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Abstract: The radiotherapy as a local and regional modality is widely applied in treatment of glioma, but most glio-
blastomas are commonly resistant to irradiation treatment. It remains challengeable to seek out efficient strategies 
to conquer the resistance of human glioblastoma cells to radiotherapy. Leucine-rich repeats and immunoglobulin-
like domains protein 1 (LRIG1) is a newly discovered tumor suppressor which involved in regulation of chemosen-
sitivity in various human cancer cells. In the present study, we established a radioresistant U251 cell line (U251R) 
to investigate the role of LRIG1 in regulation of radiosensitivity in human glioblastoma cells. Significantly decreased 
expression level of LRIG1 and enhanced expression of EGFR and phosphorylated Akt were detected in U251R cells 
compared with the parental U251 cells. U251R cells exhibited an advantage in colony formation ability, which ac-
companied by remarkably reduced X-ray-induced γ-H2AX foci formation and cell apoptosis. LRIG1 overexpression 
significantly inhibited the colony formation ability of U251R cells and obviously enhanced X-ray-inducedγ-H2AX foci 
formation and cell apoptosis. In addition, up-regulated expression of LRIG1 suppressed the expression level of EGFR 
and phosphorylated Akt protein. Our results demonstrated that LRIG1 expression was related to the radiosensitivity 
of human glioblastoma cells and may play an important role in the regulation of cellular radiosensitivity of human 
glioblastoma cells through the EGFR/Akt signaling pathway.
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Introduction

Gliomas count for approximately 80% of all 
malignant brain tumors in adults [1]. The glio-
blastomas (WHO grade IV) are the most malig-
nant gliomas with the highest morbidity and 
mortality. Less than 3% of glioblastoma pati- 
ents can survive more than 5 years after diag-
nosis [2]. Consistent with the dismal prognosis 
and poor quality of life, glioblastoma remains a 
challenging disease to treat. The current stan-
dard of care for newly diagnosed glioblastoma 
is surgical resection followed by radiotherapy 
plus concomitant and adjuvant temozolomide 
[3-5]. At the same time, many other therapeutic 
approaches such as immune and gene therapy 
have been improving [6]. However, these thera-
py strategies benefits patients pettiness due to 

the fact that resistance of glioblastoma cells to 
treatment especially irradiation therapy [7]. 
Thus it is imperative to understand the mecha-
nism of resistance to irradiation therapy and 
seek out efficient radiosensitizers to improve 
the delivery of radiation treatments of gliob- 
lastoma.

Leucine-rich repeats and immunoglobulin-like 
domains protein 1 (LRIG1) is a transmembrane 
protein that is widely expressed in human tis-
sues and organs [8]. LRIG1 is considered to be 
a potential tumor suppressor, and it has been 
found to be under-expressed in some human 
tumor cell lines [9]. Down-regulation of LRIG1 in 
tumor tissues is significantly associated with 
the poor prognosis of patients [10, 11]. In addi-
tion, LRIG1 negatively regulates aggressive 
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properties and enhances the chemosensitivity 
of tumor cells [12, 13]. Moreover, previous 
studies showed that LRIG1 plays an important 
role in regulation of cancer cell biological be- 
haviors such as cell growth and invasion thro- 
ugh binding to EGFR family members and down-
regulating EGFR signaling pathway [14, 15].

Although the role of LRIG1 in tumor inhibition 
and regulation of chemosensitivity of human 
cancers have been elucidated, there is a pau-
city of literature on the association between 
LRIG1 and the radiosensitivity of the tumor ce- 
lls, especially glioblastoma cells. In this study, 
we established a radioresistant human glio-
blastoma cell line and evaluated the role of 
LRIG1 in regulation of radiosensitivity of human 
glioblastoma cell line U251 by up-regulation of 
LRIG1 expression.

