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Inhibition of IGFBP1 induction enhances the  
radiosensitivity of colon cancer cells in vitro
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Abstract: Insulin-like growth factor-binding protein 1 (IGFBP1), also known as placental protein 12 (PP12) is a pro-
tein that in humans is encoded by the IGFBP1 gene, plays an important role in the development and progression of 
cancer. However, the role of IGFBP-1 in colon cancer radiosensitivity remains unclear. Here, we show that IGFBP1 
knockdown potentiates irradiation-induced DNA damage and apoptosis in colon cancer cells. Upon exposure to 
radiation, the human colon cancer cell lines exhibited marked upregulation of IGFBP1 within 24 h. Inhibition of 
IGFBP1 induction significantly reduced the survival of irradiated radioresistant and -sensitive cells. Interestingly, 
knockdown of IGFBP1 rendered the colon cancer cells to sustain irradiation-induced DNA damage. Our results sug-
gest that IGFBP1 knockdown sensitizes colon cancer cells radiation in vitro, and thus, could potentially be targeted 
for therapeutic interventions aimed at radiosensitizing colon cancer.
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Introduction

Recently decades, colon cancer has become 
the second leading cause of cancer-related 
mortality in the USA, and a common malignan-
cy in Asia with changes in diet [1]. Although 
radiotherapy is a standard therapy in the adju-
vant treatment of resected colon and rectum 
cancers [2], and its combination with chemo-
therapy has been shown to reduce local failure 
and distant metastasis further, thereby improv-
ing the outcome of treatment [3, 4]. The big-
gest obstacle limiting effective cancer therapy 
is the occurrence of radio-resistant of cancer 
cells. Thus, researchers are currently seeking 
to reverse the resistant phenotype and maxi-
mize the toxicity of therapeutic agents toward 
cancer cells while minimizing it in normal cells 
[5-7].

The IGF-IGFR-IGFBP axis, which play critical 
role in differentiation, cell growth, and apopto-
sis, consists of six well-characterized insulin-
like growth factor-binding proteins (IGFBPs), the 
canonical ligands insulin-like growth factor 1 

(IGF1) and insulin-like growth factor 2 (IGF2), 
IGF receptors (IGF-IR or IGF1R and IGF-IIR or 
IGF2R), and several IGFBP proteases, including 
kallikreins, cathepsins, and matrix metallopro-
teinases (MMPs) [8]. IGFBP1, which located in 
7p12.3 has been reported as a potential 
response marker to selective internal radiation 
therapy in hepatocellular carcinoma [9]. IGFBP-
1 is secreted by liver in a highly phosphoryla- 
ted form that has higher IGF-I affinity than the 
non-phosphorylated form, and has been report-
ed to be resistant to proteolysis [10, 11]. Data 
suggest that expression of IGFBP1 in hepato-
cytes can be regulated by carnosine, a dietary 
factor; carnosine down-regulates expression of 
IGFBP1 in Hep G2 cells; mechanism involves 
suppression of HIF1A [12]. There was also 
report that demonstrated IGFBP1 upregulated 
in response to ionizing radiation in MCF-7 
human breast cancer cells [13]. However, to the 
present front, there is little known about the 
role of IGFBP-1 in colon cancer radiosensitivity.

In the present study, we found the expression 
status of IGFBP1 in irradiated colon cancer 
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cells, and investigated whether IGFBP1 can 
modulate the radiosensitivity of colon cancer 
cells. We found that knockdown of IGFBP1 
radiosensitized radioresistant colon cancer 
cells via persistent DNA damage, and that radi-
ation-induced significant up-regulation of 
IGFBP1 in colon cancer cells, contributed to 
their radioresistance by reducing DNA damage. 
Collectively, we propose that IGFBP1 inhibition 
might be a good strategy for radiosensitizing 
colon cancer cells in which IGFBP1 is endoge-
nously overexpressed or induced by radiation. 
Further, our study may provides a scientific 
rationale anticancer target for the development 
of new radiation sensitizers.

