ONCOLOGY REPORTS 32: 619-626, 2014

Involvement of Drpl in hypoxia-induced migration
of human glioblastoma U251 cells
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Abstract. Glioblastoma is one of the most aggressive brain
tumors with high morbidity and mortality. Hypoxia is often
the common characteristic of tumor microenvironment, and
hypoxia-inducible factor-la (HIF-1a) is an essential factor
regulating the migratory activity of cancer cells including
glioblastoma. Recently, mitochondrial dynamics was found
to be involved in the aggression of cancer cells. However,
whether dynamin-related protein 1 (Drpl) contributes to the
migration of human glioblastoma cells under hypoxia remains
unknown. In the present study, hypoxia was found to upregu-
late the transcription and expression of Drpl, and stimulated
mitochondrial fission in glioblastoma U251 cells. Inhibition of
HIF-1a with echinomycin blocked hypoxia-induced expression
of Drpl. Notably, Drpl inhibitor Mdivi-1 efficiently attenuated
hypoxia-induced mitochondrial fission and migration of U251
cells. In addition, three U251 stable cell lines expressing GFP,
GFP-Drpl and dominant negative GFP-Drpl-K38A were
established to examine the direct role of Drpl in hypoxia-
induced migration. MTT assay showed that there was no
significant difference in proliferation of three cell lines.
Compared with the GFP cell line, exogenously expressed
GFP-Drpl-K38A inhibited hypoxia-induced migration of
U251 cells, while stable expression of GFP-Drpl enhanced the
migration of U251 cells under hypoxia. Therefore, this study
indicates the involvement of Drpl in hypoxia-induced migra-
tion of human glioblastoma U251 cells, and suggests Drpl to
be a potential therapeutic target to suppress the aggression of
glioblastoma in the future.
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Introduction

Glioblastoma is one of the most malignant and aggressive
cerebral gliomas. The strong aggression always leads to
diffuse invasion of glioblastoma cells into adjacent normal
brain tissue and migration to a considerable distance from the
primary tumor area (1,2). Despite the advances in surgery and
radiotherapy for glioblastoma, it is still difficult to remove all
tumor tissues without severe damage to the brain, and avoid
vulnerability of healthy brain tissue to radiotherapy, resulting
in unsatisfactory therapeutic efficacy and poor prognosis of
glioblastoma (3). Thus, it is necessary to further investigate
the molecular mechanism regulating the aggression of
glioblastoma cells. Increasing evidence suggests the micro-
environment in solid tumors plays a vital role in migration
and invasion. Hypoxia is the common characteristic of tumor
microenvironment, and also the major stimulator of migration
and invasion in tumors (4,5). It is well documented that hypoxia
modifies cellular activities via stabilizing hypoxia-inducible
factor-1o. (HIF-1ar). Under normoxia, O,-dependent enzymatic
hydroxylation at P402 and/or P564 leads to ubiquitination and
proteasomal degradation of HIF-1la. However, under hypoxia
in tumor microenvironment, HIF-1o remains unhydroxyl-
ated and stable against proteasomal degradation (6,7). As a
transcription factor, HIF-1a promotes the adaptation of tumor
cells to hypoxia through upregulating the expression of genes
related to angiogenesis, glycolysis and cellular mobility, such
as VEGF, GLUT1 and MMPs (4,8,9). In glioblastoma, HIF-1a.
is often detected predominantly in hypoxic regions and in
tumor cells infiltrating the normal brain tissue (10). This
suggests the possible role of HIF-1a in the aggressiveness of
glioblastoma.