Material and methods

Cell culture and transfection

The human glioma cell line U251 was pur-
chased from State Key Laboratory of Molecular 
Biology, Institute of Biochemistry and Cell Bio- 
logy, Shanghai Institutes for Biological Scien- 
ces, Chinese Academy of Sciences (Shanghai, 
China). The cells were maintained in DMEM 
medium containing 10% fetal bovine serum, at 
37°C in humidified air containing 5% carbon 
dioxide. The medium was replaced every 3 
days. Cells were checked routinely until they 
reached 80-90% confluence. For transfection 
of LRIG1 plasmids, the cells were trypsinized 
and seeded in 6-well plates, and transfection 
with Lipofectamine was performed under con-
ditions described by the manufacturer (Invi- 
trogen, Carlsbad, CA). After media was replaced 
with serum-free Opti-MEM (Gibco, Invitrogen), 
the transfection complexes were added. And 
the final concentration of LRIG1 plasmid was 
1.5 μg/mL. At 6 hours after the incubation, the 
medium was replaced with the standard cul-
ture medium as described. After another incu-
bation of 48-72 hours, the cells were used in 
the following tests.

Establishment of radioresistant cell line

Cells growing in T-75 flasks were irradiated at 
room temperature using a linear accelerator 
6-MV X-rays at dose rate of 4 Gy/min. After irra-
diation, the culture medium was replaced 
immediately, and the cells were returned to the 
incubator. Cultures were progressively treated 

with daily rounds of radiation over a 5-month 
period, starting with 1 Gy/fraction and ending 
with 10 Gy/fraction. Irradiation was stopped, as 
necessary, to allow for cell monolayer recovery. 
The procedure was continued until a total of 62 
Gy had been delivered.

Cell viability assay

The cell viability was examined via a cell count-
ing kit-8 (CCK-8 kit) purchased from Dojindo 
Molecular Technologies (Kumamoto, Japan) 
according to the manufacturer’s instructions. 
Briefly, with or without radiation, approximately 
5×103 cells were seeded in a volume of 100 μl 
DMEM on each well of a 96-well plate. The cells 
were continuously cultured for different times. 
Subsequently, 100 μl of fresh medium contain-
ing 10 μl of the CCK-8 solution was added to 
each well and incubated at 37°C for 1 h. The 
absorbance at 450 nm was measured on a 
spectrophotometric plate reader.

Colony formation assay

Cell survival after X-ray irradiation was mea-
sured by colony formation assay. The cells were 
counted and plated in 6-well plates (100 cells 
for 0 Gy, 200 cells for 1 Gy, 400 cells for 2 Gy, 
600 cells for 4 Gy, and 800 cells for 6 Gy), and 
were irradiated at different doses ranging from 
0 to 10 Gy. After irradiation in a single fraction, 
these cells were immediately were returned to 
the 37°C incubator for 14 days without move-
ment. After fixation with 4% paraformaldehyde 
and staining with 0.1% crystal violet, colonies 
consisting of 50 cells or more were counted 
under a light microscope. The survival curves 
were then determined and fitted to a linear qua-
dratic model using the GraphPad prism soft-
ware (version 5.0).

Apoptosis analysis

Apoptosis was assessed by using the Annexin-V/
PI apoptosis kit (MultiSciences Biotechnology, 
Zhejiang, China) and flow cytometry according 
to the manufacturer’s instruction. Briefly, ap- 
proximately 5×105 cells were trypsinized and 
seeded in 6-well plates. Cells were treated with 
or without radiation (6 Gy) 24 hours before har-
vesting. Both adherent and detached cells were 
collected, centrifuged, and double stained with 
Annexin V and propidium iodide (PI). Then, 
treated cells were quantified with flow cytome-
try using a BD Accuri C6 Flow Cytometer (BD 
Biosciences, USA). 
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Immunofluorescence assay

Cells were seeded in 6-well plates on 22-cm2 
coverslips and incubated for 24 hours. They 
were then treated with or without 6 Gy of irra-
diation and harvested at 24 h. The cell climbing 
coverslips were fixed in 4% formaldehyde in 
phosphate buffered saline (PBS) for 30 min at 
room temperature and then incubated with 
anti-γ-H2AX rabbit monoclonal antibody (Cell 
Signaling Technology, USA) overnight at 4°C. 
After washing twice with PBS, cells were incu-
bated with fluorescein isothiocyanate-labeled 
mouse anti-rabbit antibody for 1 h and washed 
twice with PBS. Nuclei were counterstained 
with Hoechst 33258 (Beyotime Institute of 
Biotechnology, Jiangsu, China) in PBS for 30 
min before cells were covered by anti-fade solu-
tion and observed with an Olympus fluorescent 
microscope. For quantification of foci, clear and 
easily distinguished dots of a pre-determined 
brightness level were counted as positive foci. 
The number of foci was counted in 100 cells 

per sample for each time point by visual inspec-
tion and average number of foci per cell was 
calculated.

