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Abstract: Aims: The present study is to investigate the effect of the combination of small-interfering RNA (siR-
NA) treatment with bis-chloroethylnitrosourea (BCNU) on the proliferation and apoptosis of glioma cells. Methods:
According to different treatments, glioma U251 cells were randomly divided into blank group, Lipofectamine group,
siRNA-GIi1 group, BCNU group and combination group. After treatments, the morphology of U251 cells was visual-
ized under the microscope. Afterwards, semi-quantitative real-time polymerase chain reaction and Western blotting
were used to determine Glil, Bcl-2, Bax and cyclin D1 mRNA levels and protein expression, respectively. MTT assay
was used detect the proliferation of U251 cells, while flow cytometry was performed to determine cell apoptosis and
cell cycle. Results: The combination of siRNA-Gli1 and BCNU caused more severe damages to U251 cell shapes
compared with siRNA-Glil or BCNU alone. The combination of BCNU and siRNA-Glil altered mRNA level and protein
expression of Bcl-2 and Bax, but not those of Glil and cyclin D1. The combination of siRNA-Glil and BCNU promoted
U251 cell apoptosis. The combination of siRNA-Gli1 and BCNU enhanced the arrestment of U251 cells in GO/G1
phase. The combination of siRNA-Gli1 and BCNU significantly inhibited U251 cell proliferation. Conclusions: The
present study demonstrates that combined treatment with siRNA-Gli1 and BCNU significantly inhibits the prolifera-
tion and promotes the apoptosis of glioma U251 cells, possibly by the up-regulation of Bax and the down-regulation
of Bcl-2. The combination of siRNA-Gli1 and BCNU enhances the inhibition of cell cycles, but does not down-regulate
the expression of cell cycle protein cyclin D1.

Keywords: Gliomas, Hedgehog signaling pathway, Gli family zinc finger 1 gene, RNA interference, bis-chloroethyIni-
trosourea

Introduction

Heterogeneity and chemotherapy drug resis-
tance of gliomas are the main reasons for the
failure of chemotherapy in the adjuvant therapy
of gliomas [1-5]. Researches show that
Hedgehog signaling pathway participates in the
regulation of tumor cell proliferation and apop-
tosis, and is closely related to tumor invasion,
metastasis and sensitivity to chemoradiothera-
py [1-15]. Abnormal Hedgehog signaling path-
way inhibits intracellular accumulation of che-
motherapy drugs, and reduces their toxicity to
cells [6, 9, 11]. In addition, the self-renewal and
differentiation of cancer stem cells are depen-
dent on the abnormal activation of Hedgehog

signaling pathway [5, 12, 15]. Of note, GLI fam-
ily zinc finger 1 (Gli1) is an important transcrip-
tion factor in Hedgehog signaling pathway that
attracts a lot of concerns on its relationship to
chemotherapy [16, 171].

Small molecule-targeted therapy of RNA inter-
ference (RNAI) by small-interfering RNA (siRNA)
has shown its advantages among various gene
therapies for cancer. Researchers tend to com-
bine the use of various targeted drugs on mul-
tiple signaling pathways or multiple targets on
the same signaling pathway, or combine the
targeted drugs with conventional cytotoxic
drugs [16-20]. Gong et al. [16] used RNAI to
interfere the expression of Glil in ovarian can-
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siRNA-GIi1

Combination

cer cells, indicating that the sensitivity of the
cells to cisplatin was increased. Other research-
ers show that the combination of cisplatin with
mitoxantrone affects the proliferation of glioma
U87 cells by increasing the inhibition of Glil
[17]. However, there has been no report on the
effect of the combination of RNAi and chemo-
therapy drugs on the proliferation of glioma
cells by now. In the present study, we investi-

7763

BCNU

Figure 1. U251 cell shapes in blank, Lipofectamine, siR-
NA-Gli1, BCNU and combination groups. Blank group was
incubated with medium for 24 h; Lipofectamine group was
incubated with Lipofectamine 2000 (Invitrogen, Thermo
Scientific, Waltham, MA, USA) for 24 h; siRNA-Gli1 group
was transfected with 0.05 nmol/pL siRNA-Gli1 (GenePh-
arma Co., Ltd., Shanghai, China) and incubated for 48 h
before experimentation; BCNU group was incubated with
1.5 pg/ml BCNU (Shanghai Yiming Chemicals, Shanghai,
China) for 24 h; and combination group was transfected
with 0.05 nmol/pl siRNA-Gli1, followed by incubation with
normal medium for 24 h and subsequent incubation with
1.5 pg/ml BCNU for 24 h. The growth status of the cells
was monitored under an inverted phase contrast micro-
scope (CX21, Olympus, Tokyo, Japan). The microscopic
images were obtained at 24 h after BCNU treatment or
48 h after transfection. The magnification was 100x.

gate the effect of the combination of siRNA with
BCNU on the proliferation and apoptosis of glio-
ma cells.

