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Abstract. X-ray-based radiotherapy is one of the most 
effective therapeutic strategies for breast cancer patients. 
However, radioresistance and side-effects continue to be the 
most challenging issues. B-cell translocation gene 1 (BTG1) 
is a member of the BTG/Tob family, which inhibits cancer 
growth and promotes apoptosis. We, therefore, hypothesized 
that BTG1 plays an important role in the radiosensitivity of 
breast cancer cells. In the present study, breast cancer cell 
lines that stably overexpressed BTG1 were used to investigate 
the effects of BTG1 on cell radiosensitivity in vitro. We found 
that overexpression of BTG1 enhanced the radiosensitivity 
both of p53-mutant breast cancer MDA-MB-231 cells and p53 
wild-type breast cancer MCF-7 cells. We also found that over-
expression of BTG1 along with irradiation induced cell cycle 
G2/M phase arrest, promoted the formation of reactive oxygen 
species (ROS), increased the rate of chromosomal aberrations 
and increased cell apoptosis. Further investigation indicated 
that BTG1 overexpression along with irradiation was involved 
in inhibition of the PI3K/Akt signaling pathway. Importantly, 
the finding that BTG1 promoted ionizing radiosensitivity of 
breast cancer cells in vitro was confirmed in an animal model. 
Taken together, our data suggest that BTG1 overexpression 
combined with radiation therapy increases the therapeutic 
efficacy of breast cancer treatment via regulation of the cell 
cycle and apoptosis-related signaling pathways.

Introduction

Breast cancer is the most common female cancer and one of 
the leading causes of cancer-related deaths worldwide with a 
relatively high incidence rate (1,2). Surgery, chemotherapy and 
radiotherapy are the traditional therapeutic methods for the 
treatment of breast cancer, and radiotherapy is an important 
adjuvant therapy for breast cancer patients (3).

However, resistance to radiotherapy often results in 
treatment failure, particularly for loco-regional recurrence. 
Tumor-suppressor genes that regulate the cell cycle and induce 
cell apoptosis can reverse the radiation resistance of cancer 
cells (4,5).

B-cell translocation gene 1 (BTG1) is a tumor-suppressor 
gene, and belongs to the antiproliferative gene family 
comprising pheochromacytoma cell-3, tetradecanoyl phorbol 
acetate‑inducible sequence 21, BTG3, transducer of ERBB2, 1 
(TOB1) and TOB2 (6,7). Proteins encoded by members of this 
gene family induce growth arrest or apoptosis in a variety of 
cell systems (8). Overexpression of BTG1 has been found to 
inhibit proliferation during normal erythroid differentiation (9) 
and induce cell cycle arrest or apoptosis in several cell types, 
including NIH3T3 murine fibroblasts  (10), myoblasts  (11) 
and microglia  (12). BTG1 is also essentially expressed in 
many types of tumor cells and inhibits the proliferation of 
a variety of cancer cells. Recent studies have demonstrated 
that BTG1 protein levels are significantly reduced in breast 
cancer and are associated with the pathogenesis and progres-
sion of breast carcinomas  (13). Overexpression of BTG1 
inhibited breast cancer cell invasion and metastasis both 
in vitro and in vivo (14). Downregulation of BTG1 by miR-
454-3p enhanced cellular radiosensitivity in renal carcinoma 
cells due to the role of BTG1 in cell cycle progression (15). 
Importantly, we reported that in breast cancer cells, BTG1 
inhibits cell growth through induction of cell cycle arrest and 
apoptosis (16). We, therefore, hypothesized that BTG1 plays 
an important role in the radiosensitivity of breast cancer cells. 
Thus, the present study was undertaken to evaluate the effect 
of BTG1 along with X-ray irradiation on breast cancer cell 
(MDA-MB-231 and MCF-7) colony formation, cell cycle 
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distribution and apoptosis in vitro. Furthermore, we examined 
whether these changes are also observed in vivo using a nude 
mouse model.