Western blot analysis

Cell proteins were extracted with RIPA (radioim-
munoprecipitation assay) lysis buffer and de- 
termined by the standard BCA method (Beyo- 
time Institute of Biotechnology, Jiangsu, China). 
Equal amounts of protein were separated by 
SDS-PAGE and electro-blotted onto polyvinyli-
dene difluoride membranes (Millipore Corp., 
Bedford, MA, USA). Membranes were blocked 
in TBS containing 0.1% Tween-20 and 5% pow-
dered milk, and probed with primary antibody. 
Primary antibody directed against EGFR, LRIG1, 
p-Akt (Ser308), Akt (Cell Signaling Technology, 
USA), and GAPDH (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) were used at a dilution of 
1:1000. Blots were visualized by LI-COR Odys- 
sey Infrared Imaging System with Alex Fluor 
680/790-labeled goat anti-rabbit IgG (LI-COR 
Biosciences, USA) used as second antibody. 

Figure 1. Long-term irradiation induction promotes glioblastoma cell proliferation and colony formation. A. Sche-
matic diagram depicts the procedure of establishment of radioresistant subline. B. Long-term irradiation induction 
promoted cell proliferation of U251 cells with or without irradiation treatment. C. Colony formation assay of U251 
and U251R cells. D. Representative photograph of colonies of U251 and U251R cells 15 days after 2 Gy irradiation 
exposures in colony formation assay. Three independent experiments were conducted.
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Statistical analysis

All experiments were performed at least three 
times. Results were expressed as means ± SD. 
Statistically significant differences in mean val-
ues were tested by Student t test or analysis of 
variance. Dif-ferences at P < 0.05 were consid-
ered statistically significant. The data were ana-
lyzed using SPSS 17.0.

Results

Measurement of the radiosensitivity of U251 
and U251R cells

Human glioblastoma cell line U251 was used to 
develop cells resistant to X-ray irradiation. 
Exponentially growing cells were irradiated 10 
times with crescent X-ray doses from 1 Gy/frac-
tion to 10 Gy/fraction. The radioresistant sub-
line (U251R) was generated from the surviving 

fraction of U251 cells treated with a total of 62 
Gy of fractionated X-ray irradiation for approxi-
mate 5 months (Figure 1A). The U251R cells 
exhibited an advantage in cell survival com-
pared with parental U251. As shown in Figure 
1B, cell viability assay indicated that U251R 
cells displayed higher cell growth viability than 
normal U251 cells with or without irradiation 
exposure. In addition, colony formation assay 
showed that U251R cells exhibited higher colo-
ny formation capacity compared with parental 
U251 cells (Figure 1C, 1D). These results indi-
cated that U251R cells had higher radioresis-
tance compared with the parental U251 cells.

X-ray-induced DNA damage and cell apoptosis 
were reduced in U251R cells

Radiation is a stress that induces apoptosis 
and death of cancer cells. To assess the effect 

Figure 2. Long-term irradiation induction reduces irradiation-induced apoptosis and enhances DNA damage repair. 
(A) Representative plots of showed Annexin-V/PI staining in U251 and U251R cells 24 h after treatment with or with-
out ionizing radiation of 6 Gy. (B) The histogram represented quantitative analysis of the apoptotic rates as shown 
in (A). (C) Examples showed residual immunofluorescence staining against γ-H2AX foci (green) and nucleus (blue); 
magnification, ×400. (D) Quantitative analysis of the number of γ-H2AX foci per cell. *P < 0.05 compared with U251 
cells without irradiation treatment. *#P < 0.05 compared with U251R cells with irradiation treatment.
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of X-ray irradiation on U251 and U251R cells, 
the cells all exposed to X-ray at a dose of 6 Gy. 
Apoptosis analysis showed that X-ray-induced 
apoptosis in U251R cells was lower than in 
U251 cells at 24 h after irradiation treatment 
(Figure 2A, 2B). We then evaluated the X-ray-
induced DNA damage of the two cell lines by 
immunofluorescent staining of γ-H2AX foci. The 
U251R cells showed a stronger capability to 
repair the dsDNA breaks (DSBs) with fewer 
γ-H2AX foci compared with the parental U251 
cells at 24 h after 6Gy of radiation (Figure 2C, 
2D). 

