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Inhibition of the Racl1-WAVE2-Arp2/3 signaling
pathway promotes radiosensitivity via downregulation
of cofilin-1 in U251 human glioma cells
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Abstract. The Ras-related C3 botulinum toxin substrate 1
(Racl)-WASP-family verprolin-homologous protein-2
(WAVE2)-actin-related protein 2/3 (Arp2/3) signaling
pathway has been identified to be involved in cell migration
and invasion in various types of cancer cell. Cofilin-1 (CFL-1),
which is regulated by the Racl-WAVE2-Arp2/3 signaling
pathway, may promote radioresistance in glioma. Therefore,
the present study aimed to investigate the potential role of the
Racl-WAVE2-Arp2/3 signaling pathway in radioresistance in
U251 human glioma cells and elucidate its affect on CFL-1
expression. Western blot analysis was performed to evaluate
the protein expression of CFL-1. In the present study, Racl
was inhibited by NSC 23766, WAVE2 was inhibited by
transfection with short hairpin (sh)RNA-WAVE2 using
Lipofectamine™ 2000 and Arp2/3 was inhibited by CK-666.
Cell viability was measured using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide assay, the cell
migration ability was examined by a wound-healing assay, and
the cell invasion ability was assessed using a Transwell culture
chamber system. The results showed that inhibition of the
Racl-WAVE2-Arp2/3 signaling pathway using NSC 23766,
shRNA-WAVE2 or CK-666 reduced the cell viability, migra-
tion and invasion abilities in U251 human glioma cells,
concordant with a reduced expression of CFL-1. Furthermore,
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the expression of CFL-1 was significantly increased in radio-
resistant U251 glioma cells when compared with normal U251
human glioma cells. These findings indicate that inhibition
of the Racl-WAVE2-Arp2/3 signaling pathway may promote
radiosensitivity, which may partially result from the down-
regulation of CFL-1 in U251 human glioma cells.

Introduction

Glioma is the most common type of malignancy of the
central nervous system in adults worldwide (1). Glioma has
a very poor prognosis and the natural history of the disease
is particularly short, typically <1 year (2). High-grade glioma
presents a challenge with regard to research. Despite the
current treatment regimen of surgery and radiotherapy with
concomitant temozolomide administration, median survival
is ~1 year (3,4). The poor response to therapy may be due to
the intratumoral heterogeneity of these malignancies at the
cellular and molecular levels (5-7). Radiotherapy has been
important in prolonging the survival of patients with glioma
since the 1970s (8). However, although radiotherapy is widely
adopted for glioma treatment, the radioresistance of glioma
cells limits its success (9).

Ras-related C3 botulinum toxin substrate 1 (Racl) is
among the most extensively characterized members of the
Rho family of small GTPases, which are adhesion- and
growth-factor activated molecular switches that are important
in tumor development and progression (10,11). In addition,
Racl has been identified to contribute to radioresistance in
head and neck squamous cell carcinomas (12). WASP-family
verprolin-homologous protein-2 (WAVE?2) is a member of the
family of Wiskott—Aldrich Syndrome protein (WASp)/WAVE
proteins, which is activated at the plasma membrane by Racl
and uses the actin-related protein 2/3 (Arp2/3) complex to
generate a dendritic array of branched filaments responsible
for the extension of lamellipodia (13,14). WAVE?2 is strongly
associated with migration of a range of tumor cells, and is
implicated in tumor cell invasion and metastasis via regu-
lating the Arp2/3 complex (15). In addition, activation of Rac
results in dephosphorylation of cofilin (16), and the Arp2/3
complex serves as a key upstream factor for the recruitment of
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modulators of lamellipodia formation, such as capping protein
or cofilin (17). A previous study demonstrated that blocking
the Racl-WAVE2-Arp2/3 signaling pathway in carcinoma
cells results in marked suppression of cell migration and inva-
sion (18).

Cofilin-1 (CFL-1) is a non-muscle isoform of the actin
depolymerizing factor/cofilin protein family, which accelerates
actin dynamics in vitro and in vivo (19,20). The actin-associated
protein, cofilin binds and severs actin filaments (21). In addi-
tion, dysfunction of CFL-1 is essential for cell viability and
migration (22,23). A previous study revealed that CFL-1 was
significantly upregulated in radioresistant astrocytomas (24)
and it is potentially involved in decreasing radiosensitivity
in U251 cells (25). Thus, the present study proposed that the
Racl-WAVE-Arp2/3 signaling pathway may be involved in
the radioresistant phenotype, via CFL-1, and may present as a
novel therapeutic target for glioma.

