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Knockdown of vascular endothelial cell growth factor
expression sensitizes U251 glioma cells to liposomal
paclitaxel and radiation treatment in vitro
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Abstract. Glioblastoma is the most aggressive malignancy of
the human brain, accounting for 40% of all primary malignant
brain tumors. However, there is no effective treatment for this
disease. This study was designed to develop anti-vascular
endothelial growth factor (VEGF) as a novel adjuvant therapy
for glioblastoma. A VEGF shRNA vector was constructed to
silence VEGF expression in U251 glioma cells and these cells
were treated with various concentrations of liposomal pacli-
taxel, 6 Gy radiation or liposomal paclitaxel plus radiation.
The data demonstrated that the VEGF shRNA vector signifi-
cantly knocked down VEGF expression, which synergistically
sensitized U251 glioma cells to liposomal paclitaxel, radiation
or liposomal paclitaxel plus radiation treatment in terms of
cell viability, apoptosis, colony formation and morphological
changes. Future studies are required to evaluate these effects
in vivo.

Introduction

Glioblastoma is the most aggressive malignancy in the human
brain,accounting for40% of all primary malignant brain tumors.
The survival rate is only 6-12 months following initial diag-
nosis (1-3). The majority of glioblastomas appear to be sporadic
without any genetic predisposition; however, they occur more
frequently in males. Surgery is currently the preferred approach
to treating patients with glioblastoma; however, due to the lack
of the clear boundaries between cancerous and normal tissues,
it is difficult to completely remove the entire tumor lesion.
The residual glioblastoma cells commonly spread along the
ventricles following surgery. Radiotherapy is another choice
for the treatment of glioblastoma, but the tolerance threshold
of normal brain cells is lower than those of glioblastoma cells.
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Chemotherapy and immunotherapy are also routinely used to
treat glioblastoma. The selection of these various treatments is
dependent on the tumor location and stage, but in the majority
of patients, a combined approach of surgery, radiation and
chemotherapy will improve the survival rate. In recent years,
novel approaches such as gene therapy or target therapy are
emerging as new forms of adjuvant treatment for glioblastoma.
Thus, these new approaches may provide useful insight into
controlling glioblastoma formation.

To this end, the first use of targeted gene therapy for
the treatment of glioblastoma was focused on targeting the
epidermal growth factor receptor (EGFR) and platelet-derived
growth factor receptor (PDGFR) (4-6). EGFR and PDGFR are
usually overexpressed in glioblastoma cells and therefore the
knockdown of their protein expression or inhibition of their
gene activity could effectively control glioblastoma cell growth
and improve the survival rate of the patients. Nevertheless,
published data thus far have shown that these approaches have
failed to achieve successful results (4-6), potentially due to drug
resistance. Furthermore, certain other studies targeting the
vascular endothelial growth factor (VEGF) have found some
promising data (7). VEGF is a growth factor and is involved
in vasculogenesis and angiogenesis. The overexpression of
VEGF plays a significant role in cancer progression, since solid
tumors cannot grow beyond a limited size without an adequate
blood supply (8). Therefore, anti-VEGF therapy may become
an important and effective approach in treating certain types
of cancer. For example, a previous study using anti-VEGF
therapy demonstrated the possibility of creating a treatment
time window for combined radiotherapy and chemotherapy
through antagonizing VEGF (9). Therefore, in the present study
we investigated the effects of VEGF shRNA on the synergistic
effects of combined chemotherapy and radiotherapy treatment
of the U251 glioblastoma cell line in vitro. We evaluated VEGF
shRNA in combination with liposomal paclitaxel for a potential
combination therapy for the treatment of glioblastoma.

Materials and methods

Cell line and culture. The U251 glioma cell line was obtained
from the Shanghai Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and maintained in RPMI-1640
culture medium containing 10% fetal bovine serum and
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1% penicillin-streptomycin solution (Hyclone, Logan, UT,
USA) in a 5% CO, humidified incubator at 37°C.

Reagents. Liposomal paclitaxel (30 mg/bottle) was obtained
from the Institute of Pharmacology, Jiangsu Province, Nanjing
Cisco Pharmaceutical Limited (Nanjing, China) and dissolved
in saline into a 2 mg/ml stock solution prior to use.

