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Background: Although radiation therapy for advanced colorectal cancer (CRC) is very effective in some 
patients, treatment resistance limits its efficacy. Insulin-like growth factor 1 receptor (IGF1R) can affect 
tumor responsiveness and sensitivity to radiation in several cancer types. Herein, we studied the underlying 
function of IGF1R in the resistance of advanced CRC to radiation therapy and the possible use of drugs 
targeting IGF1R to overcome this resistance in patients with CRC. 
Methods: Differences in the expression levels of the IGF1R were assessed in CRC samples from patients 
who were radiosensitive or radioresistant. Two radio-resistant colorectal cancer cell lines, SW480 and 
HT29, were selected for in vitro studies, and the involvement of the IGF1R in their radiation resistance was 
elucidated by suppressing its expression through a targeted siRNA and through the use of a specific IGF1R 
inhibitor, BMS-754807. We assessed radiosensitivity in these human CRC cells lines by examining their 
proliferation and colony formation, as well as cell cycle analysis. Activation of the Akt pathway was assessed 
using western blotting.
Results: Compared with tissues from radiosensitive patients, higher IGF1R expression levels were found 
in patients with radiation-resistant colorectal cancer, while BMS-754807 had improved radiosensitivity and 
reversed radiation tolerance in both colorectal cancer cell lines. Pre-treatment with BMS-754807 prior to 
irradiation inhibited Akt phosphorylation, induced cell cycle arrest, and increased DNA damage. Therefore, 
the IGF1R contributes to radiation resistance of CRC cells in vitro.
Conclusions: This study supports the notion that the radiosensitivity of radiation-resistant colorectal 
cancer cells can be enhanced by directly targeting IGF1R expression or activity. Ultimately, the combination 
of radiotherapy with IGF1R targeted inhibitors could potentially increase its effectiveness in the treatment 
of advanced colorectal cancer.
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Introduction

Colorectal cancer (CRC) remains a common lethal  
disease (1). Following surgical treatment, the cure rate is 
correlated with the overall resection rate (2). However, in 
patients with more advanced colorectal cancer, the mortality 
rate is high (3). Generally, most patients with CRC are 
diagnosed during advanced stages. Differences in genetic 
factors influence sensitivity to radiation therapy. Although 
the survival rate in advanced patients is low, radiotherapy 
remains a significant therapeutic strategy for patients with 
advanced CRC. Unfortunately, resistance to radiation 
therapy is a major obstacle to patients’ survival.

The upregulation of insulin-like growth factor-1 receptor 
(IGF1R) has been found to be associated with radiation 
therapy resistance in several tumor types by affecting cell 
proliferation, survival, and differentiation (4,5). The first 
report of the IGF1R’s association with radiation resistance 
came from a study in breast cancer patients that found 
overexpression of IGF1R to be significantly correlated 
with tumor recurrence following radiation therapy (6). 
In laryngeal squamous cell carcinoma insensitive to 
radiotherapy, IGF1R was also found to be overexpressed 
in cancer cells compared to adjacent cells (7). Both clinical 
and basic research have confirmed that targeting the IGF1R 
enhances radiosensitivity in both in vitro and in vivo cancer 
models (8,9). Additionally, reducing IGF1R protein level 
or inhibiting its activity can increase the sensitivity of 
tumor cells to ionizing radiation, and was found to enhance 
radiosensitivity by increasing DNA damage in both human 
and murine prostate cancer cell lines (10). The IGF1R has 
been extensively studied as a potential target for possible 
anti-cancer treatment strategy (11,12).

In this study, we evaluated the responses of three CRC 
cell lines to radiotherapy treatment and identified two cell 
lines with resistant to radiotherapy. We also examined the 
effect of ionizing radiation in these cells, with or without 
BMS-754807, an IGF1R inhibitor, or siRNA-mediated 
knockdown of the IGF1R. We present the following 
article in accordance with the MDAR reporting checklist 
(available at http://dx.doi.org/10.21037/jgo-20-210).