Materials and methods

Cell culture. Human breast cancer MCF-7 and MDA-MB‑231 
cell lines were obtained from the Shanghai Cell Bank 
(Shanghai, China). The stable cell lines MDA-MB-231/BTG1, 
MDA-MB-231/Neo, MCF-7/BTG1 and MCF-7/Neo which 
overexpressed BTG1 and control cell lines were preserved 
in our laboratory (16), and were maintained in Dulbecco's 
modified Eagle's medium (DMEM) (Gibco‑BRL, USA) 
supplemented with 10% fetal bovine serum (FBS) and were 
cultured in an incubator at 37˚C with 5% CO2.

Irradiation. The cells were irradiated with different doses 
of 0, 0.5, 1, 3, 6 and 9 Gy rays using a Primus High-Energy 
Siemens irradiator at a dose rate of 200 cGy/min at room 
temperature.

Colony formation assay. For the colony formation assay, 
transfected overexpression and control cells were plated in 
60-mm culture dishes at a cell density of 2x103 for 24 h. Cells 
were exposed to 0, 0.5, 1, 3, 6 and 9 Gy doses of irradiation 
and then incubated at 37˚C for 2 weeks post-irradiation. Cells 
were fixed with methanol and stained with Giemsa solution. 
Colonies containing >50 cells were counted. Colony forming 
efficiency  =  number of colonies formed/number of cells 
plated. A multi-target click model [S = 1 - (1 - e-D/D0)N] was 
applied to delineate the survival curve; D0, lethal dose. Then, 
Dq (quasi‑threshold dose) = D0 x LN (N) was calculated.

Flow cytometric analysis of cell cycle distribution and apop-
tosis. For the cell cycle assay, transfected overexpression and 
control cells were plated into 6-well plates at a cell density of 
5x105 and allowed to attach overnight. Cells were exposed to 0, 
1, 3, 6 and 9 Gy doses of radiation, incubated at 37˚C for 24 h 
post-irradiation and then fixed with 70% ice-cold ethanol at 
4˚C overnight. Fixed cells were washed with PBS and stained 
with propidium iodide (100 µg/ml) for 30 min in the dark 
before analysis. The cell cycle profiles were assayed using 
the FACSCan ESP flow cytometer at 488 nm, and data were 
analyzed using MultiCycle software (BD Biosciences, USA). 
For analysis of apoptosis, cells were exposed to a 3 Gy dose of 
irradiation and were then incubated at 37˚C for 24 h post‑irra-
diation and processed as described in the Annexin V-FITC 
apoptosis detection kit (BD Biosciences) and analyzed on a 
FC500 flow cytometer.

Western blot analysis. Protein concentration was determined 
with a protein assay. Equal amounts of protein were separated 
using 10% SDS-PAGE gel electrophoresis, transferred onto 
nitrocellulose membranes and blocked with 5% skimmed 
milk. Following blocking, the membranes were incubated with 
antibodies against β-actin, cyclin B1, p-p53, AKT, p-AKT, 
Bcl-2 and Bax and were then incubated with HRP-conjugated 
anti-mouse or anti-rabbit IgG antibodies (both from Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). Protein bands 
were visualized with ECL solution.

DCFH-DA fluorescence probe analysis of reactive oxygen 
species (ROS). Transfected overexpression and control cells 
were plated into 6-well plates at a cell density of 1x105 and 
allowed to attach overnight. Cells were exposed to a 3 Gy dose 
of irradiation and were then incubated at 37˚C for 0.5, 1, 2, 4 
and 24 h post-irradiation. Cells were harvested, resuspended 
in 100 µl PBS and 50 µl chloromethyl-2',7'-dichlorofluorescein 
diacetate (50 µM DCFH-DA) was added for 15 min at 37˚C 
in the dark. Then the cells were washed with PBS and treated 
with 1 mg/l ROS for up to 15 min at 37˚C in the dark. The 
intensity of fluorescence was assayed using the FC500 flow 
cytometer at 488 nm.

Chromosomal aberration analysis. Exponentially growing 
transfected overexpression and control cells were exposed to 0, 
1, 3, 6 and 9 Gy doses of irradiation and were then treated with 
400 ng/ml colchicine at 37˚C for 8 h post-irradiation. Cells 
were harvested, administered hypotonic treatment of 0.075 M 
KCl, were fixed onto a slide glass with methanol:acetic acid 
(3:1) for two times and stained with 10% Giemsa. Chromosome 
aberrations including dicentric (dic) and centromere ring (r) 
were counted by microscopic examination.

