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Abstract 

 

To investigate features in resistant colorectal cancer cells, three radio-resistant 

human colorectal cancer cell lines (SNU-61R80GY, SNU-283R80GY, and SNU-

503R80GY) were induced from their parental cell lines (SNU-61, SNU-283, and 

SNU-503) by exposing them to a total of 80 grays of Cesium-137. Interestingly, 

remarkable increases in cell proliferation and colony forming abilities for SNU-

503R80GY were observed compared to SNU-503 without irradiation although 

there were no significant changes in the cell cycle and apoptotic assays using 

FACS and western blot analysis. Gene expression microarray analysis was then 

conducted to identify genetic differences between the induced radio-resistant 

colorectal cancer cell lines and the parental cell lines. Thirty-three genes that 

were more than 2-fold up or down-regulated in the induced radio-resistant 

colorectal cancer cell lines were analyzed. Five genes that were 3-fold up-

regulated in all three induced radio-resistant colorectal cancer cell lines were 

sorted out as candidate marker genes for radio-resistance and ERBB receptor 

feedback inhibitor 1 (ERRFI1, also known as MIG6, GENE33 or RALT) was 

selected for siRNA transfection and functional study. I discovered that the 

induced radio-resistant human colorectal cancer cell lines have different features 
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such as different gene expression patterns, and their ability for cell proliferation 

and colony forming is greatly enhanced compared to the parental cell lines. These 

results suggest that the induced radio-resistant colorectal cancer cell lines are 

more tumorigenic than the parental cell lines. These cellular and genetic 

characteristics of the induced radio-resistant colorectal cancer cell lines could be 

considered as markers for radio-resistance. The genes that were 3-fold up-

regulated in the induced radio-resistant colorectal cancer cell lines could be also 

regarded as candidate markers for radio-resistance. 
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Introduction 

 

Colorectal cancer (CRC) is the third most common cancer in males and the 

second common most cancer in females worldwide. The incidence rate of CRC 

tends to increase globally each year [1]. The most effective treatment for CRC is 

still debatable, but a total mesorectal excision with adjuvant radio and 

chemotherapy has typically been performed depending on the tumor stage [2]. It 

has been reported that patients who have preoperative radiotherapy before surgery 

have a higher survival rate than patients who don’t. An impressive reduction in the 

rate of local recurrence after preoperative radiotherapy has also been found, 

whereas no significant decrease in the risk of metastatic recurrence was shown [3]. 

However, there are still patients who consistently suffer from CRC and experience 

local and metastatic recurrence after the appropriate treatment. It is thought that 

this related to chemoradioresistance. In general, there are four major explanations 

that have been invoked to describe these sensitivities of solid tumors. First, tumors 

that contain a high content of hypoxic cells or that fail to reoxygenate during 

treatments often show a weak response to chemoradiotherapy [4, 5]. Second, 

response to chemoradiotherapy depends on whether tumor cells are in proliferating 

or resting cycles [6]. Third, less severe tumors often have a higher repair capacity 
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for DNA damage caused by chemoradiotherapy [7]. Fourth, each patient has their 

own individual genetic sensitivity to chemoradiotherapy [8]. 

When cancer cells start to have chemo and radio-resistance, various molecular 

changes including DNA mutations, chromosomal aberrations and genetic 

polymorphisms occur [9]. It has also been reported that after irradiation, radio-

resistant colorectal cancer cell lines often have a higher survival fraction as a unit 

of the colony forming assay than that of non-resistant colorectal cancer cell lines. 

This means that radio-resistant cells have the ability to grow unattached to a 

surface and are less sensitive to radiation [10]. Using these characteristics of 

chemo- and radio-resistant cancer cells, many investigators have been trying to 

find a specific molecular biomarker for chemo- and radio-sensitivity from the 

tumor samples of CRC patients and diverse cancer cell lines [11, 12]. 

As explained above, many researchers have discovered various genes using 

gene expression profiling such as microarray and 2-dimensional electrophoresis. 

So far, several genes such as Survivin [13] and TCF4 [14] which are 

overexpressed in radio-resistant tumors have been evoked, but there is still a lack 

of independent validation and accuracy because experimental and analytical 

procedures were performed by different researchers. It is also difficult to 

standardize all CRC patients because each genetic background and response to 
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chemo and radiotherapy is different [15]. Nevertheless, it has been shown that 

there are DNA mutations in the RAS-MAPK pathway which opens the possibility 

for the response of primary rectal cancers to radiation [16]. Although there are 

conflicting studies, colorectal cancers that have the KRAS mutation were less 

sensitive to treatment with the epidermal growth factor receptor (EGFR) inhibitor 

cetuximab, which means that it may eventually cause an increase in EGFR, 

according to one research group [17]. A recent study has shown that 

overexpressed EGFR reduces tumor radio-sensitivity [18]. On the other hand, it 

has been reported that expression of ERBB receptor feedback inhibitor 1 

(ERRFI1, also known as MIG6, GENE33 or RALT), a negative regulator of 

EGFR, is strongly down-regulated in different cancers such as skin, breast, 

pancreatic, ovarian and liver cancers [19, 20], but it has not been studied in 

colorectal cancer yet. 

 In this study, I focused on the establishment of radio-resistant human colorectal 

cancer cell lines that were induced by exposing them to a total of 80 grays of Cs-

137. To confirm that the induced radio-resistant colorectal cancer cell lines actually 

had resistance to radiation, cell proliferation, cell cycle analysis and soft agar 

colony forming assay were performed after 0 and 4 grays of irradiation. Gene 

expression microarray was performed to investigate differential mRNA expression 
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on the parental and induced radio-resistant colorectal cancer cell lines. Five genes 

that were 3-fold up-regulated in the radio-resistant colorectal cancer cell lines were 

analyzed and ERRFI1 gene was selected for the siRNA transfection study. We 

hypothesized that ERRFI1 could act as a candidate marker for radio-resistance. 