Methods

Tissue samples

Sixty-two patients with CRC were enrolled from the 
colorectal surgery department in our center from August 
2013 to December 2016. CRC tissues and normal tissues  

3 cm from the tumor were collected. Patients’ mean age was 
56.2±14.1 years with no history of other malignancies. Patient 
underwent an imaging examination and were clinically staged 
based on the examination results. The stages were as follows: 
T1 refers to a tumor invades submucosa, T2 refers to a tumor 
invades the muscularis propria, T3 refers to a tumor invading 
the subserosal layer, T4 refers to a tumor invading other 
organs or structures, N0 refers to no lymph node metastasis, 
N1 refers to the presence of less than three local lymph node 
metastases, M0 refers to no other organ metastasis, and M1 
refers to distant organ metastasis. All patients had completed 
preoperative neoadjuvant radiotherapy prior to surgery, 
and the biopsy tissue samples were obtained during radical 
surgery. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the ethics committee of Qingdao University (No. 
QDFYWZLL25796) and informed consent was taken from 
all the patients.

Cell lines

Three human colorectal cancer cell lines (HT29, SW480, 
and DLD-1) were obtained from American Type Culture 
Collection (USA). Cell cultures were maintained at  
37 ℃ in an atmosphere of 5% CO2. The HT29 and DLD-1 
cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with glucose and L-glutamine. The SW480 cells 
were cultured in Roswell Park Memorial Institute (1640) 
medium. All media were supplemented with 1% penicillin 
streptomycin (PS) (Sigma, USA) and 10% fetal bovine 
serum (FBS) (GIBCO, Australia).

Immunohistochemistry

Sections of 5 μm thickness were prepared from both tumor 
tissue and normal tissue adjacent to the cancer tissue from 
each patient. Five visual fields were selected from each 
slice, and the percentage of positive cancer cells and the 
staining intensity of tissue were scored for each visual 
field. Eight fields of view were randomly selected under 
high magnification. IPP software was used to measure the 
staining intensity of each field of vision. Mean optic density 
(MOD) was used as the Semi-quantitative analysis of 
protein expression.

Irradiation

Cells were cultured in 6 cm dishes at a density of 
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approximately 1×104 cells per dish for overnight, and were 
irradiated with different doses of ionizing radiation (2, 4, 
6, and 8 Gy), using a Faxitron 43855 F X-ray radiometer 
(Faxitron, USA). The radiation parameters were 160 kV and 
6.3 mA. The durations of exposure for 2, 4, 6, and 8 Gy of 
irradiation were 1.1, 2.3, 3.5, and 4.6 minutes, respectively. 
Following irradiation, fresh tissue culture medium was 
added to the cells by replacing the old one and they were 
cultured for 0, 12, 24, 36, and 48 hours. 

Colony formation assay 

Cells were cultured in 6-well plates at an optimum density 
of 1×103 cells per well in three individual groups. After cells 
were cultured for 24 hours, 4 μM BMS-754807, an IGF-
1R inhibitor, was added to the DMEM medium of the third 
group of cells, while the first two groups of cells being left 
untreated. After culturing the cells for 24 hours, the latter 
two groups were then irradiated with the dose of 2 Gy. The 
irradiated cells were then returned to the incubator for 12 
days post which they were immersed in 1% crystal violet 
solution for 15 minutes. The number of colonies with over 
20 cells was determined and used to calculate the survival 
score (SF). The survival scores at 2 Gy (SF2) of irradiation 
were used to assess radiosensitization.