Mitochondria play an essential function in cells through
the production of energy and the ability to regulate intracel-
lular Ca®*. As such, they are involved in a variety of cellular
processes, including survival, proliferation and apoptosis
(11-13). These functions are crucial for cancer cells, since
cancer is characterized as a disease of inappropriate cell
proliferation and dysregulated cell cycle control. On the other
hand, mitochondria are also dynamic organelles and move
through the cell with frequent fission and fusion events. The
dynamic balance of fission and fusion events is important to
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maintain the normal shape, structure and function of mito-
chondria (14). It has been demonstrated that the dynamic
mitochondrial morphology corresponds to the metabolic
status of cells, and unbalanced mitochondrial fission and
fusion events potentially contribute to tumorigenesis (15). In
addition, some highly conserved dynamin-related GTPases
are identified as the mediator of mitochondrial dynamics.
Dynamin-related protein 1 (Drpl) is involved in the process of
mitochondrial fission, while mitofusins and OPA1 are required
for mitochondrial fusion in mammalian cells (14,15). Recent
studies demonstrated the involvement of Drpl in the develop-
ment of lung and breast cancer and neuroblastoma (16-18).
Inhibition of Drpl efficiently reduced cancer cell growth and
enhanced spontaneous apoptosis in several types of cancer,
including lung, breast, colon and cervical cancer (16,19-21).
Thus, Drpl is considered as a potential therapeutic target of
cancer in the future. In addition, a recent study demonstrated
the role of Drpl in the migration and invasion of breast cancer
cells. The high expression of Drpl leads to more fragmented
mitochondria and redistribution of mitochondria to lamellipo-
dial regions. Drpl-dependent mitochondrial fission promotes
lamellipodia formation at the leading edge of breast cancer
cells, which is critical for their migration and invasion (17).
However, whether Drpl contributes to the migration of human
glioblastoma cells under hypoxia remains unknown.

In the present study, we first examined the effect of
hypoxia on the transcription and expression of Drpl in glio-
blastoma U251 cells. It was found that hypoxia upregulated
the transcription and expression of Drpl, and consequently
increased mitochondrial fission. The migration of U251 cells
was evaluated by scratch and Transwell assay. Consistent with
previous studies (5), CoCl, and hypoxic incubation promoted
the migration of U251 cells. To test the involvement of Drpl
in hypoxia-induced migration, the effect of Mdivi-1, a Drpl
inhibitor, on the migration of U251 cells was examined. Results
showed that Mdivi-1 efficiently attenuated hypoxia-induced
migration of U251 cells. To demonstrate the direct role of Drpl
in hypoxia-induced migration of U251, we established three
U251 stable cell lines expressing GFP, GFP-Drpl and domi-
nant negative GFP-Drpl-K38A. As expected, exogenously
expressed GFP-Drpl enhanced hypoxia-induced migration,
while expression of dominant negative GFP-Drpl-K38A
inhibited the migration of U251. Collectively, our data demon-
strate for the first time that mitochondrial fission protein Drpl
is involved in hypoxia-induced migration of human glioblas-
toma U251 cells. Inhibition of Drpl-dependent mitochondrial
fission may be a potential strategy for prevention and therapy
of glioblastoma in the future.

Materials and methods

Materials. Fetal bovine serum (FBS), Dulbecco's modi-
fied Eagle's medium (DMEM), trypsin and the solution of
penicillin-streptomycin (P/S) were purchased from Gibco.
CoCl,, G418 and Drpl inhibitor Mdivi-1 were purchased from
Sigma. Transfection kits including Lipofectamine 2000 and
Opti-MEM were from Invitrogen. Dimethyl sulfoxide (DMSO)
was purchased from Solarbio (Beijing, China). Primers for
qRT-PCR were synthesized by Sangon Biotech Co. (Shanghai,
China). PrimeScript™ RT reagent kit with gDNA Eraser and
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SYBR® Premix Ex Tag™ II were from Takara. The RNA
simple total RNA kit was from Tiangen (Beijing, China).
Amersham ECL prime western blotting detection reagents
were from GE Healthcare.