In the present study, U251 cells, a human glioma cell line,
were selected as an in vitro model to investigate whether the
Racl-WAVE-Arp2/3 signaling pathway is involved in radiore-
sistance, and to elucidate its regulatory role in CLF-1 expression.

Materials and methods

Cell culture. U251 human glioma cells were obtained
from Nanjing KeyGen Biotech Co. Ltd. (Nanjing, China).
Radioresistant U251 (RR-U251) human glioma cells were
established according to a previously described method (25).
U251 and RR-U251 cells were cultured in Gibco Dulbecco's
modified Eagle's medium (DMEM; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with Gibco 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc.), 100 U/ml
penicillin and 100 gxg/ml streptomycin (both Thermo Fisher
Scientific, Inc.) in a 37°C humidified incubator with 5% CO,.

Transfection. The short hairpin (sh) RNA-WAVE?2 plasmid
was synthesized by Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). U251 cells (1x10°/ml) were seeded into 6-well
plates 24 h prior to transfection and 1 ml DMEM (with serum
and antibiotics) was added. Upon reaching ~50% confluence
the U251 cells in the 6-well plates were transfected using
Lipofectamine™?2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. The
medium was replaced with fresh DMEM containing 10%
FBS 6 h after transfection. Following transfection (24 h), cell
fluorescence was observed under a fluorescence microscope
(Axiovert 40 CFL; Zeiss AG, Oberkochen, Germany) and
the transfection efficiency was determined, according to the
number of fluorescent cells.

Cell viability assay. Cell viability was determined using a
3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide
(MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). Briefly,
the normal U251 and RR-U251 cells (1x10°/ml) were
seeded into separate 96-well plates. After 24 h, 50 ymol/l
NSC 23766 (Topscience Biotech Co., Ltd., Shanghai, China)
or 200 ymol/ICK-666 (Sigma-Aldrich) dissolved in 150 ul
dimethyl sulfoxide (DMSO; Biosharp, Hefei, China) was added
to each well for 0.5-4 h. The cells treated with NSC 23766,
shRNA-WAVE2, and CK-666, and the untreated cells, were
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irradiated using a cobalt-60 source at 0.5 Gy/min for 10 min,
followed by washing with phosphate-buffered saline (PBS),
trypsin digestion (Nanjing Sunshine Biotechnology Co., Ltd.,
Nanjing, China) to separate the cells from the wells and
centrifugation at 37°C for 6 min at 300 x g. The cells were
then incubated in fresh DMEM (containing antibiotics) for an
additional 48 h at 37°C. MTT solution (20 ul) was added to
each well and the cells were incubated at 37°C for 4 h. Aliquots
of 150 ul DMSO were added into each well to dissolve the
formazan following removal of the old medium from the plates.
The optical density (OD) of the samples was measured at a
wavelength of 570 nm using a microplate reader (Multiskan
Ascent; Thermo Fisher Scientific, Inc.). Cell viability (%)
was calculated using the following equation: Cell viability
(%) =100x (OD;cqtment / ODeonirol)-

Cell migration assay. Cell migration was examined using
a wound-healing assay. Normal U251 and RR-U251 cells,
treated with NSC 23766, shRNA-WAVE2 and CK-666, and
the untreated cells were irradiated, which was followed
by a washout. Cells were subsequently seeded into 6-well
plates and allowed to reach confluency. The glioma cells
were scratched using a 200-ul tip pipette to create the
wound line. Fresh DMEM was added to each well after
the plates were washed twice with PBS. Sequential images
were obtained using the Axiovert 40 CFL microscope by
capturing photomicrographs at 0 and 24 h at the same site,
and the scratch area was measured using a ruler. The rate of
migration was further analyzed using the following equation:
Migration ratio = (Width O h - Width 24 h) / Width O h x100%.

Cell invasion assessment. Cell invasion was measured using a
Matrigel-coated Transwell chamber kit (Corning Incorporated,
Corning, NY, USA). The normal U251 and RR-U251 cells,
treated with NSC 23766, shRNA-WAVE2 and CK-666, and
the untreated cells were irradiated, which was followed by
a washout. The monolayer cells were then suspended in
serum-free DMEM at a density of 1x10°/ml. Aliquots (100 pl)
of suspension was seeded into the top chambers. DMEM
supplemented with 15% FBS was added to the lower chamber.
Cells were then incubated in a 5% CO, atmosphere at 37°C.
Following incubation for 24 h, the top chamber was removed
and the cells remaining on the upper surface of the membrane
were removed using a medical cotton swab. The invasive cells
on the lower surface were fixed with formaldehyde (Dynamic
Chemical Industry Co., Ltd., Nanjing, China) and stained
with crystal violet (Biosharp) for 10 min. The chambers were
photographed in five randomly selected fields (magnifica-
tion, x40) per well under a Axiovert 40 CFL microscope. All
experiments were performed three times.