LRIG1 expression was down-regulated in 
U251R cells accompanied by upregulation of 
EGFR and phosphorylated Akt expression

The expression of LRIG1 protein was analyzed 
in U251R and U251 cells by Western blotting. 
The results revealed that long-term irradiation 
induction down-regulated the expression levels 
of LRIG1 protein in glioblastoma cells (Figure 
3A, 3B). Studies indicated that LRIG1 is a natu-
ral antagonist of EGFR. Therefore, the expres-
sion level of EGFR protein was further detected. 
As expected, the expression level of EGFR pro-
tein increased with the increase of total dose of 

Figure 3. LRIG1 expression level is down-regulated in established radioresistant cells accompanied with EGFR and 
phosphorylated Akt expression level up-regulated. (A) LRIG1 expression level gradually decreased in irradiation-
treated cells. (B) Quantitative analysis of the bands from Western blotting was shown in (A). (C) EGFR protein level 
gradually increased in irradiation-treated cells. (D) Quantitative analysis of the bands from Western blotting for 
EGFR protein. (E) EGFR and Akt phosphorylation level in U251R cells significantly increased while LRIG1 level de-
creased. (F) The histogram represented quantitative analysis of EGFR, LRIG1, total and phosphorylated Akt. GAPDH 
protein was used as loading control. *P < 0.05 compared with U251 cells; *#P < 0.05 compared with U251 cells.
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irradiation induction (Figure 3C, 3D). EGFR 
expression in U251R cells was approximately 
2-fold higher than parental U251 cells. It is well 
known that the PI3K/Akt pathway is involved in 
resistance to radiation treatment. As shown in 
Figure 3E, 3F, the phosphorylation of Akt was 
increased in line with EGFR expression in the 
U251R cells. The differential expression pat-
tern of LRIG1, EGFR and p-Akt protein between 
U251R and U251 cells suggested that the 
expression status of LRIG1 was closely related 
to the radiation sensitivity of U251R and U251 
cells. 

Overexpression of LRIG1 restored the radio-
sensitivity of U251R cells

To investigate whether LRIG1 could restore the 
radioresistance of U251R cells, the plasmid 

transfection was performed to up-regulate the 
LRIG1 expression. The transfection efficiency 
of LRIG1 plasmid and subsequent protein 
expression was evaluated by Western blotting. 
The results showed that the expression of 
LRIG1 in the U251R cells transfected with 
LRIG1 plasmid was significantly increased com-
pared with the empty vector-transfected U251R 
cells (Figure 4A). As shown in Figure 4B, LRIG1 
overexpression reduced the cell viability of 
U251R cells compared with empty vector-trans-
fected U251R cells under normal circumstanc-
es or exposure to irradiation of 6 Gy. The radia-
tion survival curves of the colony formation 
assay showed that overexpression of LRIG1 
sensitized U251R cells to the ionizing radiation 
(Figure 4C, 4D). The number of clones from 
LRIG1-transfected cells was significantly fewer 
than that of control cells.

Figure 4. Overexpression of LRIG1 inhibits cell proliferation and colony formation of U251R cells. A. The protein 
expression level of LRIG1 in U251R cells after plasmid transfection. B. Overexpression of LRIG1 inhibited cell prolif-
eration of U251R cells with or without irradiation treatment. C. Colony formation assay of U251R-vector and U251R-
LRIG1 cells. D. Representative photograph of colonies of U251R-vector and U251R-LRIG1 cells 15 days after 2 Gy 
irradiation exposures in colony formation assay. Three independent experiments were conducted.
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Overexpression of LRIG1 enhanced the DNA 
damage and cell apoptosis in U251R cells

As shown in Figure 5A and 5B, LRIG1 overex-
pression enhanced the apoptosis of U251R 
cells whether exposure to irradiation or not, the 
apoptotic rate in LRIG1-transfected U251R 
cells was markedly increased by approximately 
12% in response to irradiation with 6 Gy at 24 h 
compared with control cells. As expected, up- 
regulation of LRIG1 caused remarkable prolon-
gation of radiation-induced γ-H2AX foci forma-
tion, indicating delayed DNA damage repair 24 
h after irradiation exposure in LRIG1-transfected 
U251R cells (Figure 5C, 5D). 

