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Abstract. The present study was designed to investigate the rela-
tionship between tropomyosin 1 (TPM1) and radioresistance in 
human U251 cells. Radioresistant U251 (RR-U251) cells were 
established by repeated small irradiating injury. TPM1 levels 
in the U251 and RR-U251 cells were inhibited by transfection 
with TPM1-short hairpin RNA (shRNA) while overexpres-
sion was induced by treatment with pcDNA3.1‑TPM1. The 
radiosensitivity of the U251 and RR-U251 cells and the 
plasmid-transfected cells was evaluated by cell viability, migra-
tion and invasion assays. Cell apoptosis was also examined 
in vitro. The radiosensitivity of U251 xenografts was observed 
by tumor growth curve after radiotherapy in an in vivo experi-
ment. Western blotting and immunohistochemistry were used 
to detect the level of TPM1 in vivo. The expression of TPM1 
was significantly decreased in the RR-U251 cells, which may 
be correlated with the radioresistance of the glioma U251 cells. 
In the TPM1-silenced RR-U251 and TPM1-silenced U251 
cells, cell viability, migration and invasion ability were signifi-
cantly increased, and the rate of cell apoptosis was decreased. 
Consistent with these results, in the TPM1-overexpressing 
U251 and RR-U251 cells, cell viability, migration and invasion 
abilities were markedly decreased, and increased apoptosis 
was noted when compared to the control group. Tumor growth 
of the U251 xenografts was significantly inhibited following 
treatment with pcDNA3.1‑TPM1 combined with radiotherapy. 
Taken together, these results indicate that TPM1 may be one 
mechanism underlying radiation resistance, and TPM1 may 
be a potential target for overcoming the radiation resistance in 
glioma.

Introduction

Malignant gliomas, the most common primary brain tumors, 
are highly invasive and neurologically destructive neoplasms 
with an extremely poor prognosis due to limitations in the 
complete surgical resection of the mass and the limited 
activity of present therapeutic agents (1-3). The median length 
of survival of patients receiving no further therapy is usually 
<1 year from the time of diagnosis (4). Yet, surgical treatment 
alone does not affect the median length of survival, while 
radiotherapy has been shown to prolong the median survival 
for 6-8 months  (5). Hence, radiation therapy continues to 
play a central role in the management of brain tumors (6,7). 
Unfortunately, most patients receiving radiation therapy still 
develop tumor recurrence in the proximity of the primary site. 
Recent studies have reported that glioblastoma (GBM) recur-
rence hampers effective treatment.

Determining the cellular, molecular and biochemical 
mechanisms underlying radiation resistance is critical for the 
successful treatment of glioma tumors (8,9).

Tropomyosins (TMs) are found as a family of actin filament 
binding proteins in skeletal muscle. The TM family is divided 
into two major groups: high-molecular‑weight (HMW) and  
low-molecular-weight (LMW) TMs. Tropomyosin 1 (TPM1) 
is a gene that encodes isoforms of the HMW TMs  (10). 
HMW TM isoforms are downregulated in various types of 
tumors, such as breast, urinary bladder and neuroblastoma 
tumors (11-14). HMW TMs can regulate the proliferation, 
motility, invasion and metastasis of tumor cells (15). TPM1 is 
the most important TM in breast cancer, where it functions as 
a suppressor of cell transformation (16). However, the status 
and significance of TPM1 expression in glioma have never 
been investigated.

In the present study, we were able to go beyond a simple 
correlation between TPM1 and radioresistance. These results 
should encourage future research on gene therapy as potential 
anticancer agents in glioma.

Materials and methods

Establishment of radioresistant U251 (RR-U251) cells. U251 
cells were irradiated as a monolayer culture by γ-rays of a 60Co 
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source at 0.5 Gy/min for 10 min each time until the accumula-
tion was 60 Gy.

