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초 록 
 

Proteasome inhibitor, bortezomib 유도 세포사 기전 연구. 

 

안 윤 정 

지 도 교 수 : 문 애 란  

조 선 대 학 교  대 학 원 

의 과 학 과 

 

    Bortezomib은 대부분의 세포에서 apoptosis를 유도하는 것으로 잘 알려진 

proteasome inhibitor 이다. Bortezomib에 의한 세포사는 세포 내의 생존신호와 

죽음신호에 의해 조절된다고 알려져 있지만, 대부분의 민감성 세포들에서 

bortezomib에 의한 세포사 과정은 매우 빠르게 진행되어 세포 내 생존신호가 

죽음신호로 전환되는 과정에 대해서는 밝혀진 바 없다. 본 연구는 bortezomib에 

의한 세포사에 대하여 중간 정도의 저항성을 나타내는 CT26와 B16F10 

세포주를 이용하여 bortezomib에 의한 세포 내 신호 전환을 알아 본 연구 이다. 

Bortezomib에 의한 세포사에 민감한 BMK 세포주는 10 nM 혹은 50 nM의 

bortezomib 존재 시, 24 시간 내에 50% 이상의 세포들이 죽지만, CT26와 

B16F10 세포주는 100 nM의 bortezomib을 처리하더라도 24 시간 내에 20% 

이하의 세포들 만 죽는 것으로 확인되었다. 하지만, 48 시간이 지나면 거의 모든 

세포들이 죽게 되는 것으로 보아 24 시간 내에는 세포의 생존신호가 작동하는 

것으로 여겨졌다. proteasome inhibition 후 작동하는 것으로 알려진 
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endoplasmic reticulum (ER) stress 반응과 autophagy가 CT26와 B16F10 

세포주에서도 활성화됨을 immunoblotting analysis를 통해 확인하였다. ER 

stress 반응과 autophagy가 생존신호로 역할을 하는지 확인하기 위하여 ER 

stress response 억제제인 4μ8C (IRE-1 inhibitor), GSK2606414 (PERK 

inhibitor) 또는 Salubrinal (eIF2α inhibitor)와 autophagy 억제제인 bafilomycin 

A1 (BfA) 또는 3-methyl adenine (3-MA)를 각각 bortezomib과 함께 처리한 후 

세포사를 확인한 결과 세포사가 증가함을 확인하였다. 대표적인 죽음신호인 

caspases는 12 시간 이후부터 활성화하기 시작하여 24 시간이 지나면 최고조에 

달하는 것으로 보인다. Caspase 억제제에 의한 세포사 억제를 확인하였지만 

세포사는 완벽히 억제되지 않았으며, 또 다른 죽음신호인 활성산소종의 증가를 

확인한 결과 8시간 이후부터 증가하는 것을 확인했다. 활성산소종을 감소시키는 

NAC과 caspase 억제제를 동시에 처리하였을 경우 세포사는 더 많이 감소하는 

것을 확인하였다. 또한 NAC에 의해 활성산소종이 감소하면 caspase의 활성 

또한 감소하는 것을 확인하였다. 이러한 결과들을 종합하여, bortezomib 처리 후 

세포의 생존신호와 죽음신호의 변화를 시간 별로 확인해볼 수 있었다. CT26 

세포주에서는 생존신호가 죽음신호로 변환되는 conversion model이, 그리고 

B16F10 세포주에서는 생존신호가 죽음신호와 경쟁하다가 죽음신호로 변환되는 

competition model과 부합하는 것을 확인하였다.  
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I. Introduction 
 

Proteasome is a protein complex involved in degradation of unneeded proteins that are 

tagged ubiquitin. Functional proteasome is essential for maintenance of cell homeostasis, 

proliferation and survival. Functional proteasome is also important in cancer, because 

some cancer cells regulate degradation of proteins such as cell cycle regulatory proteins 

(e.g., p21, p27) or cell survival proteins (e.g., IkB) in order to create cancer-specific 

microenvironment [1]. Several proteasome inhibitors have been studied and developed as 

anti-cancer drugs in this context. Proteasome inhibition facilitates accumulation of 

unfolded or misfolded proteins, subsequently induces endoplasmic reticulum (ER) stress 

and unfolded protein response (UPR) to remove unfolded or misfolded proteins [2, 3]. 

