
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

의학박사 학위논문 

 

Enhanced efficacy of radiation 

therapy by the overexpression 

of chromatin remodeling factor 

BRG1-bromodomain 

 

BRG1-브로모도메인 과발현을 

이용한 방사선 치료 효과 증진 
 

 

2016년 08 월 

 

서울대학교 대학원 

의과학과 의과학전공 

나  주  리 

 

 



 

 

 

A thesis for the Degree of Doctor of Philosophy 

 

BRG1-브로모도메인 과발현을 

이용한 방사선 치료 효과 증진 

 

Enhanced efficacy of radiation 

therapy by the overexpression 

of chromatin remodeling factor 

BRG1-bromodomain 
 

August, 2016 

 

 

The Department of Biomedical Sciences,  

Seoul National University 

College of Medicine 

Juri Na 

  



 

 

 

Enhanced efficacy of radiation 

therapy by the overexpression 

of chromatin remodeling factor 

BRG1-bromodomain 
 

 

by  

Juri Na 

 

A thesis submitted to the Department of 

Biomedical Sciences in partial fulfillment of the 

requirements for the Doctor Degree of Philosophy 

in Biomedical Sciences at Seoul National 

University College of Medicine 

 

August, 2016 

 

Approved by Thesis Committee: 

 

Professor                    Chairman 

Professor                    Vice chairman 

Professor                     

Professor                     

Professor                     



i 

 

ABSTRACT  

 

Objectives: While radiation therapy is widely used to treat some 

types of cancer, cancer cells easily develop radiation resistance 

resulting in poor prognosis. Therefore, radiation sensitization is 

useful for the efficient treatment of cancer cells. Brahma-related 

gene 1 (BRG1), the catalytic subunit of the SWI/SNF chromatin-

remodeling complex, is involved in DNA double-strand break 

(DSB) repairs. Overexpression of the BRG1 bromodomain (BRD) 

site and consequent competitive inhibition results in an inability 

to induce DNA repair, leading to the accumulation of DSBs. This 

study aims to improve the therapeutic effect of radiation through 

overexpression of the BRG1 BRD, resulting in increased 

competitive inhibition and inefficient DSB repair. 

Methods: For visualizing tumor growth, luciferase expressing 

tumor cell lines were established. To monitor the therapeutic 

effect of external beam radiation, HT29 human colon cancer cells 

were used. Retroviral pMX-BRG1-BRD vectors were 

transfected into HT29 cells to establish a BRD over-expressing 

cell line, with both low and high (1.48-times higher) copy 
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numbers. The cells were irradiated using a 137Cs irradiator (IBL 

437C) at 9 Gy. The radio-sensitizing effects were measured 

through a clonogenic assay and analysis of phosphorylated H2AX 

foci. Tumor cells that were subcutaneously implanted into Balb/c 

nude mice, imaged by an in vivo imaging system, and measured 

using calipers.  

Results: The survival rates of irradiated (9 Gy) cells expressing 

low and high levels of BRD were 51.4% and 2.2%, respectively, 

compared to BRD non-transduced HT29 cells. The fluorescence 

intensity of phosphorylated H2AX foci for cells with low (2.9 

times) and high (9.9 times) BRD levels were higher than that in 

HT29-luc cells. Tumor growth was reduced corresponding to 

higher BRG1-BRD expression levels in vivo; bioluminescence 

signals of low and high overexpression of BRG1-BRD in tumors 

at 28 days after ionizing radiation were found to be 40.77 % (p 

= 0.048) and 7.37% (p = 0.018) higher, respectively, than that 

in control tumors.  

Conclusion: The radiation-sensitizing effect of BRG1-BRD 

overexpression in human colon cancer cells was successfully 

demonstrated using molecular imaging techniques.  

------------------------------------- 
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INTRODUCTION 

 

Along with surgery and chemotherapy, radiation is an important 

method for treating malignant tumors. At least, 50% of various 

cancer patients receive radiation therapy as standard treatment 

[1-4]. Radiation therapy uses high-energy radiation to shrink 

tumors and to kill cancer cells [5, 6]. High energy X-rays, beta 

rays, and charged particles are the types of radiation that are 

used for cancer treatment. Several types of radiation therapy 

exist including external radiation therapy, internal radiation 

therapy, and brachytherapy. External radiation therapy uses 

radiation delivered by a machine outside the body whereas 

internal radiation therapy uses radioactive substances, such as 

radioactive iodine, that travel in the blood and accumulate in the 

tumor to kill cancer cells. Brachytherapy involves the placement 

of radioactive material in the body near the cancer cells. External 

radiotherapy is the most common form of radiotherapy. An 

external source of radiation is targeted to the tumor located in 

the body. Normally, cancer patients receive external 

radiotherapy for five days a week in split doses for 4 weeks to 

kill cancer cells specifically while protecting normal cells [7]. 
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However, normal cells as well as cancer cells begin to repair 

themselves from the damage induced by external radiotherapy. 

Hence, some cancers are not fully treated with external 

radiotherapy owing to radioresistance.  

The most vulnerable material in the cell is DNA, because it 

cannot be replaced. DNA damage can occur owing to spontaneous 

base hydrolysis and during natural stress such as inflammation 

and radiation [8, 9]. Radiation therapy kills cancer cells by 

damaging their DNA [5, 6], either directly or by creating charged 

particles within the cells that in turn damage the DNA. 

Radiotherapy sometimes triggers radiation resistance in cancer 

cells [10].  

Radiosensitizers have been developed to avoid the acquisition of 

radio-resistance in cancer cells. Here, a new method for radio-

sensitization has been investigated, which targets the inhibition 

of DNA DSB repair mechanisms. Although both single- (SSBs) 

and double-strand breaks (DSBs) in DNA are observed, DSBs 

are primarily induced by base damage, reactive oxygen species, 

and ionizing radiation [11]. SSBs are discontinuities in one strand 

of the DNA double helix [12]. SSBs can occur directly by the 

disintegration of oxidized sugars or indirectly during DNA base-
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excision repair of oxidized bases, abasic sites, or bases that are 

damaged or altered in other ways [13-15]. Around ~105 

ionization events equivalent to ~1,000–2,000 SSBs or 40 DSBs 

per cell are induced after irradiation with 1 Gy X-rays [16]. 