Materials and methods
Cell line and treatments

Glioma U251 cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine
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Figure 2. Glil, cyclin D1, Bcl-2 and Bax mRNA levels in blank, Lipofectamine,
siRNA-Gli1, BCNU and combination groups. Semi-quantitative real-time poly-
merase chain reaction was performed using SuperScript 1l One-Step RT-PCR
kit (12574-018, Invitrogen, Thermo Scientific, Waltham, MA, USA) on PCR ther-
mo cycler (C1000, Bio-Rad, Hercules, CA, USA). The 20 ul reaction system was
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with medium for 24 h; Lipo-
fectamine group was incu-

G|l1 bated with Lipofectamine
4.355 bp 2000 (Invitrogen, Thermo

Scientific, Waltham, MA,
USA) for 24 h; siRNA-Glil1
group was transfected with
0.05 nmol/uL siRNA-Gli1
(GenePharma  Co., Ltd.,
Shanghai, China) and incu-
bated for 48 h before experi-
mentation; BCNU group was
incubated with 1.5 pg/ml
BCNU (Shanghai  Yiming
Chemicals, Shanghai, China)
for 24 h; and combination
group was transfected with
0.05 nmol/ul siRNA-Gli1, fol-
lowed by incubation with nor-
mal medium for 24 h and
subsequent incubation with
1.5 yg/ml BCNU for 24 h.

Bcl-2

Bax

One day before transfection
with siRNA-Gli1, the cells
(3-5x10°) were seeded into
6-well plates. When the cells
reached 30-50% confluency,
the medium was replaced
with 1.5 ml fresh medium
containing no serum or anti-
biotics. Then, siRNAs were
transfected into the cells
using Lipofectamine (Invi-
trogen, Thermo Fisher Sci-
entific, Waltham, MA, USA)
according to the manufac-
turer’'s manual. After incuba-
tion for 5 h, the medium was
replaced with fresh normal
medium.

B-actin

formed by cDNA (5 pl), 10x buffer (2 pl), 25 mmol/L MgCl, (0.8 pl), 2.5 mmol/L

dNTP (2 ul), DNA polymerase (0.2 ul; Takara, Tokyo, Japan), and upstream and
downstream primers (1 ul each). M, markers; 1, blank group; 2, Lipofectamine
group; 3, BCNU group; 4, siRNA-GIil group; 5, combination group.

serum, 1x10° U/L penicillin and 100 mg/L
streptomycin (Invitrogen, Thermo Scientific,
Waltham, MA, USA) under 37°C and 5% CO,
(Model BB5060, Heraeus, Hanau, Germany).
The growth status of the cells was monitored
underaninvertedphasecontrastmicroscope(CKX-
41, Olympus, Tokyo, Japan). The cells were pas-
saged every 2 or 3 days and log-phase cells
were used for experiments. According to differ-
ent treatments, the cells were randomly divided
into five groups. Blank group was incubated
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Semi-quantitative real-time
polymerase chain reaction
(semi-gRT-PCR)

Total RNA was extracted using Trizol reagent
(Invitrogen, Thermo Scientific, Waltham, MA,
USA). Thermal cycling amplification was per-
formed using SuperScript Ill One-Step RT-PCR
Kit (12574-018, Invitrogen, Thermo Scientific,
Waltham, MA, USA) on PCR thermo cycler
(C1000, Bio-Rad, Hercules, CA, USA). The 20 ul
reaction system was formed by cDNA (5 ul),
10x buffer (2 pl), 25 mmol/L MgCl, (0.8 ul), 2.5
mmol/L dNTP (2 ul), DNA polymerase (0.2 ul;
Takara, Tokyo, Japan), and upstream and down-
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Figure 3. Glil, Bcl-2, Bax and cyclin D1 protein expression in blank, Lipo-
fectamine, siRNA-Gli1, BCNU and combination groups. Western blotting analy-
sis was performed using polyclonal rabbit anti-human antibodies (1:400), or