 



 

５ 

 
 

Materials and Methods 

 

Establishment of cell lines and cell culture condition 

The colorectal cancer cell lines SNU-61, SNU-283, SNU-503 and all the other 

human colorectal cancer cell lines that were used in this study were provided by 

the Korean Cell Line Bank (Seoul, Korea) and were induced to radio-resistant 

colorectal cancer cell lines (SNU-61R80GY, SNU-283R80GY, and SNU-

503R80GY) by exposing them to a total 80 grays of radiation with Cesium-137 

irradiator (MK. 1-68) (J.L. Shepherd & Associates, CA, USA). All cell lines 

were cultured in DMEM or RPMI1640 media with 10 % FBS and 1.1 % 

penicillin (Gibco, CA, USA).  

 

Cell counting 

1.0 x 105 cells/ml were seeded onto 6-well plates and cultured for 24 hours to 

make sure that the cells were adherent. The cells were then irradiated with 4 

grays of Cs-137 and stained with 0.4 % trypan blue depending on each selected 

time (0 and 96 hours). Cell counting was performed with the CountessTM cell 

counting chamber slide and CountessTM automated cell counter (Invitrogen, 

Carlsbad, CA, USA). This process was repeated three times for each cell line. 
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MTT assay 

1.0 x 105 cells/ml were seeded in a 96-well plate and irradiated with 0 and 4 

grays of Cs-137 after 24 hours. Then 50 μl of MTT [3-(4, 5-dimethylthiazol-2-

yl)-2, 5-diphenyltetrazolium bromide] (Sigma-Aldrich co., St, Louis, MO, USA) 

solution diluted with PBS (2.5 mg/ml) was added to each well of the 96-well 

plate with the same time selection as the cell counting (0 and 96 hours). After 4 

hours of incubation, the MTT solution was removed and 150 μl of DMSO 

(dimethyl sulfoxide) was added. Absorbance was measured by an ELISA reader 

(Molecular Devices Co., CA, USA) at 540 nm after being incubated for 15 

minutes at room temperature. 

 

Cell cycle analysis by FACS 

To investigate cellular changes in the induced radio-resistant colorectal cancer 

cell lines, cell cycle analysis was performed. The cells were collected at 96 hours 

after 0 and 4 grays of irradiation, which previously showed dramatic changes in 

the cell proliferation assay, and fixed with 70 % ethanol and incubated at 4 °C for 

24 hours. The cells were then washed with cold PBS and stained with propidium 

iodide (PI) (100 μg/ml) (Sigma-Aldrich Co.) and RNase A (10 mg/ml) (Intron 

biotechnology, Gyeonggi, Korea) for 30 minutes on ice. The cells were then 
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introduced to a fluorescence-activated cell sorter (FACS CantoIITM, BD, NJ, 

USA) to determine the proportions of the cell cycle phases. 

 

Colony forming assay 

1.5 ml of 0.5 % Noble agar (BD Difco™, Franklin Lakes, NJ, USA) in 

RPMI1640 with 10 % FBS was solidified at the bottom of each well of a 6-well 

plate. 3.5 x 103 cells/ml in culture media were mixed with 0.4 % agar and spread 

on the bottom agar. After 24 hours of incubation, the plate was irradiated to 0 and 

4 grays of Cs-137. Three weeks later, the colonies were stained with 0.005 % of 

crystal violet and were counted under a microscope and the average number of 

colonies from triplicate wells was calculated. 

 

Gene expression microarray 

Total RNA was extracted from the induced radio-resistant and parental cell 

lines using TRIzol (Invitrogen) and purified with the RNeasy Mini Kit (Qiagen, 

Hilden, Germany). RNA integrity was assessed with an Agilent 2100 Bioanalyzer 

(Agilent, Palo Alto, CA, USA). High quality RNA (RNA integrity number > 9.0) 

was used for the gene expression microarray analysis in which 100 ng of total 

RNA was processed for biotin labeled target preparation and hybridization to the 
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Affymetrix Gene 1.0 ST array according to the manufacturer's instructions to 

perform the gene expression profiling experiments (Affymetrix, Inc., Santa Clara, 

CA, USA). After 16 hours of hybridization at 45 °C and rotating at 60 rpm, the 

arrays were washed and stained on a GeneChip Fluidics Station (Affymetrix, 

Inc.) and scanned using the Gene Chip Scanner 3000 (Affymetrix, Inc.). The 

CEL intensity data extracted by GCOS (Gene Chip Operating Software) was 

used for the data analysis. Raw data were processed using the Affymetrix® 

Expression Console software with the default RMA parameters. 

 

RNA isolation and cDNA synthesis 

Cells were collected by trypsinization and suspended in easy-BLUETM (Intron 

biotechnology) by vortexing for 15 minutes. Total RNA was isolated according 

to the instructions. For cDNA synthesis, 2 μg of total RNA and 1 μl of random 

primer were mixed together and incubated at 70 °C for 10 minutes. After cooling 

down on ice for 5 minutes, a mixture that contained 4 μl of 0.1M DTT, 1 μl of 

2.5 mM dNTP, 1 μl of SuperscriptTM II reverse transcriptase (10,000 units) 

(Invitrogen) and 1 μl of DEPC water was added to a 1.5 ml tube and the reverse 

transcription reaction was performed. The conditions of the reaction were 1 hour 

30 minutes at 42 °C and 15 minutes at 80℃. Finally, 80 μl of DEPC water was 
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added for cDNA dilution.  