Cell culture, scratch and Transwell assay. Human U251
glioblastoma cell line was obtained from the American Type
Culture Collection (ATCC). U251 cells were grown in a
DMEM medium supplemented with 10% FBS and 100 pg/ml
P/S in a humidified incubator at 37°C with an atmosphere
containing 5% CO,. For hypoxia treatment, the cells were
incubated in hypoxia (1% O,, 5% CO, and 94% N,) or treated
with 100 uM CoCl,. The scratch and Transwell assays were
carried out as previously described (22). In the scratch assay,
the cells firstly were seeded on 35 mm dishes and grown in
growth medium. Treatment with 100 xM CoCl, was used to
mimic hypoxia in U251 cells. Briefly, a scratch was made in
monolayer of cells with a 200-u1 pipette tip. Then, the cells
were washed twice with PBS to remove the suspended cells
and incubated in DMEM without supplement of FBS and P/S,
or DMEM containing 5 #M Mdivi-1 or DMSO. The migration
status was photographed by bright-field microscopy at different
time points after scratch. Transwell assay was performed
with Transwell chamber (Corning). In brief, 1.2x10* cells
were seeded into the upper chamber in 200 pl of serum-free
medium, while the bottom of the chamber was incubated with
500 ul of complete medium containing 10% FBS and 1% P/S.
After 6 h of migration, the cells on the top surface of the insert
were gently removed with a cotton swab. The migrated cells
on the lower surface were fixed with 4% paraformaldehyde
and stained with crystal violet for 30 min, and counted under
a microscope. All assays were independently repeated at least
in triplicate.

Quantitative real-time PCR. Total RNA was extracted from
cells cultured in DMEM or DMEM containing 100 #uM CoCl,
using an RNAsimple Total RNA kit (Tiangen). Total RNA was
reverse-transcribed using PrimeScript™ RT reagent kit with
gDNA Eraser. Quantitative RT-PCR was performed using
SYBR® Premix Ex Taq™ II and a 7500 Real-Time PCR
System (Applied Biosystems). Relative quantification of gene
expression was calculated using the formula: 222, AACt =
(Cliarger gene = Cloappinyporia = (Cliarget gene = ClGaPDH) normoia- The
gRT-PCR of Drpl was performed using a sense primer, 5-TG
AAGGATGTCATGTCGGACC-3' and an antisense primer,
5'-GTTGAGGACGTTGACTTGGCT-3'". The primers for
GAPDH were: 5-CAGGGCTGCTTTTAACTCTGGT-3'
(sense), and 5'-GATTTTGGAGGGATCTCGCT-3' (antisense).
Three independent experiments for each condition were
carried out.

Western blot analysis. The U251 cells or the three U251 stable
cell lines expressing GFP, GFP-Drpl or GFP-Drpl-K38A after
hypoxia treatment were harvested and lysed. The cell lysates
were subjected to 8% SDS-PAGE gel electrophoresis. After
electrophoresis, the proteins were transferred onto polyvi-
nylidene difluoride (PVDF) membrane (Millipore, USA). The
membrane was blocked with 5% skim milk in TBST buffer
for 1 h at room temperature. Then, the PVDF membranes
were immunoblotted with mouse anti-Drpl antibody
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(BD Biosciences) at a dilution of 1:1,000. After three washes
with TBST, the membranes were further incubated with an
HRP-conjugated relative secondary antibody (at a dilution
of 1:2,000) for 2 h at room temperature. Chemiluminescence
assay were performed with Amersham ECL prime western
blotting detection reagents, and the immunobloting signal was
detected using Molecular Imager® ChemiDoc™ XRS* System
(Bio-Rad).

Mitochondrial imaging. As previously described (32),
pDsRed2-Mito was transfected into U251 cells to label mito-
chondria with Lipofectamine 2000. Twenty-four hours after
transfection, mitochondrial morphology was observed with an
inverted fluorescence microscope (Axiovert 200; Carl Zeiss
Inc.) with excitation at 545 nm. After 6 h hypoxia treatment,
U251 cells were fixed with 4% PFA, and mitochondrial
morphology was detected again under fluorescence micro-
scope after hypoxic treatment for 12 h. To examine the role
of Drpl on hypoxia-induced mitochondrial morphology, cells
were pretreated with 5 xM Mdivi-1 1 h prior to hypoxia.

Establishment of U251 stable cell lines expressing GFP,
GFP-DRPI and GFP-Drpl-K38A. Firstly, the minimum lethal
concentration of G418 was determined as previously described
(22). Briefly, U251 cells were seeded in 12-well plates at a
density of 5x10*. The cells were cultured in growth medium
containing 0-1,100 pg/ul of G418 for 12 days. Growth medium
containing different concentrations of G418 was exchanged
every 3-4 days. The survival state of cells was monitored
every 24 h under a bright-field microscope. The minimum
concentration of G418 that induced complete cell death in
12-well plates was the minimum lethal concentration of G418
to U251 cells. GFP, GFP-Drpl and GFP-Drpl-K38A plasmids
were transfected into U251 cells with Lipofectamine 2000
according to the manufacturer's instructions. Forty-eight
hours after transfection, the cells were selected with a higher
concentration than minimum lethal concentration of G418.
The selected colonies with GFP fluorescence were picked up
and passaged. The cell lines stably expressing GFP, GFP-Drpl
or GFP-Drpl-K38A were further confirmed by fluorescence
microscopy and western blotting.

MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) assay was applied to assess
the proliferation of three U251 cell lines according to the
manufacturer's instructions. Approximately, 5x10° cells were
seeded in 96-well tissue culture plates and cultured in growth
medium. The proliferation of U251 cells was detected after
the cells cultured at 37°C, 5% CO, for 12, 24, 48 and 72 h.
Twenty microliters of the MTT solution was added to each
well (5 mg/ml, 0.5% MTT) and the cells continued to culture
for 4 h. After the incubation, the supernatant was discarded.
DMSO (100 ul) was added to each well, and the culture plate
was shaken at low-speed for 10 min until the crystal dissolved
completely. The color intensity was measured spectrophoto-
metrically using a microplate reader (Thermo Multiskan® FC)
at 570 nm. All assays were performed at least three times.

Statistical analysis. The quantitative data are shown as the
means + SD. Data were analyzed using either Student's t-test
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Figure 1. Effect of CoCl, and hypoxia treatment on the transcription and
expression of Drpl in U251 cells. (A) The mRNA level of Drpl in U251
cells after CoCl, treatment. Quantitative RT-PCR was applied to detect the
gene transcription of Drpl in U251 at 3-24 h after CoCl, treatment. The
transcription of GAPDH was used as an endogenous reference. The mRNA
level of Drpl after CoCl, treatment was normalized to that of PBS treatment
(control). Three independent experiments for each condition were carried
out. "p<0.01, “p<0.001 (compared with control). (B) The expression of Drpl
in U251 cells after hypoxia treatment. Cells were pretreated with 2 ug/ml of
echinomycin or vehicle for 30 min. The lysate of U251 cells was prepared
at indicated time points after hypoxia treatment. Expression of Drpl was
detected using immunoblot assay after 8% SDS-PAGE. GAPDH was used as
endogenous reference. Drpl, dynamin-related protein 1.

to compare two conditions or ANOVA followed by planned
comparisons of multiple conditions, and p<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Hypoxia upregulates the transcription and expression of Drpl
and stimulates mitochondrial fission in glioblastoma U251
cells. A recent study found Drpl-dependent mitochondrial
fission could enhance the migration and invasion of breast
cancer cells through modifying lamellipodial formation (17).
On the other hand, CoCl, is a common chemical HIF-1a acti-
vator (23,24,36), and HIF-1a promotes the adaption of cancer
cells to hypoxia through upregulating some genes related to
cellular mobility, angiogenesis and glycolysis (4,5). In the
present research, we investigated whether Drpl is also involved
in hypoxia-induced migration of human glioblastoma U251
cells. To test the hypothesis, the mRNA expression of Drpl
in U251 cells after CoCl, treatment was examined by quan-
titative RT-PCR. As shown in Fig. 1A, the mRNA expression
of Drpl was significantly increased from 3 h post-treatment.
The transcription level of Drpl was increased ~5-fold at 6 h
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Figure 2. Hypoxia stimulates Drpl-dependent mitochondrial fission in U251
cells. pDsRed2-Mito was transfected into U251 cells to label mitochondria.
Cells were pretreated with 5 yM of Mdivi-1 (B) or vehicle (A), and incu-
bated in 1% O, for 8 h. Mitochondrial morphology was detected pre- and
post-hypoxia. Right panels show mitochondria in the indicated regions with
higher magnification. Scale bar, 10 gm. Drpl, dynamin-related protein 1.