Overexpression of LRIG1 suppressed EGFR 
expression and Akt phosphorylation in U251R 
cells

To further characterize how LRIG1 participates 
in regulation of radiosensitivity of glioblastoma 

cells, EGFR and p-Akt expression were ass- 
essed in LRIG1 overexpressed U251R cells by 
western blotting. Upregulation of LRIG1 dra-
matically attenuated the expression level of 
EGFR and p-Akt in U251R cells (Figure 6A, 6B). 
These data indicated that the LRIG1-mediated 
radiosensitization of U251 glioblastoma cells 
may be related to the inhibition of the EGFR/Akt 
signaling pathway.

Discussion

Resistance of glioblastoma cells to ionizing 
radiation affects the efficacy of the radiothera-
py. Therefore, to understand the regulation me- 
chanism of the radiosensitivity of glioblastoma 
would contribute to improve the therapeutic 
effect of radiotherapy for glioblastoma. Estab- 
lishing radioresistant cancer cell lines is a use-
ful method to explore the regulatory mecha-
nism of radiosensitivity of cancer. Previous 
studies demonstrated that several human can-

Figure 5. Overexpression of LRIG1 enhances irradiation-induced apoptosis and DNA damage of U251R cells. (A)
Representative plots of show Annexin-V/PI staining in U251R-vector and U251R-LRIG1 cells 24 h after treatment 
with or without ionizing radiation of 6 Gy. (B) The histogram represented quantitative analysis of the apoptotic rates 
as shown in (A). (C) Examples show residual immunofluorescence staining against γ-H2AX foci (green) and nucleus 
(blue); magnification, ×400. (D) Quantitative analysis of the number of γ-H2AX foci per cell. *P < 0.05 compared 
with U251R-vector cells without irradiation treatment. *#P < 0.05 compared with U251R-vector cells with irradiation 
treatment.
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cer cell lines especially the glioblastoma cell 
lines themselves have distinct degrees of radio-
resistance.The most common method to iso-
late a radioresistant cell line is to treat cancer 
cells with long-term fractionated irradiation at a 
same dose [16-19]. In the present study, we 
established a much more radioresistant cell 
line U251R utilizing repeated X-ray irradiation 
treatment in a new dose-escalation manner. In 
line with the previous study, we found that the 
newly established radioresistant cell strain 
U251R exhibited more advantages in colony 
formation capacity and DSBs repair.

Previous study showed that LRIG1 expression 
is down-regulated in chemoresistant cells deri- 
ved from MDA-MB-231 and SKOV-3 cells treat-
ed with SM-164 in vitro [20], but no research 
has ever evaluated the expression level of 
LRIG1 in radioresistant cells. In the present 
study, we first revealed that LRIG1 was down-
regulated in U251R cells, which were more 
resistant to irradiation. Further study with the 
LRIG1 plasmid transfection demonstrated that 
the radiosensitivity was restored when LRIG1 
overexpressed in U251R cells. These results 
indicated that LRIG1 expression level is associ-
ated with the radiosensitivity of glioblastoma 
cells and plays an important role in regulation 
of radiosensitivity.