Western blotting

After treatments, the cells

Gli1 were harvested for total pro-

tein extraction and concen-
Bel-2 tration determination using
Bax Bradford method. Protein

samples were mixed with 2x
Cyclin D1 sodium dodecyl sulfate load-

ing buffer and boiled for 5
GAPDH min for denaturation. A total
of 60 pg protein was resolved
on 12% SDS-PAGE gel elec-
trophoresis and electro-
transferred to nitrocellulose

rabbit anti-GAPDH (1:500; Boster, Wuhan, China) and horseradish peroxidase- =~ mMembranes (Sigma-Aldrich,
labeled goat anti-rabbit IgG antibody (1:5,000; Boster, Wuhan, China). The  St. Louis, MO, USA) under
bands were visualized by enhanced chemiluminescence (ECL, Santa Cruz, CA, 30V at 4°C. After blocking at
USA). The level of target protein expression in each sample was determined by 4°C and washing with Tris-

normalizing protein band intensity to GAPDH band intensity. 1, BCNU group;
2, combination group; 3, siRNA-Gli1 group; 4, Lipofectamine group; 5, blank

group.

stream primers (1 pl each). The sequences of
primers were as follows: for Glil (355 bp),
5-TTCCTACCAGAGTCCCAAGT-3’ and 5-CCAGC-
CCCAGCGTCAAAGGTG-3’; for Bcl-2 (172 bp),
5-GCATACTGAGACCCTG-3' and 5-ACTCTGTG-
AATCCCGTTT-3’; for cyclinD 1 (201 bp), 5’-AAC-
ACGGCTCACGCTTAC-3" and 5-CCAGACCCT-
CAGACGTGC-3’; for Bax (233 bp), 5-GTGGC-
AGACCGTGACCAT-3" and 5-TGTCCCGAAGGAG-
GTTTAT-3’; for B-actin (298 bp), 5-CGCGG-
GCTCTCCAGAACATCAT-3’ and 5-CCAGCCCCA-
GCGTCAAAGGTG-3'. Primers were all synthe-
sized by Sangon Biotech (Shanghai) Co., Ltd.,
Shanghai, China. PCR amplification conditions
for Gli1, Bcl-2, cyclin D1, and Bax were as fol-
lows: initial denaturation at 95°C for 5 min; 35
cycles of denaturation at 56°C for 30 sec,
annealing at 60°C for 60 sec, and elongation at
72°C for 60 sec; and final elongation at 72°C
for 7 min. PCR amplification conditions for
B-actin were: initial denaturation at 95°C for 5
min; 35 cycles of denaturation at 95°C for 30
sec, annealing at 59°C for 30 sec, and elonga-
tion at 72°C for 90 sec; and final elongation at
72°C for 7 min. After amplification, the PCR
products were loaded to 2% (W/V) agarose gel
(1x TBE buffer) containing 0.5 yg/ml bromoeth-
ane for electrophoresis, followed by imaging
with  ultraviolet projection reflectometer
(ChemiDoc MP, Bio-Rad, Hercules, CA, USA).
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buffered saline with Tween-
20 for 30 min, the mem-
brane was incubated with
polyclonal rabbit anti-human
antibodies (1:400), or rabbit anti-GAPDH
(1:500; Boster, Wuhan, China) at 4°C for 8 h.
After washing with Tris-buffered saline with
Tween-20 for 30 min, the membrane was incu-
bated with horseradish peroxidase-labeled
goat anti-rabbit IgG antibody (1:5,000; Boster,
Wuhan, China) for 4 h at room temperature.
After washing with Tris-buffered saline with
Tween-20 for 30 min, the bands were visualized
by enhanced chemiluminescence (ECL, Santa
Cruz, CA, USA). The level of target protein
expression in each sample was determined by
normalizing protein band intensity to GAPDH
band intensity. The tests were performed in
triplicate.