Materials and methods

Cell culture

HCT116 were grown in McCoy’s 5a Medium 
(Cat. No. LM005-01; Welgene, Korea), HT29 
and LOVO cells were grown in RPMI (Cat. No. 
LM011-01; Welgene). All media were supple-
mented with 10% (v/v) fetal bovine serum (Cat. 
No. 43640; JRS, CA) and 1% (w/v) penicillin/
streptomycin (Cat. No. 15140; Gibco, CA). Cells 
were incubated at 37°C in a humidified atmo-
sphere containing 5% (v/v) CO2.

Irradiation and RNA preparation

All cells examined were treated with 2 or 4 Gy of 
c-irradiation, using a Gamma cellR3000 Elan 
irradiator (137Cs A-ray source; MDS Nordin, ON, 
Canada), The irradiated cells were maintained 
for 12 or 24 h, and total RNA was extracted 
with Ribospin columns (Cat. No. 304-150; 
GeneAll, Korea). The total RNA concentration 
was quantified using an ND-1000 spectropho-
tometer (NanoDrop Technologies, Inc., Wil- 
mington, DE, USA) and the quality was checked 
using a Bioanalyzer 2100 (Agilent Technology, 
Santa Clara, CA, USA). 

Western blot 

The samples were shaked at 4°C for 1 h fol-
lowed by centrifugation at 40000×g at 4°C for 
another 1 h. Protein concentration was deter-
mined by the Bradford method using bovine 
serum albumin (BSA). 40 μg protein were sub-
jected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (Bio-Rad Labora- 
tories, Hercules, CA) and blotted onto nitrocel-
lulose membranes. After incubation with the 
specific primary antibodies (Cell Signaling 
Technology, Danvers, MA) in blocking solution 
overnight at 4°C, the blots were probed with a 

secondary horseradish peroxidase (HRP)-
conjugated antibody (Santa Cruz, CA, USA) and 
developed with enhanced chemiluminescence 
reagents. The relative amount of the target pro-
tein was normalized to β-actin and analyzed 
with a Gel Pro Analyzer (Media Cybernetics, 
Silver Spring, MD, USA).

Quantative real-time PCR

The obtained cDNA was also subjected to  
real-time PCR amplification using the iQ SYBR 
Green supermix (BioRad, Hercules, CA, USA). 
Actin was used as an endogenous control. ALL 
measurements were performed in triplicate. 
The real-time PCR data were analyzed using the 
ΔΔCT method. 

Apoptosis analysis

Cells were irradiated, incubated for 48 h, and 
harvested. Thereafter, 1×106 cells/group were 
stained with Annexin V-FITC (BD Biosciences, 
Franklin, NJ, USA), and the apoptotic population 
was analyzed by fluorescence-activated cell 
sorting (BD Biosciences).

Analysis of c-H2AX foci

Cells were grown on coverslips in 35-mm dish-
es, treated with si-IGFBP1 or control-siRNA for 
24 h, irradiated at 4 Gy, and then further incu-
bated for 48 h. Afterwards, the cells were fixed 
with PBS containing 4% (w/v) paraformalde-
hyde for 15 min and permeabilized with 0.1% 
(w/v) NP-40 in PBS for 15 min at room tempera-
ture. The cells were then treated with blocking 
buffer [10% (v/v) FBS, 0.1% (w/v) NP-40/PBS] 
at room temperature, incubated with an anti-c-
H2AX antibody (Millipore, MA, USA) for 2 h at 
room temperature, and then incubated with 
Alexa Fluor 555 (Cat. No. A21425; Invitrogen) 
for 45 min at room temperature. The nuclei of 
the labeled cells were counterstained with 
40,6-diamidino-2-phenylindole (DAPI) for 5 min, 
and the stained samples were mounted and 
visualized under an LSM 710 microscope (Carl 
Zeiss, Oberkochen, Germany). Cells displaying 
10 or more foci were counted as positive re- 
garded as having DNA damage.

