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1.1 Cancer chemotherapy  

 

Cancer is the most common cause of death worldwide. Normal human cells maintain their 

homeostasis by strictly controlling the proliferation or death signals. However, if the 

signal regulation is disrupted due to mutations on specific genes by chemical substances 

or radiation, cell growth may be aberrant1. Generally, such abnormal cells should be 

eliminated by the induction of programmed cell death, called apoptosis, but the 

accumulation of mutations leads to disruption of control and the abnormal proliferation. 

Moreover, heterogeneity and variety of mutations make it difficult to treat cancer.  

In the past, cytotoxic drugs that kill fast-growing cells by targeting DNA or microtubule 

have been developed as anti-cancer drugs, such as doxorubicin and paclitaxel2 (Figure 1-

1). Doxorubicin (Adriamycin) inhibits DNA replication by inhibiting topoisomerase II3. 

Paclitaxel (Taxol) prevents cell division by inhibiting microtubule depolymerization4. 

However, these drugs simply focus only on the cell growth speed, so that some normal 

cells may also be damaged, resulting in strong side effects. It is severely problem of 

classical cytotoxic agents. Owing to remarkable research development for signal 

transduction related to cancer, molecular targeted drugs targeting proteins on the 

proliferation signaling pathway have been highlighted. Specific inhibition of gene 

mutations or related signaling pathways can be expected to inhibit cancerous growth with 

less toxicity to normal cells, including inhibitors of protein kinase (e.g. imatinib: Bcr-

Abl5, gefitinib: EGFR6, vemurafenib: BRAF7; Figure 1-1). However, they are not 

completely safe to normal cells, and some have serious side effects. In addition, because 

these drugs are mainly aimed to inhibit cell proliferation signaling, cancer cells are often 
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not killed and cause recurrence due to drug resistance of survivor cells8. In order to solve 

these problems, the development of “drugs that selectively kill cancer cells” is required.  

Based on these background, immune checkpoint inhibitors recently highlighted. PD-L1 

expressed on tumor cells contribute to escape from the PD-1 recognition expressed on T 

cell immunity, thus the blockade of immune checkpoint interaction is believed to provide 

an effective strategy for tumor immunotherapy9. In this study, the author focused on 

another strategy for targeting cancer cells selectively. That is “synthetic lethality”. 

Synthetic lethality is a concept of the relationship between two genes; a defect in either 

one of two genes has no fatal effect, but simultaneous defects in both two genes results 

in cell death10. One notable example is that PARP inhibitors, such as olaparib (Figure 1-

1), which exhibit synthetic lethality with BRCA1/2 mutation in breast cancer cells11,12, 

are now showing success in the clinic13.  
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Figure 1-1. Chemical structures of anti-cancer agents.  
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1.2 Apoptosis  

 

Apoptosis is one of the mechanism of cell death, classified in a programmed cell death, 

which has been first described by Kerr, Wyllie and Currie14. The intrinsic pathway of 

apoptosis is regulated by a set of cysteine proteases, caspases, in most cases, initiated by 

caspase-8 and/or -9 activation resulting in caspase-3 activation. Caspase-8 is the key 

initiator caspase in the death receptor pathway15. Upon ligand FasL, TNF- or TRAIL 

binding, death receptors Fas, TNFRI/II, DR4/5 form signaling complex including 

procaspase-8, resulting in the cleavage of caspase-816. The key requirement for caspase-

9 cleavage is its association with Apaf-1 and cytochrome c, which is called apoptosome17. 

This caspase-9 activation is usually observed in mitochondria-mediated apoptosis with 

the involvement of Bcl-2 family proteins18. On the other hand, mitochondria also contains 

the caspase-independent apoptosis mediator, apoptosis-inducing factor (AIF). In the 

presence of specific death stimuli, AIF is released to cytosol, translocates to the nucleus, 

resulting in chromatin condensation and large-scale DNA fragmentation19. Although a lot 

of compounds are reported to induce variety mechanisms of apoptosis, it is unclear that 

how cells trigger caspase-dependent or -independent apoptosis in response to each death 

stimuli.  
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1.3 Wnt/-catenin signaling pathway  

 

The Wnt/-catenin signaling pathway plays crucial roles in the regulation of diverse 

cellular processes, including embryogenesis, proliferation, survival, and 

differentiation20,21. Canonical Wnt/-catenin signaling pathway is overviewed in Figure 

1-2. This proliferation signaling is tightly regulated by the destruction complex, which 

consists of -catenin, glycogen synthase kinase 3 (GSK3), casein kinase 1 (CK1), Axin, 

adenomatous polyposis coli (APC), and -transducin repeat-containing protein (-

TrCP)22,23. In the absence of Wnt ligands stimuli, -catenin is degraded by the ubiquitin-

proteasome system with CK1-dependent phosphorylation of Ser45 and GSK3-dependent 

phosphorylation of Thr41, Ser37 and Ser3324,25. In contrast, Wnt ligands activate Wnt/-

catenin signaling pathway by interacting with the receptor, Frizzled (Fzd) and low-density 

lipoprotein receptor-related protein-5/6 (LRP5/6), resulting in the disruption of the 

destruction complex and -catenin stabilization26. Subsequently, -catenin enters the 

nucleus and binds to T-cell factor (TCF), with its co-activator Pygopus, CREB-binding 

protein (CBP)/p300 and Bcl-927, activating the transcription of Wnt target genes28,29, 

including c-myc and cyclin D130,31. Thus, -catenin is one of the major components and 

plays a main role in the Wnt signaling pathway.  

Normally, this Wnt/-catenin signaling pathway is strictly regulated and contributes to 

the appropriate cell proliferation. However, mutation of the -catenin gene CTNNB1 

causes stabilization and nuclear accumulation of -catenin proteins, resulting in aberrant 

downstream transcriptional activity32,33. -catenin is mutated in a variety of tumors, 

including 10% and 20% of sporadic colon carcinomas and hepatocellular carcinomas, 
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respectively34. CK1 and GSK3 fail to phosphorylate -catenin with the mutation in the 

phosphorylation site (S45/T41/S37/S33) resulting in evasion from proteasomal 

degradation system and stabilization of -catenin35.  

In this situation, several small molecules targeting Wnt/-catenin signaling pathway have 

been developed and some signal inhibitors have been developed to enter clinical trials36,37. 

LGK974 and ETC-159 inhibit Porcupine, which is important for the secretion of Wnt 

ligands38,39. Anti-Frizzled receptor antibody OMP-18R5 (vantictumab)40 and anti-Wnt 

ligand antibody OMP-54F28 (ipafricept)41 were found as antibodies against Wnt family 

proteins. PRI-724 inhibits the interaction of -catenin and CBP42 resulting in the 

suppression of transcriptional activity. Tankyrase, which degrades a scaffold protein Axin, 

has also been reported as a target protein for Wnt signaling inhibition, and Tankyrase 

inhibitors, XAV939 and JW5543,44, were developed as Wnt signaling inhibitors, however, 

there are no ongoing clinical trials with Tankyrase inhibitors. Thus, there are currently no 

effective therapeutic compounds targeting Wnt/-catenin signaling pathway.  
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Figure 1-2. Wnt/-catenin signaling pathway.  
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1.4 Chemical biology  

 

“Chemical biology” is a relatively new science area which is aimed to understand the 

biological system using chemical technologies. Gene editing techniques (e.g. gene 

knockdown/out by siRNA system45 or CRISPR-Cas9 system46,47) are mainly used as 

classical methods for biological researchers to reveal the relationship between gene and 

phenotype. On the other hand, chemical biology, also called chemical genetics, is a 

method to reveal the relationship by using small molecules to regulate gene or protein. 