 

Reverse transcriptase-PCR (RT-PCR) 

To analyze the mRNA expression levels, 1 μl of synthesized cDNA was 

amplified in 14 μl of a PCR mixture that contained 1.5 μl of 10 x PCR buffer 

with MgCl2, 0.5 μl of dNTP, 0.25 μl of forward primer (10 pmol/ul), 0.25 μl 

reverse primer (10 pmol/ul), 11.42 μl of distilled water and 0.08 μl of i-Taq DNA 

polymerase (500 units) (Intron biotechnology). The primer sequences that were 

used in this study are listed on Table 1. RT-PCR was performed using a 

programmable thermal cycler (PCR System 9700, Applied Biosystems; Foster 

City, CA, USA). The RT-PCR products were fractionated on a 1.5 % agarose gel 

containing ethidium bromide (EtBr). 

 

Real-time PCR 

Synthesized cDNA from total RNA was diluted to 10 ng/μl and concentrations of 

each primer were optimized. 1 μl of cDNA was mixed with 5.0 μl of Master Mix 

(Applied Biosystems), distilled water, and optimized volume of each forward and 

reverse primer. The primer sequences were the same as the ones used in RT-PCR 

and are listed in Table 1. Real-time PCR analysis was performed with the 
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7900HT Fast Real-Time PCR System (Life Technologies Co., Carlsbad, CA, 

USA). The results were normalized to the housekeeping gene, β-actin, and the 

cycle threshold (Ct) values were extracted. 

 

Protein isolation and western blotting 

Cells were harvested at the selected times and lysed in PRO-PREPTM Protein 

Extraction Solution (Intron biotechnology). The protein concentration was 

determined by the SMARTTM micro BCA protein assay kit (Intron 

biotechnology). The protein was loaded onto a 4-12 % Bis-Tris gel (Invitrogen) 

at 70 volts for 2 hours and transferred to a PVDF membrane (Invitrogen) by 

electro-blotting overnight at a constant current of 80 mA at 4 °C. To block the 

membrane, it was incubated in 1.5 % to 2.5 % skim milk and 0.5 % Tween 20-

TBS buffer containing 1mM of MgCl2 for an hour at room temperature. Primary 

antibodies against ERRFI1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 

USA) (1:1000), poly-(ADP-ribose) polymerase (PARP) (BD Biosciences, San 

Jose, CA, USA) (1:1000), Caspase-3 and β-actin (Applied Biological Materials 

Inc., Richmond, BC, Canada) (1:5000) were introduced to the membrane and 

were incubated for 2 hours at room temperature. Peroxidase conjugated mouse or 

rabbit IgG antibody (Jackson Immunoresearch, West Grove, PA, USA) (1:5000) 
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was added as a secondary antibody. Chemiluminescent working solution, 

WESTZOLTM (Intron biotechnology) was decanted to the membrane. The 

membrane was exposed to Fuji RX film (Fujifilm, Tokyo, Japan) for 1-5 minutes. 

 

Immunofluorescent staining 

To find the location of the ERRFI1 protein and to compare the difference in 

expression levels between the SNU-503 and SNU-503R80GY cell lines, 

immunocytochemistry was performed. The cells of each cell line were seeded 

onto 12-well plates coated with cover slides. After being washed three times with 

PBST, 500 μl of 3.7 % formaldehyde (Sigma-Aldrich Co.) were then added to 

each well for fixation. After fixation, 500 μl of 0.25 % Triton-100 (MERCK, 

Darmstadt, Germany) solution was introduced to the cells. Blocking solution that 

included 1 % Bovine Serum Albumin (BSA) (Sigma-Aldrich Co.) in PBST 

buffer was then introduced to the cells. They were then incubated for 1 hour with 

gentle shaking. After blocking, the primary antibody, ERRFI1 (Santa Cruz 

Biotechnology, Inc.,) was diluted with PBST (1:500) and added to the cells. They 

were incubated overnight in a 4 °C cold room on an orbital shaker. The 

secondary antibody, Alexa Fluor®488 (Invitrogen) was diluted with PBST 

(1:500) and added to the cells after being washed three times with PBST. They 
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were then incubated for 1.5 hours at room temperature. The cells were stained 

with 100 μg/ml of 4’, 6-diamidino-2-phenylindole (DAPI) (1:500) (Sigma-

Aldrich Co.) for nuclei staining. The cover slides were then collected from the 

12-well plates and mounted onto slides with mounting medium (Dako, 

Carpinteria, CA, USA). Finally, the slides were placed onto a Confocal Laser 

Microscope LSM5 (Carl Zeiss, Oberkochen, Germany) and a few random fields 

were photographed.  

 

Knockdown of ERRFI1 expression by siRNA transfection 

The SNU-503R80GY colorectal cancer cell line was selected for the ERRFI1 

knockdown study because of the increased gene expression level which was 

confirmed by RT-PCR, real-time PCR and western blotting in the induced radio-

resistant colorectal cancer cell lines. The SNU-503R80GY cell line also has the 

highest cell doubling time which is most suitable for various kinds of assays. 2.0 

x 105 cells/ml were seeded in a 6-well plate and transfected with control siRNA 

and ERRFI1 siRNA (No#:1048480) (Bioneer, Alameda, CA, USA) with 

lipofectamine 2000 (Invitrogen) at a final concentration of 40 nM siCONT and 

40 nM siERRFI1 in Opti-MEM medium for 6 hours. The media was then 
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replaced with an equal volume of RPMI1640 without antibiotics. The cells were 

collected for cell counting and MTT assay for confirmation of the mRNA level. 