VEGF shRNA oligonucleotides were custom-synthesized
by Shanghai GeneChem Co. (Shanghai, China), the plasmid
extraction kit was obtained from Invitrogen (Carlsbad, CA,
USA), the plasmid transfection kit was from Promega (Madison,
WI, USA), the VEGF-quantitative RT-PCR kit was from Da Hui
Biological Agents (Foshan, China), tetrazolium blue (MTT) was
from Huamei Biotechnology Ltd. (Luoyang, China), ethylene-
diaminetetraacetic acid (EDTA) and Giemsa stain were from
Shanghai Sheng Gong Ltd. (Shanghai, China), dimethyl sulf-
oxide (DMSO) was from Shuang Liu Gong Mao Ltd. (Shanghai,
China), and propidium iodide (PI) staining reagents were from
BD company (San Jose, CA, USA).

Construction of VEGF shRNA and gene transfection. To
knock down VEGF protein expression in the U251 glioma cell
line, we first selected specific VEGF sequences for generating
VEGF shRNA constructs. We searched GenBank and chose
the VEGF sequence of 5-GGAGTACCCTGATGAGATC-3'
as the target for PCR amplification. We then annealed the
hairpin-designed sense and antisense VEGF shRNA oligo-
nucleotides together to form the double-strand DNA for the
construction of the VEGF shRNA vector. A total of 5 ul each
of sense and antisense single-stranded oligonucleotides, 20 pl
5X buffer and 70 ul ddH,0O were mixed and incubated at
90°C for 4 min and 70°C for 10 min and then slowly cooled
down to room temperature and diluted into 100 ng/ul. The
newly-annealed double-strand DNA oligonucleotides were
ligated to the previously linearized pGCsiU6/Neo/GFP
vector (Shanghai GeneChem Co.) using T4 ligase (Fermentas
China Co. Ltd., Shenzhen, China), and then amplified and
sequence-confirmed prior to use. For gene transfection, we
mixed 6 ul of the liposome with plasmid DNA at a ratio of
3:1 and added this into 2.5 ml serum free medium to transfer
VEGEF shRNA into the glioma cells. One hour later, the growth
medium was refreshed with regular RPMI-1640 and the cells
were cultured for up to 72 h. Cell growth and gene expression
were then measured.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR). qRT-PCR was used to detect gene expression.
Briefly, following gene transfection, the VEGF mRNA levels
in U251 cells were assessed using qRT-PCR. Total RNA and
mRNA were extracted and isolated according to a previously
described protocol (10). mRNA was then subjected to reverse
transcription using random primers with M-MLV reverse
transcriptase (Promega) into cDNA. VEGF primers used for
qRT-PCR were 5"-TGCCAGCAACACTACCAC-3' (upstream)
and 5'-GAGTCATCTCCAGCATCC-3' (downstream).
qRT-PCR was performed using a kit from Da Hui Biological
agents, which also contained a standard control for copy
numbers (i.e., 1x10° diluted into 4x10* to 4x107). SYBR-Green
was used to detect the yield of these copy numbers. PCR was
initiated with a denaturation of 5 min at 95°C, followed by
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35 cycles of 95°C for 30 sec, 59°C for 35 sec, and a final elonga-
tion of 72°C for 10 min using an Applied Biosystems PE7500
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). Gene expression was normalized and controls were
calculated from the standard curve.

Flow cytometry and MTT colorimetric assay. U251 cells in
logarithmic growth phases were suspended and seeded at a
density of 10,000 cells/well for culture for 24, 48, 72 and 96 h,
with or without drug treatment, radiation, or gene transfection
prior to collection into centrifuge tubes for supernatant isola-
tion. The isolated cells were then processed for PI staining
prior to flow cytometry to examine the cell cycle and rates of
apoptosis.

For the MTT assay, the U251 cells were treated with lipo-
somal paclitaxel at a concentration of 0.512, 2.56, 12.8 and
64 ug/ml, and 0.32, 1.6, 8, 40, 200 or 1,000 mg/ml for 48 h
with or without gene transfection and radiation treatment. A
total of 5 ug/ml of MTT was then added to the cultures for an
additional 4 h and the reaction was stopped by adding 150 ul
DMSO. The optical density (OD) of the cell cultures was
then read using an Agilent 8453 spectrophotometer (Agilent
Technologies, Foster City, CA, USA) with an absorption wave-
length of 550 nm. The inhibition rate = [blank control group
ODs;, - (experimental group ODss, - background control group
ODs;()]/control group ODss, x 100%.

