
Abstract. Cell culture, tissue chemistry and flow cytometry
were used to determine whether antisense c-Met oligo-
deoxynucleotides enhanced the sensitivity of human glioma
cells to paclitaxel. A combination of paclitaxel with antisense
c-Met oligodeoxynucleotides inhibited cell growth, induced
apoptosis and induced c-Met protein expression in U251 and
SHG44 human glioma cells more significantly than either
paclitaxel or the oligodeoxynucleotides on their own (P<0.01).
Thus, c-Met antisense oligodeoxynucleotides increase the
sensitivity of human glioma cells to paclitaxel. Combined use
of the two agents could be a novel and attractive strategy in
human glioma treatment.

Introduction

Paclitaxel is FDA-approved for clinical use in ovarian and
breast cancer (1,2). It has shown cytotoxic activity against
common solid tumors and a number of leukemias, Walker
256 carcinosarcomas and lung tumors (3). Paclitaxel is a potent
inhibitor of cell replication that works by blocking cells in
the late G2 or M phase of the cell cycle and binding to cellular
microtubules for promoting the polymerization of micro-
tubules (4,5). However, there were two main problems in the
applications of paclitaxel. One is supply and the other is
formulation. The problem of supply has been resolved by
means of semisynthetic approaches based on the taxane
skeleton, which is widely available from more abundant
relatives of the Pacific Yew. More recently, developments in
plant biotechnology have enabled the use of plant tissue
culture to produce relatively large amounts of paclitaxel in a
controlled bioreactor, thus protecting the environment by
reducing the need to cut down more trees (6). The problem of
formulating paclitaxel, however, still remains a large obstacle

because of the widespread use of the drug. Paclitaxel is
currently administered in a vehicle formulation composed of
1:1 blend of Cremophor EL (polyethoxylated castor oil)
and ethanol, which is diluted with 5- to 20-fold in normal
saline or dextrose solution (5%) for administration. This
formulation is stable in unopened vials for 5 years at 4˚C.
However, there are many problems employing this vehicle
(7). This is mainly because Cremophor EL has a number of
associated side effects including hypersensitivity reactions,
nephrotoxicity, neurotoxicity and cardiotoxicity. Use of this
drug might be made safer and more efficient, and its thera-
peutic effects might be enhanced, by an agent that acts
synergistically with it.

We have previously found HGF/c-Met played an important
role in the formation and progression of the brain astrocytoma
and could promote tumor proliferation and intratumoral micro-
vascular formation, and was closely related to the prognosis
of the patients (8-13). We have also found that recombinant
human hepatocyte growth factor could resist apoptosis of
U251 glioma cells induced by mitomycin C, and the
sensitivity of U251 glioma cells to mitomycin C could be
enhanced by the blockage of the c-Met mRNA (14,15).
Previously, we showed that antisense oligodeoxynucleotide
targeting the c-Met gene also down-regulated or inhibited c-
Met expression, which inhibited U251 glioma cells growth
and induced cell apoptosis (9). Thus, c-Met antisense
sequences might have the desired synergistic effect with
paclitaxel on glioma cells. In this study, we explored this
possibility using U251 and SHG44 glioma cells.

Materials and methods

Cell culture and measurement of HGF levels. U251 (human
glioma cells, from Wuhan University of China, Wuhan) and
SHG44 cells (human glioma cells, from Fourth Military
Medical University of China, Xi'an) were incubated at 37˚C
in RPMI-1640 medium supplemented with 10% calf serum,
100 μg/ml penicillin and 100 μg/ml streptomycin, in an
atmosphere of 5% CO2 at saturation humidity. The cell lines
were sub-cultured 2-3 days later with an initial concentration
of 5x104 cells/ml. Cells in logarithmic growth were used in
all experiments. The cells were plated in 6-well plates at 25%
confluence and allowed to attach overnight. Conditioned
medium was collected 0, 24, 48, 72 or 96 h and the number
of cells in each well was determined using a hemocytometer.
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Debris was pelleted for 5 min at 2000 rpm and supernatant
was collected and stored at -20˚C. A dilution series sequence
of the samples with the highest and lowest expected values
of HGF was first performed to determine the appropriate
dilutions. Hepatocyte growth factor levels were measured
via ELISA using an ELISA kit (Biosource International,
Camarillo, CA) according to manufacturer's guidelines and
normalized to cell number in each well. Levels of HGF were
expressed in pg/ml per 106 cells. From the cumulative
measured values, the HGF secretions by day were calculated.
All samples were performed in duplicate. All experiments
were done in triplicate.