 

Statistical analysis 

All acquired data in this study were analyzed by GraphPad Prism 5.0 and 

expressed as the means ± standard deviation. Comparison between the two cell 

lines (SNU-503 and SNU-503R80GY) was performed by a two-way analysis of 

variance (two-way ANOVA) with time and dose of radiation as dependent 

variables.  
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Table 1. cDNA specific primer sequences for RT-PCR and Real-time 

PCR (F: Forward, R: Reverse) 

 

Names Primer Sequences Size (bp) 

ERRFI1 F 5′-GGCACAATGTCAATAGCAGG-3′ 

232 

ERRFI1 R 5′-ATCGGAGCAGATTTGGAAGC-3′ 

H19 F 5'-TTGGCAGACAGTACAGCATC-3' 

254 

H19 R 5'-AGCCTAAGGTGTTCAGGAAG-3' 

MPZL3 F 5'-AGTCTTTCCAGTACCCAACC-3' 

273 

MPZL3 R 5'-AGGGCACAAAGACAAGGATG-3' 

UCA1 F 5′-AGCCTGTTTAGGTGGTCTTC-3′ 

363 

UCA1 R 5′-ACCGTAAGAGTTACCCGAAG-3′ 

NDRG1 F 5’-CCTGCAAGAGTTTGATGTCC-3’ 

296 

NDRG1 R 5’-ACTCCAGGAAGCATTTCAGC-3’ 

β-actin F 5’-GACCACACCTTCTACAATGAG-3’ 

301 

β-actin R 5’-GCATACCCCTCGTAGATGGG-3’ 
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Results 

 

Lower radio-sensitivity of the induced radio-resistant human colorectal 

cancer cell lines and the parental cell lines confirmed by cell proliferation 

assay and colony forming assay  

SNU-503 and SNU-503R80GY cell lines were selected for cell proliferation 

assay due to their available growth rate for the experiments compared to the other 

pairs of cell lines (SNU-61 and SNU-61R80GY and SNU-283 and SNU-

283R80GY). 

To investigate the sensitivity to radiation in both the SNU-503 and SNU-

503R80GY cell lines, cell counting, MTT assay and colony forming assay were 

performed after 0 and 4 grays of irradiation. According to the result of the 

doubling times for both cell lines, 96 hours were selected to perform the cell 

counting and MTT assay. From the cell counting results in both cell lines, the 

growth rate of SNU-503R80GY cell line was approximately 1.6 times faster 

(77.9 hours) than that of the SNU-503 cell line (48.4 hours) (data not shown). 

After irradiation with 4 grays, there was a 35.1 % decline in the growth rate for 

the SNU-503 cell line while the growth rate for SNU-503R80GY only decreased 

by 11.0 % (Fig. 1A) (* P < 0.05). This result shows that the SNU-503R80GY cell 
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line is more resistant to radiation than the SNU-503 cell line. Furthermore, the 

MTT assay showed a significantly decreased cell proliferation rate by 17.6 % in 

the SNU-503 cell line at 96 hours after 4 grays of irradiation compared to 0 gray 

irradiation (Fig. 1B) (* P < 0.05). On the other hand, there was only a 6.1 % 

decline in the proliferation rate of SNU-503R80GY cell line at 96 hours after 4 

grays of irradiation.  

Colony forming assay using soft agar was also conducted to discover whether 

the induced radio-resistant colorectal cancer cell lines have higher colony 

forming and surviving abilities than the parental cell lines when exposed to 0 and 

4 grays of irradiation (Fig. 2). No colonies formed for the SNU-61, SNU-283, 

SNU-283R80GY, and SNU-503 cell line (Fig. 2A, 2B and 2C) 3 weeks after 

exposure to 0 and 4 grays of irradiation. For the SNU-61R80GY and SNU-

503R80GY cell lines on the other hand, on average, 41 colonies and 82 colonies 

were observed respectively (** P < 0.0001) (Fig. 2D). However, the number of 

colonies declined by 82.0 % when the SNU-503R80GY cell line was irradiated 

with 4 grays of radiation (# P < 0.0002). 
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Figure 1. Cell proliferation assay on SNU-503 and SNU-503R80GY cell lines 

after 0 and 4 grays of irradiation. Cell counting and MTT assay were 

performed on both the SNU-503 and SNU-503R80GY cell lines. For cell 

counting, both cell lines were observed at 0 and 96 hours after they were 

irradiated to 0 and 4 grays. MTT assay was performed at the same time selection 

as the cell counting. 

A. Cell counting on both the SNU-503 and SNU-503R80GY cell lines 

B. MTT assay on both the SNU-503 and SNU-503R80GY cell lines 

(* P < 0.05 : comparison of cell proliferation between when the cell line was 

irradiated to 0 and 4 grays) 
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B. 
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Figure 2. Colony forming assay on SNU-503 and SNU-503R80GY cell lines 

after 0 and 4 grays of irradiation. Approximately 3,500 ea/ml of single cell 

were seeded in 6-well plates and were irradiated with 0 of 4 grays of Cs-137. 

After 3 weeks, colonies were stained with crystal violet and counted under a 

microscope. 

A. Colonies of SNU-61 and SNU-61R80GY cell lines were photographed after 3 

weeks of incubation and stained. Representative images are shown. 

B. Colonies of SNU-283 and SNU-283R80GY cell lines were photographed after 

3 weeks of incubation and stained. Representative images are shown. 

C. Colonies of SNU-503 and SNU-503R80GY cell lines were photographed after 

3 weeks of incubation and stained. Representative images are shown. 

D. A number of colonies were counted with bared eyes and the average number 

of colonies was calculated from 3 wells. 