Cell culture. The human glioma U251 cells were obtained 
from KeyGene (Nanjing, China). All cells were grown in 
Dulbecco's modified Eagle's medium (DMEM) containing 
10% fetal bovine serum, penicillin (100 U/ml), and strepto-
mycin (100 µg/ml) in a 5% CO2 incubator at 37˚C.

Preparation of short hairpin RNA (shRNA) and pcDNA3.1‑TPM1. 
According to the target sequences of the TPM1 gene (gene ID: 
7168), interferential sequence TPM1‑shRNA was designed. 
The TPM1 shRNA sequences were: 5'-CAC CGG AAG ACA 
GAT ATG AGG AAG ATT CAA GAG ATC TTC CTC ATA 
TCT GTC TTC CTT TTT TG-3' (forward) and 5'-GAT CCA 
AAA AAG GAA GAC AGA TAT GAG GAA GAT CTC 
TTG AAT CTT CCT CAT ATC TGT CTT CC-3' (reverse). 
Oligonucleotides were synthesized by GenePharma Company 
(Shanghai, China), and scrambled shRNA sequences served as 
the negative control. pcDNA3.1‑TPM1 was also obtained from 
the GenePharma Company.

Transfection. Transient transfections were performed using 
Lipofectamine 2000 according to the manufacturer's instruc-
tions (Invitrogen). Briefly, U251 or RR-U251 cells  (5x106) 
were plated in a 6-well plate supplied with 2 ml medium 
for 24 h. The cells were then washed twice with serum- and 
antibiotic-free DMEM. Plasmids/negative control plasmid and 
Lipofectamine 2000 were premixed for 25 min and applied 
to the cells in 2 ml of serum- and antibiotic-free DMEM. 
After 6 h, the serum- and antibiotic-free DMEM was replaced 
with 2 ml of complete medium. The positively transfected 
cells were selected in the presence of the neomycin-analogue 
G418 (400 mg/ml).

Irradiation. The normal U251 and RR-U251 cells, transfected 
with shRNA-TPM1 or pcDNA3.1-TPM1 or the untreated cells 
were irradiated with a range of single doses of 5 Gy of γ-rays 
using a 60Co self-shielded irradiator at a dose rate of 0.5 Gy/
min. All irradiations were performed at room temperature. 
After irradiation, the culture plates were returned to the incu-
bator and maintained at 37˚C.

Western blot analysis. Cells were lysed, and equal amounts of 
protein were electrophoresed on a 12% SDS-polyacrylamide 
gel and subsequently transferred to polyvinylidene fluoride 
(PVDF) membranes. The membranes were blocked in 5% 
skim milk in phosphate-buffered saline (PBS) containing 
0.1% Tween-20 (PBST) for 1 h at room temperature. The 
membranes were incubated with the following primary anti-
bodies at 4˚C overnight: TPM1 (1:400, ab55915; Abcam, Hong 
Kong, SAR, China) and α-tubulin (1:500; Beijing Biosynthesis 
Biotechnology, China). The membranes were then washed 
3 times with PBST, and incubated with horseradish peroxi-
dase (HRP)‑conjugated secondary antibody (1:2,000; Beijing 
Biosynthesis Biotechnology) for 45 min at room temperature. 
After three PBST washes, the membranes were developed 
using ECL Plus (Millipore, MA, USA) and exposed to X-ray 
film for visualization of the protein bands. α-tubulin was used 
as an internal loading control.

Cell proliferation assay. Cell viability was assayed by the 
MTT assay. After radiotherapy, the cells were seeded on a 
96-well plate at 1x104 cells/well and incubated for 48 h. Then, 
5 mg/ml MTT was added into each well for 4 h. The superna-
tants were carefully aspirated, and the formazan crystals were 
dissolved using dimethyl sulfoxide (DMSO). Absorbance was 
measured at 570 nm with a microplate reader. The results were 
representative of the relative survival rate. The relative cell 
survival rate was measured by the formula:
Cell viability (100%) = ODtreatment/ODcontrol x 100% (formula 1).