post-treatment with CoCl,. In addition, the protein level of
Drpl after hypoxia treatment (1% O,, 5% CO, and 94% N,)
was also examined by western blot assay. Consistent with the
results of mRNA expression, the expression of Drpl in U251
cells was also upregulated by hypoxia treatment. Notably,
pretreatment with inhibitor of HIF-1a, echinomycin, blocked
hypoxia-induced expression of Drpl (Fig. 1B). Drpl is a large
GTPase mediating mitochondrial fission. Thus, mitochondrial
morphology was examined to evaluate the function of high
expressed Drpl under hypoxia. As shown in Fig. 2, mitochon-
drial fission was increased after hypoxia treatment, while
pretreatment with Drpl inhibitor Mdivi-1 efficiently attenuated
hypoxia-induced mitochondrial fission. These results suggest
that hypoxia may upregulate the transcription and expres-
sion of Drpl through activation of HIF-1a and subsequently
enhance mitochondrial fission.

Effect of Drpl inhibitor Mdivi-1 on hypoxia-induced migra-
tion of U251 cells. Hypoxia is an important factor to stimulate
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Figure 3. Effect of Mdivi-1 on hypoxia-induced migration of U251 cells.
(A) Cells were pre-treated with 5 yM of Mdivi-1 or vehicle. One hour
later, cells were incubated with 100 uM of CoCl, or the same volume of
PBS (Cont). Cell migration was examined by scratch assay at indicated time
points. Scale bar, 100 ym. (B) After pre-treatment with 5 M of Mdivi-1 or
vehicle, cells were exposed to normoxia or hypoxia for 6 h. Cell migration
was evaluated by Transwell assay. Migrated cells were visualized by micros-
copy and counted in 10 fields for each treatment. “p<0.01.

migration of cancer cells. Firstly, the migration of U251 cells
under normoxia and hypoxia was evaluated by scratch and
Transwell assays. In scratch assay, CoCl, treatment was used
to mimic the hypoxia. Consistent with previous studies (5),
both scratch and Transwell assays indicated that hypoxia
significantly enhanced the migration of U251, shown in Fig. 3.
To investigate the role of Drpl in hypoxia-induced migration
of U251 cells, the effect of Mdivi-1 was evaluated. Mdivi-1
is the first selective inhibitor of Drpl, which inhibits Drpl
self-assembly and attenuates mitochondrial fission (25).
Mdivi-1 has been applied to prevent mitochondrial fission
in a number of disease models (26,27). Results showed
pretreatment with 5 yM of Mdivi-1 significantly attenuated
hypoxia-induced migration of U251 cells, shown in Fig. 3.
However, recent studies suggest that Mdivi-1 could potentially
have off-target effects on preventing mitochondrial outer
membrane permeabilization (28). Therefore, further investiga-
tions are required to directly demonstrate the involvement of
Drpl in hypoxia-induced migration of U251 cells.
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Figure 4. Establishment of U251 stable cell lines expressing GFP, GFP-Drpl
or GFP-Drpl K38A. (A) Determination of the minimum lethal concentration
of G418 to U251 cells. U251 cells were cultured in 0-1,100 pg/ml of G418 for
12 days. The images under bright-field microscope showed the survival state
of cells growing at different concentrations of G418. The minimum concentra-
tion of G418 induced complete cell death was decided as the minimum lethal
concentration of G418 to U251 cells. Scale bar, 100 gm. (B) Confirmation of
three U251 cell lines under fluorescence microscope. The upper panels are
images of three cell lines from bright-field, and the lower panels are from
fluorescence microscope. Scale bar, 100 ym. (C) Expression of endogenous
and exogenous Drpl in three U251 cell lines. Cell lysate of three cell lines
was subjected to 8% SDS-PAGE and immunoblotted with Drpl antibody.
The upper bands were GFP fusion Drpl in GFP-Drpl and GFP-Drpl K38A
cell lines. The lower bands were the endogenous Drpl. Drpl, dynamin-related
protein 1.