Antisense synthesis and purification of c-Met gene. c-Met
phosphorothioate oligodexynucleotides (ODNs) corresponding
to the human c-Met open reading frame were synthesized using
an applied biosystems 3900 DNA synthesizer (Shenggong,
Shanghai, China). The antisense and nonsense sequences
used were 5'-ACAGCGGGGGCCTTCATTAT-3' and 5'-TC
GGCTACAAGCTACGGTTG-3', respectively (9). After the
synthesis, ODNs were purified by use of high-pressure liquid
chromatography system, dissolved with PBS, and frozen in
aliquots at -20˚C until use. Prior to use in experiments, these
oligonucleotides were diluted with RPMI-1640 medium to
the required concentrations.

Preparation of paclitaxel solution. Paclitaxel was obtained
from the Division of Cancer Treatment, National Cancer
Institute, NIH, as a 6 mg/ml (10.5 mM) solution in 50%
polyoxyethylated castor oil (Cremphor EL) and 50% absolute
ethanol. Prior to use in experiments, it was diluted with
RPMI-1640 medium to the required concentrations.

Incubation of antisense oligodexynucleotides or/and
paclitaxel with cells. Cells were incubated on 24-well plate
(Corning, USA) at 2x105/ml per well with 0, 50, 100, 200
and 400 nmol/l antisense oligodexynucleotides (ASODNs)
and/or 0, 1, 2, 4 and 8 μg/ml paclitaxel. For controls, the
nonsense oligodexynucleotides (NSODNs) were dissolved in
RPMI-1640 medium to 50 μmol/l. Samples of cells were taken
for analysis at various times. Each experiment was performed
in triplicate.

Morphological identification of apoptosis and caspase-3
expression in U251 and SHG44 glioma cells by Western blot
analysis. The cells were collected and stained with Giemsa at
various times after treatment with antisense oligodexy-
nucleotides or/and paclitaxel. Apoptotic changes (blebbing
chromosome fragmentation and condensation, and formation
of apoptotic bodies) were observed using an Olympus Research
microscope. Cells were washed in ice-cold PBS and lysed
in a buffer using standard methods. After centrifugation at
10000 g for 10 min, the supernatants were stored at -70˚C.
Lysate equalized for protein content was separated in 150 g/l
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidine fluoride membrane.
The membranes were blocked for 1 h at room temperature in
10 g/l bovine serum albumin and incubated overnight at 4˚C
with caspase-3 antibody, followed by incubation with sheep
anti-rabbit second antibody conjugated to HRP (Dako,

Glostrap, Denmark) for 120 min. Finally, the membranes
were developed with DAB and incubated until color developed
sufficiently.

DNA content analysis by flow cytometry. The cells were
collected, washed twice with PBS, and fixed with 70%
alcohol at 4˚C for 24 h. After two further washings, 200 μl of
RNAase A (1 mg/ml) and 800 μl of propidium iodide (100 μg/
ml) were added at 4˚C for 30 min. DNA content was then
analyzed by flow cytometry.

Detection of c-Met protein by flow cytometry. Cells (5x105)
were collected and fixed with 70% formaldehyde at 4˚C for
15 min, then washed and re-suspended twice in specific PBS
(s-PBS) (PBS supplemented with 1% human AB serum, 1%
Tween-20 from Boehringer, Mannheim, pH 7.2) to perme-
abilize them. c-Met antibody (Dako) (50 μl) was added to the
cell suspension and the mixture was incubated at 4˚C for 1 h.
After two further washings with s-PBS, 50 μl FITC-IgG (2nd
antibody) (Dako) was added and incubated at 4˚C for 30 min.
Finally, the cells were washed twice with PBS and the level
of c-Met protein was determined by flow cytometry.