In  vivo studies. The nude mouse models of breast cancer 
were constructed using MDA-MB-231, MDA-MB-231/Neo 
and MDA-MB-231/BTG1 cells as previously described (16). 
Each group consisted of 12 nude mice, and 6 nude mice were 
randomly selected to accept a 3 Gy dose of irradiation. Every 
four days, the tumor diameter was measured, and the volume 
was calculated according to the formula: V = 0.4 x largest 
diameter x smallest diameter. Four weeks after injection of the 
cells, the mice were sacrificed and the tumors were separated. 
Tissue sections were deparaffinized, rehydrated and rinsed, 
prior to hematoxylin and eosin (H&E) staining and examina-
tion for metastatic nodules and cell pathology. The animal 
treatment protocol used in the present study was approved by 
the Institutional Animal Care and Use Committee.

Immunohistochemistry. Tumor tissue sections were treated 
with 0.03% hydrogen peroxide for 5 min to block endogenous 
peroxidase activity and were then incubated with CD31, 
vascular endothelial growth factor (VEGF) and Bcl-2 anti-
bodies (Santa Cruz Biotechnology) diluted at 1:100 for 60 min 
at room temperature. Following washing in PBS, the sections 
were incubated with labeled HRP-conjugated anti-mouse 
antibody, for 30 min at room temperature, prior to washing 
twice in PBS and incubating with diaminobenzene for 
10 min. Following washing, the sections were counterstained 
with hematoxylin, washed and dipped briefly in a water 
bath containing drops of ammonia, prior to dehydration and 
mounting in Diatex. The stained sections were analyzed and 
scored using a Nikon microscope (Nikon Corporation, Japan).

TUNEL staining assay. Terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick-end labeling (TUNEL) assay was 
performed using recombinant terminal transferase (TdT) and 
biotin-16-dUTP (Sigma, USA). Tumor tissue sections were 
processed following the manufacturer's protocol, and then 
the stained sections were reviewed and scored using a Nikon 
microscope.
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Statistical analysis. Statistical analyses were carried out using 
SPSS 17.0. Each experiment was repeated 3 times. The results 
shown are the means ± SD. A p-value of <0.05 was considered 
to indicate a statistically significant difference.

Results

Effects of BTG1 on the radiosensitivity of breast cancer 
cells. Each group of cells was irradiated at different doses 
(0, 0.5, 1, 3, 6 and 9 Gy), respectively. After two weeks of 
incubation, clonogenic survival of each group was assessed. 
The cell survival curves were characterized according to the 
multi-target click model. As shown in Fig. 1, the cell survival 
curve of BTG1 overexpression cells shifted to the left both 
in the p53-mutant cells (MDA-MB-231) and in the p53 wild-
type cells (MCF-7), indicating that cell radiosensitivity was 
increased. Table I shows the values of several radiobiological 
parameters by the multi-target model. The D0 values for the 
MDA-MB-231 and MDA-MB‑231/Neo cells were 1.76 and 
1.69 Gy, yet the D0 value for the MDA-MB-231/BTG1 cells 
was reduced to 1.29 Gy. Thus, the radiosensitization ratios 
were 1.36 and 1.31, which indicated that the radiosensitivity 
of the MDA-MB-231/BTG1 cells was increased by 1.36 and 
1.31. The same increasing trend was also observed in the 
MCF-7 cells. The D0 value for both MCF-7 and MCF-7/Neo 
cells was 1.79 Gy, yet the D0 value for the MCF-7/BTG1 cells 
was 1.32 Gy. Thus, the radiosensitization ratio was 1.36, which 
indicated that the radiosensitivity of MCF-7/BTG1 cells was 
increased by 1.36. These data indicate that overexpression of 
BTG1 enhanced the radiosensitivity of both the p53-mutant 

breast cancer MDA-MB-231 cells and the p53 wild-type breast 
cancer MCF-7 cells in vitro.