Statistical analysis

The data are reported as the mean ± S.D. of at 
least three times of independent experiments 
with the double-sided Student’s t test. A P value 
of less than 0.05 was considered significant 
(*P < 0.05).
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Results

IGFBP1 expression is up-regulated in irradi-
ated cells in a time dependent manner

To examine whether IGFBP1 affects the cellular 
response to radiation, we first assessed the 
expression levels of IGFBP1 in HCT116 colon 

levels in these colon cancer cell lines within in 
a dose-dependent manner.

IGFBP1 knockdown increases radiosensitivity

To examine the biological impact of the radia-
tion-induced upregulation of IGFBP1, we used 
siRNA to block this up-regulation and examined 

Figure 1. IGFBP1 expression is induced by irradiation of human colon cancer 
cell lines in a time-dependent manner. (A, B) HCT116 cells were irradiated 
and IGFBP1 expression was examined by real-time-PCR and Western blot 
analyses at the indicated time points (0 h, 12 h and 24 h). actin was used as 
an internal control. (C, D) HT29 cells were irradiated and IGFBP1 expression 
was examined by real-time-PCR and Western blot analyses at the indicated 
time points (0 h, 12 h and 24 h). actin was used as an internal control. (E, 
F) LOVO cells were irradiated and IGFBP1 expression was examined by real-
time-PCR and Western blot analyses at the indicated time points (0 h, 12 h 
and 24 h). actin was used as an internal control. The data are reported as the 
mean ± S.D. of at least three times of independent experiments (*P < 0.05).

cancer cells before and after 
irradiation. Real time-PCR 
and Western blot analyses 
revealed that the Mrna (Figure 
1A) and protein (Figure 1B, 
1D and 1F) levels of IGFBP1 
were dramatically up-regulat-
ed in colon cancer cells fol-
lowing 4-Gy irradiation, evi-
dently detecting at 12 h post-
irradiation and continuing for 
24 h thereafter. To further 
evaluate the radiation-indu- 
ced up-regulation of IGFBP1, 
we examined this effect in 
HT29 and LOVO colon cancer 
cells. These two colon cancer 
cell lines also exhibited up-
regulation of IGFBP1 mRNA 
and protein expression at 12 
and 24 h after 4-Gy irradia-
tion (Figure 1C-F).

IGFBP1 expression is up-reg-
ulated in irradiated cells in a 
dose- dependent manner

The other real time-PCR was 
used to indicate IGBP1 mRNA 
expression was also up-regu-
lated following a much lower 
dose of 2-Gy irradiation in the 
same cells (Figure 2A). To fur-
ther evaluate the irradiation-
induced up-regulation of IGF- 
BP1, we used real-time-PCR 
to quantitatively analyze the 
IGFBP1 mRNA levels in non-
irradiated cells. Among the 
non-irradiated cells, the basal 
levels of IGFBP1 mRNA were 
similar among the three test-
ed cell lines (Figure 2B). 
These quantitative results 
indicate that irradiation sig-
nificantly increases IGFBP1 
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cell survival (colony formation assay). The 
IGFBP1 knockdown siRNAs were applied to 
HCT116 and HT29 cells prior to irradiation. The 
cell colony numbers were significantly de- 
creased in all tested cell lines upon IGFBP1 
depletion followed by irradiation or not (Figure 
3A-D, 0 Gy group). Specifically, treatment of HCT- 
116 or HT29 cells with IGFBP1-siRNA reduced 
much more of colony numbers following 4 

As hyaluronic acid protects cells from the cel-
lular stresses, including DNA damage, we mea-
sured nuclear c-H2AX foci (a sign of DNA dam-
age) in our system. Fluorescence microscopy 
showed that the number of c-H2AX-positive 
HCT116 and HT29 cells was greatly increased 
at 12 and 24 h post-irradiation (Figure 5A, 5B) 
in both control and IGFBP1-depleted cells. 
These results suggest that IGFBP1 depletion 

Figure 2. IGFBP1 expression is induced by irradiation of human colon cancer 
cell lines in a dose-dependent manner. A. IGFBP1 mRNA levels were deter-
mined in HCT116, HT29 and LOVO cells at 24 h post-irradiation (0 Gy, 2 Gy 
and 4 Gy). B. The basal levels of IGFBP1 mRNA in non-irradiated HCT116, 
HT29 and LOVO cells are presented as Ct-values obtained from real-time 
-PCR analyses. actin was also used as an internal control for real-time-PCR. 
The data are reported as the mean ± S.D. of at least three times of indepen-
dent experiments (*P < 0.05).