Statistical analysis. All data are expressed as mean ± SEM.
The Kolmogorov-Smirnov test was applied to test for a normal
distribution. The means of the different groups were compared
by a 1-way ANOVA Student-Newman-Keuls test. SPSS10.0
statistical software was used to analyze the results and P<0.05
was taken as the criterion of significance.

Results

HGF protein levels, apoptotic morphology and caspase-3
expression in U251 and SHG44 glioma cells by Western blot
analysis. The HGF secretion per day increased in U251 and
SHG44 cells and the HGF protein levels in SHG44 cells per
day were higher than that in U251 cells (Fig. 1). U251 and
SHG44 cells treated with various concentration of paclitaxel
showed morphological changes characteristic of apoptosis,
such as cell shrinkage, chromatin condensation, fragmentation
of nuclei and formation of apoptotic bodies (Fig. 2). Expression
of caspase-3 was significantly increased in the U251 and
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Figure 1. HGF protein levels (pg/ml per 106 cells) in U251 and SHG44
glioma cells conditioned medium per day. Mean with SE of 3 separate
experiments performed in duplicate are shown. Hepatocyte growth factor
secretion by day was calculated from the cumulative data.
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SHG44 glioma cells treated with 1 μg/ml paclitaxel for 36 h
by Western blot analysis (Fig. 3).

Effect of c-Met antisense oligodexynucleotides and paclitaxel
on glioma cells. After U251 and SHG44 cells had been
treated with various concentrations of c-Met antisense
oligodexynucleotides for different times, some cells became
apoptotic and growth was inhibited (Fig. 4), when U251 and
SHG44 cells were treated with various concentrations of
paclitaxel for different times, some cells became apoptotic
and growth was inhibited. Fig. 5 shows that U251 cells were
more sensitive. Slight but significant inhibition of growth
was observed at 0.25 μg/ml paclitaxel, but there was no
effect on the growth of SHG44 cells at this concentration.
At higher concentrations of paclitaxel (0.5-2 μg/ml), most of
the U251 cells were killed but only slight inhibition of
SHG44 cells growth was observed at 2 μg/ml.

Synergistic inhibitory effects of c-Met antisense oligo-
dexynucleotides and paclitaxel on growth of glioma cells. As
shown in Fig. 6, ASODNs alone at 100 nmol/l had no signi-
ficant effect on the growth of U251 cells. However, there
was significant inhibition from 24-96 h when 0.25 μg/ml
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Figure 2. Paclitaxel-induced morphological changes in U251 and SHG44 glioma cells. (A1) Untreated U251 cells (control); (A2) U251 cells treated with
1 μg/ml paclitaxel for 36 h; (B1) Untreated SHG44 cells (control); (B2) SHG44 cells treated with 1 μg/ml paclitaxel for 36 h. The arrows indicate apoptotic
cells. Cells were stained with Giemsa (x200).

Figure 3. Paclitaxel-induces caspase-3 expression in U251 and SHG44
glioma cells by Western blotting. Lane 1, untreated U251 cells (control);
Lane 2, U251 cells treated with 1 μg/ml paclitaxel for 36 h; Lane 3, untreated
SHG44 cells (control); Lane 4, SHG44 cells treated with 1 μg/ml paclitaxel
for 36 h.

Figure 4. Inhibitory effect of various concentration of c-Met antisense oligo-
dexynucleotides on growth of U251 and SHG44 glioma cells. The cells
were incubated 0, 50, 100, 200 and 400 nmol/l c-Met antisense oligo-
dexynucleotides for 96 h. Viable cells were counted by the trypan blue
exclusion assay. Each point represents the mean of the results from three
independent experiments.
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paclitaxel and 100 nmol/l of ASODNs were used in com-
bination, and this inhibition grew more marked at longer
incubation times. At 96 h, the survival rate of U251 cells was
about half of that observed when ASODNs or paclitaxel
were used alone. As shown in Fig. 7, similarly, in SHG44
cells, 100 nmol/l ASODNs had no significant effect on
growth, but there was significant inhibition from 24 to 96 h
when 2.0 μg/ml paclitaxel and 100 nmol/l ASODNs were
used in combination. Again, this inhibition became more
marked at longer incubation times, and at 96 h the survival
rate of SHG44 cells was about half of that observed with
ASODNs or paclitaxel alone.