Western blotting

Proteins were extracted using a cell lysis kit (Sigma, 
USA). Cells were solubilized in RIPA lysis buffer and 
diluted to the same concentration using SDS-PAGE 
sample loading buffer. Samples containing same weight 
of protein were separated electrophoretically and semi-
dry transferred to nitrocellulose membrane (45 μm). The 
membrane was blocked using the QuickBlock Blocking 
Buffer (Sigma, USA) for 20 minutes and then incubated 
and treated with the appropriate primary antibody at 
the refrigerator (4 ℃) overnight. The nitrocellulose 
membranes were rinsed in phosphate buffer solution 
and Tween 20 (PBST) and then incubated with the goat 
anti-rabbit secondary antibodies (horseradish peroxidase, 
HRP) for  2  hours .  After  r ins ing again for  three 
times, immunoreactive proteins were detected using 
SuperSignal West Pico Substrate (Thermo, USA) and 
automatic scanning. The antibodies in this study were as 
follows: anti-IGF-1R (Santa Cruz, USA), anti-γH2AX 
(Abcam, USA), goat anti-rabbit secondary antibodies 
(Abcam, USA), and anti-β-actin (Abcam, USA).

Real-time RT-PCR

Total RNA was extracted using RNAeasy™ RNA Isolation 
Kit (Sigma, USA), and then transcribed into cDNA. 
The mRNA levels were determined by PCR using a 
LightCycler480II (Roche, Switzerland) with the levels of 
β-actin mRNA used for normalization. The primers used 
were: 5'-GCTTGCCGCCACTACTACTATGC-3' (forward) 
and 5'-GAGGTAACAGAGGTCAGCATTTT-3' (reverse) for 
IGF-1R and 5'-CTTCTACAATGAGCTGCGTGTGG-3' 
(forward) and 5'- ATGGCTGGGGTGTTGAAGGTGTCA-3' 
(reverse) for β-actin.

Transfection of small interfering RNA (siRNA) 

A total of 2×105 cells/well were seeded in each well of 6-well 
plates and incubated for overnight. After 15 hours, the 
cells were transfected with siRNA using the DharmaFECT 
4 transfection reagent (Dharmacon). Cells were then 
harvested 24 hours post transfection. The sequences of 
the siRNAs were as follows: IGF-1R siRNA (sense strand: 
5'-CGACUAUCAGCAGCUGAAGTT-3', antisense strand 
5'-CUUCAGCUGCUGAUAGUCGTT-3'), and control 
siRNA (sense strand: 5'-GAAGUCGACGACUAUCAGCTT-3', 
antisense strand: 5'-GCUGAUAGUCGUCGACUUCTT-3').

MTT cell viability assay

A total of 3,000 cells for testing were cultured in each well of  
96-well plates. Next, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT, 5 mg/mL) was 
added to each well. After culturing the cells for 4 hours, the 
medium containing the MTT was discarded, and DMSO 
was added to the cells. At 0, 12, 24, 36, and 48 hours, the 
optical density (OD) at 480 nm was determined using a 
microplate reader. The percentage of OD on day n divided 
by the OD on day 0 was used to calculate the cell survival 
rate. The operation was repeated at least three times. 

Cell cycle assay

A total of 1×105 cells/well were cultured in 6-well plates. 
After culturing overnight, cells were irradiated with  
2 Gy of X-rays. After culturing for 48 hours, cell cycle 
was evaluated. Cells were washed twice with PBS, fixed in 
75% ethanol overnight at 4 ℃, then resuspended in 100 uL 
containing 500 mg/L RNase Ade PBS, cultured at 37 ℃ for 
1 hour, then resuspended again in 500 uL PBS containing 
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50 mg/L propidium iodide (PI) for 45 minutes at 4 ℃. 
The proportion in G1, S and G2-M cell cycle phases were 
recorded using flow cytometry. At least three independent 
experiments were conducted.

Statistical analysis 

The data are presented as mean ± standard (SD) by 
Student’s t-test for two independent groups or one-way 
ANOVA for multiple groups. A χ2 test and Tukey’s test 
were used for the analysis of variables. All analyses were 
performed using SPSS 19.0 software (IBM, NY, USA). A P 
value of <0.05 was considered statistically significant. 