Brahma-related gene 1 (BRG1), a chromatin remodeling enzyme, 

facilitates DSB repairs by stimulating γ-H2AX formation. This 

BRG1 function requires the binding of BRG1 to acetylated histone 

H3 on γ-H2AX-containing nucleosomes through its 

bromodomain (BRD), a protein module that specifically 

recognizes acetyl-Lys moieties [17]. BRG1-BRD, when 

ectopically expressed in cells, functions as a dominant negative 

inhibitor of BRG1 activity [18], resulting in inefficient DSB repair. 

Thus, we considered the concept that blocking γ-H2AX and DSB 

repair by ectopic expression of BRG1-BRD could help induce 

apoptosis after radiation therapy. Histone H2AX phosphorylation 

is part of the major DNA damage signaling network that is 

activated by the presence of a critical lesion, the DNA double-

strand break [19-22]. For the DSB repair and damage response, 

both histone modification and ATP-dependent chromatin 

remodeling are important. The highly ordered chromatin, which 
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has a compact genome structure, controls cellular mechanisms 

by allowing regulatory proteins to access their target DNA [23]. 

DSBs are triggered by any damages to DNA, and Ataxia 

telangiectasia mutated (ATM) initiates the phosphorylation of 

serine 139 (S139ph) and establishes γ-H2AX on the chromatin 

around a DSB. γ-H2AX then triggers the acetylation of H3 lysine 

14 which binds to the chromatin remodeling complex, SWI/SNF. 

The increased level of S139ph leads to further acetylation of H3 

and accumulation of SWI/SNF at γ-H2AX nucleosomes. This 

acetylation eventually establishes high levels of γ-H2AX that are 

necessary for an efficient DSB response [24]. This kind of DNA 

self-repair mechanism helps malignant cells recover after 

radiation therapy. The chromatin remodeling factor SWI/SNF has 

several subunits, one of which is BRG1. The BRG1-BRD binds 

to acetylated H3, which has a cooperative action with S139ph. If 

BRG1-BRD were inhibited from binding to acetylated H3, DNA 

repair would also be inhibited. Thus, by blocking the DNA self-

repair mechanism through overexpression of the BRG1-BRD 

competitor, acetylation of H3 lysine 14 and phosphorylation of 

serine 139 can occur [25]. 
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Several radiosensitizers have been developed, and most of these 

radiosensitizers are constructed as chemical drugs such as 

genistein and curcumin [26]. However, this study aims to 

demonstrate the radiation-sensitizing effect of gene modification 

through BRG1-BRD overexpression in human colon cancer cells 

and by visualizing the damage using molecular imaging.  

 

  



6 

 

  



7 

 

Figure 1. The radiosensitizing mechanism of BRG1-BRD 

overexpression. 

Novel crosstalk between a chromatin-remodeling complex and 

two different types of histone modifications for DNA repair has 

been reported [24]. There is a cooperative activation loop 

between SWI/SNF, γ-H2AX, and H3 acetylation for DSB repair. 

DNA DSBs can be induced when cells are exposed to an energy 

producing external environment. These DSBs activate ATM and 

they initiate the phosphorylation of serine 139 and resulting in 

low levels of γ-H2AX on the chromatin around a DSB. This γ-

H2AX triggers the acetylation of H3 within the nucleosomes. 

SWI/SNF then binds to γ-H2AX nucleosomes by interacting with 

acetylated H3 using the BRD of BRG1. This positive feedback 

loop between SWI/SNF, S139ph, and H3 acetylation eventually 

establishes high levels of γ-H2AX for an efficient DSB response 

[24]. The unlimited overexpression of artificial BRG1-BRD, 

results in stochastic binding to acetylated H3, which blocks this 

DSB repair mechanism. 
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MATERIALS AND METHODS 

 

1. Cell culture and reagents  

HT29 human colon cancer cells were maintained in McCoy’s 

medium (WelGene Inc., Seoul, Korea) containing 10% heat-

inactivated fetal bovine serum (Gibco, NY, USA) and 1% 

penicillin/streptomycin at 37°C and 5% CO2. HCT116 human 

colon cancer cells were maintained in RPMI medium (WelGene 

Inc., Seoul, Korea) containing 10% heat-inactivated fetal bovine 

serum (Gibco, NY, USA) and 1% penicillin/streptomycin at 37°C 

and 5% CO2.  

For visualizing the cells, pCMV-luciferase retro-viral vector 

was transfected into the HT29 cells using pCMV-luciferase 

viruses harvested from the 293FT cell line and Lipofectamine 

2000 (Invitrogen, CA, USA) including gag, pol, env. Luciferase-

expressing HT29 cells (HT29-luc) were clonally selected in 96 

well plates and the luciferase activity of these selected cells was 

confirmed using the in vivo imaging system (IVIS) 100 (Caliper 

life Sciences, MA, USA). For BRG1-BRD overexpression, 

BRG1-BRD with a myc-tag to detect the recombinant protein 
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expression was transfected into HT29-luc cells for 2 days. The 

simplified vector map expressing the BRG1-BRD is presented in 

Figure 2(B). The transfection efficiency of the cells was 

evaluated to measure the photon flux signals using IVIS 100 and 

real time PCR. 

 

2. Cell irradiation  

Cells plated flasks were prepared one day before irradiation. 

Irradiations were conducted using a γ-ray irradiator (CIS IBL 

473C) at a dose of 3, 6, and 9 Gy at room temperature. 

 

3. Clonogenic assay 

In this study, 100 or 200 HT29-luc, HT29-luc-BRD(L), and 

HT29-luc-BRD(H) cells were plated in 6-well plates (Nunc, 

Leuven, Belgium) in triplicate wells with McCoy’s medium 

supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. After 24 h, 125Cs γ-ray ionizing radiation 

of 3, 6, and 9 Gy was administered to the cells using a γ-ray 

irradiator (CIS IBL 473C). After 2-3 weeks, colonies of the 

irradiated cells were stained with a crystal violet (Sigma Aldrich, 
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MO, USA) solution made from 0.5 g crystal violet, 25 ml of 40% 

formaldehyde, 50 ml ethanol, and 175 ml DW. The colonies were 

counted and the mean and standard deviation were calculated. 