Flow cytometry

After treatments, the cells were trypsinized
before centrifugation at 500x g for 5 minutes,
followed by washing with phosphate-buffered
saline (PBS) twice. Then, single cell suspension
was prepared using 0.9 ml PBS, followed by
addition of 2.1 ml pure ethanol. The cells were
left standing at 4°C overnight. After centrifuga-
tion at 500x g for 5 minutes, the cells were
washed with PBS twice. Then, the cells were
incubated with 30 ul Annexin-V-FITC (Sigma-
Aldrich, St. Louis, MO, USA) under room tem-
perature for 15 minutes. Flow cytometry
(FC500, Beckman Coulter, Brea, CA, USA) was
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Table 1. Gli1, Bcl-2, Bax and Cyclin D1 mRNA levels in each group
(means + standard deviation)

Groups Gli1 Bcl-2 Bax Cyclin D1
Lipofectamine 98.60 £ 0.06 99.48 + 0.32 94.29 +0.13 95.87 + 0.44
Blank 95.93+0.21 9742 +0.17 96.30+0.54 92.53+0.08
t 2.02 0.82 0.23 1.08

P 0.15 0.44 0.90 0.39
siRNA-Gli1 40.35+0.17 57.92+0.10 101.90+0.55 48.11+0.41
BCNU 93.30+0.43 73.41+£0.27 120.70+0.29 9755+ 0.16
Combination 45.20 +0.23 33.23 +0.19 132.83+0.75 51.95 + 0.90
F 1.72 6.88 5.87 0.69

P 0.14 0.02 0.03 0.28

Table 2. Gli1, Bcl-2, Bax and Cyclin D1 protein expression in each
group (means + standard deviation)

Groups Gli1 Bcl-2 Bax Cyclin D1

Lipofectamine 98.24 + 0.04 99.44 +0.15 97.29+0.04 93.40+0.48

24, 48 and 72 h after trans-
fection, 20 yL MTT (5 mg/ml)
was added, followed by addi-
tional incubation at 37°C for 4
h before discarding superna-
tants. Then, 150 uyL DMSO
was added to each well before
shaking gently for 10 minutes
to dissolve crystals. The
absorbance of each well was
measured at 570 nm using
microplate reader (AD340,
Beckman Coulter, Brea, CA,
USA). Survival rate of tumor
cells = absorbance of treat-
ment wells/absorbance of
control well x100%. The inhib-
itory rate of tumor cells =
1-survival rate of tumor cells.
The tests were performed in

Blank 93.39+0.01 98.30+0.13 95.34 +0.03 97.20 +0.26 triplicate.

t 0.79 0.90 1.33 2.27

p 0.47 0.41 0.25 011 Statistical analysis

siRNA-Gli1 51.70 £ 0.27 54.60 +2.33 108.65+1.70 33.03+3.60  The results were analyzed
BCNU 91.08 £ 0.06 64.70+0.78 105.23+1.70 98.06 £ 0.52 using SPSS 16.0 software
Combination  48.70 + 0.05 26.40 + 1.07 117.10 + 3.40 39.24+2.80  (IBM, Armonk, NY, USA). The
F 2.92 9.33 6.01 1.38 data were given in means
p 0.08 0.00 0.03 0.47 standard deviation. Differen-

Table 3. Cell apoptotic rate in each group
(means * standard deviation)

Apoptotic rate
(%)
0.53+0.82 1.02% 0.39

Groups F/t P

Lipofectamine

Blank 0.76 + 0.07

siRNA-Glil 22.32+0.39 745** 0.01
BCNU 12.87 £ 0.57 6.30*** 0.03
Combination 31.76 £+ 1.55 33.23* 0.00

Note: *, comparison between Lipofectamine and blank
groups; **, comparison between siRNA-Glil and Lipo-
fectamine groups; ***, comparison between BCNU and
blank groups; A, cross correlation comparison among
siRNA-Gli1, BCNU and the combination of both.

performed to determine apoptotic rate and cell
cycles. The percentage of cells in GO, G1 and S
phases was calculated. The tests were per-
formed in triplicate.

MTT assay

After treatments, log-phase cells were seeded
onto 96-well plates (1x103-10x10° cells per
well) and cultured at 37°C in 2.5% COz. At 12,

7766

ces between blank and
Lipofectamine groups were
compared using Student’s t-test. The effects of
the combination of BCNU and siRNA-GIi1l were
analyzed using 2x2 factorial design analysis of
variance. P value less than 0.05 was consid-
ered statistically significant.