Classical gene editing techniques are well modified to regulate objective genes easily, 

however, irreversible knockdown/out of protein directly affects the expression levels of 

protein, resulting in the loss of every function of the protein especially in the case of 

multi-functional protein. Although small molecules have some problems such as off-

target effects or difficulties of target identification, it is useful to regulate the specific 

activity of proteins reversibly by inhibiting functional domain of target proteins. Of note, 

it is possible to develop small molecules as a chemotherapeutic agents directly.  

Chemical genetics is generally classified into two categories; forward and reverse 

genetics. Phenotype-based and target-based chemical screenings are carried out in 

forward chemical genetics and reverse chemical genetics, respectively48. Target-based 

screening is now generally performed, starting from target validation. Proteins in 

proliferation signaling pathway or biomarkers of disease should be established for the 

target, followed by chemical screening to obtain candidate small molecules. On the other 

hand, phenotypic screening is now on a declining trend in many companies because of 

the difficulty of target identification and mode of action studies after finding of interesting 
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small molecules. However, it sometimes contributes to find unexpected targets for 

biological events because of the non-biased chemical screening. And now, a lot of useful 

approaches for target identification are developed, the problems of these studies can be 

solved.  

As described above, we initially need to search for the bioactive small molecules for 

chemical biological research. Traditionally, novel compounds were obtained from natural 

sources such as microorganisms or plants. However, the most difficult point for the 

discovery of small molecules is isolation/purification step. Typically, it takes extremely 

long period of time for bioassay-guided purification, moreover, often results in obtaining 

small amount of objective compounds. Currently, major pharmaceutical companies do 

not continue natural products screening, almost changed to synthetic compounds 

screening. Although a series of synthesis process was highly complicated formerly, recent 

technologies for combinatorial chemistry has been well-developed, and it is possible to 

prepare a large number of compounds simultaneously. Because of a variety of synthesis 

methods for combinatorial chemistry, it was thought to be a big innovation for researchers. 

However, the diversity of compounds structures were limited compared with natural 

products or their derivatives49.   
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1.5 Previous studies and this study  

In this study, the author searched for the compounds that selectively induced cell death in 

-catenin-mutated tumor cells. Previously, our research group reported that SMK-1750 

(MEK inhibitor) and nonactin51 (mitochondrial uncoupler) induced apoptosis selectively 

in tumor cell lines harboring -catenin mutations. However, the mechanism of selective 

cell death in -catenin-mutated tumor cells caused by these compounds has not yet been 

fully elucidated. Our continuous screening resulted in the identification of new 

compounds, metacycloprodigiosin (mcPG), which was isolated from streptomyces strain 

extracts, and DS37262926 (miclxin), which was provided by Daiichi-Sankyo 

Pharmaceutical Company. These agents exhibited selective induction of apoptosis in -

catenin-mutated HCT116 cells.  
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Chapter 2: 

Metacycloprodigiosin (mcPG) induced cell 

death selectively in -catenin-mutated  

tumor cells 
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2.1 Result  

 

2.1.1 Isolation and identification of metacycloprodigiosin (mcPG).  

To find the compounds that induced synthetic lethality in -catenin mutant tumor cells, 

the author first screened more than 2,000 microbial extracts for the compounds that 

induced apoptosis in -catenin mutated HCT116 cells, but not in A375 cells harboring 

wild type -catenin. As a result, the author found one streptomyces strain produced such 

active compound, which was isolated from extracts of streptomyces cultures following 

bioassay-guided fractionation; both silica-gel column chromatography and reverse-phase 

HPLC were utilized. Spectroscopic analysis by NMR and mass spectrometry revealed 

this active compound to be metacycloprodigiosin (mcPG) (Figure 2-1)52. Flow cytometric 

analysis of PI staining revealed that the subG1 population in -catenin mutated HCT116 

cells was significantly increased upon treatment with 0.1 M mcPG for 48 h, while the 

subG1 population in A375 cells expressing wild-type -catenin was only slightly 

increased, indicating that mcPG induced apoptosis in HCT116 cells but not in A375 cells 

(Figure 2-2).  

The author further examined whether mcPG induced apoptosis selectively in -catenin 

mutant tumor cells by using several types of human tumor cells in detail. For this, the 

author selected twelve tumor cells including five -catenin mutant tumor cells (HCT116 

cells: S45 deletion, LS-174T cells: S45F, SW48 cells: S33Y, HepG2 cells: W25-I140 

deletion and Colo-205 cells: N287S), and these tumor cells were treated with 0.1, 0.3, 1.0, 

3.0, 10 M mcPG for 48 h and the subG1 populations were measured by flow cytometer 

(Table 2-1). The extent of apoptosis induction was calculated using the area under the 
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curve (AUC), which represents the area under the line in plots of concentrations of each 

chemical against subG1 population, and Z-score. As shown in Figure 2-3, mcPG induced 

apoptosis not only in HCT116 cells but also in LS-174T, SW48 cells and HepG2 cells, 

which are all -catenin mutant tumor cells. Individual value plots of mcPG confirmed 

that -catenin mutated cell lines are significantly sensitive to mcPG, compared with cell 

lines harboring wild-type -catenin (Figure 2-4). On the other hand, significant 

differences were not observed in cell lines harboring KRAS and p53 mutations, and 

BRAF mutation seemed to be a negative factor of mcPG-induced apoptosis.  
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Figure 2-1. Structure of metacycloprodigiosin (mcPG).  

 
 
 
 

 
Figure 2-2. Apoptosis-inducing activity of mcPG.  

A375 and HCT116 cells were treated with the indicated concentrations of mcPG for 48 

h. SubG1 populations were measured by flow cytometer.  
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Figure 2-3. Sensitivity against mcPG.  

Twelve cell lines were treated with mcPG for 48 h, and subG1 populations were measured 

by flow cytometer. Sensitivity represents Z-score of compounds against twelve cell lines. 

Z-score was calculated based on the values from area under the curve (AUC). Black Bar; 

-catenin-mutated tumor cell line.  
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Figure 2-4. Individual value plots for the indicated mutations.  

Individual value plots show the Z-score of mutated type and the rest cell lines in tumor-

related proteins including -catenin, KRAS, BRAF and p53. P-values were obtained by 

performing a Student’s t-test for group comparisons. *P<0.05 and **P<0.01.  
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Table 2-1. The list of subG1 populations after treatment of compounds.  
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2.1.2 V-ATPase inhibitors induced apoptosis preferably in -catenin mutant tumor 

cells.  

Because prodigiosin analogs are reported to inhibit vacuolar-type H+-ATPase (V-

ATPase)53,54, the author next examined whether other V-ATPase inhibitors, bafilomycin 

A1 (BMA)55 and concanamycin A (CMA)56, also could induce apoptosis selectively in -

catenin mutant tumor cells. The author asked the possibility that this selective apoptosis 

in -catenin mutant tumor cells caused by V-ATPase inhibitors is related to the difference 

of the sensitivity to V-ATPase inhibitors between -catenin mutant tumor cells and -

catenin wild-type tumor cells. The low pH of intracellular acidic organelles including 

lysosomes is maintained by V-ATPase, and this acidification is detected as an orange 

fluorescence when the cells are stained with acridine orange, a weak base fluorescent 

reagent57. When HCT116 cells and A375 cells were incubated with acridine orange, 

intracellular organelles of these cells were stained with orange fluorescence, whereas the 

orange fluorescence in these organelles almost completely disappeared upon treatment 

with mcPG (0.1 M) for 4 h, respectively, indicating that this concentration of mcPG 

inhibited V-ATPase not only in HCT116 cells but also in A375 cells (Figure 2-5). 