 

4. Western blotting 

BRG1-BRD-overexpressing HT29-luc cells were lysed in 

RIPA buffer (Sigma-Aldrich, MO, USA) containing protease 

inhibitor cocktail tablets (Roche, Cher, France). The 

concentration of the extracted protein was analyzed using the 

bicinchoninic acid assay (BCA) assay (Pierce, IL, USA). The 

proteins (30 μg) proteins were separated by SDS-PAGE under 

reducing conditions and were transferred onto a PVDF membrane 

(Millipore, Molsheim, France). After blocking with 5% skim milk 

for 1 h, the membranes were incubated with anti-myc-tag 

mouse monoclonal antibody (Cell Signaling, MA, USA) followed 

by incubation with horseradish peroxidase conjugated anti-

mouse secondary antibody (Cell Signaling, MA, USA) for 1 h at 

room temperature. β-actin (Sigma-Aldrich, MO, USA) was used 

as the loading control. Immunoreactive bands were detected with 

enhanced chemiluminescence reagents (Roche, Cher, France) 

using the LAS-3000 Imaging System (Fujifilm, CA, USA). 
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5. Quantitative real-time reverse transcription polymerase 

chain reaction (qPCR) 

Total RNA was extracted from cultured cells using Trizol 

(Qiagen, CA, USA) as per the manufacturer’s protocol. RNA was 

quantified spectroscopically (ND-1000 Spectrophotometer, 

NanoDrop, DE, USA). RNA (1 μg) was subjected to reverse 

transcription in a total volume of 20 μl. Following 10-fold dilution 

with water, 2 μl of cDNA was used in a 20 μl qPCR reaction. PCR 

was performed in triplicate using cDNA synthesized from total 

RNA with gene-specific primers according to the TaqMan RT 

master mix (PE Applied Biosystems, CA, USA). Reverse 

transcriptase reactions contained 1 μg of RNA samples, 3 μl 

primers, 7 μl master mix (all purchased from RT master mix 

Applied Biosystems). The 15 μl reactions were incubated in an 

S-1000 Thermal Cycler (Bio-Rad, CA, USA) in 0.2 ml 

polypropylene reaction tubes for 30 min at 16°C, 30 min at 42°C, 

5 min at 85°C and then held at 4°C. Real-time PCR was 

performed using an Applied Biosystems 7500 Sequence 

Detection system.  
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The 20 μl PCR mixture included 9 μl of RT product, 10 μl of 2× 

TaqMan gene expression master mix, and 1 μl each of primer and 

probe mix from the TaqMan gene expression assay protocol (PE 

Applied Biosystems). The reactions were incubated in a 96-well 

optical plate at 50°C for 2 min, 95°C for 10 min, followed by 40 

cycles of 95°C for 15 s and 60°C for 10 min. The mRNA levels 

of the myc-tag were determined using the following primers: 

forward 5′-GGTAGATACGGCCGCAGAA-3′ and reverse 5′-

CGGCCCCATTCAGATCCT-3′ designed with the FAM probe 

5′-CTTCTGAGATGAGTTTTTG-3′ for fluorescence detection. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

used as an internal control. 

 

6. Doubling time  

For this assay, 5 × 104 HT29-luc, HT29-luc-BRD(L), and 

HT29-luc-BRD(H) cells were plated on 6-well plates in 

triplicate and were harvested at 24 h, 48 h and 72 h. Cells stained 

with trypan blue were counted using a hemocytometer and the 

doubling time of the harvested cells was calculated, using an 

algorithm available in the GraphPad Prism software (GraphPad 

Software, CA, USA):  
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TD = t × lg2 / (lgNt - lgN0)  

where N0 is the number of cells seeded, Nt is the number of cells 

harvested, and t is the culture time in hours 

 

7. Immunocytochemistry for γ-H2AX foci staining  

For staining of γ-H2AX in response to double-strand DNA 

damage and apoptosis, HT29-luc, HT29-luc-BRD(L) and 

HT29-luc-BRD(H) cells were irradiated with 125Cs γ-rays at 9 

Gy and fixed in methanol for 5 minutes at -20°C. After blocking 

in normal goat serum (Vector Laboratories, Inc., CA, USA) for 

30 minutes, the cells were incubated overnight with γ-H2AX 

antibody (Cell signaling, MA, USA) at 4°C, washed and stained 

with Alexa Fluor 555 goat anti-rabbit IgG (Invitrogen, CA, USA) 

for 1 h at room temperature. The cells were mounted with 

ProLong Gold antifade reagent containing DAPI (Life 

Technologies, NY, USA) and observed using confocal 

microscopy (Carl Zeiss, MA, USA). 

 

8. Colon tumor xenografts in nude mice  
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All procedures involving animals were approved by the 

Institutional Animal Care and Use Committee at Seoul National 

University, Republic of Korea and were consistent with the Guide 

for the Care and Use of Laboratory Animals [27]. 5 × 105 HT29-

luc, HT29-luc-BRD(L), and HT29-luc-BRD(H) cells were 

subcutaneously injected into the flanks of male BALB/c nu/nu 

mice (7 weeks) along with 40 μl of matrigel. After tumor growth, 

the mice were irradiated with 9 Gy of high energy X-rays on the 

tumor-injected dorsal part using a linear accelerator (LINAC). 

The tumor bearing mice received an intraperitoneal (i.p.) 

administration of luciferin (3 mg/mouse; Molecular Probes), and 

were anesthetized with isoflurane. Bioluminescence imaging was 

performed using an IVIS (IVIS100; Xenogen Corp., CA, USA). 

 

9. Immunohistochemistry  

Tissues were fixed in 10% neutral-buffered formalin, processed, 

and embedded in paraffin. The paraffin-embedded sections were 

cleared and heated in an oven (65°C) for an hour. 