Effects of BTG1 along with irradiation on the cell cycle 
distribution of MDA-MB-231 and MCF-7 cells. The cells 
were irradiated at different doses of 0, 1, 3, 6 and 9 Gy and 
were then incubated at 37˚C for 24 h post-irradiation. Flow 
cytometry was used to analysis the cell cycle distribution. As 
shown in Fig. 2A, with an increase in radiation dose, all groups 
of cells underwent G2 phase arrest and the apoptosis rate was 
also increased (p<0.05). In addition, the BTG1 overexpres-
sion group cells (MDA-MB‑231/BTG1 and MCF-7/BTG1) 
had significantly increased G2/M phase arrest (p<0.05) when 
compared with the control group cells.

Next, we evaluated the effects of BTG1 on the expression 
of cell cycle proteins cyclin B1 and p-p53 in the MDA-MB‑231 
and MCF-7 cells using western blot analysis. As shown in 
Fig. 2B, overexpression of BTG1 along with irradiation treat-
ment led to a significant inhibition of cyclin B1 and promotion 
of p-p53. In summary, these results revealed that after breast 
cancer cells underwent DNA damage caused by irradiation, an 
increase in the level of BTG1 expression inhibited cyclin B1 
expression and promoted p-p53 expression, which in turn 
affected the cell cycle distribution of the breast cancer cells 
(MDA-MB-231 and MCF-7) and induced G2/M phase arrest.

Effects of BTG1 along with irradiation on the apoptosis of 
MDA-MB-231 and MCF-7 cells. Annexin V staining was 
used to detect cell apoptosis. As determined by the Annexin V 
assay, in the MCF-7/BTG1 and MDA-MB-231/BTG1 cells the 

Table I. Relative biological parameters of the different cell groups after calculation using the multi-target single-hit model.

Cell group	 Fitting curve equation	 D0	 Dq	 N

MDA-MB-231	 SF = 1 - (1 - e-0.5683D)1.41	 1.76	 1.61	 1.41
MDA-MB-231/Neo	 SF = 1 - (1 - e-0.5933D)1.34	 1.69	 0.49	 1.34
MDA-MB-231/BTG1	 SF = 1 - (1 - e-0.7739D)1.33	 1.29	 0.37	 1.33
MCF-7	 SF = 1 - (1 - e-0.5694D)1.74	 1.79	 0.99	 1.74
MCF-7/Neo	 SF = 1 - (1 - e-0.56790D)1.61	 1.79	 0.86	 1.61
MCF-7/BTG1	 SF = 1 - (1 - e-0.7554D)1.19	 1.32	 0.22	 1.19

Figure 1. Clonogenic survival of the MDA-MB-231 and MCF-7 cells two weeks post irradiation. All the cell groups received 0-9 Gy of irradiation and colony 
formation was detected two weeks after irradiation.
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percentage of apoptotic cells and the sub-G1 peaks were higher 
than that in the control cells (Fig. 3A and B), after cells were 
exposed to irradiation. Next, we detected the expression of 
anti-apoptotic factor Bcl-2 and pro-apoptotic factors Bax and 
PI3K/Akt using western blot analysis. As shown in Fig. 3C, 
overexpression of BTG1 along with irradiation treatment 
suppressed the PI3K/Akt signaling pathway, downregulated 

the expression of the anti-apoptotic protein Bcl-2 and upregu-
lated the expression of the pro-apoptotic protein Bax in the 
MCF-7 and MDA-MB-231 cells. These results indicated that 
the promotive effect on cell apoptosis by BTG1 along with 
irradiation is most likely mediated by Bcl-2 and Bax which is 
regulated by the PI3K/Akt signaling pathway in breast cancer 
cells.

Figure 2. Effects of BTG1 and irradiation on cell cycle distribution and cyclin B1 and p-p53 in the MDA-MB-231 and MCF-7 cells. Cells were exposed to 
0, 1, 3, 6 and 9 Gy doses of radiation and incubated at 37˚C for 24 h post-irradiation. (A) Cells were collected to assay the cell cycle using flow cytometry as 
described in Materials and methods (*p<0.05). (B) Cyclin and p-p53 levels were assessed by western blotting, β-actin levels served as the loading control. 
BTG1, B-cell translocation gene 1.