Moreover, this concentration of mcPG is comparable to that of the induction of apoptosis 

in HCT116 cells, but they failed to induce apoptosis in A375 cells. Similar results were 

obtained when BMA (3.0 nM) or CMA (0.1 nM) were used instead of mcPG (Figure 2-

6). The author further examined whether BMA and CMA also induced apoptosis 

selectively in -catenin mutant tumor cells by calculating Z-score. As shown in Figure 2-

7, BMA and CMA also showed the similar sensitivity pattern with mcPG. Thus, although 

inhibition of V-ATPase activity is not sufficient for the induction of apoptosis, apoptosis 
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induction by V-ATPase inhibitors in -catenin-mutated tumor cells was closely correlated 

to its V-ATPase inhibitory activities.  

 
 
 

 
Figure 2-5. V-ATPase inhibitory activity of mcPG.  

A375 and HCT116 cells were treated with the indicated concentrations of mcPG for 4 h 

and then stained with 3 M acridine orange for 30 min. After being washed, cells were 

observed under confocal laser scanning microscope.  
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Figure 2-6. The relationship between V-ATPase inhibitory activity and apoptosis-

inducing activity.  

A375 and HCT116 cells were treated with the indicated concentrations of mcPG for 4 h 

and then stained with 3 M acridine orange for 30 min. After being washed, cells were 

observed under confocal laser scanning microscope. A375 and HCT116 cells were treated 

with V-ATPase inhibitors, the indicated concentrations of bafilomycin A1 (BMA) and 

concanamycin A (CMA), for 48 h. SubG1 populations were measured by flow cytometer.   
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Figure 2-7. Sensitivity against V-ATPase inhibitors.  

Twelve cell lines were treated with V-ATPase inhibitors, bafilomycin A1 (BMA) and 

concanamycin A (CMA) for 48 h, and subG1 populations were measured by flow 

cytometer. Sensitivity represents Z-score of compounds against twelve cell lines. Z-score 

was calculated based on the values from area under the curve (AUC). Black Bar; -

catenin-mutated tumor cell line.  
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2.1.3 Mutation of -catenin is required for V-ATPase inhibitors-induced apoptosis.  

V-ATPase inhibitors induced apoptosis selectively in -catenin mutant tumor cells, 

therefore, the author next examined whether expression of the active form of -catenin in 

tumor cells harboring wild-type -catenin could induce apoptosis following V-ATPase 

inhibitor treatment. Because most of human cancer cell lines contained mutations in -

catenin at codons 33, 37, 41 and 45 that altered potential CK1 or GSK-3 phosphorylation 

sites25, the mutant -catenin (S37A, S45A)50,51 were transfected into HEK-293T cells 

harboring wild-type -catenin, and tested for apoptosis inducing activity of V-ATPase 

inhibitors. As shown in Figure 2-8, mcPG did not induce apoptosis in HEK-293T cells 

but it induced apoptosis in mutant -catenin-expressing HEK-293T cells, as judged from 

PARP cleavage. These results suggested that actively mutated -catenin is exactly the key 

factor of V-ATPase inhibitors-induced apoptosis.  
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2.1.4 V-ATPase inhibitors induced caspase-8-dependent apoptosis.  

Cleavage of poly(ADP-ribose) polymerase (PARP) and caspase activation are known to 

contribute to apoptosis58,59, therefore, the effect of V-ATPase inhibitors on caspase 

activation was studied. A375 (-catenin wild-type) and HCT116 (-catenin mutant type) 

cells were treated with 0.1 M mcPG for the indicated periods, and caspases were 

detected by western blot analysis. The results showed that significant increase in cleaved 

caspase-8 expression after 12 h treatment with mcPG, and subsequently, cleaved caspase-

9, cleaved caspase-3 and cleaved PARP were observed upon 18 h treatment only in 

HCT116 cells (Figure 2-9). Furthermore, 1 h pre-incubation of HCT116 cells with the 

pan-caspase inhibitor z-VAD-FMK, caspase-8 inhibitor z-IETD-FMK, caspase-9 

inhibitor z-LEHD-FMK and caspase-3 inhibitor Ac-DEVD-CHO suppressed the mcPG-

induced cleavage of PARP (Figure 2-10), respectively. Similar results were obtained 

when BMA and CMA were used instead of mcPG (Figure 2-11). Therefore, these results 

suggested that V-ATPase inhibitors induced caspase-dependent apoptosis initiated from 

the activation of caspase-8 in HCT116 cells.  
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Figure 2-9. Caspase activation by mcPG treatment.  

A375 and HCT116 cells were treated with 0.1 M mcPG for the indicated periods. Cell 

lysates were prepared for western blot analysis to detect PARP, caspase-8, -9, -3.  
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Figure 2-10. The effect of caspase inhibitors on mcPG-induced apoptosis.  

HCT116 cells were treated with 0.1 M mcPG after 1 h pre-treatment of 100 M z-VAD-

FMK, z-IETD-FMK, z-LEHD-FMK, Ac-DEVD-CHO. After 24 h treatment, cell lysates 

were prepared for western blot analysis to detect cleaved PARP.  
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Figure 2-11. Caspase activation by V-ATPase inhibitors treatment.  

A375 and HCT116 cells were treated with the indicated concentrations of mcPG, BMA 

and CMA for 24 h. Cell lysates were prepared for western blot analysis to detect PARP, 

caspase-8, -9, -3.  
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2.1.5 DR4-mediated death signal is involved in V-ATPase inhibitors-induced 

apoptosis.  

Caspase-8 is well characterized as an initiator of death receptor-mediated apoptosis, and 

the death receptor-mediated extrinsic apoptosis pathway is initiated when the 

extracellular tumor necrosis factor (TNF) superfamily death ligands including TNF-, 

Fas ligand/CD95L, and TNF-related apoptosis-inducing ligand (TRAIL) bind to specific 

cell surface death receptors60. Among TNF superfamily death ligands, TRAIL has been 

shown to induce apoptosis in cancer cells through binding to its receptors DR4 and DR5, 

but not in normal cells61,62. Therefore, the author first investigated the possibility whether 

DR4 and/or DR5 was involved in V-ATPase inhibitors-induced apoptosis in HCT116 

cells. As shown in Figure 2-12, when HCT116 cells and A375 cells were treated with V-

ATPase inhibitors for 12 h, expression levels of cell surface DR4 were dramatically 

increased in HCT116 cells, but not in A375 cells. On the contrary, expression levels of 

cell surface DR5 were not affected in both cells following V-ATPase inhibitor treatment. 

Next the author examined the effect of DR4 or DR5 siRNA on V-ATPase inhibitors-

induced apoptosis. As shown in Figure 2-13, the successful knockdown of DR4 and DR5 

by its siRNA was confirmed by western blot analysis. V-ATPase inhibitors-induced 

apoptosis was suppressed by the knockdown of DR4 in HCT116 cells. On the other hand, 

V-ATPase inhibitors still induced apoptosis in DR5 siRNA-transfected HCT116 cells 

(Figure 2-14). Neither inactivation of TNF- signal nor Fas/FasL system by using 

neutralizing antibodies suppressed V-ATPase inhibitors-induced apoptosis in HCT116 

cells (Figure 2-15).  
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Figure 2-12. The effect of V-ATPase inhibitors on DR4/5 cell surface expression 

levels.  