Figure 3. IGFBP1 knockdown decreases survival among irradiated colon can-
cer cells. HCT116 (A, B), HT28 (C, D) cells were transfected with si-IGFBP1 or 
control-siRNA, and then subjected to 4-Gy irradiation. The survival rates were 
determined by clonal analyses in which we calculated the number of colony 
numbers in irradiated versus non-irradiated cells. A representative picture of 
surviving crystal-violetstained colonies is shown, and the data are presented 
as means ± SD from three independent experiments (*P < 0.05).

Gy-dose irradiation (Figure 
3A-D, 4 Gy group). These re- 
sults indicate that IGFBP1 
depletion reduces cell surviv-
al following irradiation, further 
suggesting that the above-
described radiation-induced 
up-regulation of IGFBP1 con-
tributes to radioresistance in 
colon cancer cells. 

IGFBP1 knockdown increases 
colon cancer cells apoptosis

Next, we used Annexin V 
staining to examine the apop-
totic populations and deter-
mine whether the IGFBP1-
depletion-mediated decrease 
in cell survival was associat- 
ed with increased apoptosis 
among irradiated HCT116 
and HT29 cells. FACS analysis 
of Annexin V-stained cells 
revealed that IGFBP1 deple-
tion greatly shifted the cell 
population toward higher lev-
els of fluorescent intensity, 
reflecting increased apopto-
sis with or without irradiation 
(Figure 4A-D, 0 Gy group). 
Then, similar to the results of 
our survival analysis, IGFBP1 
depletion significantly alter 
the apoptotic profile of colon 
cancer cells prior to irradia-
tion (Figure 4A-D, 4 Gy group). 
Thus, our results indicate that 
IGFBP1 knockdown increases 
apoptosis and enhances rad- 
iosensitivity in the tested cell 
lines.

IGFBP1 knockdown increases 
irradiation-induced DNA dam-
age
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potentiates radiation-induced DNA damage in 
colon cancer cells, perhaps by decreasing the 
recovery from DNA damage.

Discussion

As a important member of IGFBPs, IGFBP1 has 
been reported to have both inhibitory and 
potentiating effects on IGF-I action [14-17] and 
Zhao et al. [18] and Jyung et al. [19] showed 
that it was required in addition to IGF-I to stimu-
late tissue repair in vivo. Meanwhile, the com-
plexity of IGFBP-1 has also been demonstrated 
in malignancies. IGFBP-1 promotes apoptosis 
of cancer cells under some conditions but not 
under others [20, 21]. Furthermore, IGFBP-1 

expression has been documented to be both 
positively and negatively correlated with cancer 
risk [20, 22]. However, there is limited evidence 
from the literature concerning the role of IGFBP-
1 in colon cancer radioresistance. Here in, we 
demonstrate that irradiation of human colon 
cancer cell lines triggers up-regulation of 
IGFBP1, whereas knockdown of it potentiates 
DNA damage and increases apoptosis in these 
cells. Thus, IGFBP1 may be a promising anti-
cancer target for therapeutic strategies aimed 
at radiosensitizing colon cancer cells. 

The remaining cancer cells after surgery would 
be sufficient for recurrences of many types of 
cancer. Chemotherapy and radiotherapy have 