Figure 3. Effects of BTG1 and irradiation on cell apoptosis and apoptosis-related proteins in MDA-MB-231 and MCF-7 cells. Cells were exposed to 0, 1, 3 
and 6 Gy doses of radiation and incubated at 37˚C for 24 h post-irradiation. (A) The peaks of sub-G1 phase were detected using flow cytometry (*p<0.05). 
(B) Annexin V-FITC was used to determine the percentage of apoptosis (EA, early apoptosis; LA, late apoptosis). (C) Apoptosis-related protein levels were 
assessed by western blotting, β-actin levels served as the loading control. BTG1, B-cell translocation gene 1.
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Effects of BTG1 along with irradiation on the intracellular 
ROS of MDA-MB-231 cells. Intracellular ROS accumulation 
can activate several pathways important for the induction 
of apoptosis; thus, we examined the involvement of ROS in 
BTG1 and irradiation-induced cell death. As shown in Fig. 4A, 
ROS levels in the BTG1 overexpression group cells were 
markedly higher than the levels in the control group cells after 
irradiation of 3 Gy treatment for 0.5-24 h. This result indicates 
that upregulation of BTG1 promotes the formation of ROS in 
breast cancer cells, thereby enhancing cell radiosensitivity.

Effects of irradiation on chromosomal aberrations in 
MDA-MB-231 cells. MDA-MB-231, MDA-MB-231/Neo, 
MDA-MB-231/BTG1, GM (normal radiation sensitive) and 
AT (radiation sensitive) cells were exposed to 0, 1, 3, 6 and 
9 Gy doses of irradiation and chromosomal aberrations were 
detected. As shown in Fig. 4B, the rates of chromosomal aber-
rations in the MDA-MB-231/BTG1 cells were significantly 
higher than those in the MDA-MB-231, MDA-MB-231/Neo 
and GM cells following irradiation at doses of 3, 6 and 9 Gy 

(p<0.05), yet these rates were lower than those in the AT cells. 
Those results revealed that BTG1 increased the rate of chro-
mosomal aberrations after breast cancer MDA-MB-231 cells 
were exposed to moderate- or high-dose irradiation.

Effects of BTG1 on the radiosensitivity of breast cancer in vivo. 
The three groups of MDA-MB-231 cells were subcutaneously 
injected into nude mice. Each group consisted of 12 nude mice, 
and 6 nude mice were randomly selected to accept a 3 Gy 
dose of radiation. After 16 days of growth, the tumor masses 
obtained from the irradiated group xenografts were markedly 
smaller than those from the non-irradiated group (Fig. 5A, 
p<0.05), and the BTG1 overexpression (MDA-MB-231/BTG1) 
and irradiation group xenografts were smaller than the xeno-
grafts from the other groups (p<0.05). H&E staining showed 
that tumor density in the MDA-MB-231/BTG1 cell tumors 
was decreased when compared to the control cell tumors in 
both the irradiated and non-irradiated groups (Fig. 5B).

The effect of BTG1 overexpression on tumor angiogen-
esis in vivo was then assessed using immunohistochemistry. 

Figure 4. Effects of BTG1 and irradiation on intracellular ROS levels and chromosomal aberrations in MDA-MB-231 cells. (A) Cells were exposed to a 3 Gy 
dose of radiation and the change in intracellular ROS levels at different observation points was observed (*p<0.05). (B) Cells were exposed to different doses of 
radiation and were then treated with 400 ng/ml colchicine. Chromosome aberrations including dicentric (dic) and centromere ring (r) were stained and counted 
by microscopic examination in the different groups (*p<0.05). BTG1, B-cell translocation gene 1; ROS, reactive oxygen species.