After accumulation of unfolded or misfolded proteins in ER lumen, three major proteins, 

PKR-like eIF2a kinase (PERK, also known as EIF2AK3), activating transcription factor-

6 (ATF 6), and inositol-requiring enzyme (IRE1), are activated by dissociation of 78 kDa 

glucose-regulated protein (GRP78) [4]. To reduce accumulation of unfolded or misfolded 

proteins, cap-dependent translation is blocked and only specific proteins are translated, 

like as ATF4 and C/EBP homologous protein (CHOP) by phosphorylated eIF2a through 

PERK activation [5]. UPR is feedback regulated after expression of growth-arrest and 
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DNA-damage-inducible gene (GADD34) and P58IPK, induced by CHOP and X box-

binding protein 1 (XBP1), respectively [5, 6]. Although UPR is a mechanism for survival, 

pro-apoptotic proteins are increased by sustained ER stress; resulting in cell death [7-9].  

        MG-132 is the first developed proteasome inhibitor and inhibits 20S core site in 

proteasome. However, MG-132 is not adequate for cancer therapy because it has a non-

specific binding activity and is quickly dissociated from proteasomes. Bortezomib (PS-

341 or Velcade®) is a reversible 26S proteasome inhibitor and the first FDA (food and 

drug administration)-approved drug for multiple myeloma in U.S [10-12]. Bortezomib 

induces ER stress and cell cycle arrest [13-15], or apoptosis in almost all cells [16, 17] 

but also autophagic cell death in proliferating human endothelial cells [18]. Although 

bortezomib has been known as an inducer of ER stress-mediated cell death and used or 

tried in specific cancer treatment [19-26], some cancer cells are resistant to bortezomib-

induced cell death.  

    Most of studies about bortezomib-induced cell death have been examined using 

susceptible cells or genetically modified cells [27]. Although researchers had been 

referred to life-to-death signal switch, the signal switch would have happened too fast to 

discriminate pro-survival from pro-apoptosis signals in susceptible cells. In this thesis, I 

investigated intracellular signal switching mechanism in CT26 cells and B16F10 cells, 
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which are moderately resistant to bortezomib-induced cell death. Less than 20% of cells 

were dead within 24 hours after bortezomib treatment, in which ER stress response and 

autophagy were processed. Cells were dose-dependently dead within 36 and 48 hours 

after bortezomib treatment due to ROS increase and caspase activation.  
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II. Materials and Methods 

 

1. Materials 

1.1. Cells 

BMK (baby mouse kidney), CT26 (mouse colon cancer), B16F10 (mouse melanoma 

cancer), A549 (human lung carcinoma) and HeLa (human cervical cancer) were obtained 

from Korean Cell Line Bank (Deajeon, Korea). 

 

1.2. Chemicals 

To this study, five proteasome inhibitors (bortezomib, ixazomib, carfilzomib, oprozomib 

and MG-132) were from Selleckchem (Huston, TX, USA). For cell culture Dulbecco’s 

Modified Eagel Medium (DMEM) and RosIll Park Memorial Institute medium (RPMI) 

1640 were obtained from Thermo Scientific (Pittsburg, PA, USA), Fetal Bovine Serum 

from Capricorn Scientific (Ebsdorfergrund, Germany), 1% Penicillin-streptomycin from 

Thermo Scientific, Ciprofloxacin from Sigma-Aldrich (St. Louis, MO, USA)  and 

Gentamycin from Duchefa Biochemie (Haarlem, Netherlands). To test cell viability and 

inhibition assay, XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
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Carboxanilide) solution was from Promega (Madison, WI, USA), z-VAD-fmk was from 

Adooq z-DEVD-fmk, z-IETD-fmk and z-LEHD-fmk were from R&D system 

(Minneapolis, MN, USA), 3-Methyladenine (3-MA) was from Invivogen (San Diego, 

CA, USA), Bafilomycin A (BfA) was from Biovision (Milpitas, CA, USA) and N-acetyl-

L-cysteine (NAC) and 2’7’-Dichlorofluorescin diacetate (DCF-DA) were from Sigma-

Aldrich.  