Results

Increased expression of the IGF1R in radiation resistant 
colorectal cancer tissues

In this study, we enrolled 62 CRC patients from Qingdao 
University (25 radiation-insensitive cases and 37 radiation-

sensitive cases) from whom we had access to CRC tumor 
samples, as well as normal tissue adjacent to the tumor. 
Using immunohistochemical staining, we compared 
the IGF1R protein expression in the CRC tissues from 
radiation-sensitive patients with those from radiation-
insensitive patients and found higher expression in the 
radiation-resistant CRC tissues (Figure 1A,B). We compared 
the IGF-1R protein expression levels in 62 CRC tissue 
samples with pathological results and clinical indicators. 
IGF1R protein expression levels were correlated with 
the radiosensitivity and tumor stage and not significantly 
correlated with age, sex, or invasion of surrounding tissues 
of colon cancer patients (Table 1). CA199 and CEA are 
commonly used clinical tumor biomarkers for colorectal 
cancer. Correlation analysis showed that the IGF1R protein 
expression from CRC tissues was positively correlated 
with clinical CA199 values (r =0.2512, P=0.042) and not 
with CEA (r =−0.0978, P=0.449) (Figure 1C,D). These 
data therefore show that the IGF1R expression levels are 
positively correlated with tumor radiotherapy resistance, 
distant metastasis, and lymph node metastasis.
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High expression levels of the IGF1R in radiation-resistant 
CRC cell lines

RT-PCR was used to measure the IGF1R mRNA in three 
cell lines, namely HT29, SW480, and DLD-1 cells. We 
found that among these three cell lines, the IGF1R mRNA 
levels were high in HT29 and SW480 cells and relatively 
lower in DLD-1 cells (Figure 2A). The results showed that 
the IGF1R protein levels in DLD-1 cells were indeed lower 
than those seen in SW480 and HT29 cells (Figure 2B).  
Based on the cell survival score, we predicted that the 
expression levels of the IGF1R would be positively 
correlated with radiation resistance (r =0.8425, P<0.0001 
and r =0.8120, P<0.0001, Figure 2C,D). Based on these data 
we selected SW480 and HT29 cells as two radiotherapy-
resistant CRC cell lines that we then used to construct 
IGF1R knockdown models to further study how IGF1R 
affects the sensitivity to radiotherapy.

Silencing IGF1R with siRNA or inhibiting it with BMS-
754807 can interfere with the cell cycle in CRC cell lines

Based on the correlation between radiation resistance and the 
IGF1R expression, we next explored whether inhibiting the 
IGF1R expression affects the cell cycle. The level of IGF1R 

mRNA can be suppressed by transfecting SW480 and HT29 
cells with siRNA specifically targeting IGF1R mRNA (Figure 
3A). BMS-754807 also has an inhibitory effect on the mRNA 
level of IGF1R (Figure 3B).

The SW480 cells with or without knockdown of the 
IGF1R by siRNA were irradiated with 2 Gy of ionizing 
radiation and were then cultured for 48 hours. Control 
groups were not exposed to radiation (0 Gy). In the 
presence of radiation, compared with radiation alone, we 
found that siRNA-mediated IGF1R silencing caused an 
increase in number of G2-M cells with radiation. Similar 
results were observed in HT29 cells (Figure 3C).

We treated cells with various concentrations of BMS-
754807 and measured the IC50 of BMS-754807 using dose-
survival curve. IC50 was 2.92 μM in SW480 cells treated 
with BMS-754807 and 3.47 μM in HT29 cells. The SW480 
and HT29 cells with or without treatment of 4 μM BMS-
754807 were also irradiated with 2 Gy of ionizing radiation 
and then cultured for 48 hours. In the presence of radiation, 
compared with the cells that were not treated with BMS-
754807, we found that IGF1R knockdown cells treated with 
BMS-754807 increased G2-M (Figure 3C). Based on these 
results, irradiation of cells with a knockdown of the IGF1R 
results in a greater degree of G2/M blockade, thereby 
potentially increasing the sensitivity to radiotherapy.