Deparaffinization was performed with xylene, alcohol (from 100% 

to 70%), and washing in distilled water for 5 min each and in 0.5% 

H2O2 methanol for 30 min to completely remove the embedded 
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materials before immunostaining. Slides immersed in 10 mM 

sodium citrate at pH 6.0 were boiled in a microwave for heat 

induced epitope retrieval (HIER). After cooling the slides at RT, 

0.5% Triton X-100 in PBS solution was used for rinsing for 5 

min. Blocking of the sections was performed with normal goat 

serum diluted at 1:30 in PBS for 30 min and primary antibody 

binding was also performed using several antibodies overnight 

(anti-myc-tag, #2276, Cell Signaling; anti-Ki67, ab16667, 

Abcam; anti-γ-H2AX, #2577, Cell Signaling) at 4°C. 

Biotinylated secondary antibodies were incubated with the 

sections for an hour at RT and ABC complex binding was 

performed before staining with DAB and hematoxylin. TUNEL 

assay was performed according to the manufacturer’s 

recommendation, #S7100 (Millipore, Molsheim, France). 

 

10. cDNA microarray 

For control and test RNAs, synthesis of target cRNA probes and 

hybridization were performed using Agilent’s Low RNA Input 

Linear Amplification kit (Agilent Technology, CA, USA) 

according to the manufacturer’s instructions. Briefly, each 1 μg 

of total RNA and T7 promoter primer were mixed and incubated 
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at 65°C for 10 min. The cDNA master mix (5X First strand buffer, 

0.1 M DTT, 10 mM dNTP mix, RNase-Out, and MMLV-RT) was 

prepared and added to the reaction mixture. The samples were 

incubated at 40°C for 2 h and the RT and dsDNA synthesis 

reaction was terminated by incubating at 65°C for 15 min. The 

transcription master mix was prepared as per the manufacturer’s 

protocol (4X Transcription buffer, 0.1 M DTT, NTP mix, 50% 

PEG, RNase-Out, Inorganic pyrophosphatase, T7-RNA 

polymerase, and Cyanine 3-CTP). Transcription of dsDNA was 

performed by adding the transcription master mix to the dsDNA 

reaction samples and incubating at 40°C for 2 h. The amplified 

and labeled cRNA was purified on the cRNA Cleanup Module 

(Agilent Technology, CA, USA) according to the manufacturer’s 

protocol.  
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RESULTS 

 

Establishment of BRG1-BRD overexpressing and luciferase 

expressing colon cancer cell line  

The radiosensitivity of colon cancer cells was compared using a 

clonogenic assay comparing between HT29 and HCT116 cells 

after irradiation with 137Cs γ-rays at 3, 6, and 9 Gy. We 

confirmed that the HT29 cell line was more resistant to radiation 

than the HCT116 cells (Figure 1(A)). The luciferase reporter 

vector and the pMX-BRG1-BRD vector (Figure 1(B)) were 

transfected into the radiation resistant HT29 cells. The 

luciferase transfected HT29 cells (HT29-luc) were used for 

overexpressing the BRG1-BRD gene and these BRG1-BRD 

overexpressing HT29-luc cells were subjected to clonal 

selection. Using western blotting, the myc-tag inserted into the 

plasmids was detected in the BRG1-BRD overexpressing 

HT29-luc cells (Figure 3). Five selected BRG1-BRD 

overexpressing HT29 clones are shown in Figure 3 with various 

transfection efficacies and the 3rd and 5th clonally selected cells 

showed low (L) and high (H) expression of BRG1-BRD, 
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respectively. The luciferase activities of the clonally selected 

candidates, the lane 3 and 5 HT29-luc cells, were increased 

following cell density (Figure 4(A)). The regions of interest 

(ROI) were calculated and are presented in Figure 4(B). The 

HT29-luc, HT29-luc-BRD (L), and HT29-luc-BRD (H) cells 

showed a non-significant (n.s.) growth rate through the 

luciferase assay even after gene transfection (Figure 4(C)). 

BRG1-BRD overexpression was demonstrated by Real-time 

PCR (Figure 5), and this result is in agreement with the western 

blotting result (Figure 3). This cell line establishment indicates 

that the luciferase and the BRG1-BRD genes were transfected 

into the HT29 cells without any effect on their proliferation rate. 

Additionally, each clonally selected cell line showed different 

transfection efficacy, allowing the establishment of HT29-luc-

BRD(L) and HT29-luc BRD(H) cells for comparing their 

characteristics. 
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Figure 2. Radio-resistant colon cancer cell line and the vector 

map for BRD overexpression.  

(A) Two representative human colon cancer cell lines, HT29 and 

HCT116, were evaluated for their survival rate by a clonogenic 

assay. The HT29 cell line is more resistant than the HCT116 cell 

line, and so the HT29 cell line was used for BRD overexpression. 

(R) means radio-resistant; (S) means radio-sensitive. (B) The 

vector map for BRD overexpression is illustrated. The myc 

epitope tag is included to detect BRD overexpression. The 

epitope tags present usefulness for labeling and detection of 

proteins using immunoblotting, immunoprecipitation, and 

immunostaining techniques, and the myc epitope is also widely 

used to detect the expression of recombinant proteins in 

bacterial, yeast, insect, and mammalian cell systems [28]. 

Triplicated nuclear localization signals (nls ×  3) are located 

between the BRD sequence and the myc-tag sequence.  
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Figure 3. Establishment of BRD-overexpressing HT29 cell lines.  

Western blotting for the clonally selected HT29 cells after 

BRG1-BRD vector retroviral transfection showed different 

myc-tag protein levels indicating different levels of BRD 

overexpression. The low BRG1-BRD overexpressing HT29 

cells, BRD(L), are shown in lane 3 and the high BRG1-BRD 

overexpressing HT29 cells, BRD(H), are shown in lane 5. The 

lane 5 shows 2.57 times stronger myc-expression than lane 3. 

The cells in line 5 are designated as BRD(H), indicating high 

expression of BRD; the cells in line 3 are designated as BRD(L), 

indicating low expression of BRD.  
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Figure 4. Establishment of luciferase expressing HT29 cell lines.  

(A) Bioluminescence images of luciferase gene transfected 

HT29 cells are as indicated. HT29-luc is designated as Control; 

HT29-luc-BRD(L) is designated as BRD(L); HT29-luc-

BRD(H) is designated as BRD(H). (B) The total flux of cells 

increases depending on the plated cell numbers as shown. The 

R2 values for these 3 cell lines are all higher than 0.98, indicating 

consistent luciferase expression. (C) To avoid the variation in 

plated cell numbers, a protein assay and luciferase assay were 

additionally performed for protein compensation. All three 

established cell lines express the luciferase gene without any 

significant differences.  
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Figure 5. Monitoring BRD expression at the gene level in HT29-

Luc cell lines.  