Figure 4. IGFBP1 knockdown increases apoptosis among irradiated colon cancer cells. (A, B) HCT116 cells trans-
fected with si-IGFBP1 or control-siRNA were irradiated with 4 Gy and subjected to Annexin V staining. Flow cytometry 
was used to compare the apoptotic (Annexin-V-positive) cell profiles before and 48 h after radiation. The percent-
ages of Annexin-V-positive apoptotic cells were determined by analysis of the histograms are shown. (C, D) The rep-
resentative picture of scatter diagram from each group. The data are reported as the mean ± S.D. of at least three 
times of independent experiments. (*P < 0.05).
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been used for cancer treatments. However, 
they result in some serious side effects, pro-
ducing radiation- and drug-resistant cells, for 
instance. Therefore, cancer immunotherapy 
would be potentially effective because it could 
enhance patients’ immune surveillance and 
fight against cancer cells without any side 
effects. Cancer immunotherapy has been more 
effectively used to detect and destroy cancer 
cells. The immune system must be triggered by 
a specific “tumor antigen” or “tumor associated 
antigens” on the surface of cancer cells [23]. 
For instance, The IGF family can stimulate DCs 
to secrete different cytokine profiles [24]. 
Combined therapy with IGF-1R, HER-2, and 
HER-1 peptides induces synergistic antitumor 
effects against breast and pancreatic cancer 
cells [25]. Our results demonstrate IGFBP1 was 
involved in colon cancer tumorigenesis, and 
also may imply its role in colon cancer immuno-
therapy. Furtherstudy will be explored the role 
of IGFBP1 in colon cancer immunotherapy.

Studies have been suggested radiotherapy is 
one of the major therapeutic strategies for can-
cer treatment and results in DNA damage, 
including double-strand break (DSBs), which in 
turn initiates a variety of signaling events in 
cancer cells [26]. Then the DSBs process could 
lead to the phosphorylation of H2AX. According 
to these procedures, numbers of researchers 
have used this as a marker for the cellular 
response to radiation-induced DNA damage 

Acknowledgements

This study was support by Hubei Provincial 
Health Department of the Youth Talent Project  
(Number: QJX2012-40). We thank Professor 
Paili Geng (Department of immunology, Insti- 
tution of medicine, Qinghai University) and 
Professor Yuntao Xie (The breast disease re- 
search center, Institute of clinical oncology, 
Peking University) for technical support.

Disclosure of conflict of interest

None.

Address correspondence to: Qiushan He, Depart- 
ment of Oncology, Affiliated Hospital of Medical 
College, HuBei Arts and Science University, 142 
JinZhou Street, Xiangyang 441021, P.R. China. Tel: 
+86 7103511150; Fax: +86 7103511150; E-mail: 
heqiushanhubeivip@163.com

References

[1]	 Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray 
T and Thun MJ. Cancer statistics, 2008. CA 
Cancer J Clin 2008; 58: 71-96.

[2]	 Saltz LB and Minsky B. Adjuvant therapy of 
cancers of the colon and rectum. Surg Clin 
North Am 2002; 82: 1035-1058.

[3]	 Krook JE, Moertel CG, Gunderson LL, Wieand 
HS, Collins RT, Beart RW, Kubista TP, Poon MA, 
Meyers WC, Mailliard JA and et al. Effective 
surgical adjuvant therapy for high-risk rectal 
carcinoma. N Engl J Med 1991; 324: 709-715.

Figure 5. IGFBP1 knockdown potentiates c-H2AX foci in irradiated colon can-
cer cells. A. The results showing that the formation of c-H2AX foci following 
irradiation is increased in IGFBP1-knockdown cells compared to controls. 
HCT116 cells grown on coverslips were transfected with si-IGFBP1 or control-
siRNA and then exposed to 4-Gy irradiation. Irradiated and non-irradiated 
cells were fixed, stained with an antibody against c-H2AX, and then counter-
stained with DAPI. Fluorescent microscopy was used to examine the pres-
ence of c-H2AX foci in nuclei (×400). The percentages of cells with c-H2AX 
foci were determined from fluorescent microscopic images. Cells displaying 
10 or more nuclear foci were counted as positive for c-H2AX. At least more 
than 70 cells were assessed per group. B. Similar tendency was observed in 
HT29 cells. The data are reported as the mean ± S.D. of at least three times 
of independent experiments. (*P < 0.05).

[27-29]. In the present study, 
our results showed that the 
knockdown of IGFBP1 in irra-
diated colon cancer cells de- 
layed the clearance of γH2AX, 
suggesting that knockdown  
of IGFBP1 prevents DNA re- 
pair and hence increases 
radio-sensitivity. 