(** P < 0.0001 : comparison of the number of colonies between the parental and 

the induced radio-resistant cell lines, # P < 0.0002 : comparison of the number of 

colonies between when the cell line was irradiated to 0 and 4 grays of irradiation) 
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Cellular changes in the induced radio-resistant colorectal cancer cell line 

(SNU-503R80GY) compared to the parental cell line (SNU-503) 

To determine whether the non-proliferative responses of the irradiated SNU-503 

and SNU-503R80GY cell lines are related to apoptotic pathways, PARP cleavage 

and caspase-3 were examined by western blotting at 96 hours after 0 and 4 grays 

of irradiation (Fig. 3). In the absence of radiation, there were small amounts of 

cleaved PARP and caspase-3 protein expression in both cell lines; however, the 

SNU-503R80GY cell line seems to have lower basal expression levels of both 

proteins compared to the SNU-503 cell line. When they were irradiated with 4 

grays of radiation, both cleaved PARP and caspase-3 protein levels were 

increased, respectively. However, there was no evident difference between the 

two cell lines. 

Furthermore, to discover other changes in the induced radio-resistant colorectal 

cancer cell lines, cell cycle analysis was performed. The cells were harvested and 

prepared for cell cycle analysis at 96 hours after 0 and 4 grays of irradiation, at 

which the cell lines started responding to the radiation. As a result, the overall 

cell cycle patterns of both the SNU-503 and SNU-503R80GY cell lines were 

similar to each other. The G2/M phase of both cell lines tended to increase by 
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29.3 % and 23.7 %, respectively. However, there was no significant change 

between the two cell lines (Fig. 4A and 4B). 
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Figure 3. Western blot analysis of PARP cleavage and caspase-3 on SNU-503 

and SNU-503R80GY cell lines after 0 and 4 grays of irradiation. Each protein 

expression level was detected from the same membrane after being washed with 

2.0 % skim milk. The cleaved PARP protein and Caspase-3 were identified by 

lower band, 89 kDa and 11 kDa, respectively. 
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Figure 4. Cell cycle analysis on SNU-503 and SNU-503R80GY cell lines after 

0 or 4 grays of irradiation. 1 x 105 cells/ml cells were seeded and cell cycle 

analysis was carried out with FACS at 96 hours after 0 and 4 grays irradiation. 

Representative images of FACS data are shown. 

A. Cell cycle analysis on SNU-503, parental cell line. 

B. Cell cycle analysis on SNU-503R80GY, induced radio-resistant cell line. 
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Differential gene expression in the induced radio-resistant human colorectal 

cell lines compared to the parental cell lines 

To investigate the differential mRNA expression in the parental and induced 

radio-resistant colorectal cancer cell lines, gene expression microarray analysis 

was performed on the three pairs of cell lines (SNU-61 and SNU-61R80GY and 

SNU-283 and SNU-283R80GY and SNU-503 and SNU-503R80GY). 

According to the microarray results, twenty-six genes were 2-fold up-regulated 

and seven genes were 2-fold down-regulated in the induced radio-resistant 

colorectal cancer cell lines compared to the parental cell lines (Fig. 5B). The 

gene correlation between the parental and the induced radio-resistant colorectal 

cancer cell lines was clustered by cell lines. From the results, all three parental 

cell lines were clustered together by differential gene expression and the induced 

radio-resistant colorectal cancer cell lines were also clustered together separate 

from the parental cell lines (Fig. 5A). Most of the genes that were differentially 

expressed were related to response to hypoxia, oxygen levels, oxidation reduction, 

regulation of epithelial cell differentiation and cell-cell adhesion according to the 

gene ontology analysis (Table 2). 

In this study, five genes, ERRFI1, H19, MPZL3, NDRG1, and UCA1 were 

selected as candidate marker genes for radio-resistance due to their 3-fold up-
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regulated expression (Table 3). To confirm the mRNA levels of the five genes in 

the parental and induced radio-resistant colorectal cancer cell lines and to see 

whether the expression patterns are similar to the microarray results, RT-PCR 

(Fig. 6A) and real-time PCR (Fig. 6B, 6C, 6D, 6E and 6F) were carried out. 

Since these genes were overexpressed in the microarray analysis, both the RT-

PCR and real-time PCR results showed that especially ERRFI1 was highly 

overexpressed in the induced radio-resistant colorectal cancer cell lines. The 

expression patterns of the five genes were analogous to the microarray results 

and the ERRFI1 gene was selected for further functional studies because its 

overall gene expression patterns by the RT-PCR and real-time PCR were best 

applied both on the parental and induced radio-resistant colorectal cancer cell 

lines. First, ERRFI1 mRNA expression levels were screened by RT-PCR on 

thirty-four human colorectal cancer cell lines (Fig. 7). Western blot analysis was 

then conducted to identify the overexpressed protein levels of ERRFI1 in the 

induced radio-resistant colorectal cancer cell lines (Fig. 8A). Immunofluorescent 

staining was also performed to identify the protein expression pattern and the 

location of ERRFI1 in both the SNU-503 and SNU-503R80GY cell lines (Fig. 

8B). 
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Figure 5. Microarray analysis on the parental and the induced radio-

resistant cell lines. 

