GBM cells co-cultured
with exosomes [stained with PKH67 (green)]. CCK-8 analysis
indicated that the viability of cells co-cultured with exosomes
from AHIF-KD cells was significantly decreased compared
with cells treated with exosomes derived from control cells
(Fig. 4D and E). Invasion assay results indicated that cells
co-cultured with exosomes derived from AHIF-KD cells

exhibited significantly decreased invasive ability compared
with cells treated with exosomes derived from control cells
(Fig. 4F and G). Furthermore, an apoptosis assay of these
cells following 6-Gy treatment indicated that the group
co-cultured with exosomes derived from AHIF-KD cells
contained a significantly increased proportion of apoptotic
cells compared with the cell group treated with exosomes
derived from control cells (Fig. 4H and I). In summary, these
results indicate that AHIF-KD cells inhibited GBM cell
viability, invasion and radioresistance via exosomes.

Exosomes derived from AHIF-OE cells promote cell viability,
invasion and radioresistance. Exosomes were collected from
AHIF-OE cells. CCK-8 analysis indicated that the viability
of cells co-cultured with exosomes derived from AHIF-OE
cells was significantly increased compared with cells treated
with exosomes derived from control cells (Fig. SA and B).
Invasion assay results suggested that cells co-cultured with
exosomes derived from AHIF-OE cells exhibited signifi-
cantly increased invasive ability compared with cells treated
with exosomes derived from control cells (Fig. 5C and D).
Furthermore, an apoptosis assay of these cells following
6-Gy treatment indicated that the cell group co-cultured with
exosomes derived from AHIF-OE cells contained a signifi-
cantly decreased percentage of apoptotic cells compared with
the cell group treated with exosomes derived from control
cells (Fig. SE and F). In summary, these results indicate that
AHIF-OE GBM cells promoted viability, invasion and radio-
resistance via exosomes.
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Figure 6. AHIF regulates factors associated with migration and angiogenesis in exosomes. Relative exosomal VEGF and angiogenin levels in (A) T98G cells
and (B) A172 cells with or without AHIF knockdown. Relative exosomal VEGF and angiogenin levels in (C) U251-MG cells and (D) U87-MG cells with or
without AHIF overexpression. Relative HIF-1a levels in (E) U251-MG cells and (F) U87-MG cells with or without AHIF overexpression. All experiments
were performed three times. AHIF, antisense transcript of hypoxia-inducible factor 1a; VEGF, vascular endothelial growth factor, HIF-1a, hypoxia inducible

factor la; NC, negative control; OE, overexpression; KD, knockdown.

AHIF regulates factors associated with invasion and apoptosis.
In order to clarify the underlying molecular mechanisms of
AHIF in GBM progression and radiotherapy, invasion and
angiogenic genes were analyzed in AHIF-KD and AHIF-OE
cells. Expression levels of exosomal VEGF and angiogenin were
significantly decreased following KD of AHIF (Fig. 6A and B).
By contrast, the expression levels of exosomal VEGF and
angiogenin were significantly increased following OE of
AHIF (Fig. 6C and D). Significantly downregulated HIF-1a
expression was observed in AHIF-OE cells (Fig. 6E and F).
Furthermore, the expression levels of anti-apoptotic Bcl-2,
Bcl-xl and Mcl-1 were analyzed in AHIF-KD, AHIF-OE
and control cells. The western blot results indicated that the

expression of anti-apoptotic Bcl-2, Bel-xl and Mcl-1 was
decreased in AHIF-KD cells (Fig. 7A). By contrast, the levels
of these proteins were increased in AHIF-OE cells (Fig. 7B).
These data indicated that AHIF regulates factors associated
with invasion and apoptosis.

Suppression of exosome secretion in AHIF-OE GBM cells
decreases the invasive and anti-apoptosis abilities of GBM
cells. To further verify the function of exosomes in the effect
of AHIF expression on GBM cells, exosome generation was
blocked with the exosomal release inhibitor GW4869 (31,32). As
presented in Fig. 8A, exosome release was effectively suppressed
following GW4869 treatment. Invasion assay results indicated
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Figure 7. AHIF regulates factors associated with apoptosis. (A) Western blot analysis of Bcl-2, Bel-x1, Mcl-1 and actin in T98G cells and A172 cells with or
without AHIF knockdown. (B) Western blot analysis of Bcl-2, Bel-x1, Mcl-1 and actin in U251-MG cells and U87-MG cells with or without AHIF overex-
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that GW4869 significantly decreased GBM cell invasion induced
by exosomes derived from AHIF-OE cells (Fig. 8B and C).
Furthermore, the apoptosis assay indicated that GW4869
treatment significantly inhibited the cell survival ability induced
by exosomes derived from AHIF-OE cells (Fig. 8D and E).
These results provided further evidence that AHIF promotes the
invasive and anti-apoptosis abilities of GBM cells via exosomes.