Real time PCR analysis was performed on the BRD-

overexpressing transfected HT29 cells after clonal selection. 

BRD(L) in lane 3 of Figure 3, and BRD(H) in line 5 of Figure 3 

showed 1.49-fold BRD overexpression.  
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Radio-sensitizing effect of BRG1-BRD overexpression depends 

on the level of overexpression in vitro 

We next evaluated whether BRG1-BRD overexpression levels 

regulate the extent of radio-sensitization in HT29 cells. The 

radio-sensitivity of HT29 cells was compared using a clonogenic 

assay between Control, BRD(L) and BRD(H) after irradiation 

with 137Cs γ-rays at 3, 6, and 9 Gy (Figure 6). Once the BRG1-

BRD gene was overexpressed in HT29 cells, the surviving 

fraction after irradiation with 9 Gy on the plates could only reach 

2.16–51.44% of that in the control. Moreover, BRD(H) shows 

only 4.2% of the colonies in BRD(L) after irradiation with 9 Gy 

in the clonogenic assay (Figure 6(B)). To quantify the DNA 

damage repair abilities, immunocytochemistry of γ-H2AX foci 

was performed after the radiation treatment, and we could 

observe that permanent damages were retained (red color 

stained) in BRD(L) and BRD(H) at 72 h after 9 Gy radiation 

treatment (Figure 7). The initial kinetics of development of γ-

H2AX over 4-8 h was similar for the control, BRD(L), and 

BRD(H). However, while the control cell line showed loss of γ-

H2AX beginning about 8 h after the radiation treatment, BRD(L) 
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and BRD(H) cells continued to show increases in the expression 

of γ-H2AX. The percentage of γ-H2AX foci-stained cells was 

significantly higher in BRD(L) and BRD (H) (2.91 and 9.92-

times more stained cells, respectively, against control at 72 h 

after radiation, Figure 7(B)). To evaluate the DNA strand breaks, 

DNA fragmentation after radiation treatment was assessed and 

we could observe that smeared DNA, which reflects the number 

of DNA breaks, was severe in the BRD(L) and BRD(H) cells 

(Figure 8). Thus, these findings suggest that BRG1-BRD 

overexpression enhances radio-sensitivity through poor DNA 

damage repair ability in the DSB DNA repair mechanism. Thus, 

higher expression of BRG1-BRD induces higher radio-

sensitization in colon cancer cells. 
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Figure 6. Cell survival rates with BRD overexpression after 

external radiation therapy.  

The clonogenic assay detects all the cells that have retained the 

capacity for producing a large number of progeny after 

treatments that can cause cell reproductive death as a result of 

damage to chromosomes, apoptosis, and so on [29, 30]. (A) 

Control, BRD(L), and BRD(H) cells were plated in 6-well plates 

and irradiated with 3, 6, and 9 Gy by a 125Cs γ-irradiator. 

Compared to the control cells, BRD(L) and BRD(H) cells show 

less colony formation after irradiation. (B) The cell survival rate 

after irradiation was calculated and graphed.  

Control, filled circles; BRD(L), open squares; BRD(H), filled 

triangles. 
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Figure 7. Imaging DNA double strand breaks with BRD 

overexpression after external radiation therapy.  

γ-H2AX expression is an early cellular response to the induction 

of DNA double-strand breaks (DSBs) and these are the most 

deleterious DNA lesions, which if left unrepaired, may have 

severe consequences on cell survival, as they lead to 

chromosomal aberrations, genomic instability, or cell death [31-

33]. (A) Control, BRD(L), and BRD(H) cells were plated in 8-

well chamber slides and irradiated with 3, 6, and 9 Gy by a 125Cs 

γ-irradiator. Compared to the control cells, BRD(L), and BRD(H) 

cells show more γ-H2AX foci after irradiation. (B) γ-H2AX foci 

showing DNA DSBs after irradiation were calculated and graphed.  

Control, filled circles; BRD(L), open squares; BRD(H), filled 

triangles. 
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Figure 8. Identification of programmed cell death after exposure 

to radiation.  

The existence of programmed cell death is inferred mainly from 

gel electrophoresis of a pooled DNA extract as programmed cell 

death is known to be associated with DNA fragmentation [34]. 

DNA analysis by 1.2% agarose gel electrophoresis of genomic 

DNA extracted from the control, BRD(L), and BRD(H) cell lines 

incubated for 2 weeks after irradiation. 
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Antitumor efficacy of radiation therapy with two levels of BRG1-

BRD overexpression in an in vivo model of HT29 

To evaluate the radio-sensitizing efficacy of BRG1-BRD 

overexpression in an in vivo model of colon cancer cells, we 

established an animal model of control, BRD(L) and BRD(H) 

tumors in Balb/c-nude mice by subcutaneous injection of these 

cells. Mice bearing tumors their right flank were irradiated with 

9 Gy of high energy X-rays following the schedule shown in 

Figure 9. We first verified that our mouse model represents the 

radio-sensitizing effect depending on the BRG1-BRD 

expression level using an in vivo imaging system (IVIS) (Figure 

9(B)) to observe the tumor proliferation and survival rate. The 

total flux (photon·sec-1·cm-2·sr-1) was automatically measured 

by the Living Image software and ROI measurements show that 

the tumor sensitivity to radiation increased with increase in 

BRG1-BRD overexpression (Figure 9(C)). BRD(L) and BRD(H) 

implanted mice showed 40.80% and 7.38% proliferation 

compared to control cells. Moreover, the BRD(L) tumor in mice 

was not able to grow as much as the BRD(H) tumor, and ROI 

signal of BRD(h) tumor was only 18.08% of BRD(L) on day 28 

after the ionizing radiation treatment (Figure 9(C,D)). Tumor 
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volumes were also measured with calipers following the day of 

imaging by IVIS (for 28 days) and showed the same pattern as 

the total flux signal measurement (Figure 9(D)). Similar to the 

ROI signal pattern, the BRD(L) and BRD(H) implanted mice 

showed 40.03% and 10.87% tumor volume compared to the 

control cell implanted mice. Moreover, the BRD(L) tumor in mice 

was not able to grow as much as the BRD(H) tumor in mice, as 

only 27.16% of tumor volume was seen on day 28 after the 

ionizing radiation treatment (Figure 9(E)). Thus, these 

observations indicate that BRG1-BRD overexpression in HT29 

cells exhibits in vivo radio-sensitizing efficacy and the radio-

sensitizing effect varies depending on the BRG1-BRD 

overexpression level.  
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Figure 9. Imaging inefficient tumor cell growth with BRG1-BRD 

overexpression after exposure to external radiation in vivo.  