Results

The combination of siRNA-Gli1 and BCNU
causes more severe damages to U251 cell
shapes compared with siRNA-Glil or BCNU
alone

To monitor the growth status of the cells, light
microscopy was used. The images showed that
U251 cells in blank and Lipofectamine groups
had adherent growth, polygonal shapes, even
distribution, and good refraction of light. By
contrast, cells in siRNA-Gli1 group began to die
at 24 h, and had significantly increased portion
of dead cells at 48 h. Of note, cells in BCNU and
combination groups began to die at 10 hand 7
h, respectively. In addition, the number of dead
cells in combination group at 24 h was greater
than that in BCNU at 24 h or that in siRNA-Gli1
at 48 h (Figure 1). These results suggest that

Int J Clin Exp Pathol 2015;8(7):7762-7773
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Table 4. Cell cycle ratios in each group (means + standard deviation)

cells, flow cytometry was

performed. The data sho-

Groups Gy/G, phase S phase wed that apoptotic rate in

Ratio (%) F/t P Ratio (%) F/t P Lipofectamine group was
Lipofectamine 52.39+0.38 1.61* 0.20 38.46+1.02 0.63* 0.55 not significantly different
Blank 49.90 + 0.80 40.06 + 1.43 from that in blank group
SRNAGIL 6105022 653** 0.03 31.09+0.28 545+« 004 after treatment for 48 h (P
BCNU 68.34+ 059 7.39%* 001 26.72 +1.64 9.09%++ 000  0-09)- In addition, SIRNA-

Combination 86.45+2.78 9.98* 0.00 11.09+0.54 6.18* 0.02

Gli1 or BCNU alone signifi-

Note: *, comparison between Lipofectamine and blank groups; **, comparison
between siRNA-Glil and Lipofectamine groups; ***, comparison between BCNU and
blank groups; A, cross correlation comparison among siRNA-Gli1, BCNU and the combi-

nation of both.

the combination of siRNA-Gli1 and BCNU
causes the most severe damages to U251 cell
shapes.

The combination of BCNU and siRNA-Gli1 al-
ters mRNA level and protein expression of Bcl-
2 and Bax, but not those of Glil and cyclin D1

To measure mMRNA levels and protein expres-
sion of Gli1, cyclin D1, Bcl-2 and Bax in U251
cells, semi-qRT-PCR and Western blotting were
performed, respectively. The data showed that
mRNA levels and protein expression of Glil,
cyclin D1, Bcl-2 and Bax were not significantly
different between blank and Lipofectamine
groups (P > 0.05). Cross correlation analysis of
siRNA-GIi1 and BCNU showed that they did not
have statistically significant effect on Glil
MRNA level and protein expression (F = 1.72
and 2.92, and P = 0.14 and 0.08, respectively).
Similarly, siRNA-GIi1 and BCNU had no statisti-
cally significant effect on cyclin D1 mRNA level
and protein expression (F = 0.69 and 1.38, and
P = 0.28 and 0.47, respectively). By contrast,
the combination of BCNU and siRNA-GIil sig-
nificantly reduced Bcl-2 mRNA level and protein
expression (F = 6.88 and 9.33, and P = 0.02
and 0.00, respectively), and significantly
enhanced Bax mRNA level and protein expres-
sion (F=5.87 and 6.01, and P=0.03 and 0.03,
respectively) (Figures 2 and 3; Tables 1 and 2).
The results indicate that the combination of
BCNU and siRNA-Gli1 alters mRNA level and
protein expression of Bcl-2 and Bax, but not
those of Glil and cyclin D1.

The combination of siRNA-Gli1 and BCNU pro-
motes U251 cell apoptosis

To examine the effect of the combination of
siRNA-Gli1 and BCNU on the apoptosis of U251
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cantly enhanced the apop-
tosis of U251 cells (P=0.01
and 0.03, respectively).
Furthermore, cross correla-
tion analysis of siRNA-Glil
and BCNU showed that the
combination of the two significantly increased
the apoptotic rate of U251 cells (P = 0.00)
(Table 3). These results suggest that the combi-
nation of siRNA-Gli1 and BCNU promotes U251
cell apoptosis.

The combination of siRNA-Gli1 and BCNU en-
hances the arrestment of U251 cells in GO/G1
phase

To determine cell cycles, flow cytometry was
employed. The ratios of cells in GO/G1 phase or
S phase were not significantly different between
blank and Lipofectamine groups (P > 0.05). In
addition, the ratio of cells in GO/G1 phase was
increased but the ratio of cells in S phase was
decreased in siRNA-Gli1 or BCNU group (P <
0.05). Moreover, cross correlation analysis of
siRNA-GIi1 and BCNU showed that the combi-
nation of the two significantly increased the
ratio of cells in GO/G1 phase and significantly
decreased the ratio of cells in S phase (P =
0.000 and 0.02, respectively) (Table 4). The
results indicate that the combination of siRNA-
Glil and BCNU enhances the arrestment of
U251 cells in GO/G1 phase.