Wound-healing experiments. The wound-healing assay was 
used to evaluate cell migration ability. After radiotherapy, 
U251 and RR-U251 cells treated with TPM1-shRNA or 
pcDNA3.1‑TPM1 were seeded on 6-well plates. After 24 h, 
when the cells were grown to 90-100% confluency, wounds 
were generated in the cells by scraping with a plastic tip across 
the cell monolayer. Phase-contrast images were recorded at the 
time of wounding (0 h) and at 24 h thereafter. Negative trans-
fected cells served as controls. The mobility was calculated by 
the formula:
Migration ratio = (Width0  h - Width24 h)/Width0 h x 100% 
(formula 2).

Measurement of cell invasiveness. Cell invasiveness was 
examined using 6-well Transwell chambers and a reconsti-
tuted extracellular matrix membrane (Matrigel, USA). The 
cell invasion chambers were prepared by placing 100 µl of a 
1:8 dilution of Matrigel onto the filter, and incubating the filter 
at 37˚C for 30 min to allow Matrigel polymerization. After 
radiotherapy, the cells were resuspended at 5x105 cells/ml in 
serum-free medium. Afterwards, 200 µl of cell suspension 
from each treatment group was added to the upper chambers. 
The chambers were incubated for 24 h in 37˚C with 5% CO2. 
The filters were then fixed in anhydrous ethanol and stained 
with crystal violet. The upper surfaces of the filters were 
scraped twice with cotton swabs to remove the non-migrated 
cells. The experiments were repeated in triplicate wells, and 
the migrated cells were counted microscopically (x200) in five 
different fields per filter.

Apoptosis assays. After radiotherapy, apoptosis was detected 
using the Annexin V-FITC Apoptosis Detection kit (KeyGene, 
Nanjing, China). The results are expressed as the percentage of 
apoptotic cells in all counted cells.

Xenograft model and treatment protocol. Female BALB/c 
nu/nu (athymic nude) mice (5-6 weeks of age) were obtained 
from Yangzhou University Animal Laboratory (China) and 
maintained on a 12-h light/12-h dark cycle, with food and water 
supplied ad libitum. U251 and RR-U251 cells (2x106 cells in 
150 µl PBS) were inoculated subcutaneously into the right 
flank of the mice. The tumors were allowed to grow to an 
average volume of 200 mm3 prior to initiation of therapy 
as described, then the tumor-bearing mice were randomly 
divided into 4 groups (U251, pcDNA-TPM1 U251, RR-U251 
and pcDNA‑TPM1 RR-U251; n=6 mice/group). Tumor size 
was determined by caliper measurement of two perpendicular 
diameters of the implant once every two days. Tumor volume 
was estimated by the formula a x b2/2, where ‘a’ is the long 
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diameter and ‘b’ is the short diameter (in mm). All protocols 
were approved by the Ethics Committee.

In vivo electrotransfection. Tumors were treated with an intra-
tumoral injection of 20 µl pcDNA-TPM1 and immediately 
thereafter electric pulses were applied (8 square wave pulses 
of amplitude 240 V; amplitude over distance ratio 600 V/cm; 
duration 5 msec at frequency 1 Hz). Electric pulses were gener-
ated by electric pulse generator GT-01 (Faculty of Electrical 
Engineering, University of Ljubljana, Slovenia) and deliv-
ered through 2 parallel stainless steel electrodes with 4 mm 
distance between them. After 48 h, all groups receive 5 Gy 
radiotherapy. After 48 h, the next round of electrotransfection 
began. After 20 Gy radiotherapy, the mice were sacrificed, 
and the tumors were removed and submerged in 10% neutral 
buffered formalin for immunohistochemical analysis.