 

1.3 Antibodies 

Anti-Caspase-3 (9662), Anti-Caspase-9 (9508), Anti-human Caspase-8 (9746), Anti-

Beclin-1 (3495), Anti-Atg5 (12994), Anti-CHOP (2895) and Anti-GRP78/Bip (3177) 

antibodies are obtained from Cell Signalling (Danvers, MA, USA), Anti-mouse Caspase-

8 (ALX-804-447) and Anti-ATF6 (ALX-804-381) antibodies are obtained from EnZo 

Life Sciences (Farmingdale, NY, USA), Anti-LC3 (GTX17380) antibody is from GenTex 

(Irvine, CA, USA), Anti-phosphorylated-PERK (sc-3257) antibody is from Santa Cruz 

Biothechnology (Dallas, TX, USA), Anti-phosphorylated-IRE1 (ab48187) antibody is 

from Abcam (Cambridge, MA, USA) and Anti-Actin (MAB1501) antibody is from 

Millipore (Thermo Scientific). 
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2. Methods 

 

2.1 Cell death assay 

2.1.1 Cell culture 

    BMK, CT26, B16F10 and HeLa cells were cultured in DMEM media and A549 cells 

were cultured using RPMI1640 media, those media were supplemented with 10% FBS, 1% 

penicillin-streptomycin, Ciprofloxacin, and Gentamycin in 5% CO2 at 37℃. 

 

2.1.2 XTT assay 

     Several kinds of proteasome inhibitors, ranging from 6.25 nM to 200 nM were 

prepared after serial dilution. Cells (2X104 cells/well) were seeded into 96-well plate 

(SPLifesience, Gyeonggi-do, Korea) and cultured overnight. Various amounts of 

proteasome inhibitors were added into cells and cultured for appropriate time periods. 

Cell medium was replaced with phenol-red free DMEM containing XTT. After 1.5-hour 

incubation, optical density (O.D.) was measured using Infinite M200 (Tecan, Männedorf, 

Switzerland) at 490 nm. Viability was calculated on the basis of O.D. of untreated control 

as 100%.  

 



 
 

 
 
19

2.1.3. Addition of cell death inhibitors 

CT26 cells (2X104 cells/well) were cultured in 24-well plate (SPLifesience) and treated 

with 100 nM of bortezomib. After 8 hours of the bortezomib treatment, cells were treated 

with various cell death inhibitors; z-VAD-fmk, pan-caspase inhibitor; Bafilomycin A, 

autophagy inhibitor; NAC, ROS scavenger. After additional 24-hours incubation, both 

suspended and attached cells were harvested and centrifuged using high speed centrifuge 

(Beckman Counlter, Chaska, MN, USA) at 4,000 rpm for 5 minutes. Thereafter, the 

supernatant was discarded and the pellet was dissolved in 0.1% trypan blue solution and 

stained for 2 minutes at 37℃. Live cells were counted using hemocytometer.  

 

2.2 Immunoblotting analysis 

2.2.1 Preparation of cell lysates 

For immunoblotting analysis, cell lysates were prepared after 100 nM of bortezomib 

treatment for 6 hours, 12 hours, 24 hours or 48 hours. Briefly, both of attached and 

suspended cells were harvested using cell scraper and centrifuged at 8,000 rpm for 5 

minutes. Cells were lysed with RIPA buffer (50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 150 mM NaCl and 2 mM 

EDTA) supplemented with phosphatase inhibitor cocktails-Ⅰ, -Ⅱ (Sigma) and mixed 
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thoroughly. The lysed cells were incubated on ice for 10 minutes and then, lysates were 

obtained by centrifugation at 12,000 rpm 10 minutes. Cell lysates were stored at -20℃. 

 

2.2.2 Protein quantification 

Proteins present in each cell lysate were quantified through BCA (bicinchoninic acid) assay 

(Thermo scientific). Bovine serum albumin (BSA) was used as a standard protein for BCA 

assay. Serially diluted standard protein solutions and cell lysates were filled in 96-well. After 

addition of 200 µl of BCA solution mixture (solution A: solution B = 1:50), the plates were 

incubated at 37℃ for 15 minutes. O.D. was measured at using Infinite M200 (Tecan) and 

protein concentration was calculated using standard curve. 