Table 1 The relationship between IGF1R expression and characteristics of colorectal cancer

Clinical Indexes Description No. of patients
IGF-1R

χ2 P value
High Low

Age ≥50 47 27 20 2.479 0.115

<50 15 12 3

Sex Male 39 15 24 1.905 0.167

Female 23 13 10

pT stage T1, T2 13 6 7 2.93 0.087

T3, T4 49 35 14

pN stage N0 25 10 15 4.612 0.032

N1 37 25 12

pM stage M0 54 16 38 6.265 0.012

M1 8 6 2

Radiosensitivity Radioresistant 25 18 7 13.794 0.002

Radiosensitive 37 9 28

P<0.05 indicated significant differences.
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BMS-754807 promotes a response in colorectal cancer cells 
to irradiation

To investigate whether an inhibition of the IGF1R using 
the inhibitor BMS-754807 affects the radiosensitivity of 
HT29 and SW480 CRC cells, we treated both cells with or 
without BMS-754807 and then irradiated them with X-rays, 
and assessed for colony formation and proliferation. Cells 

were treated with BMS-754807 and cultured for 24 hours.  
Experimental group cells were then irradiated with 
ionizing radiation of 2, 4, or 6 Gy. Cells with or without 
BMS-754807 treatment were all irradiated, showing an 
inhibition of cell proliferation in a dose-dependent matter 
(Figure 4A,B,C,D). SW480 cells proliferation decreased 
following 2 Gy X-rays irradiation, but when combined with 
BMS-754807, a more significant proliferation inhibition 
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was observed (Figure 4E), suggesting that BMS-754807 
increases the radiosensitivity of SW480 cells. Similar results 
were seen in HT29 cells (Figure 4F).

Based on the clear changes in proliferation of BMS-
754807 treated cells induced by 2 Gy of radiation, we 
selected the same dose (2 Gy) to treat the cells in subsequent 
experiments. Colony formation test was used to evaluate 
the changes in clonogenicity. Crystal violet staining showed, 
compared with the radiation-only group, BMS-754807 
treatment had significantly inhibited the proliferation of 
SW480 and HT29 cells following irradiation (Figure 4G,H).

Changes in the Akt phosphorylation signaling pathway 
and double-stranded DNA breaks

The western blotting analysis showed that in SW480 cells, 
irradiation with X-rays increased p-Akt levels. SW480 
cells treated with BMS-754807 alone showed reduction in 
p-Akt levels. Treating cells with BMS-754807 followed by 
irradiation (2 Gy) effectively reduced p-Akt levels in SW480 
cells (Figure 5A). The HT29 cells showed similar results 
(Figure 5B). This indicates that BMS-754807 can block the 
PI3K/AKT pathway, thereby increasing the sensitivity of 
radiotherapy.

To analyze the effect of BMS-754807 on double strand 

DNA damage following irradiation, we also assessed the 
phosphorylation levels of γ-H2AX. When radiation causes 
DNA double-strand breaks, H2AX phosphorylation 
increases according to the degree of DNA damage. Our 
results showed that radiation can increase the formation of 
the phosphorylated H2AX (γ-H2AX), while BMS-754807 
treatment can further enhance the formation of γ-H2AX 
(Figure 5C,D). These results indicate that inhibiting IGF1R 
can increase DNA damage in CRC cell line under radiation 
exposure, thereby increasing radiosensitivity.

Discussion

High levels of IGF1R expression are positively correlated 
with radiation resistance in cervical, prostate, lung, HPV-
negative head and neck cancers, and melanoma (10,13-17). 
Studies have shown that the higher IGF1R expression, the 
higher the grade of various tumors and the lower the survival 
rate (18-20). Our study has demonstrated the potential 
of IGF1R as a high radiosensitizing molecular target in 
patients with CRC. IGF1R expression level (which may be 
an indicator of lymphatic metastasis or distant metastasis of 
CRC) in tumor sites of the radiotherapy resistance group was 
significantly higher than that in the radiotherapy sensitive 
group. CEA and CA199 are commonly used clinical tumor 
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biomarkers for colorectal cancer. CEA is a broad-spectrum 
tumor marker, which has important clinical diagnostic and 
evaluation value of colorectal cancer, while CA199 levels 
are significantly correlated with lymph node metastasis and 
pTNM staging (21). The results of this study indicate that 
the expression level of IGF1R at the tumor site was closely 
correlated with CA199 serum levels. 