Western blot analysis. U251 and RR-U251 cells were washed
with ice-cold PBS three times and then frozen at -80°C for
=24 h before lysing the cells using a lysis buffer (Thermo Fisher
Scientific, Runcorn, UK). Following centrifugation for 15 min
at 1,000 x g, the supernatant was collected. All samples were
diluted in loading buffer (Nanjing Sunshine Biotechnology Co.,
Ltd.) and boiled for 3 min. Thirty micrograms of each protein
sample were resolved by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis before being blotted onto a
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Figure 1. Confirmation of the transfection efficiency. Cells were transfected with a green fluorescent protein-shRNA-WAVE?2 using Lipofectamine™ 2000.
Following a 24 h transfection, plates were observed under (A) bright-field and (B) fluorescence microscopy systems (magnification, x20). shRNA, short hairpin

RNA; WAVE2, WASP-family verprolin-homologous protein-2.

Cell viability (%)

Cell viability (%)

Figure 2. Effects of inhibiting the Ras-related C3 botulinum toxin substrate 1-WAVE2-actin-related protein 2/3 signaling pathway on U251 cell proliferation.
(A) Normal U251 cells and (B) radioresistant-U251 cells treated with NSC 23766, shRNA-WAVE2 and CK-666. Untreated cells were exposed to a single dose
of cobalt-60. The proliferation ratio was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay following 48 h (n=3). Data
are presented as the mean + standard deviation. "P<0.05, ““P<0.01 vs. the control. shRNA, short hairpin RNA; WAVE2, WASP-family verprolin-homologous

protein-2.

nitrocellulose membrane (Nanjing Sunshine Biotechnology
Co., Ltd.). Following blocking with 5% non-fat milk, the
membranes were incubated overnight at 4°C with rabbit
anti-CFL-1 polyclonal antibody (1:1,000; cat. no. ab29038;
Abcam, Cambridge, MA, USA) and mouse anti-GAPDH
monoclonal antibody (1:1,000; cat. no. KC-5G4; Kangchen
Biotech Co., Ltd., Zhejiang, China), followed by incubation with
horseradish peroxidase-conjugated goat anti-rabbit (1:10,000;
cat. no. ZB-2301; Nanjing Shengxing Biotechnology Co., Ltd.,
Nanjing, China) and goat anti-mouse (1:10,000; cat. no. SN133;
Nanjing Sunshine Biotechnology Co., Ltd.) secondary anti-
bodies for 1 h at room temperature. After washing three times
using TBST, the protein bands were detected by enhanced
chemiluminescence (ECL; Pierce; Thermo Fisher Scientific,
Inc., Shanghai, China). The intensity of protein bands was quan-
tified using Quantity One 4.62 software (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Statistical analysis. All statistical analyses were conducted
using SPSS 19.0 software (IBM SPSS, Armonk, NY, USA).
Statistical analyses were performed by means of the Student's
t-test and the Mann-Whitney U test. Data are presented as the
mean =+ standard deviation. P<0.05 was considered to indicate
a statistically significant difference.

Results

Confirmation of transfection efficiency. Transfection of
shRNA-WAVE2 duplexes led to a stable exogenous gene
expression with ~80-90% efficiency in U251 cells, as shown by
the green fluorescent protein-labeled reporter method (Fig. 1).

Effects of inhibiting the Racl-WAVE2-Arp2/3 signaling
pathway on U251 cell proliferation. The proliferation rates of
U251 cells were determined by the MTT assay. The prolif-
eration of normal U251 and RR-U251 cells was significantly
downregulated by treatment with NSC 23766 (P=0.005
and 0.002, respectively) and CK-666 (P=0.022 and 0.007,
respectively), and by transfection with shRNA-WAVE2
(P=0.009 and 0.006, respectively; Fig. 2).