A. Microarray cluster analysis. 

B. Microarray heat map of twenty-six genes with 2-fold up-regulated and seven 

genes with 2-fold down-regulated upon the induced radio-resistant cell lines. 
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Table 2. Gene ontology analysis of 2-fold change expressed genes on the 

induced radio-resistant cell lines. (P: Parental cell line, R: Radio-resistant cell 

line, a: Response to hypoxia, b: Response to oxygen levels, c: Oxidation 

reduction, d: Regulation of epithelial cell differentiation and e: Cell-cell 

adhesion) 
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Probe Set  
ID 

Gene  
symbol 

GO_BP 
SNU-61 

FC 
SNU-283 

FC 
SNU-503 

FC 
P R P R P R 

7912157 ERRFI1       288 1288 4.5 52 206 4.0 334 1215 3.6 

7938390 ADM a b 178 746 4.2 185 524 2.8 222 469 2.1 

7945680 H19       79 1562 19.8 65 265 4.1 74 6924 93.8 

7952036 MPZL3       100 509 5.1 86 297 3.5 75 324 4.3 

7954090 EMP1       654 1493 2.3 66 1171 17.8 811 3459 4.3 

7978544 EGLN3 a b c 114 304 2.7 117 376 3.2 93 515 5.6 

8004360 KCTD11       44 95 2.1 37 78 2.1 82 196 2.4 

8020762 DSG3 e   53 450 8.5 29 98 3.4 800 1741 2.2 

8022711 DSC2 e   589 1463 2.5 481 1017 2.1 561 1651 2.9 

8026490 UCA1       485 1434 3.0 38 121 3.1 37 1153 31.3 

8027002 GDF15       318 1203 3.8 332 843 2.5 73 255 3.5 

8037374 PLAUR       109 228 2.1 59 152 2.6 49 115 2.4 

8041508 QPCT       90 197 2.2 26 58 2.2 10 48 4.8 

8051322 XDH c d 40 101 2.5 44 142 3.2 51 105 2.1 

8077441 BHLHE40       240 904 3.8 193 470 2.4 178 476 2.7 

8113214 GLRX c   32 90 2.8 116 459 4.0 31 133 4.3 

8119161 PIM1       128 608 4.7 238 637 2.7 265 851 3.2 

8123598 SERPINB1     443 1015 2.3 856 1918 2.2 81 271 3.3 

8141328 CYP3A5 c   350 785 2.2 283 998 3.5 16 46 3.0 

8145454 BNIP3L       158 811 5.1 269 551 2.0 403 944 2.3 

8150881 PLAG1       29 136 4.6 18 37 2.0 76 165 2.2 

8153002 NDRG1       208 3499 16.8 463 1615 3.5 436 2010 4.6 

8012953 TRIM16 d   159 337 2.1 86 263 3.0 384 866 2.3 

8054377 FHL2       165 505 3.1 157 451 2.9 49 124 2.5 

8119898 VEGFA a b 168 550 3.3 210 538 2.6 396 794 2.0 

7969438 LMO7 a   273 666 2.4 179 557 3.1 48 320 6.6 

7927915 STOX1       29 14 -2.1 47 17 -2.8 108 18 -5.9 

7979281 WDHD1       288 114 -2.5 109 54 -2.0 238 96 -2.5 

7996211 GINS3       115 41 -2.8 88 38 -2.3 159 58 -2.8 

8017210 AP1S2       43 15 -2.9 82 32 -2.6 134 45 -3.0 

8060813 MCM8       259 122 -2.1 340 170 -2.0 526 165 -3.2 

8083656 MFSD1       665 301 -2.2 1212 530 -2.3 865 354 -2.4 

8155327 ALDH1B1 c   214 81 -2.6 1622 566 -2.9 299 133 -2.3 

 

 



 

３７ 

 
 

Table 3. Five genes that were sorted out by microarray analysis with more 

than 3-fold up-regulated upon the induced radio-resistant human colorectal 

cancer cell lines. 

*: the lowest fold change out of three pairs of cell lines (SNU-61, SNU-

61R80GY, SNU-283, SNU-283R80GY, SNU-503 and SNU-503R80GY) 

 

Gene symbol Description FC* 

ERRFI1 ERBB receptor feedback inhibitor 1 3.6 

H19 Imprinted maternally expressed transcript 4.1 

MPZL3 Myelin protein zero-like 3 3.5 

NDRG1 N-myc downstream regulated 1 3.0 

UCA1 Urothelial cancer associated 1 3.5 
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Figure 6. Confirmation of expression of five genes with more than 3-fold up-

regulated on the induced radio-resistant human colorectal cancer cell lines 

by RT-PCR and real-time PCR. According to the microarray result, five genes 

were sorted out by being up-regulated upon the induced radio-resistant cell lines 

and the mRNA expression levels of both parental and radio-resistant cell lines 

were analyzed by RT-PCR (A) and real-time PCR (B). ERRFI1 gene was 

selected for siRNA transfection. 

A. mRNA expression levels of five genes that were sorted out with microarray by 

RT-PCR 

B. mRNA expression levels of five genes (ERRFI1, H19, MPZL3, NDRG1, and 

UCA1) that were sorted out with microarray by real-time PCR. 

(P: Parental cell line, R: Radio-resistant cell line and N: Negative control) 
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Figure 7. mRNA expression screening of ERRFI1 by RT-PCR on colorectal 

cancer cell lines. RT-PCR was performed to examine overall mRNA expression 

levels of ERRFI1 on colorectal cancer cell lines. 
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Figure 8. Protein expression level of ERRFI1 on SNU-503 and SNU-

503R80GY cell lines. Western blot analysis and immunofluorescent staining was 

performed to identify the protein levels and the location of ERRFI1 for each of 

the cell lines. For immunofluorescent staining, both the SNU-503 and SNU-

503R80GY cell lines were seeded on cover slides in a 12-well plate and cultured 

for 24 hours before fixation. ERRFI1 antibody was diluted to 1:500 and 

introduced to each well. The secondary antibody (goat anti-mouse) was then 

added to each well and they were stained with DAPI (1 μg/ml). Finally, cover 

slides were collected and mounted for photography at 400 x magnification. 