A375 and HCT116 cells were treated with BMA and CMA for 12 h. Cell surface 

expression of DR4/5 was determined by flow cytometer.  
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Figure 2-13. Expression levels of DR4/5 after V-ATPase inhibitors treatment.  

HCT116 cells were transiently transfected with negative control, DR4 or DR5 siRNA. 48 

h after, cells were treated with V-ATPase inhibitors. After 24 h treatment, cell lysates were 

prepared for western blot analysis to detect the expression of DR4, DR5.  
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Figure 2-14. Involvement of DR4 in V-ATPase inhibitors-induced apoptosis.  

HCT116 cells were transiently transfected with negative control, DR4 or DR5 siRNA. 48 

h after, cells were treated with V-ATPase inhibitors. After 48 h treatment, subG1 

populations were measured by flow cytometer.  
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Figure 2-15. Involvement of TNF/Fas signaling pathway in V-ATPase inhibitors-

induced apoptosis.  

HCT116 cells were treated with V-ATPase inhibitors in the presence or the absence of 

100 ng/mL TNF- neutralizing antibody or 1.0 g/mL FasL neutralizing antibody for 48 

h. SubG1 populations were measured by flow cytometer.  
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2.2 Discussion  

-catenin is a main component of Wnt signaling pathway playing an important role in 

tumor cell proliferation. Activating -catenin mutations are frequently seen in human 

cancer. Numerous downstream signaling pathways have been shown to be deregulated by 

-catenin mutations. Therefore, several small molecules targeting Wnt signaling pathway 

have been developed for the patients with mutant -catenin. However, to date there are 

still no effective therapeutic compounds. Therefore, development of a new type of small 

molecule that can exhibit synthetic lethality with -catenin mutation by a distinct mode 

of action from other inhibitors that target Wnt signaling pathway itself is required.  

Previously Kiga et al. have reported that MEK inhibitor, SMK-17, induced G1 cell cycle 

arrest in BRAF-mutant tumor cells, but it induced apoptosis in tumor cell lines harboring 

-catenin mutations50. Moreover, tumor regression in response to multiple daily oral 

administration of SMK-17 was observed only in active -catenin mutant xenograft 

models, without significant body weight loss. On the other hand, the maximum effect of 

SMK-17 was just growth inhibition of tumor cells expressing wild type -catenin. These 

results demonstrated that MEK inhibitor, SMK-17, exhibited synthetic lethality with -

catenin mutation. Unfortunately, when they found this effect of SMK-17, development of 

SMK-17 in pharmaceutical company has already dropped out. Therefore, the author 

conducted the screening for other compounds than MEK inhibitor, and found that 

inhibitors of V-ATPase preferably induced apoptosis in -catenin-mutated tumor cells. 

Moreover, the author demonstrated that apoptosis induction by V-ATPase inhibitors in -

catenin-mutated tumor cells was closely correlated to their V-ATPase inhibitory activities.  

V-ATPase is a complex multisubunit protein devoted to the transport of protons from the 
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cytoplasm towards intracellular compartments and from inside to outside of the cell 

through the cytoplasmic membrane63,64. V-ATPase contributes to lower extracellular pH 

thus activating extracellular metalloproteinases that promote tumor cell survival, motility 

and invasion, resulting in enhanced malignancy ability. In addition, upregulation or 

overexpression of V-ATPase is frequently observed in several types of solid tumors and 

the causative acidic microenvironment offers an advantage in tumor progression, 

chemoresistance, and metastatic behavior65,66. Therefore, the diverse functions of the V-

ATPase in tumor survival and metastasis make it an attractive potential target in the 

development of anticancer drugs. Indeed, several papers have reported that V-ATPase 

inhibitors showed antitumor effects in vitro and in vivo. Sasazawa et al. previously 

reported that V-ATPase inhibitors potentiated the cytotoxicity of anticancer drugs in Bcl-

2/Bcl-xL-overexpressing tumor cells67, and Yoshimoto et al. reported that V-ATPase 

inhibitors induced apoptosis in EGF receptor-overexpressing tumor cells only when the 

cells were stimulated with EGF68. However, so far, selective apoptosis inducing ability in 

mutant -catenin tumor cells by V-ATPase inhibitors have not been reported; therefore, 

this is the first report to find that V-ATPase inhibitors exhibited synthetic lethality with 

active -catenin mutation in tumor cells. Synthetic lethality of V-ATPase inhibitors with 

active -catenin mutation was confirmed by the author’s finding that V-ATPase inhibitors 

failed to induce apoptosis in HEK-293T cells, but they induced apoptosis in HEK-293T 

cells by the overexpression of the active form of -catenin (Figure 2-8). These results 

indicated that expression of active form of -catenin is required for the induction of 

apoptosis by V-ATPase inhibitors.  

The author also demonstrated the apoptotic pathway to reveal the mechanisms of V-
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ATPase inhibitors-induced apoptosis in tumors harboring active -catenin mutations. 

Apoptosis involves the activation of caspases, which orchestrate all of the morphological 

changes that characterize this form of cell death. The author found that mcPG-induced 

apoptosis pathway was initiated by activation of caspase-8 that leads to the activation of 

downstream caspases, caspases-9 and -3. Caspase-8 activation is initiated through death 

receptors/ligands interaction, for example, Fas, TNF and DR4/5 are well-known as death 

receptors69,70. Among these receptors, the author found that V-ATPase inhibitors induced 

the increase in the expression levels of cell surface DR4, but not DR5, selectively in -

catenin mutant HCT116 cells. Numerous compounds have been reported to upregulate 

both DR4 and DR5, or activate DR5 but not DR4. On the other hand, very few compounds 

have been reported to upregulate DR4, but not DR5. One example is andrographolide, a 

diterpenoid lactone isolated from a traditional herbal medicine Andrographis paniculata71. 

Andrographolide increased the cell surface expression of DR4 but not DR5 in a p53-

dependent manner. V-ATPase inhibitors are reported to induce upregulation of expression 

levels of DR4 and DR572, however, they induced predominantly upregulation of cell 

surface expression of DR4 but not DR5 in this study. Therefore, V-ATPase inhibitors are 

second example that activated DR4 signaling. Intracellular V-ATPase is important for 

receptor-mediated endocytosis and intracellular trafficking, protein processing and 

degradation, coupled transport of small molecules and ions. Therefore, it is likely that 

impairment of these events is closely related to the increase in the expression of DR4 on 

cell surface, because these death receptors are degraded in lysosome via endocytosis. 

However, at present the author still does not know why it occurred selectively in tumor 

cells carrying active -catenin mutations, or why expression levels of DR5 on cell surface 
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was not affected following V-ATPase inhibition.  

Furthermore, DR4 knockdown was found to suppress V-ATPase inhibitors-induced 

apoptosis, suggesting the involvement of DR4 activation in V-ATPase inhibitors-induced 

apoptosis (Figure 2-14). Apoptosis mechanism induced by V-ATPase inhibitors is cell 

type dependent. In EGF receptor-overexpressing cells, V-ATPase induced apoptosis only 

when cells were stimulated with EGF. This EGF-dependent apoptosis induced by V-

ATPase inhibitors was mediated by Fas/FasL signaling68. In this case, V-ATPase 

inhibitors caused enhancement of EGF-induced cell surface expression of FasL, thereby 

inducing apoptosis through Fas/FasL system. Indeed, a monoclonal antibody to FasL 

(NOK2) that neutralizes the cytotoxic effect of FasL, inhibited EGF dependent V-ATPase 

inhibitors-induced apoptosis. On the other hand, in -catenin mutant tumor cells, NOK2 

failed to inhibit V-ATPase inhibitors-induced apoptosis (Figure 2-15). Moreover, TNF- 

receptor neutralizing antibody neither inhibited V-ATPase inhibitors-induced apoptosis. 