The combination of siRNA-Gli1 and BCNU sig-
nificantly inhibits U251 cell proliferation

To test the proliferation of U251 cells, we per-
formed MTT assay. The data showed that the
absorbance values for blank and Lipofectamine
groups were dramatically increased at 24 h, 48
h, or 72 h, while those for siRNA-Gli1, BCNU
and combination groups were slightly increased
with time (Figure 4). In addition, proliferation
inhibitory rates in blank and Lipofectamine
groups were not significantly different from
each otherat 24 h, 48 h, or 72 h (P > 0.05). By
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Figure 4. U251 cell proliferation in blank, Lipo-
fectamine, siRNA-Glil, BCNU and combination
groups. For MTT assay, 20 yL MTT (5 mg/ml) was
added, followed by additional incubation at 37 °C for
4 h before discarding supernatants. Then, 150 pL
DMSO was added to each well before shaking gently
for 10 minutes to dissolve crystals. The absorbance
of each well was measured at 570 nm using micro-
plate reader (AD340, Beckman Coulter, Brea, CA,
USA). Survival rate of tumor cells = absorbance of
treatment wells/absorbance of control well x100%.
The inhibitory rate of tumor cells = 1-survival rate of
tumor cells.

contrast, the combination of siRNA-GIi1 and
BCNU had significantly hither proliferation
inhibitory rates at 24 h, 48 h, or 72 h (P = 0.04,
0.01 and 0.00, respectively). Of note, the prolif-
eration inhibitory rates for siRNA-Gli1, BCNU
and combination groups were increasing with
time (Table 5). These results suggest that the
combination of siRNA-Gli1 and BCNU signifi-
cantly inhibits U251 cell proliferation.

Discussion

Glioma is a type of tumor with strong heteroge-
neity. Gliomas of the same pathological classifi-
cation or cells from the same piece of glioma
tissue can be of significant differences. As a
result, gliomas exhibit different molecular path-
ological characteristics. The heterogeneity of
gliomas is also exhibited by their variable sensi-
tivities to chemotherapy drugs [1, 2, 12-14, 18,
19, 21, 22]. Most drugs were administered by
venous infusion, leading to inconsistent phar-
macokinetic and cytokinetic characteristics.
This may result in chemotherapy escape of qui-
escent cells, finally resulting in resistance to
chemotherapy drugs [12, 14, 19, 20]. The cells
that escape from chemotherapy have the capa-
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bility of differentiation and self-renewal, which
is essential for chemotherapy drug resistance
of gliomas [2, 12, 19-21, 23-28]. Therefore, the
efficacy of conventional nitrosourea drugs such
as BCNU is no greater than 20% [19-21, 27].

More and more studies show that gliomas can
generate chemotherapy drug resistance by
themselves [3, 12, 20, 27, 29]. The mecha-
nisms of chemotherapy drug resistance of glio-
mas include: i) binding failure between drug
and chemotherapy target caused by changes in
chemotherapy drug targeting doses and muta-
tions in target sites; ii) abnormal expression of
chemotherapy resistance gene and molecular
markers [18, 27]; iii) chemotherapy drug
decomposition and excretion enhancement
caused by abnormal mechanisms of drug
metabolism [2, 3, 14]; iv) differences in glioma
phenotype that affect the efficacy of chemo-
therapy [20, 23-25, 27, 29, 30].

Therefore, the combination of multiple treat-
ment methods may be a breakthrough for the
treatment of gliomas, including the combined
use of chemical drugs and molecularly targeted
therapy. Previous researches show that Glil
may be a molecular target for the treatment of
gliomas. In addition, Glil1 regulates apoptosis-
related factors Bcl-2 and Bax, as well as the cell
cycle factor cyclin D1. Of note, Bcl-2 and cyclin
D1 are the key points in the signaling pathways
of some tumors, and the effectors of some che-
motherapy drugs [2, 13, 31, 32].