Figure 5. Effects of BTG1 and irradiation on MDA-MB-231 xenografts. The nude mouse models constructed using MDA-MB-231/BTG1 and control cells 
were randomly selected to accept a 3 Gy dose of radiation. (A) Tumor diameter was measured every four days (IR, irradiation). (B) H&E staining showed 
that tumor density in the MDA-MB-231/BTG1 cell tumors was decreased when compared to the control cell tumors in both the irradiated and non-irradiated 
groups. H&E, hematoxylin and eosin. BTG1, B-cell translocation gene 1.
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Anti‑CD31 antibodies were utilized to detect CD31 levels, 
which were used to reflect the level of vascular endothelial 
proliferation. As shown in Fig.  6A, the number of tumor 
microvessels in the MDA-MB-231 and MDA-MB-231/Neo 
tumor groups was 13 and 11, respectively, and significantly 
more than the MDA-MB-231/BTG1 tumor group (p<0.05). In 
contrast, the number of tumor microvessels in the MDA-MB-
231/BTG1 nude mice irradiated with 3 Gy X-ray was 2-3, which 
was less than that in the other groups (p<0.05). In addition, 
VEGF expression was lower or negative in the MDA-MB-231/
BTG1 tumor group whether irradiation or not (Fig. 6B). These 
results suggest that overexpression of BTG1 along with irra-
diation may inhibit angiogenesis through the downregulation 
of VEGF expression, thereby inhibiting tumor metastasis.

Next, we assessed tumor necrosis and apoptosis by TUNEL 
staining assay. As shown in Fig. 6C, various cells exhibited 
nuclear pyknosis and fragmented, irregular, inconsistency in 
size and brownish yellow staining indicating cell apoptosis. 
Thus, several visible sporadic apoptotic cells were presented 
in the MDA-MB-231, MDA-MB-231/Neo tumor tissue. In 
contrast, a high number of apoptotic cells was observed in 
the MDA-MB-231/BTG1 tumor tissue. The immunochemical 
staining showed that overexpression of BTG1 along with the 
irradiation treatment downregulated the expression of the 
anti‑apoptotic protein Bcl-2 (Fig. 6D).

Clearly, these in vivo results strongly confirm the effect 
observed in vitro indicating that BTG1 plays an important role 
in breast cancer cell growth and radiosensitivity.

Discussion

Radiotherapy is arguably the most important treatment for 
cancer, particularly for loco-regional tumors without metas-
tasis. Ionizing radiation is used to treat nearly all types of 
solid tumors, yet to varying degrees of success (17,18). The 
reasons for radiotherapy failure are multiple and varied. Cells 
in different cell cycle phases have variant radiosensitivity. 
In general, cells in the G0/G1 phase have a certain radia-
tion resistance and the highest sensitivity exists for cells in 
the boundary of the G0/G1 and S phase. When cells enter 
the S phase, the radiation resistance increases gradually and 
reaches the highest at the late S phase, yet it is decreased in the 
G2/M phase (19). In the present study, our results showed that 
overexpression of BTG1 induced G2/M phase arrest, which 
increased the ionizing radiosensitivity of breast cancer cells.

The regulation of the cell cycle is one of the main influ-
encing mechanisms of cellular radiosensitivity. Cell cycle 
regulation after ionizing radiation occurs in the control points 
of G1/S and G2/M phase, where DNA damage repair-related 
proteins are activated preventing the unrepaired DNA into 
S phase (20). The p53 gene is an important effector in the 
human cell cycle checkpoint, and can be phosphorylated by 
DNA damage signal caused by irradiation. Then p53 starts p21 
gene transcription, promotes the expression of p21CIP1/WAF1, and 
inhibits the activity of CDK2 to prevent cells from entering 
the S phase (21,22). p53-mutant cells show G2 phase arrest 
in DNA damage repair, and the length of G2 phase arrest is 