These results demonstrated that V-ATPase inhibitors induced the increase in cell surface 

expression levels of DR4, thereby causing activation of caspase-8 that leads to the 

activation of downstream caspases, including caspases-9 and -3.  

In conclusion, this study interestingly found new roles for V-ATPase inhibitors, indicating 

the possibility of V-ATPase inhibitors as new therapeutic strategies against tumors 

carrying active -catenin mutations.  
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2.3 Materials and Methods  

 

2.3.1 Cell lines and cell culture  

Human malignant melanoma A375 cells, human colorectal carcinoma HCT116, HT29, 

SW48, Colo-205, DLD-1, LoVo, LS-174T, SW620 cells, human hepatocellular 

carcinoma HepG2 cells, human prostate carcinoma PC-3 cells and human lung carcinoma 

A549 cells were maintained in Rosewell Park Memorial Institute medium (Nissui) 

supplemented with 10% fetal bovine serum. Human embryonic kidney HEK-293T cells 

were maintained in Dulbecco’s modified Eagle’s medium (Nissui) supplemented with 

10% fetal bovine serum. Cells were passaged every 2-3 days to maintain exponential 

growth.  

 

2.3.2 Compounds and materials  

Metacycloprodigiosin was isolated from actinomycetes strain. Bafilomycin A1, 

propidium iodide (PI), z-VAD-FMK, z-IETD-FMK and z-LEHD-FMK were from Sigma. 

Acridine orange was from Merck. Ac-DEVD-CHO was from Peptide Institute. 

Concanamycin A was kindly provided by Prof. Hiroyuki Osada (Riken CSRS Chemical 

Biol. Res. Group). Mutated -catenin (S37A, S45A) plasmid vectors were kindly 

provided by Daiichi Sankyo Co. Ltd.  

 

2.3.3 Propidium iodide (PI) staining  

Cells were treated with each compound for 48 h. After adherent and detached cells were 

combined, the cells were fixed with 70% ice-ethanol. After ethanol was removed, cells 
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were treated with 10 g/mL RNase for 20 min, and stained with propidium iodide. Finally, 

subG1 population within 10,000 cells was measured by flow cytometer.  

 

2.3.4 Acridine orange staining  

Cells grown on coverslips were treated with indicated compounds for 4 h. Then, they 

were incubated with 3 M acridine orange for 30 min. After washing with PBS–, the 

coverslips were examined with a confocal laser scanning microscope.  

 

2.3.5 Western blotting  

Antibodies recognizing PARP, caspase-8, caspase-9, caspase-3 and cleaved PARP 

(Asp214) were from Cell Signaling Technology. -actin antibody was from Sigma-

Aldrich. -catenin antibody was from BD Biosciences. DR4 and DR5 antibodies were 

from Millipore. Cells were lysed with RIPA buffer (25 mM HEPES, 1.5% Triton X-100, 

1.0% sodium deoxycholate, 0.1% SDS, 0.5 M NaCl, 5 mM EDTA, 50 mM NaF, 0.1 mM 

Na3VO4, 1 tablet/50 mL protease inhibitor cocktail cOmplete (Roche Applied Science): 

pH7.8). Proteins were separated by SDS-PAGE and transferred to a PVDF membrane. 

After probing with specific antibodies, the immune complexes were detected with the 

Immobilon Western kit (Millipore) and ChemiDoc Imaging system (Bio-Rad).  

 

2.3.6 Transfection  

Cells were transfected with control vectors or mutated -catenin (S37A, S45A) plasmid 

vectors via forward transfection using Lipofectamine 3000 (Life Technologies), 

according to the manufacturer’s protocol.  
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2.3.7 Detection of cell surface protein expression  

Cells were treated with each compound for 12 h. After adherent and detached cells were 

combined, the cells were incubated with FCM buffer (0.1%BSA, 0.1%NaN3/PBS–) with 

the indicated antibodies. After washed twice, fluorescence was measured by flow 

cytometer.  

 

2.3.8 RNA interference  

Cells were transfected with Stealth RNAi Negative Control (Invitrogen), siDR4 

(HSS112945) and siDR5 (HSS112939) reverse transfection using Lipofectamine 

RNAiMAX (Invitrogen), according to the protocol provided by the manufacturer.  
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Chapter 3: 

Miclxin, a novel MIC60 inhibitor, induces 

apoptosis via mitochondrial stress response in 

-catenin mutant tumor cells 
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3.1 Result  

 

3.1.1 Miclxin induced -catenin-dependent cell death.  

The author screened for compounds that induced cell death in -catenin-mutated HCT116 

cells but not in -catenin wild-type A375 cells. More than 25,000 compounds provided 

by Daiichi-Sankyo Pharmaceutical Company were screened, and six compounds showed 

selective cell death in HCT116 cells (Figure 3-1). Among these six hit compounds, only 

DS37262926 (miclxin; Figure 3-2) failed to induce cell death in -catenin-knockdown 

HCT116 cells (Figure 3-3), indicating that miclxin induced cell death in -catenin-

mutated HCT116 cells in a -catenin-dependent manner.  

The author’s research group previously reported that MEK1/2 inhibitors (e.g., SMK-17) 

and V-ATPase inhibitors (e.g., metacycloprodigiosin) also induced cell death selectively 

in -catenin-mutated tumor cells50,73. On the other hand, miclxin inhibited neither MEK 

activity as judged from the phosphorylation of ERK1/2 (Figure 3-4) nor V-ATPase 

activity as judged from the intracellular pH (Figure 3-5). These results indicate that 

miclxin induces cell death selectively in -catenin-mutated HCT116 cells through a 

different mechanism from previously reported other compounds.  
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Figure 3-1. Schematic view of the screening.  

 
 
 

 
Figure 3-2. Structure of miclxin.  

  



 44 

 
 
 
 
 
 
 

 
Figure 3-3. Miclxin induced -catenin-dependent cell death.  

Control and -catenin-knockdown HCT116 cells were treated with miclxin for 48 h. 

Subsequently, the subG1 populations were counted through flow cytometer.  
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Figure 3-4. Miclxin did not inhibit MEK activity.  

HCT116 cells were treated with miclxin or SMK-17, as MEK inhibitor positive control, 

for 24 h. Cell lysates were immunoblotted with the indicated antibodies.  

 
 
 

 
Figure 3-5. Miclxin did not inhibit V-ATPase activity.  

HCT116 cells on coverslips were treated with miclxin or metacycloprodigiosin, as V-

ATPase inhibitor positive control, for 4 h, followed by staining with 3 M acridine orange 

for 30 min. After washing, the cells were observed under fluorescence microscope.  
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3.1.2 Miclxin directly bound to the mitochondrial inner membrane complex protein 

MIC60.  