Establishment of the U251 cell lines stably expressing GFP,
GFP-Drpl or GFP-Drpl-K38A. The dominant negative muta-
tion of K38A in Drpl has been well identified, and Drpl-K38A
is a frequently used tool to investigate the direct role of Drpl
in cellular activities (29,30). To explore the direct involvement
of Drpl in hypoxia-induced migration, three U251 cell lines
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Figure 5. Exogenously expressed Drpl and Drpl K38A on cell proliferation
and hypoxia-induced migration. (A) The proliferation of three U251 stable
cell lines expressing GFP, GFP-Drpl or GFP-Drpl K38A was assessed by the
MTT assay at indicated time points. The values for GFP-Drpl and GFP-Drpl
K38A cell lines were normalized to that of the GFP cell line. (B) Migration
of three cell lines after CoCl, treatment. Three U251 cell lines were treated
with 100 uM of CoCl, or the same volume PBS [CoCl,(-)], and the migration
of U251 cells was evaluated by scratch assay at indicated time points. Scale
bar, 100 ym. Drpl, dynamin-related protein 1.

stably expressing GFP, GFP-Drpl or GFP-Drpl-K38A were
established as previously described (22). Firstly, the minimum
lethal concentration of G418 to U251 cells was determined as
600 pg/ul, as shown in Fig. 4A. Thus, 700 pg/ul of G418 was
used for selection of U251 stable cell lines. The stable cell colo-
nies were confirmed by fluorescence microscopy and western
blot assay. As shown in Fig. 4B, GFP fluorescence was clearly
visualized in three cell lines. Consistent with a previous report
(29), GFP-Drpl K38A accumulated into large aggregates and
punctate foci, while GFP and GFP-Drpl were mostly diffused
in cytoplasm. In addition, the results of western blotting
showed the endogenously and exogenously expressed Drpl
in three stable cell lines. As shown in Fig. 4C, several bands
were detected in GFP-Drpl and GFP-Drpl K38A cell lines.
The upper band was GFP fused Drpl or Drpl K38A, and the
lower bands was endogenous Drpl. The results of fluorescence
microscopy and western blotting indicated that three U251 cell
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Figure 6. Quantification of migration of three U251 stable cell lines under
hypoxia. (A) Migratory activity was evaluated by Transwell assay. Three
stable cell lines exposed to normoxia or hypoxia for 6 h. Migrated cells were
stained with crystal violet and visualized by microscopy. (B) Quantification
of migrated cells. Migrated cells in three stable cell lines were counted in
10 fields for each treatment. “p<0.01.

lines stably expressing GFP, GFP-Drpl and GFP-Drpl K38A
were successfully established.

Effect of exogenously expressed Drpl and Drpl-K38A on
hypoxia-induced migration of U251 cells. The result of the
scratch assay may be influenced by cell proliferation. Thus,
we examined the effect of exogenously expressed Drpl and
Drpl-K38A on cell proliferation by MTT assay, prior to evalu-
ation of the migration of three cell lines. As shown in Fig. 5A,
MTT assay indicated that exogenously expressed Drpl or
Drpl K38A had no significant effect on cell proliferation. To
elucidate the role of Drpl in hypoxia-induced migration, the
migratory activity of three stable cell lines expressing GFP,
GFP-Drpl or GFP-Drpl K38A was evaluated after CoCl, or
hypoxia treatment. Scratch and Transwell assay showed that
exogenously expressed Drpl-K38A efficiently attenuated
the migration of U251 cells, while exogenously expressed
Drpl enhanced the migratory activity of U251 cells under
hypoxia (Figs. 5B and 6). Collectively, these results demon-
strate the involvement of Drpl in hypoxia-induced migration
of human glioblastoma U251 cells.

Discussion

Cancer cells are characterized by their uncontrolled high
proliferation. The rapid proliferation always results in a hypoxic
microenvironment in the central region of solid tumors. It has
been well documented that the hypoxic microenvironment in
tumors plays an important role in migration and invasion of
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cancer cells (4,5). HIF-1a, a hypoxia-inducible factor, is the
vital transcription factor activated by hypoxia, which promotes
the adaptation of cancer cells to the hypoxic microenvironment
through upregulating gene expression related to metabolism,
cellular mobility and angiogenesis, such as GLUT1, MMPs and
VEGF (4,8,9). On the other hand, mitochondrial functions are
crucial for cancer survival, proliferation and metastasis through
regulation of ATP production, Ca?* homeostasis, cell cycle and
apoptosis (11-13). Mitochondria are also dynamic organelles
in cells with frequent fission and fusion processes (14). Recent
studies have provided insight into the involvement of Drpl-
dependent mitochondrial fission in cancer cells (15-20). Drpl
is a highly conserved dynamin-related GTPase in mammalian
cells, and its GTPase activity may be regulated by some
post-transcriptional modification, such as phosphorylation,
S-nitrosylation, ubiquitination and SUMOylation (31-35). The
high expression of Drpl was recently found in several cancers,
such as neuroblastoma, breast and lung cancer. Inhibition of
Drpl has been found to efficiently reduce cancer cell growth
and enhance spontaneous apoptosis in cancer (27).