c-Met antisense oligodexynucleotides increase the suscep-
tibility of glioma cells to paclitaxel-induced apoptosis. As
shown in Fig. 8, 35.75±4.2 of U251 cells and 37.25±5.9 of

SHG44 cells became apoptotic when paclitaxel and ASODNs
were used in combination. When paclitaxel or ASODNs were
used alone, the equivalent percentages were 5.23±1.7 and
15.23±3.9 for U251 cells and 14.34±3.4 and 10.65±3.4 for
SHG44 cells. The control nonsense oligodexynucleotides
(NSODNs), unlike ASODNs, did not affect the susceptibilities
of the glioma cells to paclitaxel.

Effect of c-Met antisense oligodexynucleotides in combination
with paclitaxel on c-Met protein expression. As shown in
Fig. 9, the percentages of c-Met protein expressed in U251
and SHG44 cells (U251, 25.98±3.96; and SHG44, 20.15±5.82)
were significantly lower when paclitaxel and ASODNs were
used in combination than when either was used singly.

Discussion

Our previous studies showed c-Met ASODNs could down-
regulate or inhibit c-Met mRNA and protein in U251, which
could inhibit U251 glioma cells growth and induce cell
apoptosis (9). The results described in this report show that
low doses of paclitaxel (up to 0.25 μg/ml for U251 and 2.0 μg/
ml for SHG44) do not affect glioma cell growth significantly
(Fig. 1). However, the susceptibility of glioma cells to
paclitaxel is greatly increased by c-Met antisense oligo-
dexynucleotides. Along with c-Met amplification, the results
indicate c-Met mutation is unlikely. Under the combined
treatment, cell growth was inhibited, a large number of
glioma cells died, and expression of the c-Met gene was
significantly decreased (Figs. 3, 5, 6 and 7). Even though
paclitaxel treatment was associated with the activation of the
survival kinase Akt and an anti-apoptotic expression of
cytoplasmic p21WAF and cyclin D1, this inhibition of cell
death was abrogated by depletion of transforming acidic
coiled coil 3 (16). The pharmacological effect of paclitaxel is
therefore strengthened by c-Met antisense oligodexynucleo-
tides. Based on the results and analysis, paclitaxel appears to
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Figure 5. Inhibitory effect of various concentration of paclitaxel on growth
of U251 and SHG44 glioma cells. The cells were incubated 0, 0.25, 0.50,
1.0, 2.0, 4.0 and 8.0 μg/ml paclitaxel for 96 h. Viable cells were counted by
the trypan blue exclusion assay. Each point represents the mean of the results
from three independent experiments. The growth of U251 cells was signi-
ficantly inhibited by 0.50 μg/ml, and that of SHG44 cells by 2.0 μg/ml,
paclitaxel (P<0.05).

Figure 6. The synergistic inhibitory effects of c-Met antisense oligo-
dexynucleotides and paclitaxel on U251 cell growth. Cells were incubated
with paclitaxel (0.25 μg/ml), ASODNs (100 nmol/l), paclitaxel (0.25 μg/
ml)+NSODNs (100 nmol/l) (control), or paclitaxel (0.25 μg/ml)+ASODNs
(10 nmol/l) for 24, 48, 72 and 96 h. The growth of U251 cells treated with
paclitaxel and ASODNs in combination was significantly inhibited compared
with the control and other groups between 24 and 96 h (P<0.05 or 0.01).