 

2.2.3 Gel electrophoresis  

Appropriate amounts of cell lysates were mixed with protein loading buffer (final 

concentration: 50 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 1% b-mercaptoethanol, 

12.5 mM EDTA and 0.02% bromophenol blue) and boiled for 10 minutes. Immediately after 

the boiling, cell lysates were incubated on ice for 10 minutes. Cell lysates were loaded onto 

appropriate concentrations of sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) gel and then electrophoresed.  
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2.2.4 Immunoblotting analysis 

After gel electrophoresis, SDS-PAGE gels were assembled into transfer cassettes in the 

orders of sponge-3mm paper-SDS PAGE gel- polyvinylidene fluoride (PVDF) membrane-

3mm paper-sponge. To transfer proteins, gel electrophoresis kit equipped with transfer 

cassettes was run at 100 mA for overnight or 300 mA for 3 hours. The PVDF membranes 

were immersed with TBST (5 mM Tris-cl (pH 7.6), 15 mM sodium chloride (NaCl), 0.1% 

Tween 20) buffer containing 2.5% or 5% skim milk at room temperature (RT) for 1 hour. 

After removal of TBST buffer, appropriately diluted primary antibody was added into the 

membranes and incubated as follows; anti-caspase 3 antibody (1:2000) at RT for 3 hours; 

anti-caspase 8, anti-caspase 9, anti-LC3, anti-GRP78/Bip, anti-phosphorylated PERK, anti-

phosphorylated IRE1, anti-ATF6, and anti-CHOP (1:1000) at 4℃ for overnight. After 

incubation, membranes were washed three times with 0.05% TBST for 10 minutes each. 

Appropriate secondary antibodies were added and incubated for 1 hour at RT. Membranes 

were washed four times with 0.05% TBST for 10 minutes each and immuno-reactive bands 

were detected using PowerOpti-ECL™ solution (Animal Genetics, Suweon, Korea). 
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2.3 ROS assay 

Cells (2X104 cells/well) were cultured in 12-well plates (SPLifescience) overnight. 

Bortezomib was treated for 8, 16, 24, or 32 hours, and then cells were washed twice with 

phosphate buffered saline (PBS). After addition of 2 mM of DCF-DA, cells were 

incubated for 30 minutes at 37℃ in the dark. Fluorescence was analyzed at 266 nm/545 

nm as excitation/emission wavelengths using fluorometric plate reader (Luminescence 

Spectrophotometer LS S5, Perkin Elmer, Waltham, MA, USA) using FL WinLab 

program. Cells were microscopically observed by fluorescence microscopy (Olympus 

1X71) using DP2-BSW program with 0.8-seconds exposure. Relative ROS generation 

was calculated on the basis of XTT value. 

 

2.4. Enzymatic activity assay of caspase 3 and caspase 8 

    Enzymatic activity of Caspase-3 or Caspase-8 was assayed using Caspase-3 and 

Capase-8 colorimetric assay kit (R&D system). CT26 and B16F10 cells were treated with 

bortezomib in the presence or absence of NAC. Cells were harvested using lysis buffer in 

the kit and centrifuge at 12,000 rpm for 10 minutes. Amounts of proteins were quantified 

using BCA assay and concentrations were adjusted to 2 mg/ml using lysis buffer. After 

mixing with 2 ×	reaction buffer in the kit with 1:1 ratio, 50 ml of cell lysates was added 
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into 96-well plate. For reaction, 5 ml of substrate solution in the kit was added into each 

well and the plates were incubated at 37℃ for 1 hour. O.D. was measured by Infinite 

M200 (Tecan) at 405 nm. 
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III. Results 

 

1. Classification of cells according to the responsiveness to 

bortezomib. 

 

To identify signal switching mechanism in proteasome inhibitor-induced cell death, cells 

were classified depending on the responsiveness to bortezomib-induced cell death. BMK, 

CT26, B16F10, A549 and HeLa cells were treated with 100 nM of bortezomib and cell 

deaths were measured using XTT assay. Figure 1 showed that CT26 and B16F10 were 

resistant to bortezomib-induced cell death only within 24 hours. BMK cells were 

susceptible to bortezomib-induced cell death because over 50% of cells were dead within 

24 hours. HeLa and A549 cells were seemed to be highly resistant since approximately 

10% of cells were dead even after 32 hours.  From this result, CT26 and B16F10 cells 

appeared to be adequate to identify signal switching mechanism because their cell deaths 

were seemed to be inhibited within 24 hours and induced after 24 hours. To investigate 

the responsiveness of CT26 and B16F10 cells to other proteasome inhibitors, carfilzomib, 

MG-132, bortezomib, ixazomib or oprozomib was treated and cell deaths were analyzed. 