In the present study, we explored whether Drpl is involved
in the hypoxia-induced migration of human glioblastoma
U251 cells. It was found that hypoxia significantly promoted
the transcription and expression of Drpl, and stimulated
Drpl-dependent mitochondrial fission (Figs. 1 and 2). HIF-1a
inhibitor echinomycin efficiently blocked hypoxia-induced
expression of Drpl (Fig. 1B). Consistent with previous studies
(9), hypoxia significantly enhanced the migratory activity of
U251 cells (Fig. 3). To examine the possible role of Drpl in
hypoxia-induced migration, pharmacological experiments
were performed using Mdivi-1, a Drpl inhibitor, which attenu-
ates Drpl self-assembly. Mdivi-1 (5 uM) efficiently attenuated
hypoxia-induced mitochondrial fission and migration of U251
cells (Figs. 2B and 3). These results suggest that hypoxia
may enhance migration of U251 cells through upregulation
of Drpl via HIF-1a. However, the Drpl inhibitor Mdivi-1
could have some off-target effects, such as Drpl-independent
effect on mitochondrial outer membrane permeabilization
(MOMP) (28). Changes in MOMP and other mitochondrial
dysfunctions may regulate the migration of cancer cells via
reactive oxygen species (37,38). To elucidate the direct role
of Drpl in hypoxia-induced migration, three U251 stable cell
lines expressing GFP, GFP-Drpl or GFP-Drpl K38A were
established. Compared with the GFP cell line, stable expres-
sion of Drpl or dominant negative Drpl K38A respectively
enhanced or attenuated the migration of U251 cells under
hypoxia (Figs. 5B and 6). Therefore, the present study demon-
strated the involvement of Drpl in hypoxia-induced migration
of human glioblastoma U251 cells. These results are consistent
with a recent study, which demonstrated the involvement of
Drpl-dependent mitochondrial fission in migration of breast
cancer cells through modifying lamellipodial formation (17).
However, a major challenge for further studies will be to
identify the molecular pathway through which Drpl regulates
hypoxia-induced migration of U251 cells.

In contrast, another recent study reported that hypoxia
induced upregulation of mitochondrial fusion protein Mfnl
in some types of cancer cells (39). The upregulation of
Mfnl and two Bcl-2 family members, BNIP3 and BNIP3L,
participates in the formation of enlarged mitochondria under
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hypoxia. Hypoxic enlarged mitochondria efficiently enhance
the resistance of cancer cells to chemotherapy. However,
this phenomenon was only observed in some specific types
of cancer cell lines, such as LS174, A549, HeLLa and 786-O
cells, but not in PC3 (prostate cancer), MCF7 (breast cancer),
CAL33, ORL3 (head and neck) and SkMel (melanoma) cells.
In our present study, hypoxia upregulated mitochondrial fission
protein Drpl and enhanced the migration of glioblastoma
U251 cells. The different effect of hypoxia on the expression
of mitochondria related proteins and the activity of cancer
cells is possibly due to the different cancer cell lines. It is also
worth investigating the underlying mechanism of the effect of
hypoxia on different types of cancer cells.

In conclusion, our data show for the first time that Drpl is
involved in hypoxia-induced migration of glioblastma U251
cells. Hypoxia promotes the migratory activity of U251 cells
through the upregulation of Drpl expression. Inhibition of Drpl
activity by Mdivi-1 or expression of dominant negative Drpl
K38A efficiently attenuates hypoxia-induced migration of
U251 cells. Glioblastomas are highly aggressive brain tumors;
prevention of migration and invasion is critical to improve
therapeutic effect and prognosis. Thus, our data suggest that
mitochondrial fission protein Drpl may be a potential target
for the prevention and therapy of glioblastoma in the future.
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