The author attempted to identify the target protein of miclxin to reveal the mechanism of 

miclxin-induced cell death. For this purpose, the author used miclxin-immobilized 

agarose beads prepared through the photocross-linking method74. The cytosolic, nuclear, 

and mitochondrial fractions of HCT116 cells were incubated with control beads or 

miclxin beads for 3 h. The proteins bound to each set of beads were separated via SDS-

PAGE and stained using the silver staining method. As shown in Figure 3-6, the author 

detected one protein band in the cytosolic fraction, namely heat shock cognate 71 kDa 

protein (HSPA8). In the mitochondrial fraction, the author detected four protein bands, 

namely MIC60, translocase of outer mitochondrial membrane 40 (TOM40), voltage-

dependent anion channel (VDAC), and TOM22. It was previously reported that MIC60 

co-localizes with the TOM complex and VDAC75,76. Therefore, the author focused on this 

protein. The binding of miclxin to MIC60 was confirmed through western blotting using 

an anti-MIC60 antibody (Figure 3-7). The author performed an in vitro binding assay 

using GST-tagged MIC60 mutants to determine whether miclxin could directly bind to 

MIC60. Owing to the insolubility of full-length MIC6077, the author conducted this assay 

using C-terminal deletion mutant GST-tagged MIC60(1-200) or N-terminal deletion 

GST-tagged MIC60(65-758). As shown in Figure 3-8, unlike GST-MIC60(65-758), GST-

MIC60(1-200) was co-precipitated with miclxin beads, indicating that miclxin directly 

bound to the N-terminal region (1-64) of MIC60.  
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Figure 3-6. Identification of miclxin-binding proteins.  

Subcellular fractionated HCT116 lysates were incubated with control or miclxin beads 

for 3 h. The co-precipitated proteins were eluted and analyzed using the silver staining 

method. Detected bands were identified using LC-MS/MS.  
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Figure 3-7. Miclxin bound to MIC60.  

Subcellular fractionated HCT116 lysates were incubated with control or miclxin beads 

for 3 h. The co-precipitated proteins were eluted and immunoblotted with an anti-MIC60 

antibody.  

 

 
Figure 3-8. Miclxin directly bound to MIC60 N-terminal region.  

Purified GST, GST-MIC60(1–200), and GST-MIC60(65–758) were incubated with 

miclxin beads overnight. The co-precipitated proteins were eluted and immunoblotted 

with an anti-GST antibody.  
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3.1.3 Miclxin induced MIC60 dysfunction, leading to mitochondrial stress.  

MIC60 is one of the major components of the mitochondrial contact site and cristae 

organizing system (MICOS) complex, and plays an important role in the maintenance of 

mitochondrial function, structure, and homeostasis78,79. As miclxin directly bound to 

MIC60, the author next examined whether miclxin inhibited the function of MIC60. As 

shown in Figure 3-9, 12 h treatment with miclxin or 3 days treatment with MIC60 siRNA 

significantly reduced MMP, judged from the observed decrease in DilC1(5) fluorescence. 

In addition, the production of ROS was observed by determining the levels of CM-

H2DCFDA fluorescence after treatment with miclxin or knockdown of MIC60 (Figure 3-

10). Furthermore, pre-treatment with the antioxidant -tocopherol prevented miclxin-

induced cell death (Figure 3-11). These results suggested that miclxin bound to MIC60 

and inhibited its function, leading to mitochondrial damage, ROS production, and 

subsequent cell death.  

The eukaryotic translation initiation factor 2 (eIF2)-activating transcription factor 4 

(ATF4)-C/EBP homologous protein (CHOP) pathway is upregulated in response to 

various intracellular stresses, especially ER stress80 and mitochondrial stress81–83. 

Therefore, the author examined whether dysfunction of MIC60 could induce 

mitochondrial stress response. The author found that treatment with miclxin or 

knockdown of MIC60 induced an increase in the expression levels of phosphorylated 

eIF2, ATF4, and CHOP (Figure 3-12). This finding indicated that dysregulation of 

MIC60 by miclxin or MIC60 siRNA contributed to the activation of mitochondrial stress 

response.  
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Figure 3-9. Miclxin induced MMP loss.  

After treatment with miclxin for 12 h or transfection with MIC60 siRNA for 3 days, the 

MMP of HCT116 cells was analyzed via staining with DilC1(5) using flow cytometer.  
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Figure 3-10. Miclxin induced ROS production.  

After treatment with miclxin for 12 h or transfection with MIC60 siRNA for 3 days, the 

production of ROS in HCT116 cells was analyzed through flow cytometer by staining 

with CM-H2DCFDA.  
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Figure 3-11. Miclxin induced ROS-mediated apoptosis.  

HCT116 cells were pre-treated with 100 M antioxidant -tocopherol for 1 h and 

subsequently treated with miclxin for 48 h. SubG1 populations were counted using flow 

cytometer.  

 

 
Figure 3-12. Miclxin induced mitochondrial stress.  

HCT116 cells were treated with miclxin for 24 h or transfected with MIC60 siRNA for 3 

days. Cell lysates were immunoblotted with the indicated antibodies.  
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3.1.4 Miclxin-induced mitochondrial stress response caused late-stage MMP loss.  

The author examined the effect of CHOP knockdown on the loss of MMP by MIC60 

dysfunction to determine the role of mitochondrial stress response on mitochondrial 

damage. As shown in Figure 3-13, loss of MMP was slightly induced by knockdown of 

CHOP. Miclxin-mediated loss of MMP was observed in both CHOP-knockdown HCT116 

cells and control cells at 12 h. At 24 h, further loss of MMP was observed in control cells 

but not in CHOP-knockdown cells. These results indicated that miclxin induces MMP 

loss in two stages: 1) inhibition of MIC60 function triggers early-stage MMP loss; and 2) 

expression of CHOP in response to mitochondrial stress is responsible for late-stage MMP 

loss.  

It has been shown that CHOP regulates the expression levels of proteins belonging to the 

Bcl family84,85. As shown in Figure 3-14, miclxin induced the downregulation of Bcl-2, 

and this downregulation was cancelled by the knockdown of CHOP. Similar results were 

obtained following the knockdown of MIC60. These results indicated that expression of 

CHOP in response to MIC60 dysfunction-mediated mitochondrial stress is responsible 

for the downregulation of Bcl-2, leading to late-stage MMP loss.  
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Figure 3-13. Miclxin caused the two-stage MMP loss by inducing mitochondrial 

stress.  

Following treatment with miclxin for 12 h and 24 h, the MMP of HCT116 cells 

transfected with CHOP siRNA was analyzed via staining with DilC1(5) using flow 

cytometer.  
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Figure 3-14. Mitochondrial stress induced by miclxin caused Bcl-2 downregulation.  

HCT116 cells transfected with CHOP siRNA were treated with miclxin for 24 h. Cell 

lysates were immunoblotted with the indicated antibodies.  
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3.1.5 Miclxin induced mitochondrial stress-mediated apoptosis.  

It is established that caspases mediate apoptosis, therefore, the author tested the effect of 

the pan-caspase inhibitor z-VAD-FMK on miclxin-induced apoptosis. As shown in Figure 

3-15, pre-treatment of HCT116 cells with z-VAD-FMK failed to inhibit the miclxin-

induced increase in the subG1 population detected through flow cytometry analysis. 

These results indicated that miclxin induced caspase-independent apoptosis. Normally, 

AIF is localized in mitochondria. However, various cellular stresses (e.g., oxidative 

stress) cause the release of AIF to the cytosol and its translocation into the nucleus, 

resulting in caspase-independent apoptosis19,67. Therefore, the author next examined 

whether dysregulation of MIC60 by miclxin or MIC60 siRNA could result in the 

translocation of AIF into the nucleus. HCT116 cells were treated with miclxin or MIC60 

siRNA and fractionated into the cytosol and nucleus. According to the results, the 

expression levels of AIF in the nucleus and cytosol were significantly increased under the 

condition of pharmacological and genetical inhibition of MIC60 (Figure 3-16). These 

results strongly suggested that miclxin induced caspase-independent, AIF-dependent 

apoptosis.  