Colony formation assay, cloning efficiency test and morpho-
logical analysis. To test the effects of VEGF shRNA on the
modulation of sensitivity of U251 cells to liposomal paclitaxel
and/or radiation treatment, U251 cells in a logarithmic growth
phase were cultured in soft agar and treated with liposomal
paclitaxel at a concentration of 64 mg/ml and/or a 6 Gy dose
of radiation for 48 h in 8 groups, i.e., control group (A group),
control + radiation (B), control + paclitaxel (C), control +
paclitaxel + radiation (D), VEGF shRNA-transfected cells (E),
VEGF shRNA-transfected cells + radiotherapy (F), VEGF
shRNA-transfected cells + paclitaxel (G), VEGF shRNA-
transfected cells + paclitaxel + radiation (H). The medium was
then refreshed and the cells were cultured under normal condi-
tions for an additional 10 days prior to fixation and Giemsa
staining. The number of clones was counted in each well
(50 cells or more were considered a colony) and 3 wells were
used for each treatment. For total colony counts for each treat-
ment group, the average of the total of the 3 wells was used for
calculation. Changing rates for colony formation and colony
formation inhibition rates were calculated as follows: colony
formation rate (%) = colony/seeded cells x 100%; colony
formation inhibition rate (%) = (control colony number - plus
drug group colony)/control group colony x 100%.

A similar treatment of 8 groups of cells was plated on
a monolayer for morphological analyses. These cells were
further cultured under normal conditions for 24 or 48 h prior
to being observed under an inverted microscope.

Statistical analyses. The experimental data are summarized
as the means + standard deviation (SD). Under the condi-
tion of homogeneity of variance, the variance F-test was
used to compare the means among all the groups, and q for
comparisons between any two tests (Newman-Keuls method).
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Table I. Knockdown of VEGF mRNA expression by using VEGF shRNA.
VEGF copy number pre- and post-transfection
Control 24 h 48 h 72 h
1 4723.90 316.72 417.40 35148
2 12361.20 451.65 746.38 750.98
3 46511.90 1817.73 1054.22 928.61
4 14063.20 357.57 852.76 440.27
5 10160.60 379.97 402.65 501.72
Mean + SD 17564.16+£7406.03 664.73+289.08 694.68+126.31 594.61x£106.67
P-value 0.039 (F=6.074)
VEGEF, vascular endothelial growth factor; SD, standard deviation.
Table II. Effect of VEGF knockdown on modulation of U251 cell sensitivity to paclitaxel treatment.
Drug concentration ODs5, (x = SD) Inhibition rate (%)
Control VEGF shRNA Control VEGF shRNA
transfection transfection transfection transfection
0.000512 mg/ml 1.65+0.11 1.23+0.12 2.17 24 46
0.00256 mg/ml 1.55+0.10 1.10+0.13 7.90 32.18
0.0128 mg/ml 1.410.15 0.92+0.11 16.50 43.18
0.064 mg/ml 1.29+0.12 0.65+0.11 23.80 60.13
0.32 mg/ml 1.21£0.15 0.54+0.16 28.20 66.61
1.6 mg/ml 1.10£0.17 0.40+0.10 34.57 75.10
8 mg/ml 0.98+0.26 0.22+0.12 41.96 86.19
40 mg/ml 0.81+0.09 0.15+0.10 52.28 90.62
200 mg/ml 0.62+0.14 0.09+0.05 63.14 94.32
Control 1.69+0.10 1.62+0.15 P=0.009

VEGEF, vascular endothelial growth factor; SD, standard deviation.

Non-parametric test methods were used for clone counting.
SPSS 11.0 software (SPSS, Chicago, IL, USA) was used for
all statistical analyses and P<0.05 was considered to indicate a
statistically significant difference.

Results

Knockdown of VEGF mRNA expression using VEGF shRNA.
In this study, we first knocked down VEGF mRNA expression
in U251 glioma cells using a VEGF shRNA vector. Compared
to the control transfection, VEGF shRNA significantly inhib-
ited VEGF mRNA levels (P<0.001) (Table I).

Effects of VEGF knockdown on changes in the cell cycle and
apoptotic rate. The effects of VEGF knockdown on changes
in the cell cycle and apoptotic rate were determined in U251
cells. The flow cytometric data showed that the control cells
and VEGF shRNA-transfected cells exhibited GO-G1 arrest
and a reduced number of cells in the G2 and M phases, but did

not show a decrease in the proportion of S phase cells within
the first 48 h. By contrast, after 48 h, VEGF shRNA-transfected
cells showed apoptosis in a time-dependent manner, i.e., the
apoptotic rate of VEGF shRNA-transfected cells was 1.5, 2.7
and 4.3% at 24, 48 and 72 h, respectively, whereas that of the
controls was 0.39, 0.55 and 0.30%, respectively (F=8.832,
P=0.041).