In summary, we herein report 
for the first time that knock-
down of IGFBP1 can reverse 
radioresistance in colon can-
cer cell lines, suggesting that 
this strategy could be useful 
for the future development of 
new radiosensitizers. How- 
ever, further efforts are need-
ed to define the mechanistic 
basis of IGFBP1-induced ra- 
dioresistance.

mailto:heqiushanhubeivip@163.com


IGFBP1 in colon cancer radiosensitivity

8765	 Int J Clin Exp Pathol 2016;9(8):8759-8766

[4]	 Seiwert TY, Salama JK and Vokes EE. The con-
current chemoradiation paradigm--general 
principles. Nat Clin Pract Oncol 2007; 4: 86-
100.

[5]	 Liu R, Fan M, Candas D, Qin L, Zhang X, 
Eldridge A, Zou JX, Zhang T, Juma S, Jin C, Li 
RF, Perks J, Sun LQ, Vaughan AT, Hai CX, Gius 
DR and Li JJ. CDK1-Mediated SIRT3 Activation 
Enhances Mitochondrial Function and Tumor 
Radioresistance. Mol Cancer Ther 2015; 14: 
2090-2102.

[6]	 Woo JK, Kang JH, Shin D, Park SH, Kang K, 
Nho CW, Seong JK, Lee SJ and Oh SH. Daurinol 
Enhances the Efficacy of Radiotherapy in Lung 
Cancer via Suppression of Aurora Kinase A/B 
Expression. Mol Cancer Ther 2015; 14: 1693-
1704.

[7]	 Kwon SJ, Lee SK, Na J, Lee SA, Lee HS, Park 
JH, Chung JK, Youn H and Kwon J. Targeting 
BRG1 chromatin remodeler via its bromodo-
main for enhanced tumor cell radiosensitivity 
in vitro and in vivo. Mol Cancer Ther 2015; 14: 
597-607.

[8]	 Rajah R, Katz L, Nunn S, Solberg P, Beers T 
and Cohen P. Insulin-like growth factor binding 
protein (IGFBP) proteases: functional regula-
tors of cell growth. Prog Growth Factor Res 
1995; 6: 273-284.

[9]	 Nel I, Baba HA, Weber F, Sitek B, Eisenacher M, 
Meyer HE, Schlaak JF and Hoffmann AC. 
IGFBP1 in epithelial circulating tumor cells as 
a potential response marker to selective inter-
nal radiation therapy in hepatocellular carci-
noma. Biomark Med 2014; 8: 687-698.

[10]	 Jones JI, D’Ercole AJ, Camacho-Hubner C and 
Clemmons DR. Phosphorylation of insulin-like 
growth factor (IGF)-binding protein 1 in cell cul-
ture and in vivo: effects on affinity for IGF-I. 
Proc Natl Acad Sci U S A 1991; 88: 7481-7485.

[11]	 Gibson JM, Aplin JD, White A and Westwood M. 
Regulation of IGF bioavailability in pregnancy. 
Mol Hum Reprod 2001; 7: 79-87.

[12]	 Forsberg EA, Botusan IR, Wang J, Peters V, 
Ansurudeen I, Brismar K and Catrina SB. Car- 
nosine decreases IGFBP1 production in db/db 
mice through suppression of HIF-1. J Endocrinol 
2015; 225: 159-167.

[13]	 Jung S, Lee S, Lee J, Li C, Ohk JY, Jeong HK, 
Lee S, Kim S, Choi Y, Kim S, Lee H and Lee MS. 
Protein expression pattern in response to ion-
izing radiation in MCF-7 human breast cancer 
cells. Oncol Lett 2012; 3: 147-154.

[14]	 Baxter RC. Insulin-like growth factor binding 
proteins in the human circulation: a review. 
Horm Res 1994; 42: 140-144.

[15]	 Baxter RC. Insulin-like growth factor (IGF)-bin- 
ding proteins: interactions with IGFs and intrin-

sic bioactivities. Am J Physiol Endocrinol Metab 
2000; 278: E967-976.