The combination of targeted drugs and conven-
tional chemotherapy is also a hot area in the
future treatment of gliomas [16, 33, 34]. Cioca
et al. report that RNAI against c-raf and Bcl-2
induces apoptosis of leukemia cells, and
increases the sensitivity of the cells to chemo-
therapy drugs etoposide and daunorubicin
[95]. In the present study, siRNA-Glil that tar-
gets Glil is proven to inhibit the proliferation
and promote the apoptosis of U251 cells. In
addition, the combination of siRNA-Gli1 and
BCNU leads to more dead cells than siRNA-Glil
or BCNU according to observation under a light
microscope. Cell proliferation curves show that
the combination of siRNA-Gli1 and BCNU has
higher proliferation inhibitory rate than siRNA-
Gli1 or BCNU alone (P < 0.05). As an alkylating
agent, BCNU exhibits its cytotoxicity by damag-
ing DNA synthesis or inhibiting DNA polymerase
activity, leading to abnormal DNA structure and
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Table 5. Cell proliferation inhibitory rates (%) in each
group (means + standard deviation)

Groups 24 h 48 h 72 h
Lipofectamine 1.18 £0.01 1.15+0.03 2.25+0.04
Blank 0.00 £ 0.00 0.00+0.00 0.00+0.00
t 2.53 0.90 1.59
P 0.09 0.42 0.21
siRNA-Gli1 2491 +£0.01 43.07 £0.03 59.25+0.12
BCNU 20.83 £ 0.02 40.75+0.09 45.30 £ 0.05
Combination  37.51 +0.17 58.97 + 0.27 66.94 + 0.30
F 6.69 7.23 10.87
P 0.04 0.01 0.00

function that induce the release of cytochrome
C. The released cytochrome C activates cap-
sase cascade reactions that finally result in
apoptosis [12, 31]. Bax, a Bcl family member
that promotes apoptosis, can insert into the
membrane structure of mitochondria, forming
relatively large passageways that allow cyto-
chrome C to pass through to enter cytoplasm.
However, apoptosis-inhibiting factors Bcl-2 and
Bcl-XL can compete with Bax to bind mitochon-
drial permeability transition pore (mtPTP) to
inhibit apoptosis [35-37]. Therefore, the regula-
tion of apoptosis is dependent on the expres-
sion levels and ratio of Bcl-2 and Bax. The pres-
ent study shows that the combination of siRNA-
Gli1 and BCNU inhibits the proliferation of U251
cells and promotes U251 cell apoptosis (P <
0.05). We interpret these data to suggest that
RNA interference with Glil transcription down-
regulates the expression of Bcl-2 and up-regu-
lates the expression of Bax, leading to
enhanced release of cytochrome C that results
in caspase cascade reactions and then promot-
ed apoptosis. Studies indicate that overexpres-
sion of Bcl-2 endows cells with longer survival
periods, during which the chances for gene
mutations are dramatically increased, generat-
ing conditions suitable for the occurrence of
tumors [38, 39]. These observations suggest
that siRNA-Gli1 might inhibit the self-repair of
tumor cells after DNA damage by BCNU, and
thus promote the damaging effect of BCNU on
DNA, as well as tumor cells.

In physiological conditions, the activity of
Hedgehog signaling pathway is inhibited, Glil is
hydrolyzed by phosphorylation, and down-
stream cyclin D1 and c-Myc show low transcrip-
tion levels [12]. During the occurrence of can-
cer, Hedgehog pathway is abnormally activated,
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and positive and negative feedbacks are out
of order, leading to the binding of Glil with its
down-stream gene promoter region that
causes abnormal transcription and expres-
sion, and maintains the activated status of
tumor cell proliferation [6, 7, 35-37, 40-46].
Researches on tumor cell cycles suggest that
disordered cell cycle leads to abnormal cell
proliferation and tumorigenesis [35-37,
44-46]. More studies show that cyclin D1 can
lead to a series of target gene transcriptions
related to S phase, shortening G1 phase and
bringing S phase forward. These will result in
abnormal initiation, progression and termina-
tion of cell cycles that promote cell prolifera-
tion and inhibit cell apoptosis, finally leading to
cancer [2-5]. Consistent with previous reports
[15, 28, 47], the present study demonstrates
that BCNU inhibits the entrance of U251 cells
into S phase. After BCNU treatment, the ratio of
cellsin GO/G1 phase was significantly increased
(P < 0.05), while that in S phase was significant-
ly reduced (P < 0.05). In addition, the combina-
tion of siRNA-GIi1 and BCNU showed even more
significant inhibitory effect on U251 cell cycles
(P < 0.05). Our study also shows that siRNA-
Glil down-regulates cyclin D1 expression by
interfering with Glil transcription, and arrests
the cells in GO/G1 phase. However, there has
been no evidence on the inhibition of cyclin D1
expression by BCNU, or proof for the down-reg-
ulation of cyclin D1 expression by siRNA-Glil
assisted by BCNU. These facts suggest that
BCNU may interfere with cell cycles by regulat-
ing cell cycle factors other than cyclin D1.