Inhibition of Racl-WAVE2-Arp2/3 reduces U251 cell
migration ability. The migratory ability of U251 cells was
determined using a wound healing assay. Following radiation
therapy, the migratory abilities of normal U251 and RR-U251
cells were markedly decreased upon treatment with Racl and
Arp2/3 inhibitors, NSC 23766 and CK-666, respectively, or
transfection with shRNA-WAVE?2, as compared with control
cells (Fig. 3).
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Figure 3. Inhibition of Ras-related C3 botulinum toxin substrate 1-WAVE2-actin-related protein 2/3 reduces U251 cell migration ability. (A) Normal U251 cells
and (B) radioresistant-U251 cells treated with NSC 23766, shRNA-WAVE?2 and CK-666. Untreated cells were exposed to a single dose of cobalt-60. The cell
monolayer cells was scratched using the tip of a 10-u1 pipette to create a wound line. Images were captured at O and 24 h at identical sites using a fluorescence
microscope (magnification, x20). shRNA, short hairpin RNA; WAVE2, WASP-family verprolin-homologous protein-2.

NSC23766

Control

Normal U251

RR-U251

shRNA-WAVE2 CK-666

Figure 4. Inhibition of Ras-related C3 botulinum toxin substrate 1-WAV E2-actin-related protein 2/3 impairs U251 cell invasion ability. Normal U251 cells and
RR-U251 cells treated with NSC 23766, shRNA-WAVE2, and CK-666. Untreated cells were exposed to a single dose of cobalt-60. Cell invasion ability was
evaluated using a Transwell culture chamber system and crystal violet-stained cells were visualized under a microscope (magnification, x40). shRNA, short
hairpin RNA; WAVE2, WASP-family verprolin-homologous protein-2; RR, radioresistant.

Inhibition of Racl-WAVE-Arp2/3 impairs U251 cell invasion
ability. The role of Racl-WAVE-Arp2/3 in cell invasion was
assessed using the Transwell assay. As presented in Fig. 4,
compared with control cells, the invasion potential of U251
cells was inhibited by NSC 23766 and CK-666, and by
transfection with sShARNA-WAVE?2 for Racl-WAVE2-Arp2/3
in normal U251 and RR-U251 cells. These results indicate
that inhibition of Racl-WAVE-Arp2/3 impairs U251 cell
invasion.

Protein expression levels of CFL-1 in U251 and RR-U251
cells. The protein expression of CFL-1 was assessed by
western blot and densitometric analyses. As compared

with the normal U251 cells, the protein expression level
of CFL-1 was significantly elevated in the RR-U251 cells
(P<0.05; Fig. 5). Conversely, the protein expression level of
CFL-1 was significantly downregulated in normal U251 and
RR-U251 cells treated with NSC 23766 (P=0.004 and P<0.001,
respectively) and CK-666 (P<0.001 for both), or transfected
with shRNA-WAVE2 (P=0.003 and 0.002, respectively), as
compared with the control cells (Fig. 6).

Discussion

In the present study, cell viability, cell migration and cell
invasion abilities were observed to be reduced consistently
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p<0.05

Normal U251 RR-U251

Figure 5. Elevated expression level of CFL-1 protein in RR-U251 cells. Western blot analysis was used to detect protein expression levels of CFL-1 in normal
U251 and RR-U251 cells. GAPDH served as the loading control and the relative expression of CFL-1 was determined using densitometry. Data are representa-
tive of three independent experiments and are presented as the mean + standard deviation. CFL-1, cofilin-1; RR, radioresistant.

CFL-1 ﬁ - -
U251 .

GapDH RER  Seee = o
$ & g ¢ & &
s ¢ N § &
N £

CFL-1

RR-U251

GAPDH e ==

S

Il Control
o BN Treated
e 0
H -
S o -
1 -
1~
< 0.
[
W Control
BN Treated

Fold exchange

Figure 6. Reduced expression level of CFL-1 protein following inhibition of Ras-related C3 botulinum toxin substrate 1-WAVE2-actin-related protein 2/3.
Western blot analysis was used to detect the protein expression level of CFL-1 in U251 and RR-U251 cells following transfection with shRNA-WAVE2 and
treatment with NSC 23766 or CK-666. GAPDH served as the loading control. Data are representative of three independent experiments and are presented as
the mean = standard deviation. “P<0.01 vs. the control. CFL-1, cofilin-1; sShRNA, short hairpin RNA; WAVE2, WASP-family verprolin-homologous protein-2;

RR, radioresistant.

with the decreased expression of CFL-1 protein when the
Racl-WAVE2-Arp2/3 signaling pathway was inhibited. These
findings indicate that inhibition of the Racl-WAVE2-Arp2/3
signaling pathway may promote radiosensitivity in U251
human glioma cells, and this regulatory role may involve the
downregulation of CFL-1 protein expression, which has been
found to contribute to radiosensitivity in human glioma by
suppressing tumorigenic properties, including cell viability,
cell migration and invasion ability (25).