Cytotoxicity of oprozomib or MG-132 on CT26 was relatively lower than bortezomib, 
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ixazomib and carfilzomib (Figure 2). To investigate process of cell death by bortezomib, 

cell death rates were examined in time-dependent and dose-dependent manners using 

CT26 and B16F10 cells. Cells were treated with bortezomib ranging from 6.25 nM to 

200 nM and cell death was analyzed in time-dependent manner. Cell death was inhibited 

within 24 hours even in 200 nM of bortezomib treatment but significantly increased 

within 24 and 48 hours. It could be suggested that survival signals were activated within 

24 hours to inhibit cell death. (Figure 3 A, B). 
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Figure 1. Responsiveness to bortezomib in various cells 

Cells (1´104 cell/ well) were seeded into 96-well plate a day before bortezomib treatment. 

After the bortezomib treatment, cell survival rates were examined in time-dependent 

manner by XTT assay. Error bars meant standard deviation.  
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Figure 2. Responsiveness of CT26 cells to various proteasome inhibitors 

Cells (1´104 cell/ well) were seeded into 96-well plate a day before the treatment. 

Various amounts of proteasome inhibitors, bortezomib, ixazomib, carfilzomib, 

oprozomib or MG-132, were treated into CT26 cells for 24 hours. Survival rate was 

analyzed using XTT assay. Error bars meant standard deviation.  
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Figure 3. Cell death assay in CT26 and B16F10 cells after bortezomib treatment  

Cells (1´104 cell/ well) were seeded into 96-well plate a day before bortezomib treatment. 

(A) Indicated amounts of bortezomib were treated into CT26 cells and cell survival rates 

were measured uxing XTT assay. (B) After the treatment of bortezomib (100 nM) into 

CT26 and B16F10 cells, cell survival rate was determined time-dependently using XTT 

assay. Error bar means Standard deviation. 
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2. Death signals in CT26 and B16F10 cells.  

 

Since apoptosis has been known cell death mechanism by proteasome inhibition [10, 25, 

26], apoptotic signals were assayed in bortezomib-treated CT26 and B16F10 cells in 

time-dependent manner. Cleavages of caspase 9 and poly (ADP-ribose) polymerase 

(PARP) were detected from 6 hours in CT26 cells (Figure 4A). Cleaved caspase 3 and 8 

were detected from 24 hours in CT26 cells but cleaved caspase 8 were not significant in 

B16F10 cells. To confirm whether caspase 3 or 8 was activated, enzymatic activities of 

caspase 3 or 8 were measured (Figure 4B). Enzymatic activities of caspase 3 and 8 were 

increased from 6 hours and reached about 15- or 5-fold at 24 hours in CT26 cells, 

respectively. However, only caspase 3 was activated from 24 hours in B16F10 cells. 

Caspase activation seemed to be enough to induce cell death at 24 hours after bortezomib 

treatment but cells were not dead. As the increase of cell death did not coincide with 

caspase activation, it became necessary to examine whether caspases would be involved 

in bortezomib-induced cell death using various caspase inhibitors. Cell death was 

partially inhibited by addition of z-VAD-fmk; pan-caspase inhibitor, z-DEVD-fmk; 

caspase 3 specific inhibitor, or z-IETD-fmk; caspase 8 specific inhibitor but not caspase 9 

specific inhibitor, z-LEHD-fmk in CT26 cells (Figure 5).  



 

 
 
30

 

 

Figure 4.Caspase-3 and/or caspase-8 activation in bortezomib-treated CT26 and 

B16F10 cells 

(A) Cell lysates were prepared from CT26 and B16F10 after 100 nM of bortezomib 

treatment in time-dependent manner. Immunoblotting analysis was performed using 

antibodies against indicating proteins. Reactive bands were indicated by arrow, and 

asterisk showed nonspecific bands. Actin as a protein loading control was detected using 

anti-actin antibody. (B) Enzymatic activities of caspase 3 or 8 were assayed using CT26 

and B16F10 cell lysates using caspase assay kit described in ‘Methods’. n=3; **P<0.01; 

Student’s t test between the results in 12 hours and 24 hours.. 
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Figure 5. Cell death assay after addition of casapse inhibitors 

To identify whether activated caspases were involved in bortezomib-induced cell death, 

cell survival rates were measured after the co-treatment of caspase inhibitors with 

bortezomib in CT26 cells; z-VAD-fmk, pan-caspase inhibitor; z-DEVD-fmk, caspase 3 

specific inhibitor; z-IETD-fmk, caspase 8 specific inhibitor; z-LEHD-fmk, caspase 9 

specific inhibitor. Error bars meant standard deviation. n=3; **P<0.01; Student’s t test 
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3. Survival signals in CT26 and B16F10 cells. 