Immunohistochemistry. From each experimental group, 2 
or 3 mice were sacrificed at day 2 post-treatment, and the 
tumors were excised. The tumors were fixed in IHC zinc fixa-
tive (BD Pharmingen and BD Biosciences) and embedded in 
paraffin. The immunohistochemical staining sections were 
incubated with rabbit polyclonal antibodies against murine 
TPM1 (ab55915; Abcam, Cambridge, MA, USA) at a dilution 
1:300. A peroxidase-conjugated streptavidin-biotin system 
was used as the colorogenic reagent followed by hematoxylin 
counterstaining. The immunohistochemically stained slides 
were observed under light microscopy and from each slide 
6 images of randomly selected areas of viable tumor tissue 
were captured with a camera.

Statistical analysis. Data were analyzed using the SPSS 17.0 
software and are presented as mean ± standard deviation (SD). 
Statistical analysis was carried out using one-sample Student's 
t-test to compare differences between the treated cells and 
their appropriate controls. P<0.05 was considered to indicate a  
statistically significant result.

Results

Establishment of the RR-U251 cells. RR-U251 cells were 
established from normal U251 cells, irradiated by a 60Co 
source at 0.5 Gy/min for 10 min each time until the accumu-
lation was 60 Gy. Then the radiosensitivity was characterized 
by measuring the cell viability and apoptosis, and migration 
and invasion ability after radiotherapy. The results showed 
that the cell viability was significantly increased in the 
irradiation‑treated RR-U251 cells compared with the normal 
U251 cells (Fig. 1A). Similar results were also observed for 
the cell migration (Fig. 1B) and invasion assays (Fig. 1C). 
After radiotherapy, the cell apoptosis rate was higher in 
the U251 cells than that in the RR-U251 (Fig. 1D). All the 
results indicated that the radiosensitivity was decreased in 
the RR-U251 cells.

Modulating TPM1 expression by transfection. U251 and 
RR-U251 cells were transfected with the shRNA-TPM1 or 
pcDNA3.1-TPM1 duplexes to modulate the expression of 
TPM1. As shown in Fig. 2, the normal U251 and RR-U251 
cells transfected with the shRNA-TPM1 duplexes showed a 
significantly lower expression of TPM1 as compared with the 

Figure 1. Establishment of the RR-U251 cells. After radiotherapy, (A) cell viability was evaluated in the U251 and RR-U251 cells. (B) Cell migration and (C) 
invasion abilities were assessed in the U251 and RR-U251 cells. (D) Cell apoptosis was examined in the U251 and RR-U251 cells. Data are representative of 
three independent experiments.
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Figure 3. Effect of TPM1 on the proliferation of U251 and RR-U251 cells. (A) U251 and (B) RR-U251 cells transfected as indicated (control, TPM1 overex-
pressing group or TPM1-shRNA group) were treated by 60Co once. After 48 h, the proliferation ratio was determined by MTT assay. Data are representative 
of three independent experiments.

Figure 2. Modulation of the TPM1 expression in U251 and RR-U251 cells. Cells were transfected with GFP-shRNA or pcDNA3.1-TPM1. Western blotting 
was used to detect protein expression of TPM1 after transfection in the (A) U251 and (C) RR-U251 cells (C). Bar graphs show the level of TPM1 protein in 
the (B) U251 and (D) RR-U251 cells. α-tubulin served as the loading control. Relative expression of TPM1 was determined by densitometry. Each experiment 
was performed three times.

Figure 4. Analysis of cell apoptosis in the U251 and RR-U251 cells. U251 and RR-U251 cells transfected as indicated (control, TPM1 overexpressing group or 
TPM1-shRNA group) were treated by 60Co once. Cells were then analyzed by flow cytometric analysis.
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expression in the cells transfected with an irrelevant sequence 
control (P<0.05). The cells transfected with the high expression 
plasmid, pcDNA3.1‑TPM1, showed a higher TPM1 expression 
as compared with the expression in the controls as confirmed 
by western blotting (P<0.05).