(A) A schematic representation of the animal experimental plan. 

Control, BRD(L), and BRD(H) cells were subcutaneously 

injected into the flank of Balb/c-nude mice. These mice were 

then subjected to high energy X-ray irradiation by LINAC. This 

day was designated as ‘day 0’ indicating the day of irradiation. 

These mice were imaged by a bioluminescence imaging modality, 

measured with calipers, and followed up for 28 days. (B) The 

bioluminescence images of nude mice with subcutaneous 

implantation of HT29 cells that were stably transfected with the 

pMX-BRD vector. (C) Luciferase expression showing the total 

flux after irradiation was calculated and graphed. (D) A scatter 

plot on day 28 after irradiation was re-graphed from (C). (E) 

Tumor volumes were measured and graphed. (F) Mice weights 

were not found to be significantly related.  

Control, filled circles; BRD(L), open squares; BRD(H), filled 

triangles. 
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DNA damage after ionizing radiation treatment in high BRG1-BRD 

overexpressing cells is retained and affects cell proliferation 

semi-permanently 

To investigate whether the residual effect of BRD(L) and BRD(H) 

in tumors is different or not, the tumor-bearing mice were 

sacrificed to extract the tumor tissue and these tissues were 

used to confirm their proliferation rate and residual DNA damage 

at 30 days after the radiation treatment. Firstly, as the BRD(L) 

and BRD(H) cells were transfected with BRG1-BRD gene 

including the myc-tag, the extracted tissues were subjected to 

immunohistochemistry to check whether the BRG1-BRD 

overexpression was stably retained. BRD(L) and BRD(H) tumors 

showed a positively higher mean intensity of the myc-tag than 

the control (1.80 and 1.78 times each, Figure 10). To confirm 

the DNA damage retained, the γ-H2AX signal in the BRD(L) 

tumor was analyzed and the result was similar to that in the 

control tumor (1.05 times). However, the γ-H2AX signal in the 

BRD(H) tumor was higher than that in BRD(L) (1.38 times, 

Figure 10(B)). In order to assess the influence of the residual 

DNA damage, the cells in the tissues were subjected to binding 

with the anti-Ki67 antibody, a proliferation marker. The 
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proliferation rate was sequentially decreased from the Control, 

BRD(L), and BRD(H), indicating that the residual DNA damage 

still affected the cell proliferation rate. Moreover, if BRG1-BRD 

overexpression is high in HT29 cells, their growth is critically 

disturbed (51.99% lower proliferation of control) after radiation 

treatment (Figure 10). Similar experiments were conducted with 

a TUNEL assay in the same tissues. TUNEL assay showed the 

presence of apoptosis and the percentage of cells undergoing 

apoptosis was 1.43 times and 2.41 times in BRD(L) and BRD(H) 

in the TUNEL stained cells compared to the control (Figure 10). 

This finding indicates that high expression of BRG1-BRD 

enhances the residual DNA damage and that this damage affects 

the cell proliferation rate after radiation treatment. In addition, 

this residual DNA damage induces apoptosis heavily after the 

radiation treatment.  
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Figure 10. Immunohistochemistry of myc-tag, phosphorylated 

H2AX, and ki67 staining in subcutaneous xenografts from 

irradiated mice inoculated with BRG1-BRD-overexpressing 

HT29 cells.  

(A) Tumor sections were stained with antibodies specific for 

myc-tag, phosphorylated H2AX, and ki67 as described in the 

“Materials and Methods” section. Magnification 200 × , scale 

bar=100 μm. Average DAB intensity and proportion of staining 

for myc-tag, phosphorylated H2AX, and ki67 in the xenografts 

was standardized to a negative control. (B) Quantification was 

derived from the TissueFAXS software quantification analysis. 

Significant intergroup variations are indicated by *p < 0.05, **p 

<0.01, and ***p < 0.001. 
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Induction of p21 by p53 following DNA damage was boosted by 

BRG1-BRD overexpression after radiation treatment  

In mammalian cells BRG1 is known to play a role in regulating 

cellular proliferation [35, 36], and the temporally ordered 

association of BRG1 with histone deacetylase and the 

retinoblastoma tumor suppressor gene product complex ensures 

the sequential activation of cyclin E and cyclin A, and maintains 

the order of the G1 and S phases in the cell cycle [37]. Moreover, 

G1 phase arrest can be caused by DNA damage, which can 

activate the p53-p21 pathway [38-45]. In our previous study, 

we have shown G1 phase arrest with BRG1-BRD overexpression 

after radiation treatment [46]. Therefore, the status of the p53-

p21 pathway under high BRG1-BRD overexpression was an 

unclear area that needed investigation. Usually, BRG1-

containing complexes upregulate p21 expression, which is 

related to flat cells, growth arrest, and cell senescence [47, 48]. 

However, BRD(H) which show high BRG1-BRD overexpression 

show a different pattern compared to control and BRD(L), where 

BRD(L) shows no difference compared to control, when we 

confirmed the expression of p53 and p21 (Figure 11).  
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Figure 11. Increased p53 and decreased p21 protein levels with 

BRG1-BRD overexpression after exposure to external radiation.  