 

Considering that increase of cell death was not synchronized with caspase activation, 

whether anti-apoptotic proteins or pro-survival signals were activated within 24 hours, 

was investigated. Mcl-1 was increased between 6 hours and 24 hours but not detected at 

48 hours (Figure 6). Expressions of XIAP, cIAP1, and cIAP2 were not regulated by 

bortezomib (data not shown). Since autophagy is induced by, or with ER stress response 

[27-29] and shows cytoprotective roles in various conditions [28, 30, 31], cell death rates 

were analyzed after addition of autophagy inhibitors: bafilomycin A1 (BfA) or 3-methyl 

adenine (3-MA) (Figure 8). Cell death rates were increased by BfA or 3-MA, suggesting 

that autophagy should be cytoprotective in bortezomib-treated cells. To investigate time-

dependent progress of ER stress response and autophagy signaling, profiling of ER stress 

or autophagy related proteins was performed after addition of bortezomib (Figure 7, 10). 

Three ER membrane proteins, PERK, IRE-1, and ATF6, were activated or increased only 

within 24 hours after bortezomib treatment in CT26 and B16F10 cells, when cell death 

was hardly detected. Phosphorylated PERK (p-PERK) and phosphorylated IRE-1 (p-

IRE-1) were detected between 6 and 12 hours but not detected at 24 hours after 

bortezomib treatment in CT26 cells. Expression levels of ATF6 was increased at 6 hours 

and returned to basal level 24 hours after bortezomib treatment in both cells. Autophagy 
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seemed to be induced after ER stress response, according to the result that cleaved LC3 

(microtubule- associated protein 1 light chain 3) and LC3-Ⅱ was detected from 12 hours. 

Initiation of autophagy would be reduced around 48 hours because beclin-1 and Atg5 

were decreased between 24 and 48 hours in B16F10 or CT26 cells, respectively. Cell 

death rates was correlated with decrease of beclin-1 and Atg5 in CT26 and B16F10 cells. 

    Since autophagy was survival signal and followed by ER stress response, whether cell 

death could be regulated by ER stress inhibition was examined. CT26 cells were treated with 

bortezomib and ER stress inhibitors, IRE-1 inhibitor (4μ8C), PERK inhibitor (GSK2606414) 

or eIF2α inhibitor (Salubrinal) for 24 hours. In Figure 9, cell death rates were increased after 

addition ER stress response inhibitors. These results showed that ER stress response and 

autophagy were survival signals in bortezomib-treated cells (Figure 11).  
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Figure 6. Anti-apoptotic proteins in bortezomib-treated CT26 and B16F10 cells 

Cell lysates were prepared from CT26 and B16F10 after 100 nM of bortezomib treatment 

in time-dependent manner. Immunoblotting analysis was performed using antibodies 

against indicating proteins. Reactive bands were indicated by arrow, and asterisk showed 

nonspecific bands. Actin as a protein loading control was detected using anti-actin 

antibody.  
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Figure 7. Autophagy signals in bortezomib-treated CT26 and B16F10 cells 

After 100 nM of bortezomib treatment, cell lysates were prepared in time-dependent 

manner. To examine autophagy process, autophagy related proteins were detected using 

immunoblotting analysis. Reactive bands were indicated by arrow. Actin as a protein 

loading control was detected using anti-actin antibody.  
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Figure 8. Cell dath assay after addition of autophagy inhibitors   

Cells (1´104 cell/ well) were seeded into 96-well plate a day before bortezomib treatment. 

Cells were treated with 100 nM of bortezomib with or without autophagy inhibitors; 20 

nM of BfA; 5 mM of 3-MA. After 24 hours, cell survival rates were measured using XTT 

assay. Error bar meant standard deviation. n=3; **P<0.01; Student’s t test. 
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Figure 9. Accumulation of ubiquitinated proteins in bortezomib-treated CT26 and 

B16F10 cells 

After 100 nM of bortezomib treatment, cell lysates were prepared. Ubiquitinated proteins 

were detected in each cell lysate using anti-ubiquitin antibody as described in ‘Methods’. 