Figure 7. The synergistic inhibitory effect of c-Met antisense oligodexy-
nucleotides and paclitaxel on SHG44 cell growth. Cells were incubated with
paclitaxel (2.0 μg/ml), ASODN (100 nmol/l), paclitaxel (2.0 μg/ml) +
SODNs (100 nmol/l) (control), or paclitaxel (2.0 μg/ml)+ASODNs (100
nmol/l) for 24, 48, 72 and 96 h. The growth of SHG44 cells treated with
paclitaxel and ASODNs in combination was significantly inhibited
compared with the control and other groups between 24 and 96 h (P<0.05 or
0.01).
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induce apoptotic effect in glioma cells by down-regulating
the c-Met gene expression, blocking cells into S phrase and
inhibiting DNA synthesis inhibition and microtubule poly-
merization (17-19). Genetic etiology of glioma is not entirely
clear and glioma is inclined to be caused by multiple genetic
abnormalities. Although both U251 and SHG44 have high
levels of c-Met expression, they differ markedly in their
susceptibility to paclitaxel, as shown in Fig. 2. The percentage
of c-Met protein positive cells is, respectively (72.04±8.2)%
and (71.72±10.8)% in U251 and SHG44 glioma cells. The
cells were incubated for 96 h with PS-ASODNs (100 nmol/l),
The percentage of c-Met protein positive cells is, respectively
(48.56±10.2)% and (54.62±13.4)% in U251 and SHG44
glioma cells (Fig. 8). The reduction of Met protein with a
treatment of 100 nmol/l ASODN is, respectively about 33
and 24%. The reason for this difference in susceptibility is
unclear at present and likely to be related to the difference in
HGF protein levels of U251 and SHG44 glioma cells
conditioned medium per day. A single factor in the complete
role in the process of glioma is not clear, thorough inter-
pretation of the gene ‘Password’ of glioma still needs a more
comprehensive, in-depth study (20). The cytotoxic effects of
paclitaxel are complex and involve many genes, c-myc, p53
and BCR/ABL genes contribute to the apoptotic processes
induced by paclitaxel (21-23). However, the c-Met gene is

prominent in regulating U251 glioma cells growth and
apoptosis, and we have previously found HGF to decrease
the susceptibility of human U251 glioma cells to chemo-
therapeutic drug mitomycin C, c-Met antisense oligodexy-
nucleotides are known to increase the susceptibility of human
U251 glioma cells to chemotherapeutic drug mitomycin C
(9,14,15). The results found in this study are consistent with
this view.

Antisense oligonucleotide and the drug directly injected
into brain with high-flow microinfusion can be safely delivered
at high concentration to wide areas of rat brain, bypassing the
blood-brain barrier and avoiding the implications after systemic
administration (24,25). Clinical trials of this drug in humans
have been discouraging (26,27). This might be because of the
in vivo resistance of human astrocytoma. Our results
described herein show that c-Met antisense oligodeoxy-
nucleotides increase the sensitivity of human glioma cells to
paclitaxel. This study illustrates how attacking the basic
cellular and molecular mechanisms that contribute to
malignant cell proliferation (such as targeting the c-Met
oncogene) can potentially lead to inhibition of glioma cell
growth. Perhaps, in future work, newer methods of blocking
c-Met expression (such as with siRNA/shRNA technology)
and the drug paclitaxel combined with direct intraparen-
chymal convection enhanced microinfusion will be able to
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Figure 8. Apoptotic percentage of glioma cells treated with paclitaxel in combination with c-Met antisense oligodexynucleotides. The cells were incubated for
96 h with paclitaxel (U251, 0.25 μmol/l; SHG44, 2.0 μmol/l), positive control BCNU (0.01 μmol/l), PS-ASODNs (100 nmol/l), paclitaxel + PS-NSODNs, or
paclitaxel + PS-ASODNs, and then stained with propidium iodide. The apoptotic cell counts were determined by flow cytometry. Each value in the figure is
the mean of triplicate experiments. The means of the different groups were compared by a 1-way ANOVA Student-Newman-Keuls test. *P<0.05 compared
with others.

Figure 9. Percentage of c-Met protein positive cells determined by flow cytometry. The cells were incubated for 96 h with paclitaxel (U251, 0.25 μmol/l;
SHG44, 2.0 μmol/l), PS-ASODNs (100 nmol/l), paclitaxel + PS-NSODNs, or paclitaxel + PS-ASODNs. The percentage of c-Met protein positive cells is
significantly lower after paclitaxel + PS-ASODNs than other treatments, as shown by immuno-tissue chemistry and flow cytometry. Each value in the figure
is the mean of triplicate experiments. *P<0.05 compared with others.
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demonstrate an effect of such targeted gene strategies for
gliomas in vivo. Otherwise, it is meaningful to test further
whether ASODNs targeting c-Met can enhance the sensi-
tivity of a more clinically applicable drug, such as BCNU or
temozolomide.
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