A previous study reported that LRIG1 could reg-
ulate chemosensitivity and proliferation of glio-
ma cells through inhibiting EGFR signaling [21]. 
However, how LRIG1 regulated radiosensitivity 
remains mysterious. Recent studies provided 
evidences that EGFR also participates in regu-
lation of radiosensitivity of human cancer cells. 
Fedrigo CA et al [22] reported that the EGFR 
levels were significantly increased in glioblas-
toma spheroids after treatment with irradiation 
at a dose of 5 Gy. Qu Y et al [23] observed that 
humanized monoclonal antibody specifically 
targeting EGFR could enhance radiosensitivity 
of human cancer cells. Consistent with the 
aforementioned studies, our Western blotting 
results revealed that LRIG1 expression was 
down-regulated in U251R cells accompanied by 
up-regulation of EGFR compared with parental 
glioblastoma cells. In addition, we observed 
that up-regulation LRIG1 expression by plasmid 
transfection in U251R cells can attenuate the 
long-term irradiation-induced up-regulated EG- 
FR expression, which further confirmed that 
LRIG1 may regulate radiosensitivity of glioblas-
toma cells through EGFR signaling pathway.

The tumoricidal effect of radiation therapy is 
largely attributed to the induction of dsDNA 
breaks [24]. Sensing of DNA lesions initiates a 

Figure 6. LRIG1 regulates EGFR expression and Akt phosphorylation level. Equal amounts of cell protein were sepa-
rated by SDS-PAGE and probed by anti-LRIG1, anti-EGFR, anti-Akt and anti-phosphorylated Akt antibody. GAPDH 
protein was used as loading control. A. Western blotting detection of proteins in U251R-vector and U251R-LRIG1 
cells without treatment with ionizing radiation. B. The histogram represents quantitative analysis of EGFR, LRIG1, 
total and phosphorylated Akt. *P < 0.05 compared with U251R-vector cells; #P < 0.05 compared with U251R-vector 
cells; *#P < 0.05 compared with U251R-vector cells.
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highly complex DNA damage response (DDR). 
This response involves signaling cascades that 
activate appropriate damage repair pathways, 
arrest the cell cycle, and ultimately determine 
cell survival or death [25]. Histone protein 
H2AX which was used as a biomarker and pow-
erful tool to monitor DNA DSBs from cancer 
therapy, a key component in DNA repair, 
becomes rapidly phosphorylated at serine 139 
by PI3-kinases to form γ-H2AX foci at nascent 
DSB sites [26], followed by initiation of DNA 
damage repair pathways mainly composed of 
homologous recombination (HR) and nonho-
mologous end-joining (NHEJ) [27]. Several stud-
ies confirmed the role of Akt signal in regulation 
of DNA damage. Ionizing radiation stimulates 
the activation of Akt and its phosphorylation at 
threonine 308 and serine 473 in a PDK1- and 
DNA-PKcs-dependent manner [28, 29]. In hu- 
man cancer cells, dampening of PI3K/Akt sig-
naling using small-molecule inhibitors or small 
interfering RNA (siRNA) impairs DSBs repair 
[30-32]. Previous studies demonstrated that 
Akt was a downstream molecule of EGFR and 
EGFR/Akt signaling pathway seems to positive-
ly regulate both HR and NHEJ in U87 glioma 
cells [33]. Further study has verified the role of 
EGFR/Akt signaling pathway in regulation of 
radiosensitivity of some cancer cells. Li B et al 
[34] indicated that the PI3K/Akt pathway is 
involved in radioresistance of cells of astrocytic 
origin. Consistent with these discoveries, we 
found that up-regulated LRIG1 expression lead 
to increased γ-H2AX foci numbers and apop-
totic rates in U251R cells in response to irradia-
tion treatment. Meanwhile, LRIG1 overexpres-
sion significantly restored the EGFR expression 
and Akt phosphorylation level. These results 
indicate that LRIG1 may enhance radiosensitiv-
ity of glioblastoma cells through impairing DSB 
repair and inducing apoptosis via inhibiting the 
EGFR/Akt signaling pathway.

In conclusion, this study illustrated that repeat-
ed exposure to irradiation could lead to resis-
tance of the human glioblastoma U251 cells to 
ionizing radiation. In contrast, LRIG1 can rev- 
erse the radioresistance through attenuating 
the EGFR/Akt pathway. However, these data 
are only sufficient to elucidate the initial under-
standing of the mechanism involved in LRIG1-
mediated sensitization the glioblastoma cells 
to radiation treatment. In the future studies, it 
would be meaningful to explore the effect of 
LRIG1 on cell cycle checkpoints and gain a 

deep understanding of the mechanisms in- 
volved in the response to ionizing radiation in 
tumor xenografts.
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