Multidrug resistance (MDR) is one of the most
important defense mechanisms against che-
motherapy drugs in tumor cells. MDR is the
result of the overexpression of MDR-1 gene
that is located on human chromosome 7. The
overexpression of MDR-1 gene in malignant
tumors is related to the degree of malignancy
of the tumor. For example, Linassier et al. report
that resistance to nitrosourea and podophyllo-
toxin derivatives is highly consistent with
MDR-1 expression [34, 48]. Most researchers
believe that abnormally high expression of
MDR-1 exists in gliomas [34, 48], and RNAI
technique provides beneficial ways for the
treatment of gliomas by reversing MDR [43].
Zhao et al. inhibited the expression of MDR-1
gene in glioma BT325 cells and found that the
sensitivity of the cells to chemotherapy drugs
adriamycin and vincristine was enhanced.

Int J Clin Exp Pathol 2015;8(7):7762-7773
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Base excision repair pathway is another impor-
tant pathway for drug resistance of alkylating
agents, and its mechanism is related to the
DNA products of automatic repair of O0°-
alkylguanine-DNA alkyltransference (0%-AGT) in
tumor cells. BCNU can kill tumor cells, but
tumor cells can reverse the damages of DNA
caused by BCNU via 05-AGT, eliminating the
sensitivity of proliferated cells to chemotherapy
drugs such as BCNU [20, 27, 48-50]. Consistent
with these observations, our study also sug-
gests that siRNA-Glil possibly inhibits the self-
repair of tumor cells against DNA damages
caused by BCNU.

As one of the most important methyltransfer-
ases that repairs DNA damages, 0°-methy-
Iguanine-DNA methyltransferase (MGMT) di-
rectly participates in the repair of 08-meth-
ylguanine (0%-mG) damages in DNA sequence.
The promoter of MGMT contains abundant gua-
nines and cytosines at 5-untranslated region
and the first exon region, which is called CpG
islands (CGls). In the genomes of healthy peo-
ple, the CpG sites within CGls are usually
unmethylated, but those outside CGls are usu-
ally methylated [51-53]. In normal cells, the
CGls in the promoter region of tumor suppres-
sor genes are in little or no methylation status,
and tumor suppressor genes are open and con-
tinuously expressed to inhibit tumor occur-
rence. By contrast, the CGls in this region in
tumor cells are highly methylated and tumor
suppressor gene expression is turned off, final-
ly leading to tumorigenesis. Researches show
that MGMT expression status is mainly depen-
dent on the methylation of promoters, and is
closely related to the occurrence, development,
proliferation, and chemotherapy resistance of
tumors [13, 51, 53-55]. Hypermethylation of
promoter CGls alters the spatial configuration
of MGMT, affects its capacity of binding to tran-
scription factors, and inhibits the expression of
MGMT [51, 52]. If abnormal structure and func-
tion of MGMT occur, GC and AT pairs may be
wrongly matched, leading to the activation of
oncogenes and deactivation of tumor suppres-
sor genes [51-53]. Some researchers report
that nuclear factor-kappa B (NF-kB) can be acti-
vated by MGMT. NF-kB can regulate multiple
gene transcription factors that are related to
inflammation, cell cycle, apoptosis, malignancy,
and tissue proliferation [28, 32, 56]. Activated
NF-kB stimulates the activation of Bcl-2. The
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formation of Bcl-2/NF-kB complex suppresses
the occurrence of apoptosis by inhibiting the
activation of caspase, preventing release of
cytochrome C and antagonizing Bax [38, 45,
57-59]. It is a pity that we did not investigate
the expression of MGMT and NF-kB, but it is
still worth investigating the expression of
MGMT after combined treatment with chemo-
therapy drugs and RNA interference on the
expression of key factors in the future. In con-
clusion, the combined treatment with siRNA-
Gli1 and BCNU significantly inhibits the prolif-
eration and promotes the apoptosis of glioma
U251 cells, possibly by the up-regulation of Bax
and the down-regulation of Bcl-2. The mecha-
nism by which the combination of siRNA-Glil
and BCNU enhances the inhibition of cell
cycles, but does not down-regulate the expres-
sion of cell cycle protein cyclin D1, still needs
further investigations. The present study dem-
onstrates that the combination of RNAi of Glil
with BCNU is more effective in inhibiting the
proliferation of glioma cells, providing a theo-
retical basis for the treatment of gliomas using
the combination of molecularly targeted thera-
py and chemotherapy drugs.
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