Figure 6. Histological analysis. (A) Immunohistochemical analysis of angiogenesis using anti-CD31 antibodies. (B) VEGF expression was lower or negative 
in the MDA-MB-231/BTG1 tumor group whether exposed or not to irradiation. (C) Tumor necrosis and apoptosis were detected using TUNEL staining assay. 
(D) The immunochemical staining showed that overexpression of BTG1 along with irradiation treatment downregulated the expression of anti-apoptotic 
protein Bcl-2. VEGF, vascular endothelial growth factor.
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proportional to the degree of DNA damage. G2 phase arrest 
leads to an increase in cell death and enhanced cell radiosen-
sitivity in theory. Our results indicated that overexpression of 
BTG1 increased p-p53 expression after cells were exposed to 
irradiation, which enhanced breast cancer cell radiosensitivity. 
Cyclin B1 expression is minimal at the initiation of the S phase 
and peaks at the G2-M border; this peak in cyclin B1 activity 
is required for cells entering mitosis (23). Thus, overexpres-
sion of cyclin B1 leads to G2/M conversion, and even leads 
to uncontrolled cell proliferation and malignant transforma-
tion (24). Phosphorylation of cyclin B1 inhibits Cdk1 activation 
through the p21/Gadd45/Cdk1 pathway activated by p53 which 
result in G2/M phase arrest (25). Cyclin B1 overexpression is 
also closely related to the pathological type of tumor, tumor 
metastasis and prognosis, and causes tumor radiation resis-
tance (26). In the present study, we found that overexpression 
of BTG1 decreased cyclin B1 expression after breast cancer 
cells were exposed to irradiation. These data indicated that 
BTG1 participates in G2/M  phase checkpoint regulation 
through inhibition of cyclin B1 expression and enhances breast 
cancer cell radiosensitivity.

Cell apoptosis is also one of the molecular mechanisms 
that improves tumor cell radiosensitivity  (27). The Bcl-2 
family of proteins serves as critical regulators of apoptosis 
that can be identified as anti-apoptotic proteins. The anti-
apoptotic Bcl-2/Bcl-xL and pro-apoptotic Bax/Bak proteins 
can both negatively and positively regulate events in apoptotic 
cell death through modulation of cytochrome c release (28). 
The PI3K/Akt pathway is an important intracellular signaling 
pathway in the regulation of cell growth, survival, adhe-
sion and migration, particularly during cancer progression, 
metastasis and radioresistance (29,30). In the present study, 
we demonstrated that overexpression of BTG1 reduced p-Akt, 
Bcl-2 and increased Bax expression after breast cancer cells 
were exposed to irradiation. These results indicate that the 
PI3K/Akt pathway mediates BTG1 upregulation of breast 
cancer cell radiosensitivity.

Recent studies suggest that reactive oxygen species 
(ROS) may play an important role during the induction of 
apoptosis (31). Many stimuli such as tumor necrosis factor-α, 
anticancer drugs and chemopreventive agents stimulate cells 
to produce ROS (32-35). Intracellular ROS can also be induced 
by irradiation and serve as major mediators of radiation 
damage (36). When ROS generation exceeds the cellular anti-
oxidant defenses, cell damage ensues (37,38). In the present 
study, we found that overexpression of BTG1 along with 
irradiation treatment led to significant elevation in the levels 
of intracellular ROS and cell apoptosis rates, which further 
indicated that upregulation of BTG1 promoted the formation 
of ROS in breast cancer cells, thereby enhancing cell radio-
sensitivity.

Importantly, the finding that BTG1 promoted ionizing 
radiosensitivity of breast cancer cells in vitro was confirmed 
in our animal model. After the nude mouse model was treated 
with irradiation, the volume of established BTG1 overexpres-
sion xenografts was smaller than the volume in the vector 
control group, and the immunochemical staining showed that 
the levels of Bcl-2 and VEGF expression were lower than those 
in the control group. Next, we found that the proportion of 
apoptotic cells was increased and the tumor angiogenesis was 

reduced in the experimental group xenografts, as detected by 
TUNEL and immunohistochemical analysis.

In summary, the present study investigating the role of 
BTG1 in breast cancer cell radiosensitivity demonstrated that 
the protein can enhance cell radiosensitivity. The mechanism 
of action may be related to cell cycle regulation, G2/M phase 
arrest, ROS formation, promotion of cell apoptosis and inhibi-
tion of tumor angiogenesis. These findings provide new insight 
into the role of BTG1 in breast cancer radiosensitivity and may 
have important implication for the development of radiation 
therapy for breast cancer.
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