A previous study reported that CFL-1 potentially contrib-
uted to radioresistant astrocytomas and U251 glioma cells
(24,25). In addition, it has been shown that Racl contributes
to radioresistance of head and neck squamous cell carci-
nomas (12). Rac signaling recruits and activates WAVE, which
nucleates branched actin networks via the Arp2/3 complex
in tumor development (26). Conversely, Rac is linked to
dephosphorylation of cofilin (16). These findings suggest that

the Racl-WAVE-Arp2/3 signaling pathway may be correlated
with radiosensitivity and has a marked association with CFL-1
in glioma.

Almost half of all cancer patients receive radiotherapy,
which is currently a major treatment option; however, recent
reports have suggested that radiotherapy increases the migra-
tion and invasion of various cancer cell types, including lung
cancer, hepatocellular carcinoma and glioma (27-29). A major
factor controlling the metastatic nature of cancer cells is their
motility. Alterations in molecular pathways controlling regula-
tion may lead to tumor cell migration and invasion (15). The
identification of the signaling pathways of tumor cell metas-
tasis may provide novel diagnostic and therapeutic markers of
treatment-resistant cancer (30). Racl activation induces lamel-
lipodia formation via WAVE, which uses the Arp2/3 complex
to promote the formation of densely branched filaments (31).
Evidence has indicated that Arp2/3 and cofilin act synergisti-
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cally to generate novel actin filaments (32). The present study
proposed that the Racl-WAVE-Arp2/3 signaling pathway is
involved in radioresistance in U251 glioma cells exhibiting a
high CFL-1 protein expression level.

Metastatic progression of malignant tumors resistant to
conventional therapeutic approaches is a challenge in clinical
oncology. Despite previous investigation and clinical research,
no effective treatment has been established to prevent or combat
the metastatic spread of malignant tumors (33). Tumor invasion
and metastasis are important factors influencing the poor prog-
nosis and severity of cancer, hence elucidating the mechanism
of invasion and metastasis is considered to be a crucial task.

The mechanisms of metastasis include cell detachment,
migration, invasion into the surrounding tissue, extravasa-
tions, and transplantation followed by formation of tumor
emboli (34). It has been reported that inhibition of the
Racl-dependent signaling pathway is an important mecha-
nism underlying cancer metastasis, particularly in cancer cell
invasion (35). Cancer cell migration and invasion are closely
associated with lamellipodia formation and migration, and the
extension of lamellipodia is driven by WASp family proteins,
which activate the Arp2/3 complex to catalyze the formation
of a branched actin filament array at the leading edge of lamel-
lipodia (36). In addition, cofilin localization is dependent on
the mechanism by which cell peripheral actin networks are
nucleated and maintained, and its targeting is highly sensitive
to Arp2/3 complex activity and cannot be solely mediated by
interaction with actin filaments (37).

Cell migration and invasion is significantly increased
in radioresistant glioma cells (21), and dysregulation of
certain targets may regulate the signaling pathways of tumor
metastasis (38). The identification of CFL-1 as an important
downstream effector protein of the Racl-WAVE2-Arp2/3
signaling pathway, which mediates tumor cell migration
and invasion in vitro, highlights the essential role of the
Racl-WAVE2-Arp2/3 signaling pathway in CFL-1 promoting
radioresistance in U251 human glioma cells. Although a direct
interaction between CFL-1 and the Racl-WAVE2-Arp2/3
signaling pathway was not demonstrated in the present study,
the results suggested that they may act in concert.

In conclusion, the results of the present study demonstrated
that the Racl-WAVE2-Arp2/3 signaling pathway promotes
radioresistance via CFL-1 in U251 human glioma cells
in vitro; however, further studies are required to examine the
exact molecular mechanism underlying this effect. Additional
glioma cell lines should be investigated to confirm the role
of CFL-1 and the Racl-WAVE2-Arp2/3 signaling pathway in
glioma. In addition, further studies using rodent models are
required to determine the mechanism by which CFL-1 and
the Racl-WAVE2-Arp2/3 signaling pathway contribute to the
radioresistance of glioma. The results of the present study may
provide a basis for the use of gene therapy in the treatment of
patients with glioma.
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