Lysates from control, BRD(L), and BRD(H) cells that were 

untreated or treated with ionizing radiation (3, 6, or 9 Gy), were 

subjected to SDS-PAGE and analyzed by western blotting using 

anti-p53 or anti-p21 monoclonal antibodies.  
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DNA repair related genes are downregulated in high BRG1-BRD 

overexpressing cells after ionizing radiation treatment 

We next examined whether other DNA repair related genes were 

affected by BRG1-BRD overexpression after radiation treatment 

or whether fragmentary differences exist. Genes are divided into 

many categories including aging, angiogenesis, apoptotic 

processes, cell cycle, cell death, cell differentiation, cell 

migration, cell proliferation, DNA repair, extracellular matrix, 

immune response, inflammatory response, neurogenesis, RNA 

splicing, and secretion. All these categories were examined and 

more than 30,000 genes were included in these categories. 

Interestingly, the biggest downregulation was observed in DNA 

repair genes, especially in SPATA22, CDC148, MUM1, ZRANB3, 

PARP3, CHRNA4, RAD9B, and RAD21L1 (Figure 12(A)). This 

result suggests that BRG1-BRD overexpression induces the 

downregulation of genes related to DNA repair after radiation 

treatment. Moreover, irradiated BRG1-BRD overexpressing 

cells showed upregulation of genes related to aging, angiogenesis, 

extracellular matrix, and inflammatory response, and they also 

showed downregulation of genes related to apoptotic processes, 

cell cycle, and DNA repair (Figure 12(B-D)). We also examined 
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p53, p-p53, p21, and CDK2 protein expression after radiation. 

When BRG1-BRD was overexpressed, p53 and phosphorylated 

p53 increased evidently after exposure to radiation (Figure 13). 

DNA damage is known for activating p53 expression through a 

phosphorylation-acetylation cascade [49]. There is also a 

report explaining the relationship between p21, p53, and CDK2 

activities [38]. Even though DNA damage often activates the 

p53-p21 pathway leading to CDK2 inhibition, this phenomenon 

was not observed in this experiment, which indicates that tumor 

regression due to BRG1-BRD overexpression and external 

radiation therapy does not follow the p53-p21 pathway alone.  
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Figure 12. Microarray analysis of BRG1-BRD-overexpressed 

cells after exposure to external radiation.  

(A) Genes downregulated and upregulated after radiation with 

BRG1-BRD overexpression are shown in the gene tree. (B) 

Genes showing significantly different expression are sorted by 

several categories. (C) Details of genes with altered expression 

from each category are shown in the table. (D) Details of genes 

showing altered expression from each category are shown on the 

graph.  
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Figure 13. Phosphorylated p53 increases with BRG1-BRD 

overexpression when exposure to radiation. 

Lysates from control and BRD(H) cells, untreated or treated (9 

Gy) with ionizing radiation, were subjected to SDS-PAGE and 

analyzed by western blotting with anti-p-p53 or CDK2 

monoclonal antibodies.  
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DISCUSSION 

 

Radiotherapy has been continuously improved with advances of 

new instruments and methods. However, general radiotherapy 

induces several side effects [50-52] and external radiation 

therapy can be adopted for cancers which are localized or with 

few metastatic foci. Development of radiosensitizers for the 

effective killing of tumor cells during radiation therapy is 

therefore necessary. Blockage in DSB repair by BRG1-BRD 

overexpression can be adopted as a mechanism for effective 

radiation therapy [18, 46]. 

In the present study, sustained damage depending on BRG1-BRD 

expression levels in a human colon cancer cell line was observed. 

The level of BRG1-BRD overexpression was evaluated by myc-

tag expression. Because the vector included BRD-nuclear 

localization signals (x3)-myc-tag as inserts. Previously, we 

proved that BRG1-BRD overexpression shown by myc-tag 

expression directly regulates chromatin binding level of BRG1 

[46]. In vitro data such as clonogenic assays and γ-H2AX foci 

staining showed that high BRG1-BRD overexpression helps in 

sustaining semi-permanent DNA damage, reducing survival, and 
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disabled DNA repair. Some reports showed that kinetics of γ-

H2AX formation and it matches to the control cell kinetics of γ-

H2AX formation [21, 22]. Loss of γ-H2AX was started 8 h 

after treatment in control cells. However, γ-H2AX expression 

was increased in BRD(L) and BRD(H) cells. 

Furthermore, the BRG1-BRD overexpressing tumor cells 

grafted in the flank showed slower proliferation than the control. 

BRD(H)-bearing mice showed 5.56-times slower tumor 

proliferation than BRD(L) mice on day 28 after radiation 

treatment. Previously my laboratory proved that BRG1-BRD 

overexpression increased sensitivity to radiotherapy [46].  

One limitation of the present study is which cell lines were used 

as negative control. A true negative control should be cells 

transfected with mock vector, the same viral vector without BRD. 

However, the negative control in this present study was the 

original cancer cells without transfection of these vector system. 

The reason was that I failed to establish mock vector. Future 

studies will be required to transfect mock vector into cells to use 

them as control. Remaining DNA damage and DNA elimination 

are important areas of study[8, 9, 53-55], so tissues after 

radiotherapy were acquired through sacrificing tumor-bearing 
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mice and the remaining semi-permanent DNA damage in 

extracted tumor tissue was studied. This study of the BRD(H) 

revealed that high BRG1-BRD overexpression induces DNA 

damage which triggers stable apoptosis and this is proven by 

tissueFAXS quantification [56]. Even though the γ-H2AX 

assay showed an insignificant increase (1.38 times) after high 

BRG1-BRD overexpression, the residual DNA damage affects 

cell proliferation, decreasing it to half of that in the control cells. 

This seems to result in a ‘butterfly effect’ where almost all 

of DNA damaged-vulnerable cells are induced to enter the 

apoptotic pathway. Apoptosis occurred in 47.94% of the total 

area in high BRG1-BRD overexpression and low BRG1-BRD 

overexpressing cells showed a 27.77% apoptosis area. Under 

normal conditions, DNA self-repair mechanisms are in place, but 

these mechanisms easily fail when exposed to high BRG1-BRD 

overexpression leading to irreversible apoptosis. This is the first 

study to show that the degree of irradiated tumor cell damage is 

dependent on the level of BRG1-BRD overexpression, 

highlighting the importance of copy number variation, which 

accounts for a substantial amount of genetic variation [57]. 