Owing to the induction of mitochondrial stress response by miclxin, the author assessed 

whether mitochondrial stress was involved in miclxin-induced apoptosis using CHOP 

siRNA. Following the knockdown of CHOP, miclxin failed to induce apoptosis in 

HCT116 cells (Figure 3-17). Increased levels of AIF were detected in both the cytosolic 

and nuclear fractions following treatment with miclxin or MIC60 siRNA. In contrast, AIF 

was not detected in either of the fractions following knockdown of CHOP even after 

treatment with miclxin or MIC60 siRNA (Figure 3-18). These results indicated that the 
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activation of mitochondrial stress response by MIC60 dysfunction contributed to the 

nuclear translocation of AIF, leading to apoptosis.  

 
 
 
 
 
 

 
Figure 3-15. Caspase inhibitor failed to inhibit miclxin-induced apoptosis.  

HCT116 cells were pre-treated with 50 M caspase inhibitor z-VAD-FMK for 1 h, and 

subsequently treated with miclxin for 48 h. SubG1 populations were counted using flow 

cytometer.  
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Figure 3-16. Miclxin induced AIF-dependent apoptosis.  

HCT116 cells were treated with miclxin for 24 h or transfected with MIC60 siRNA for 3 

days and divided into cytosolic and nuclear fractions. The fractionated lysates were 

immunoblotted with the indicated antibodies.  

 
 

 
Figure 3-17. Miclxin induced mitochondrial stress-mediated apoptosis.  

HCT116 cells transfected with CHOP siRNA were treated with miclxin for 48 h. SubG1 

populations were counted using flow cytometer.  
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Figure 3-18. Mitochondrial stress triggered AIF-dependent apoptosis induced by 

miclxin.  

HCT116 cells transfected with CHOP siRNA were treated with miclxin for 24 h or 

transfected with MIC60 siRNA for 3 days and divided into cytosolic and nuclear fractions. 

Fractionated lysates were immunoblotted with the indicated antibodies.  
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3.1.6 -catenin regulated the mitochondrial stress induced by inhibition of MIC60.  

Miclxin was originally discovered as a -catenin-dependent apoptosis inducer. Therefore, 

the author next examined the mechanism through which -catenin is responsible for 

miclxin-induced apoptosis. As shown in Figure 3-19, knockdown of -catenin could not 

inhibit miclxin-induced early-stage MMP loss, however, it suppressed late-stage MMP 

loss. Furthermore, eIF2 phosphorylation as well as ATF4 and CHOP expression in 

response to mitochondrial stress induced by treatment with miclxin or MIC60 siRNA 

were suppressed by -catenin knockdown (Figure 3-20, 3-21). These results indicated 

that -catenin played a critical role in mitochondrial stress response, resulting in late-

stage MMP loss.  

Miclxin-induced apoptosis in HCT116 cells harboring an activating mutation of -catenin 

(CTNNB1 +/45) is dependent on -catenin. Thus, the author next compared the efficacy 

of miclxin in an isogenic HCT116 (CTNNB1 +/–) cell line with knockout of the mutated 

-catenin allele and an isogenic HCT116 (CTNNB1 45/–) cell line with knockout of the 

wild-type -catenin allele86. Based on the subG1 population, miclxin induced apoptosis 

in HCT116 CTNNB1 45/– cells, but not in +/– cells (Figure 3-22). These results 

indicated that miclxin induced apoptosis in HCT116 cells in a mutant -catenin-

dependent manner.  
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Figure 3-19. -catenin initiated the late-stage MMP loss.  

The mitochondrial membrane potential of HCT116 cells transfected with -catenin 

siRNA was analyzed using flow cytometer by staining with DilC1(5) after treatment with 

miclxin for 12 h and 24 h.  
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Figure 3-20. -catenin knockdown recovered Bcl-2 protein expression levels.  

HCT116 cells transfected with -catenin siRNA were treated with miclxin for 24 h or 

transfected with MIC60 siRNA for 3 days. Cell lysates were immunoblotted with the 

indicated antibodies.  

 

 
Figure 3-21. -catenin initiated mitochondrial stress response.  

HCT116 cells transfected with -catenin siRNA were treated with miclxin for 24 h or 

transfected with MIC60 siRNA for 3 days. Cell lysates were immunoblotted with the 

indicated antibodies.  
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Figure 3-22. Miclxin induced apoptosis selectively in -catenin-mutated HCT116 

cells.  

HCT116 CTNNB1 +/– and 45/– cells were treated with miclxin for 48 h. Subsequently, 

subG1 populations were counted using flow cytometer.  
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3.2 Discussion  

-catenin is a main component of the Wnt signaling pathway, playing an important role 

in the proliferation of tumor cells. Park et al. concluded that nuclear localization of -

catenin is significantly correlated with shorter survival time and is the most important 

prognostic factor for survival87. -catenin is normally degraded by the destruction 

complex to control Wnt signaling activity. Nevertheless, mutations in -catenin result in 

the stabilization and nuclear accumulation of -catenin protein. These previous reports 

suggest that -catenin is a potential therapeutic anti-tumor target, however, there have 

been no promising agents against tumors harboring -catenin mutations so far88. In this 

study, the author identified miclxin while screening for compounds that induced apoptosis 

selectively in -catenin-mutated HCT116 cells and failed to induce apoptosis following 

the knockdown of -catenin in these cells (Figure 3-3). Treatment with miclxin induced 

apoptosis in -catenin-mutated HCT116 (CTNNB1 45/–) cells, but not in -catenin 

wild-type HCT116 (CTNNB1 +/–) cells (Figure 3-22). Hence, this apoptosis appears to 

be dependent on mutant -catenin. These results suggest that miclxin may be a potential 

candidate for the development of drugs against -catenin-mutated tumors.  

Next, the author looked into the mechanism of miclxin-induced apoptosis in HCT116 

cells. The initial step was to identify MIC60 as the protein binding to miclxin. MIC60 is 

a major component of the MICOS complex, which consists of at least nine subunits and 

plays critical roles in mitochondrial function89. Madungwe et al. previously reported that 

knockdown of MIC60 impaired the MMP and increased the production of ROS, resulting 

in AIF-dependent apoptosis90. Loss of MMP and increase in ROS, followed by cell death 

via the AIF mechanism, were also observed in miclxin-treated HCT116 cells, suggesting 
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that MIC60 was the molecular target through which miclxin induces apoptosis in HCT116 

cells. The C-terminal site of MIC60 is located in the mitochondrial intermembrane space, 

which consists of the MICOS complex and other components (e.g., MIC19 and MIC25), 

and interacts with outer membrane proteins (e.g., VDAC, TOM, and the sorting and 

assembly machinery (SAM) complex)75,76,91,92. On the other hand, the N-terminal site of 

MIC60 contains a mitochondria-targeting sequence which contributes to its localization 

to the mitochondrial inner membrane91. In vitro binding assay using miclxin-immobilized 

beads revealed that miclxin directly bound to the N-terminus (1-64) of MIC60 (Figure 3-

8). This result suggests that miclxin does not dissociate the MICOS complex or MICOS 

outer membrane protein complex. However, it affects the connection to the inner 

membrane of MIC60, which induced dysfunction of MIC60. Suzuki et al. previously 

reported that the synthetic compound MA-5, mitochonic acid 5 (4-(2,4-difluorophenyl)-

2-(1H-indole-3-yl)-4-oxobutanoic acid), bound to MIC60 lacking the N-terminal 

transmembrane domain (1-120) and enhanced the mitochondrial function and cell 

viability77,93. Therefore, to the best of the author’s knowledge, miclxin is the first 

compound that binds to MIC60 and inhibits its function.  