Radiotherapy and cell viability. In the present study, the cells 
were exposed to 5-Gy of γ-rays to investigate the effects on 
cell proliferation. There are no previous studies on the relation-

ship between TPM1 and radiotherapy in glioma. The results 
demonstrated that RR-U251 and U251 cells transfected with 
TPM1-shRNA exhibited a significant increase in cell viability 
compared with the controls (P<0.05, Fig. 3). On the contrary, 
upregulation of TPM1 decreased cellular proliferation in the 
U251 cells when compared with that in the RR-U251 cells 
(P<0.05). These results demonstrated that TPM1-shRNA 
promoted cellular proliferation in the glioblastoma cells and 
decreased the radiosensitivity.

Figure 5. Effect of TPM1 on U251 cell migration and invasion ability. (A) U251 and (B) RR-U251 cells transfected as indicated (control, TPM1 overexpressing 
group or TPM1-shRNA group) were treated by 60Co once. The monolayer cells were scratched using the tip of a 10 µl pipette to create the wound line. 
Images were captured at 0 and 24 h at the same site using a fluorescence microscope. (C) U251 and RR-U251 cells transfected as indicated (control, TPM1 
overexpressing group or TPM1-shRNA group) were treated by 60Co once. The cell invasion ability was evaluated by the Transwell culture chamber system. 
Each experiment was performed three times.
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Radiotherapy and TPM1 induce apoptosis in the glioma 
cells. To confirm that the expression of TPM1 is associated 
with apoptosis, we examined the apoptosis of the cells by 
flow cytometry. The results obviously demonstrated that after 
5 Gy radiation there was a significant decrease in apoptosis in 
the RR-U251 and U251 cells transfected with TPM1-shRNA 
compared with the cells transfected with the control (P<0.05). 
In contrast, upregulation of TPM1 increased the apoptosis of 
the cancer cells, while U251 cells showed an increase in apop-
tosis compared with the RR-U251 cell group (P<0.05, Fig. 4). 
These data confirm that TPM1 plays an apoptotic role in 
glioblastoma cells.

Radiotherapy and cell migration and cell invasion ability. To 
examine whether modulation of TPM1 affects the migration 
and invasion capacity of glioblastoma cells, wound healing and 
Transwell assays were conducted. The results clearly revealed 
that the absence of TPM1 also increased the migration of the 
U251 cells compared with the RR-U251 cells (P<0.05, Fig. 5A 
and B). We also found identical effects of TPM1‑shRNA 
exerted on the RR-U251 cell line compared with the control 
group (P<0.05, Fig. 5B). In the rescue experiment, overexpres-
sion of TPM1 obviously inhibited the invasion and migration 
of the glioma cells. In parallel, U251 cells transfected with 

TPM1‑shRNA exhibited enhanced invasive ability compared 
with the control group (P<0.05, Fig. 5C). In addition, the inva-
sive ability of the RR-U251 cells was increased when compared 
with the U251 cells. These results above strongly suggest that 
TPM1 is an important factor involved in the migration and 
invasion of glioblastoma cells .

Radiotherapy and TPM1 in the tumor xenografts. To examine 
the effect of TPM1 on radiosensitivity, the nude mouse tumor 
volumes were determined. As shown in Fig. 6, overexpression 
of TPM1 reduced the tumor volume. The immunohisto-
chemistry and western blotting results also verified that after 
pcDNA3.1‑TPM1 treatment the level of TPM1 was higher than 
that in the control groups. However, there was no significant 
difference between the U251 and RR-U251 groups in the 
in vivo experiment, which requires further in-depth study.