A. Western blot analysis with ERRFI1 antibody. 

B. Immunofluorescent staining to detect ERRFI1 protein location in SNU-503 

and SNU-503R80GY cell lines. 
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Functional role of ERRFI1 and its potential as a radio-resistant candidate 

marker gene 

To determine the function of overexpressed ERRFI1, siERRFI1 was transfected 

into the SNU-503R80GY cell line (Fig. 9). When ERRFI1 was down-regulated, 

there was no significant alteration in cell proliferation based on cell counting and 

MTT assay after 0 and 4 grays of irradiation (Fig. 9B and 9C). 
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Figure 9. Cell proliferation assay after 0 and 4 grays were irradiated when 

ERRFI1 gene was down-regulated by siERRFI1. Cell counting and MTT 

assay were performed to identify the role of ERRFI1 gene in cell proliferation. 

Down-regulated mRNA level of ERRFI1 after siNTC and siERRFI1 was 

transfected to SNU-503R80GY cell line was confirmed by RT-PCR. 

A. ERRFI1 mRNA level by RT-PCR. 

B. Cell counting when ERRFI1 was down-regulated on the SNU-503R80GY cell 

line. 

C. MTT assay when ERRFI1 gene was down-regulated on the SNU-503R80GY 

cell line. 
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Discussion 

 

Currently, a total mesorectal excision with neoadjuvant chemoradiotherapy is 

thought to be the most efficient treatment for CRC patients [2]. Preoperative 

radiotherapy for CRC has been performed and shows remarkable increases in the 

survival rates of CRC patients and decreases in relapses [21]. However, there are 

still patients who experience tolerance to chemo and radiotherapy [22]. While 

many research groups have exerted great efforts to discover a biomarker for 

chemo and radio-sensitivity in vivo and in vitro, it has been unfruitful [12, 23]. In 

an early study where the genetic backgrounds of CRC patients were screened by 

gene expression microarray analysis from their tumors, it was reported that there 

are a great number of genetic variations between patients [24].  

In the present study, I constructed three pairs of induced radio-resistant human 

colorectal cancer cell lines (SNU-61 and SNU-61R80GY and SNU-283 and 

SNU-283R80GY and SNU-503 and SNU-503R80GY) by exposing them to a 

total of 80 grays of radiation. To confirm that the induced radio-resistant 

colorectal cancer cell lines indeed have resistance to radiation, cell counting (Fig. 

1A) and MTT assay (Fig. 1B) with the SNU-503 and SNU-503R80GY cell lines 

were carried out. It was shown that the proliferation rate of the SNU-503R80GY 
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cell line was 1.61 times higher than the SNU-503 cell line. Especially 96 hours 

after irradiation at which both cell lines started responding to the effects of 

radiation, there was a 35.1 % decline in the proliferation rate with 4 grays 

irradiation based on cell counting and a 17.6 % decline based on MTT assay in 

the SNU-503 cell line while there was no significant decrease in the proliferation 

rate for the SNU-503R80GY cell line. This result suggests that SNU-503R80GY 

is more proliferative and resistant to radiation compared to SNU-503. Colony 

forming assay was then carried out to estimate their ability to give rise to 

colonies on a gradient soft agar including media when the cell lines were 

irradiated with 0 or 4 grays of radiation (Fig. 2). The SNU-61, SNU-283, SNU-

283R80GY and SNU-503 cell lines did not form any colonies; however, single 

cells from the SNU-61R80GY and SNU-503R80GY cell lines formed on the soft 

agar on average generated forty and eighty-two colonies when the cell line was 

not irradiated, respectively. This indicates the induced radio-resistant colorectal 

cancer cell lines could gain a new phenotype from that of the parental cell lines 

by exposure to constant radiation. Even though approximately fifteen colonies 

were observed for the SNU-503R80GY cell line after 4 grays of irradiation, it 

shows that the induced radio-resistant colorectal cancer cell line could be 

affected by radiation but also could transform its phenotype when frequently 



 

５１ 

 
 

exposed to radiation. It has been shown that cell lines with lower radio-sensitivity 

than others tend to have a higher survival fraction after being irradiated [25]. 

According to a previous study, it has been reported that G1 arrest is induced by 

radiation [26]. In this study, cell cycle analysis was demonstrated for the SNU-

503 and SNU-503R80GY cell lines 96 hours after 0 and 4 grays of irradiation 

(Fig. 4). The result shows that the percentage of G1 phase in the SNU-

503R80GY cell line was not significantly decreased compared to the SNU-503 

cell line at 96 hours after 4 grays of irradiation. On the one hand, a 35.7 % of 

enhanced G2/M phase was detected in the SNU-503 cell line and a 44.0 % of 

increased G2/M phase was also found in the SNU-503R80GY cell line. These are 

considered as transient G2/M arrest caused by the radiation [27]. Furthermore, at 

96 hours after 4 grays of irradiation, a higher amount of cleaved PARP protein 

was observed in the SNU-503 and SNU-503R80GY cell lines compared to 0 gray 

of irradiation. The protein level of caspase-3 was also up-regulated in both cell 

lines (Fig. 3). I can conclude that both cell lines could be affected by the 

radiation leading to activation of apoptotic cell death. However, there were no 

remarkable differences between the SNU-503 and SNU-503R80GY cell lines. 