Moreover, the expression of DNA repair related genes such as 
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SPATA22, CDC148, MUM1, ZRANB3, PARP3, CHRNA4, RAD9B, 

and RAD21L1 was downregulated after radiation treatment. DNA 

repair-related gene expression after treatment with various 

doses of radiation is variable and some representative DNA 

repair-related genes include CDKN1A, ATM, RAD50, PLK3, 

GADD45A, DDB2, BBC3, and IER5 [58]. Some of these genes, 

which regulate DNA repair, affect each other but some do not, 

implying that irradiated BRG1-BRD overexpressed cells may be 

affected by a different damage pathway. Following the result of 

the cDNA microarray, the BCL-2 apoptosis pathway [59-62] 

was shown to directly regulate the death of BRG1-BRD 

overexpressing cells. 

DNA self-repair mechanism after radiation therapy choose 

homologous recombination (HR) or non-homologous end joining 

(NHEJ) repair pathway [63-66]. There are several studies 

indicating the relationship among SWI/SNF complex, K14H3, 

S139 of H2AX and their role in DNA damage repair [67-69]. 

Many factors modulating DNA repair pathway such as GCN5, 

ATM, ATR, DNA-PKcs, CBP/P300, and so on have their own 

function [70]. This could increase, decrease, or maintain the 

expression of specific genes that effect to choose one repair 
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pathway [67]. It seems that DNA self-repair mechanism in this 

study choose both HR and NHEJ. However, DNA repair pathway 

related to ATM kinase activation is HR [71, 72]. So, the major 

DNA repair pathway will be HR. 

Nowadays, the majority of gene therapy for clinical trials have 

exploited viral vectors because they are very efficient vehicles 

to deliver nucleic acid [73]. Most oncolytic viruses have been 

engineered from adenovirus or HSV for cancer gene therapy 

[74]. However, these viral gene therapies can trigger problems 

of immunological defenses, specificity of transgene delivery, and 

insertional mutagenesis [74]. Safety of these therapeutic effect 

is the most important factor to consider. A patient who got virus 

therapy, Jesse Gelsinger, was dead in a clinical trial for gene 

therapy in 1999. These disadvantages are challenges to 

manipulate the proper adoption of BRG1-BRD gene therapy in 

the future. There are recent studies suggesting the development 

of gene therapy with oncolytic virus [75-79] by engineering 

oncolytic viruses for additional benefits from cytokine 

expression for cancer immune therapy [80]. It is important that 

developing delivery methodology. Also, recent FDA approval of 

oncolytic viruses are supportive for their use[81].  
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In summary, this study revealed a potential therapeutic method 

using the overexpression of BRG1-BRD as a radiosensitizer. Its 

competitive inhibition of acetylated H3 K14 blocks DNA self-

repair mechanism, which induces effective cancer cell death by 

radiation. 
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국문 초록 

서론: 방사선 민감제는 보다 효과적인 방사선치료를 위하여 필요하다. 

Brahma-related gene 1 (BRG1)은 SWI/SNF 크로마틴 리모델링 복합체의 

촉매소단위로써, DNA의 두 가닥 파손과 치료에 관여한다. BRG1-브로

모도메인이 과발현 되게 되면, BRG1은 경쟁적 저해 작용에 의하여 파

손된 DNA 를 치료하지 못하게 되며, DNA 의 두 가닥 파손은 그대로 

남게 된다. 이 연구의 전략은 BRG1-브로모도메인을 DNA 의 두가닥 

파손 치료를 방해하는 경쟁자로 도입시키면서 방사선 치료의 효과를 

증진시키는 데에 있다.  

방법: 암세포의 성장을 영상화 하기 위하여 루시페라아제가 발현하는 

세포주를 형성하고 종양의 크기를 캘리퍼로 측정 하였다. 또, IVIS 영

상 시스템을 통한 광학 영상을 얻음으로써 종양의 성장을 간접적으로 

측정하였다. 외부방사선에 의한 치료효과를 관찰하기 위하여, 실험에

는 인체 대장암 세포 주 HT29를 사용하였다. 레트로바이러스의 pMX-

BRG1-브로모도메인 벡터를 사용하여 HT29 세포에 형질전환 시키고 

BRG1-브로모도메인의 발현정도를 나누어 BRG1-브로모도메인의 높은 

발현을 가진 HT29세포(BRD(H))와 BRG1-브로모도메인의 낮을 발현을 

가진 HT29 세포(BRD(L))로 나누었다. 세슘-137 방사선 조사장치(IBL 

437C)를 이용하여 9 그레이의 선량을 세포에 조사하였다. 개발된 방사
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선 민감제의 효과는 클론형성분석법 및 γ-H2AX foci 를 통해 유전자 

손상 신호를 분석하는 방법으로 평가하였다. 마우스 피하에 이식된 

암세포를 분자영상기법으로 정량분석하고 크기를 측정함으로써 생체 

내에서의 효과를 평가하였다. 

결과: BRD(L)과 BRD(H) 세포에 방사선을 조사한 뒤 세포의 생존률을 

각각 측정하였을 때 대조군을 기준으로 51.4%와 2.2%의 생존률을 보

였다. 인산화된 H2AX foci 형광의 강도 역시 방사선 조사 뒤에 대조군

의 2.9 배(BRD(L))와 9.9 배(BRD(H))였다. 마우스 모델에서 종양의 성

장은 BRG1-브로모도메인의 과발현 정도에 따라 성장이 다르게 억제

되었다. BRD(L)과 BRD(H)의 세포를 이용하여 형성된 종양을 X 선 치

료 후 28 일째에 루시페라아제의 발현을 측정하였다. 그 결과, 대조군

에 비하여 BRD(L)의 경우 40.77%(p=0.048), BRD(H)의 경우 

7.37%(p=0.018)로 대조군에 비해 감소되었다.  

결론: BRG1-브로모도메인의 과발현을 이용한 방사선 민감제를 개발하

였다. 특히 인체 대장암 세포를 이용한 외부방사선 조사실험으로 

BRG1-브로모도메인의 과발현을 이용한 방사선 민감제 효과를 증명하

였고, 방사선 치료의 효율을 높여줄 수 있음을 분자영상기법을 통하

여 보여주었다.   

---------------------------------------------------------------------------------------------- 

주요어 : BRG1-브로모도메인, 방사선 민감제, 효과적 방사선 치료, 경

쟁적 저해제, 유전자 과발현, X선 치료 
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