By combining clinical patient tissue samples and several 
in vitro analyses in two radio-resistant human CRC cell 
lines, we confirmed that the IGF1R expression is correlated 
with radiotherapy resistance.

Several other in vitro studies have also suggested that 
increased expression of IGF1R confers radio-resistance 
to cells (22,23). Furthermore, we found that SW480 and 
HT29 cell lines, which had reduced levels of IGF1R due to 
knockout, had reduced survival and an increased sensitivity 
to radiation, which confirms a role for the IGF1R in the 
radioresistance seen in CRC. BMS-754807, a reversible 
ATP competitive IGF1R/IR inhibitor, has been found to 
inhibit IGF1R phosphorylation and activation of the PI3-K 
pathway in response to IGF-1 in breast cancer cells (24). 
In this regard, Akt is commonly activated in most cancers 
and is correlated with resistance to radiotherapy (25-27). 
Consistent with these data, we showed that irradiation alone 
increased the levels of p-AKT in these cell lines, however, 
decreased following BMS-754807 treatment, suggesting that 
BMS-754807 increases the sensitivity of colorectal tumors 
to radiation by inhibiting the radiation-induced activation 
of Akt. Sensitization to radiotherapy or chemotherapy by 
BMS-754807 has been previously reported in breast cancer, 
lung cancer, and pediatric high-grade gliomas (24,28,29). 
Our study is therefore the first to examine the effect of BMS-
754807 on radiosensitivity in human CRC cells.

A cell cycle study has confirmed that radiation induced 
G2-M arrest, while the addition of IGF-1R inhibitor, 
lincitinib, induces further arrest of nasopharyngeal carcinoma 
cells in G2-M phase (30). Consistent with these results, our 
study has demonstrated that BMS-754807 can also arrest 
G2-M, and that combination of IR and BMS-754807 can 
effectively enhance the radiosensitivity of CRC cells.

Radiation causes double-strand breaks (DSB), thereby 
destroying DNA structure (31), which causes ataxia 
telangiectasia mutant protein (ATM) to be activated, 
ultimately arresting the cell cycle (24). It is also known that 
ATM sensing of DNA damage can induce the expression of 
IGF-1 to drive pro-survival signals following exposure to 
radiation (32).Upon exposure to ionizing radiation, H2AX is 
phosphorylated, while each DSB can form a constant amount 

ofγ-H2AX. For a 1 Gy X-ray dose, approximately 1%–2% 
of H2AX is phosphorylated intoγ-H2AX (9,33). After DNA 
damage in the cell, H2AX is phosphorylated. The increased 
levels of γH2AX seen following treatment with BMS-
754807 would likely increase the sensitivity of tumor cells 
to radiation, which is consistent with the data observed. 
Similar results were found in both SW480 and HT29 cells. 
Consistent with pervious findings, our study proved that 
IGF1R inhibitor treatment in the presence of radiation can 
significantly increase DNA damage in tumor cells (34). It 
has also been shown that BRCA2 can help to reduce DNA 
damage through homologous recombination, whereas a 
kinase-deficient IGF1R has been shown to inhibit BRCA2 
expression (35). These results further indicate that inhibiting 
IGF1R activity may increase the radiosensitivity of CRC. 
Finally, IGF1R can affect nonhomologous end-joining thus 
protecting cells from radiation-induced DNA damage (36). 

In conclusion, we report that high IGF1R expression 
levels are associated with adverse tumor responses to 
radiation in patients with colorectal cancer and can reduce 
the radiosensitivity of colorectal cancer cells. BMS-754807, 
an IGF1R inhibitor, can increase DNA damage, down-
regulate the PI3K/Akt pathway, and increase G2-M phase 
in cell cycle all of which can increase radiosensitivity and 
reverse radioresistance in colorectal cancer. In the future, 
we intend to conduct further studies, both animal and 
clinical, to verify that BMS-754807 treatment can overcome 
radiotherapy resistance.
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