Actin as a protein loading control was detected using anti-actin antibody. 
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Figure 10. ER stress response in bortezomib-treated CT26 and B16F10 cells  

After 100 nM of bortezomib treatment, cell lysates were prepared in time-dependent 

manner. To examine ER stress response, ER stress related proteins were detected using 

immunoblotting analysis. Reactive bands were indicated by arrow, and asterisk showed 

nonspecific bands. Actin as a protein loading control was detected using anti-actin 

antibody.  
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Figure 11. Cell death assay after addition of ER stress response inhibitors  

Cells (1´104 cell/ well) were seeded into 96-well plate a day before bortezomib treatment. 

Cells were treated with 100 nM of bortezomib with or without ER stress response 

inhibitors; 10 nM of 4μ8C; 30 nM of GSK2606414; 30 mM of salubrinal. After 24 hours, 

cell survival rates were measured using XTT assay. Error bar meant standard deviation. 

n=3; *P<0.05; **P<0.01; Student’s t test. Continued next page. 
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4. An additional pro-death signal. 

 

Because cell death was partially decreased by caspase inhibitor (Figure 5), whether 

additional pro-death signal was involved in bortezomib-induced cell death was examined. 

Since reactive oxygen species (ROS) are known to be increased by ER stress and to 

induce caspase-independent apoptosis [32], ROS assay was performed using 2',7'-

dichlorofluorescein diacetate (DCF-DA) to investigate additional pro-death signal. ROS 

was increased from 8 hours and reached about two-fold at 24 hours in CT26 and B16F10 

cells (Figure 12). To test if bortezomib-induced cell death was stimulated by ROS, cell 

death rate was assayed in bortezomib-pretreated CT26 and B16F10 cells after addition of 

ROS scavenger, N-acetyl-L-cysteine (NAC). Cell death was slightly inhibited by NAC 

and additively inhibited in the presence of z-VAD-fmk (Figure 13). Because time-

dependent increase of ROS appeared similar to the results of caspase activation, caspase 

activities were assayed after addition of NAC into bortezomib-treated CT26 and B16F10 

cells to identify whether ROS would affect caspase activation. Approximately 50% of 

caspase 3 activity was reduced but caspase 8 activity was not affected by addition of 

NAC in both cells (Figure 14). It could be suggested that cell death was processed by 

ROS and activated caspase 3 and/or 8 in bortezomib-treated CT26 and B16F10 cells, in 

which ROS could be one of the stimulating factors for caspase 3 activation.   
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Figure 12. Reactive oxygen species (ROS) generation in bortezomib-treated CT26 

and B16F10 cells 

Cells (1´104 cells/ well) were seeded into black 96-well plate a day before bortezomib 

treatment. (A) DCF-DA (2 µM) was added into CT26 or B16F10 cells at 8, 16, and 24 

hours after 100 nM of bortezomib treatment and cells were incubated for 30 minutes at 

37℃. Extents of fluorescence were measured at 266 nm/545 nm as excitation/emission 

wavelengths using Luminescence Spectrophotometer LS S5 (Perkin Elmer). n=3; 

*P<0.05; Student’s t test.  
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Figure 13. Cell death assay after addition of caspase inhibitor and ROS scavenger 

Cells (1´104 cells/ well) were seeded into black 96-well plate a day before bortezomib 

treatment. BfA or z-VAD-fmk was treated with 100 nM of bortezomib. NAC (1mM) was 

treated 8 hours after 100 nM of bortezomib treatment. Cell death was examined 24 hours 

after bortezomib treatment by trypan blue exclusion experiments. n=3; **P<0.01; 

Student’s t test. 
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Figure 14. Caspase-3 activation after NAC treatment 

NAC (1mM) was treated 8 hours after 100 nM of bortezomib treatment. Cell lysates were 

prepared in time-dependent manner and activations of caspase 3 and 8 were analyzed 

using immunoblotting analysis and enzymatic assay. n=3; *P<0.05;  Student’s t test. 
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5. Regulation of cell death in CT26 and B16F10 cells. 