As referred to above, there are some noticeable cellular changes in the SNU-

503R80GY cell line. In order to investigate the genetic changes in the induced 
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radio-resistant colorectal cancer cell lines, gene expression microarray analysis 

was performed. A total of twenty-six up-regulated and seven down-regulated 

genes with at least a 2-fold difference in expression in the induced radio-resistant 

colorectal cancer cell lines were observed (Fig. 5). Furthermore, each parental 

and induced radio-resistant colorectal cancer cell lines were clustered from each 

other. According to the gene ontology analysis (Table. 2) of the expressed genes 

with a 2-fold change in the radio-resistant colorectal cancer cell lines, they were 

generally related to hypoxia, oxygen response, oxygen reduction, epithelial cell 

differentiation, and cell-cell adhesion. Five genes with a 3-fold change in 

expression in the radio-resistant colorectal cancer cell lines were then finally 

selected as radio-resistance candidate markers (Table. 3). Then, the mRNA 

expression levels of each gene were identified by RT-PCR (Fig. 6) and real-time 

PCR (Fig. 6B, 6C, 6D, 6E and 6F). It was shown that the mRNA expression 

patterns for each gene were identical with the microarray results and the ERRFI1 

was definitely overexpressed in the induced radio-resistant colorectal cancer cell 

lines. From the western blot analysis and immunofluorescent staining, it was 

observed that ERRFI1 protein was overexpressed in the SNU-503R80GY cell 

line and located in the cytoplasm (Fig. 8A and 8B). ERRFI1 acts as a negative 

feedback regulator of the EGF receptor and is also known as MIG6, RALT or 
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GENE33 [28]. ERRFI1 directly interacts with four members of the ERBB family 

and works as a negative feedback regulator of the ERBB RTK pathway [29]. It 

has been reported that ERRFI1 acts as a negative regulator of skin morphogenesis 

and tumor formation [19]. There has also been evidence that ERRFI1 acts as a 

tumor-suppressor gene [30]. In various cancers such as skin, breast, pancreatic 

and ovarian, ERRFI1 has been strongly down-regulated. However, there have 

been no reports on this gene in colorectal cancer cell lines. In a recent study, it 

was discovered that the down-regulation of ERRFI1 enhances resistance to MEK 

inhibition in KRAS mutant cancer cells [31]. Interestingly, the basal mRNA 

expression level of ERRFI1 was up-regulated in the induced radio-resistant 

human colorectal cancer cell lines I constructed in this study. The protein level of 

ERRFI1 was also increased in the SNU-503R80GY cell line. These results show 

the possibility that ERRFI1 can act as a radio-resistance marker. It was also 

observed that ERRFI1 is expressed on most human colorectal cancer cell lines 

(Fig. 7). To verify its functional role in cell proliferation, siRNA transfection to 

knockdown ERRFI1 was performed on the SNU-503R80GY cell line and cell 

counting and MTT assay were conducted (Fig. 9). 

In conclusion, the induced radio-resistant human colorectal cancer cell lines 

showed different features in cell proliferation, colony forming ability, and gene 
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expression patterns. From the microarray result, overexpressed ERRFI1 was 

observed and this suggests that it may be a potential biomarker for radio-

resistance. From siERRFI1 transfection result, there was no significant alteration 

in cell proliferation when ERRFI1 was down-regulated. I suggest that ERRFI1 

might not work in cell proliferation; however, through different pathway such as 

hypoxia, oxidation reduction and cell adhesion. Further study will be needed to 

add more evidence about its role as a radio-resistance marker.  
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국문 초록 

 

직장암은 선진국가들에서 세 번째로 가장 발병률이 높은 암이다. 

직장암 환자들을 위한 치료 방법으로는 적절한 화학 치료와 수술 전 

방사선 치료를 동반한 전직장간막 절제술이 세계적으로 사용되고 있다. 

그러나 치료 후에도 여전히 암의 재발을 경험하는 환자들이 

남아있으며, 이는 화학방사선요법에 대한 환자의 내성과 연관이 

있다고 알려져 있다. 이와 같이 내성을 가진 종양을 연구하기 위하여 

화학방사선요법에 내성을 가지도록 유도된 다양한 암 세포주들이 확립 

되어져왔다. 본 논문에서는 선별된 세 개의 대장암 세포주들에 총 80 

그레이(gray)의 방사선을 누적 조사하여 방사선 내성 인체 대장암 

세포주들을 확립하였다. 확립된 내성 세포주들의 세포적 특성을 

알아보기 위하여 세포 증식, 콜로니(colony) 형성 능력, 세포 주기, 

세포자살 분석을 수행하였으며, 흥미롭게도 세포 증식과 콜로니 형성 

능력의 눈에 띄는 증가를 확인하였다. 그러나 세포 주기와 세포 자살 

분석에 있어서의 큰 차이는 발견되지 않았다. 확립된 내성 세포주에서 

차등 발현되는 유전자 연구를 위한 마이크로어레이(microarray) 

결과에서는 세 배 이상의 과발현 양상을 보이는 유전자 다섯 개가 

방사선 내성 표지자의 후보로서 선별되었으며, 그 중에서도 EGFR 의 
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음성 조절자인 ERRFI1 유전자가 작은 간섭 RNA(small 

intefering RNA, siRNA) 발현 억제 실험을 위하여 선택되었다. 본 

연구를 통하여, 확립된 방사선 내성 인체 대장암 세포주들은 방사선에 

노출 시키지 않은 세포주들과 비교하여 다양한 세포적 특성들이 

변하게 된다는 결론을 도출하였고, 이는 특히 세포 증식률과 콜로니 

형성을 비롯한 발암성을 야기하는 것으로 보인다. 더 나아가 선별된 

ERRFI1 유전자의 방사선 내성 표지자로서의 역할에 대한 연구가 

필요하며, 이로서 방사선에 내성을 가진 대장암 환자들의 치료 전 

후에 활용 될 수 있다고 여겨진다. 
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