Discussion 

Human gliomas are one of the most aggressive and malignant 
types of cancers, and present a great challenge for medical 
personnel due to the poor prognosis and frequent recurrence. 
At present, the main therapeutic method for glioma is radio-
therapy. However, the efficacy of this therapeutic modality 

Figure 6. Effect of pcDNA3.1-TPM1 transfection together with irradiation on the growth of U251 cell xenografts in nude mice. Six mice were used for each 
group. Every two days, TPM1-shRNA was electroporated and mice were administered a radiation dose of 20 Gy. The two perpendicular diameters were 
measured every two days and tumor volume was estimated. (A) The curve of tumor growth was plotted according to tumor volume. (B) Tumor in a nude. (C) 
Immunohistochemistry and (D) western blotting were used to detect to protein expression of TPM1 in the different tumors transfected with TPM1‑shRNA. 
α-tubulin served as the loading control. Relative expression of TPM1 was determined by densitometry. Each experiment was performed three times.
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is often limited by the occurrence of radioresistance. Thus, 
extensive study has been conducted in the area of radioresis-
tance (17).

Multiple factors limit the efficacy of radiation. These 
include changes in the cell cycle distribution, activation of 
oncogenes, and inactivation of tumor-suppressor genes (18-20). 
Another potential reason for the inefficacy of radioresistance 
may be the occurrence of glioma stem cells (21,22). TPM1 
functions as a tumor-suppressor gene. Several studies have 
reported that high-grade tumors of the breast, prostate, bladder 
and brain express significantly lower levels of HMW TMs 
compared to normal tissues (10,23). In our previous study, we 
found that in RR-U251 cells, the expression of TPM1 was low 
suggesting that deregulation of TPM1 can lower the efficacy 
of radiotherapy.

Radioresistance can be a consequence of a deregulated 
cell cycle, altered rate of apoptosis, or altered frequency of 
DNA repair (24-26). A previous study revealed that evasion 
of apoptosis is one of the hallmarks of glioblastoma (27) and 
also contributes to chemoresistance or radioresistance since 
therapy-induced cytotoxicity is mediated, to a large extent, 
by induction of cell death, including apoptosis in cancer 
cells (28). Our data found that transfection with shTPM1 in the 
cancer cells inhibited apoptosis and mediated radioresistance. 
However, radiation is also able to stimulate other important 
signaling pathways which regulate cell survival, proliferation 
and apoptosis (29,30). To date, the specific signaling pathway 
involved in the effect on radiotherapy for unresectable glioma 
remains unknown.

The actin cytoskeleton plays an important role in the 
regulation of cell proliferation, apoptosis, cell migration, 
invasion and anchorage-independent growth. Actin filament 
dynamics and reorganization are spatiotemporally regulated 
by numerous actin-binding proteins and upstream signaling 
molecules, which cooperatively control the assembly and disas-
sembly of actin filaments, and construction and destruction of 
actin filament-based supramolecular cytoskeletal structures, 
such as filopodia, lamellipodia, invadopodia, stress fibers and 
cortical actin networks (31-33). Actin filament dynamics and 
reorganization are necessary for the formation and progres-
sion of tumors, as well as recurrence and metastasis. TMs are 
actin-stabilizing proteins consisting of two α-helical chains 
arranged as a coiled-coil that bind along actin filaments and 
prevent the binding of actin-destabilizing proteins such as 
cofilin and gelsolin (34,35). TMs influence cell migration 
and invasion (36,37), and extensive invasion is one of the key 
features of glioma, and is often associated with a high inci-
dence of post-resection recurrence and poor prognosis (38). 
Our data also suggested that silencing of TPM1 induces cancer 
cell migration and invasion, which influence the efficacy of 
radiotherapy.

Importantly, in the in vivo experiment, overexpression of 
TPM1 inhibited tumor growth. Yet, there was no significant 
difference between the U251 and RR-U251 cells. This indi-
cates a new study dimension.

In summary, silencing of the TPM1 gene induced 
proliferation, migration, invasion and apoptosis of human glio-
blastoma, which indirectly influenced the radiosensitivity. We 
firstly revealed the crucial role of TPM1 in the radiotherapy of 
human glioblastoma cells. These conclusions were consistent 

with our previous assumptions. Unfortunately, many impor-
tant questions remain unanswered. The mechanism underlying 
the TPM1 and radioresistance requires further investigation. 
In addition, the reason for the discrepant results in the in vitro 
and in vivo study requires further research.
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