Discussion

Despite the availability of aggressive therapeutic regimens,
the majority of patients with GBM suffer recurrence due to its
molecular heterogeneity (33-35). Consequently, a number of
geneticfactorsassociated withGBM progressionandradiotherapy
have been investigated, including isocitrate dehydrogenase

mutations, 1p19q deletion, O°-methylguanine-DNA
methyltransferase promoter methylation and epidermal growth
factor receptor variant III amplification (36-39). In the present
study, it was identified that AHIF was significantly upregulated
in cancerous GBM tissues as well as radioresistant GBM cells,
indicating that AHIF may be a novel biomarker for GBM
progression and radioresistance. A non-cancerous glial cell line
was not included in the present study, which may need further
clarification. These results were consistent with a previous study,
which identified that AHIF is upregulated in breast cancer
tissues (18). However, the function and underlying molecular
mechanisms of AHIF are largely unknown. In the present study,
the function of AHIF in GBM cells was revealed through KD
or OE of AHIF. The results indicated that AHIF regulates cell
viability, invasion and apoptosis in response to radiotherapy,
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which may provide a therapeutic target. Although the differences
between groups were relatively small in the CCK-8 assay, these
were still observed to be significant. However, the difference
between groups was more obvious in the invasion and apoptosis
experiments, which may be due to regulatory effects of the
tumor microenvironment on tumor cells. LncRNAs such as
HOTAIR have been observed to be dysregulated in GBM and
required for GBM cell proliferation (40).

The results of the present study raise the question of how
AHIF promotes tumor invasiveness and radioresistance.
The expression of HIF1a is negatively regulated by AHIF,
which forms a double-stranded RNA molecule with the
antisense transcript of HIF-1a (15,16). Consistent with this,
downregulated HIF-1a expression was observed in AHIF-OE
cells. HIF-1a stabilizes the tumor suppressor gene p53 (41).
Inhibition of HIF-la by AHIF during sustained hypoxia
results in the loss of p53 and subsequent tumor cell prolif-
eration (41). The results of the present study indicated that the
expression of anti-apoptotic Bcl-2, Bel-x1 and Mcl-1 decreased
in AHIF-KD cells; by contrast, these proteins were increased
in AHIF-OE cells. Thus, AHIF-mediated p53 downregulation
and anti-apoptosis may be one of the mechanisms by which
AHIF conveys more aggressive tumor behavior and radiore-
sistance. Furthermore, AHIF-regulated exosomal secretion of
VEGF and angiogenin may a novel mechanism responsible for
invasion and radioresistance.

Exosomes are nanovesicles released by tumor cells to modulate
tumor progression. Accumulating evidence has revealed that
glioblastoma-derived exosomes contain multiple pro-angiogenic
factors that induce proliferation and progression (42-44). VEGF-A
has been identified to be overexpressed in hypoxic GBM-derived
exosomes (45). Considering the classic function of hypoxia in
angiogenesis and invasion, angiogenic genes in exosomes derived
from AHIF-KD and OE cells were analyzed. In the present
study, it was observed that AHIF KD or OE in GBM cells altered
the content of VEGF-A and angiogenin in secreted exosomes,
indicating that AHIF promotes glioblastoma progression and
radioresistance via exosomes. In addition, exosomes collected
from GBM cells with AHIF KD or OE altered the viability,
invasion and apoptosis in response to radiotherapy of GBM cells.
Although the interaction between AHIF and HIF-1a has been
suggested in a previous study (19), the molecular mechanisms
underlying the regulation of AHIF, VEGF and angiogenin require
further investigation. Increased AHIF expression has been
observed to be in parallel with that of VEGF (20). Furthermore,
hypoxic glioblastoma releases exosomal VEGF to induce
permeability of the blood-brain barrier (46).

To the best of our knowledge, the present study is the first
to establish that AHIF promotes glioblastoma progression and
radioresistance via exosomes. This could serve as a potential
therapeutic target in the treatment of GBM.
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