Paclitaxel inhibition of U251 cell viability. U251 cells were
treated with various concentrations of paclitaxel and we
found that paclitaxel reduced U251 cell viability, with an ICs,
of 28.1 pug/ml following 48 h of treatment. However, VEGF
knockdown significantly sensitized U251 cells to paclitaxel
treatment (ICs, of 28.1 yg/ml to an ICs, of 0.02 pg/ml in the
VEGF-transfected cells). These data suggest that the knock-
down of VEGF significantly synergized the effect of paclitaxel
in U251 glioma cells (F=8.533, P=0.009). The effects of lipo-
somal paclitaxel on U251 cell proliferation are summarized in
Table IT and Fig. 1.
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Figure 1. The effect of VEGF knockdown on modulation of U251 cell sensi-
tivity to paclitaxel treatment. U251 glioma cells were grown and transfected
with the control or VEGF shRNA vector for 24 h and then treated with or
without various concentrations of liposomal paclitaxel for 48 h. An MTT
assay was performed to detect the changes in cell viability. The data were
summarized as the percentage of inhibition. The ICs, determined at 48 h after
liposomal paclitaxel treatment was 28.1 mg/ml, while it was 0.02 mg/ml with
VEGF shRNA transfection. There was a statistical significance among the
different doses of paclitaxel treatment prior to and following gene transfection
(F=8.533, P=0.009). VEGF, vascular endothelial growth factor.

Reduction of U251 cell colony-formation with combined
treatment with VEGF knockdown. We also tested the combina-
tion of VEGF shRNA, paclitaxel and radiation on changes in
colony formation of U251 cells. We utilized a dose of paclitaxel
(2.56 mg/ml of liposomal paclitaxel) to treat U251 glioma cells
with or without VEGF shRNA transfection for the colony
formation assay. These data showed that colony forming cells
in the control group were (group A), 23.83%; control + radiation
(B), 17.0%; control + paclitaxel (C), 18.23%; control + paclitaxel
+ radiation (D), 12.67%; VEGF shRNA-transfected cells (E),
17.57%; radiation + VEGF shRNA-transfection (F), 9.67%;
VEGF shRNA-transfection + paclitaxel (G), 13.4%; VEGF
shRNA-transfection + paclitaxel + radiation (H), 6.33% (Fig. 2).
These data demonstrate that VEGF knockdown significantly
sensitizes U251 cells to paclitaxel and/or radiation treatment.
For example, colony formation in the control transfection group
was 17.93+2.30%, while colony formation in VEGF shRNA-
transfected cells was 11.74+1.58% (P=0.049). The groups with
drug treatment alone and radiotherapy alone showed no signifi-
cant difference (P>0.05). Following VEGF knockdown, colony
formation in paclitaxel and radiation-treated U251 cells was
significantly reduced (from 17.57 to 6.33%, P=0.001).

The changes in cell morphology following treatment. In addi-
tion, we also observed changes in cell morphology following
these treatments. We found that cells in the experimental
groups showed some morphological changes when compared
to the control groups, and the transfected group showed more
severe cellular morphological changes than non-transfected
cells by microscopy (Fig. 3).

Discussion
To date, it is an enormous challenge to manage and cure glio-

blastoma in neuro-oncological clinics, although surgery and
chemo- and radiation therapy are now available to treat this
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Figure 2. The U251 cells were grown and transfected with control or VEGF
shRNA vectors and then treated with or without paclitaxel and radiation for
48 h and grown for an additional 10 days. The dose of liposomal paclitaxel
was 2.56 g/ml and the radiation dose was 6 Gy. VEGF, vascular endothelial
growth factor.

Figure 3. Changed cell morphology of U251 cells following VEGF knock-
down plus paclitaxel and radiation treatment. The U251 cells were grown
and transfected with control or VEGF shRNA vector and then treated with
or without paclitaxel and radiation for 48 h and grown for an additional
10 days. Cell morphology was reviewed under the microscope and images
were captured at x100 magnification. The dose of liposomal paclitaxel was
2.56 g/ml and the radiation dose was 6 Gy. (A) control group, (B) control
+ radiation, (C) control + paclitaxel, (D) control + paclitaxel + radiation,
(E) VEGF shRNA-transfected cells, (F) VEGF shRNA-transfected cells +
radiotherapy, (G) VEGF shRNA-transfected cells + paclitaxel, (H) VEGF
shRNA-transfected cells + paclitaxel + radiation. VEGF, vascular endothelial
growth factor.