 

Previously, two models have been suggested to explain mechanism of regulated cell 

death (RCD) and adaptive stress responses [33]. In conversion model, RCD-inhibitory 

signals are ceased and substituted with RCD-promoting signals. Competitive model 

postulates that RCD-inhibitory signals and RCD-promoting signals are co-existent and 

counteractive to each other. To identify that bortezomib-induced cell death could be 

related to one of the two models, relationships of ER stress response, autophagy, ROS, or 

caspase activation and cell death were analyzed. Each band intensity of immunoblotting 

was measured using Image J program and relative intensities were shown in Figure 15. 

Increase of cell death was inversely related with decrease of ER stress response and 

autophagy, referred to RCD-inhibitory signals. Caspase activation and increase of ROS 

coincided with cell death. From this analysis, signal switching mechanism in CT26 cells 

was close to conversion model and that in B16 F10 cells was to competitive model after 

bortezomib treatment.  
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Figure 15. Signal switching from survival to death in bortezomib-treated CT26 and 

B16F10 cells 

Expression levels of each protein from the results of Figure 7 to Figure 9 were analyzed 

using Image J program. In each case, relative values were calculated on the basis of 

maximum intensities or scales of activities at 1. 
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IV. Discussion 

 

Although it has been recognized that signal switch from pro-survival to pro-apoptosis is 

processed in bortezomib-induced cell death, signal switch occurs too fast to be identified in 

almost all susceptible cells; over 50% of susceptible cells are dead within 24 hours by 

addition of bortezomib ranging from 10 nM to 50 nM. Since understanding and controlling 

of signal switching mechanism could be helpful to solve the therapeutic problems in 

bortezomib-resistant cells, two moderately resistance cells, CT26 and B16F10 were used to 

identify mechanism involving in signal switch.  

    ER stress response has been known as an autophagy inducing mechanism to remove 

unfolded or misfolded proteins [28, 34]. ER stress response and autophagy were 

sequentially processed after bortezomib treatment. In CT26 and B16F10 cells, increased 

ubiquitinated proteins (Figure 9) and ER stress related proteins were detected from 6 hours, 

and LC3-Ⅱ was detected from 12 hours after bortezomib treatment. Although enzymatic 

activities of caspase 3 and 8 were increased between 6 and 12 hours after bortezomib 

treatment respectively, cell death rates were not increased until ER stress response and 

autophagy were processed. Autophagic flux seemed to be decreased after 24 hours, because 

activities of caspase 3 and 8 were significantly increased from 24 hours and hence, beclin-1 
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and Atg5 were decreased at 24 or 48 hours in B16F10 or CT26 cells, respectively. 

Additionally, ROS was detected from 8 hours and significantly increased 24 hours after 

bortezomib treatment in CT26 and B16F10 cells. ROS should be a triggering factor for 

caspase induction as well as a pro-death signal by itself, because caspase 3 activation was 

reduced by addition of NAC. It could be suggested that accumulation of misfolded or 

unfolded proteins induced ER stress response and autophagy, which proceeded until ROS 

increase was enough to induce caspase 3 and 8 activation. Therefore, ER stress response 

and autophagy were pro-survival signals in these cells. After caspase 3 and 8 activation, 

beclin-1 and Atg5 were cleaved to inhibit autophagy and induce cell death. It was supported 

that cell death was reduced by addition of autophagy inhibitors and increased by NAC or 

caspase inhibitor.  

    In Figure 15, pattern of signal switch accorded with the conversion model in CT26 cells 

and the competition model in B16F10 cells, as suggested in previous report [33]. Beclin-1 

and Atg5 would be survival indicators in both cells. ROS, caspase 3 and caspase 8 might be 

death indicators in CT26 cells; ROS and caspase 3 in B16F10 cells. In B16F10 cells, 

expression pattern of LC3-Ⅰ was similar to those of beclin-1 and Atg5 but LC3-Ⅱ was 

similar to activated caspase 3. In CT26 cells, expression patterns of LC3-Ⅰ or LC3-Ⅱ were 

similar to ROS increase. From these results, beclin-1 and Atg5, involved in autophagy 
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initiation or early phase of phagophore elongation, could be regarded as indicators of 

survival signals, however LC3-Ⅱ, implicated in late phase of phagophore elongation and 

autophagosome maturation, could be seen as possible indicators of death signals in 

bortezomib-treated cells.  
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