[16]	 Clemmons DR. Role of insulin-like growth fac-
tor binding proteins in controlling IGF actions. 
Mol Cell Endocrinol 1998; 140: 19-24.

[17]	 Elgin RG, Busby WH Jr and Clemmons DR. An 
insulin-like growth factor (IGF) binding protein 
enhances the biologic response to IGF-I. Proc 
Natl Acad Sci U S A 1987; 84: 3254-3258.

[18]	 Zhao LL, Galiano RD, Cox GN, Roth SI and 
Mustoe TA. Effects of insulin-like growth factor-
I and insulin-like growth factor binding pro-
tein-1 on wound healing in a dermal ulcer 
model. Wound Repair Regen 1995; 3: 316-
321.

[19]	 Jyung RW, Mustoe JA, Busby WH and Clem- 
mons DR. Increased wound-breaking strength 
induced by insulin-like growth factor I in com- 
bination with insulin-like growth factor binding 
protein-1. Surgery 1994; 115: 233-239.

[20]	 Perks CM, Newcomb PV, Norman MR and Holly 
JM. Effect of insulin-like growth factor binding 
protein-1 on integrin signalling and the induc-
tion of apoptosis in human breast cancer cells. 
J Mol Endocrinol 1999; 22: 141-150.

[21]	 Perks CM, Bowen S, Gill ZP, Newcomb PV and 
Holly JM. Differential IGF-independent effects 
of insulin-like growth factor binding proteins (1-
6) on apoptosis of breast epithelial cells. J Cell 
Biochem 1999; 75: 652-664.

[22]	 Kaaks R, Toniolo P, Akhmedkhanov A, Lukan- 
ova A, Biessy C, Dechaud H, Rinaldi S, Zelen- 
iuch-Jacquotte A, Shore RE and Riboli E. Serum 
C-peptide, insulin-like growth factor (IGF)-I, IGF-
binding proteins, and colorectal cancer risk in 
women. J Natl Cancer Inst 2000; 92: 1592-
1600.

[23]	 Jinushi M, Hodi FS and Dranoff G. Enhancing 
the clinical activity of granulocyte-macrophage 
colony-stimulating factor-secreting tumor cell 
vaccines. Immunol Rev 2008; 222: 287-298.

[24]	 Huang CT, Chang MC, Chen YL, Chen TC, Chen 
CA and Cheng WF. Insulin-like growth factors 
inhibit dendritic cell-mediated anti-tumor im-
munity through regulating ERK1/2 phosphory-
lation and p38 dephosphorylation. Cancer Lett 
2015; 359: 117-126.

[25]	 Miller MJ, Foy KC, Overholser JP, Nahta R and 
Kaumaya PT. HER-3 peptide vaccines/mimics: 
Combined therapy with IGF-1R, HER-2, and 
HER-1 peptides induces synergistic antitumor 
effects against breast and pancreatic cancer 
cells. Oncoimmunology 2014; 3: e956012.

[26]	 Jackson SP. Sensing and repairing DNA dou-
ble-strand breaks. Carcinogenesis 2002; 23: 
687-696.

[27]	 Rogakou EP, Pilch DR, Orr AH, Ivanova VS and 
Bonner WM. DNA double-stranded breaks in-



IGFBP1 in colon cancer radiosensitivity

8766	 Int J Clin Exp Pathol 2016;9(8):8759-8766

duce histone H2AX phosphorylation on serine 
139. J Biol Chem 1998; 273: 5858-5868.

[28]	 Bonner WM, Redon CE, Dickey JS, Nakamura 
AJ, Sedelnikova OA, Solier S and Pommier Y. 
GammaH2AX and cancer. Nat Rev Cancer 
2008; 8: 957-967.

[29]	 Bourton EC, Plowman PN, Smith D, Arlett CF 
and Parris CN. Prolonged expression of the 
gamma-H2AX DNA repair biomarker correlates 
with excess acute and chronic toxicity from ra-
diotherapy treatment. Int J Cancer 2011; 129: 
2928-2934.