deadly disease (11,12). This is due to the fact that the majority of
patients still die within 6-12 months of diagnosis. In the current
study, we explored the knockdown of VEGF expression as a
novel adjuvant treatment for glioblastoma. We first constructed
a VEGF shRNA expression vector to silence VEGF expression
in a glioma cell line. We found that compared to the vector-only
control cells, the VEGF shRNA-transfected glioma cells were
much more sensitive to various doses of liposomal paclitaxel,
6 Gy radiation or liposomal paclitaxel plus radiation treatment.
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The tumor cells underwent apoptosis, decreased colony forma-
tion in soft agar plates and reduced cell viability following
VEGF knockdown and the combined chemo- and radiation
treatment. Our study clearly demonstrates that the silencing of
VEGF expression synergistically sensitizes U251 glioma cells
to liposomal paclitaxel, radiation and liposomal paclitaxel plus
radiation treatment. However, further studies are required to
evaluate the clinical efficacy of this treatment.

VEGF is the main angiogenesis regulator that plays a signifi-
cant role in tumor development and progression. In the present
study, we showed that VEGF mRNA expression was decreased
by more than 60% following VEGF shRNA vector transfec-
tion into U251 glioma cells. Phenotypically, VEGF shRNA
delayed tumor cell cycles and increased apoptosis in U251 cells
compared to the control cells, which was supported by a previous
study in experimental mouse brain tumors (13). However, our
current study showed a lesser degree of apoptotic induction by
VEGF shRNA than that of the previous report (13). However, we
did find the synergistic effects of VEGF knockdown with radia-
tion therapy in tumor cells, as has been suggested in previous
studies (14,15). For example, Winkler er al (16) showed that anti-
VEGF receptor antibodies could open a time window with high
oxygen levels in tumor cells, during which time the radiation
therapy could achieve the best synergistic effect. Another study
by Hovinga et al (17) showed that the increase of VEGF in tumor
cells correlated with radiation therapy, and could reflect the
inborn response of self-protection, which would protect tumor
cells from apoptosis and induce new blood vessels. Our current
data indicate that VEGF shRNA increases the effect of radia-
tion in a glioma cell line in vitro. Furthermore, we also found
that VEGF shRNA enhances the efficiency of chemotherapy
in U251 cells. Treatment of glioma cells with paclitaxel and
radiotherapy alone showed similar results with limited effects,
whereas the addition of VEGF shRNA transfection showed the
best effects on glioma cells when compared to other double
or single treatments, suggesting that VEGF shRNA was able
to sensitize U251 cells to radiotherapy and chemotherapy (18),
possibly via different mechanisms.

Furthermore, current chemotherapy treatment of glioma
lacks efficacy, which could be due to the blood-brain barrier
and less successful drug delivery methods (19). In the current
study, we tested the liposome-based drug delivery, which could
provide a new avenue for treatment. This is due to the fact that
liposome-based drug delivery is capable of enhancing perme-
ation and retention rates with nano-sized drug carriers (20).
Liposomes could more easily cross epithelial cells within
the tumor from the blood circulation (21,22), and cross the
blood-brain barrier through the enhanced permeability by
VEGF shRNA transfection (23). The liposome-based drug
delivery may alsoincrease efficiency of the convection-enhanced
delivery system (24) to cross the blood-brain barrier. Indeed, the
results from our current study showed that the IC;, of liposomal
paclitaxel decreased from 28.1 to 0.02 mg/ml following VEGF
shRNA transfection, suggesting that the liposomal paclitaxel
plus VEGF shRNA transfection could be an effective adjuvant
therapy, particularly for glioblastoma and other types of cancer
that are sensitive to VEGF-targeted gene therapy.

In conclusion, the data from our current study present a
novel adjuvant treatment regime for glioblastoma with the
combination of chemo- and radiation therapy following
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VEGF shRNA transfection. Our data demonstrate that the
knockdown of VEGF expression in U251 glioma cells inhibits
tumor cell viability and promotes tumor cell apoptosis, but
significantly increases the sensitivity of U251 cells to radio-
therapy and chemotherapy. Furthermore, liposomal paclitaxel,
as a novel drug delivery method, could enhance drug delivery
in vivo, although the VEGF gene interference and the practical
application of liposomal paclitaxel remains to be examined
and explored in future studies.
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