Mitochondrial stress response has recently attracted attention as a form of intracellular 

stress, in which the eIF2-ATF4-CHOP pathway is upregulated. The author found that 

treatment of HCT116 cells with miclxin or MIC60 siRNA upregulated the eIF2-ATF4-

CHOP pathway, indicating that dysfunction of MIC60 caused mitochondrial stress 

response. The author further demonstrated that this mitochondrial stress response played 

an important role in late-stage MMP loss. Miclxin-mediated dysfunction of MIC60 

induced loss of MMP at two stages. Early-stage moderate loss of MMP was observed 
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following 12 h treatment with miclxin. Late-stage severe loss of MMP was observed after 

24 h treatment. This effect was determined to be mediated by mitochondrial stress 

response because late-stage MMP loss was not observed after knockdown of CHOP. This 

finding proposed a new function of mitochondrial stress response.  

Subsequently, the author investigated the mechanism through which mitochondrial stress 

response induces late-stage MMP loss. It has been shown that CHOP regulates the 

expression levels of certain downstream proteins, including proteins belonging to the Bcl 

family and death receptors84,85. Among these proteins, the author demonstrated that Bcl-

2 may be the key regulator of late-stage MMP loss in response to mitochondrial stress 

response. Bcl-2 is established as an anti-apoptotic protein that interacts with mitochondria 

to prevent the loss of MMP and programmed cell death94,95. Therefore, it is suggested that 

downregulation of Bcl-2 by CHOP may be an important event in late-stage MMP loss, 

which is responsible for AIF-dependent apoptosis. On the other hand, mitochondrial 

stress response induced an increase in the expression of Bim and death receptor 5 (DR5). 

However, knockdown of DR5 or Bim did not suppress miclxin-induced apoptosis, 

indicating that these two factors do not play an important role in miclxin-induced 

apoptosis (Figure 3-23).  

What had remained unclear is how mutant -catenin contributed to miclxin-induced 

apoptosis in HCT116 cells. In this study, the author demonstrated that mutant -catenin 

contributed to the activation of mitochondrial stress response, leading to apoptosis. This 

conclusion is supported by the following findings: 1) Miclxin induced apoptosis only in 

HCT116 cells harboring mutant -catenin; 2) knockdown of -catenin inhibited miclxin-

mediated apoptosis in HCT116 cells; 3) knockdown of -catenin inhibited the miclxin-
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mediated upregulation of the eIF2-ATF4-CHOP axis; and 4) knockdown of -catenin 

inhibited late-stage MMP loss, but not early-stage MMP loss. However, at present, the 

mechanism involved in the activation of mitochondrial stress by mutant -catenin in 

response to MIC60 dysfunction and subsequent late-stage MMP loss remains unclear. In 

mitochondrial stress response, kinase GCN-2 phosphorylates eIF2, resulting in the 

upregulation of stress response genes, such as CHOP and ATF496,97. Thus, the author 

cannot rule out the possibility that mutant -catenin may affect this phosphorylation step.  

The oncogenic role of mutant -catenin in the pathogenesis of a subset of tumors has been 

demonstrated. However, several reports have described an additional role in the induction 

of apoptosis. Raab et al. previously reported that the PKC inhibitor enzastaurin elevated 

the expression of CHOP via accumulation of -catenin, while depletion of -catenin 

inhibited this increase98. In addition, they also showed that accumulated -catenin 

triggered c-Jun-dependent induction of p73, thereby resulting in apoptosis. Miclxin also 

induced an increase in c-Jun expression in a -catenin-dependent manner (Figure 3-24). 

However, knockdown of c-Jun did not affect miclxin-induced apoptosis (Figure 3-25). 

Furthermore, treatment with miclxin did not lead to the accumulation of -catenin (Figure 

3-20). Based on these results, further investigations are required to reveal the mechanism 

of -catenin-mediated apoptosis with respect to mitochondrial stress.  

In conclusion, the author’s findings suggest that the novel MIC60 inhibitor miclxin 

primarily induces early-stage mitochondrial impairment, which leads to downregulation 

of Bcl-2 expression through a -catenin-mediated mitochondrial stress response. This 

effect results in late-stage mitochondrial damage, nuclear translocation of AIF, and 

eventually the induction of apoptosis (Figure 3-26). Thus, the author demonstrated that 
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MIC60 may be a potential therapeutic target for tumor cells harboring -catenin 

mutations.  

 
 
 
 

 
Figure 3-23. DR5 and Bim were not involved in miclxin-induced apoptosis.  

HCT116 cells transfected with DR5 or Bim siRNA were treated with miclxin for 24 h or 

48 h. Cell lysates were immunoblotted with the indicated antibodies, and subG1 

populations were counted using flow cytometer.  
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Figure 3-24. Miclxin increased c-Jun protein expression levels.  

HCT116 cells transfected with -catenin siRNA were treated with miclxin for 24 h. Cell 

lysates were immunoblotted with the indicated antibodies.  
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Figure 3-25. c-Jun was not involved in miclxin-induced apoptosis.  

HCT116 cells transfected with c-Jun siRNA were treated with miclxin for 24 h or 48 h. 

Cell lysates were immunoblotted with the indicated antibodies, and subG1 populations 

were counted using flow cytometer.  
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Figure 3-26. Illustrated abstract.  
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3.3 Materials and Methods  

 

3.3.1 Reagents and cell lines  

The compound DS37262926 (named “miclxin”) was provided by Daiichi-Sankyo 

Pharmaceutical Company. Metacycloprodigiosin was isolated from actinomycetes strain 

as previously described73. Z-VAD-FMK and -tocopherol were purchased from Sigma-

Aldrich. The parental HCT116 (CTNNB1 +/45), isogenic HCT116 (CTNNB1 +/–) cells, 

and isogenic HCT116 (CTNNB1 45/–) cells were purchased from Horizon Discovery, 

and maintained in RPMI-1640 (Nissui) supplemented with 10% fetal bovine serum, 100 

U/mL penicillin G (Sigma-Aldrich) and 0.1 mg/mL kanamycin (Sigma-Aldrich) at 37ºC 

in a humidified atmosphere containing 5% CO2.  

 

3.3.2 RNA interference  

Cells were transfected with Stealth RNAi Negative Control (Invitrogen), siCTNNB1 

(HSS102460), siMIC60 (HSS116992), siCHOP (5′-

CCUCACUCUCCAGAUUCCAGUCAGA-3′), siDR5 (HSS112939), siBim 

(HSS145413), or siJun (HSS105641) reverse transfection using Lipofectamine 

RNAiMAX (Invitrogen), according to the protocol provided by the manufacturer.  

 

3.3.3 Propidium iodide (PI) staining  

Cells were collected and fixed with 70% ethanol at 4ºC. After removal of the ethanol, 

cells were treated with 10 g/mL RNase for 20 min and stained with 50 g/mL PI (Sigma-

Aldrich). Finally, PI fluorescence was measured using flow cytometer.  
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3.3.4 Western blotting  

Cells were lysed with RIPA buffer [25 mM HEPES, 1.5% Triton X-100, 1% sodium 

deoxycholate, 0.1% SDS, 500 mM NaCl, 5 mM EDTA, 50 mM NaF, 0.1 M Na3VO4, and 

a protease inhibitor cocktail tablet (Roche); pH 7.8]. The lysates were centrifuged at 

13,000 rpm for 15 min to remove the insoluble fraction. Equal amounts of total protein 

were separated using SDS-PAGE, transferred to a PVDF membrane, and probed with the 

indicated antibodies. The chemiluminescence signal was detected using an ECL Select 

Western Blotting Detection Reagent (GE Healthcare) and ChemiDoc XRS+ System (Bio-

Rad). The primary antibodies used were as follows: anti-MIC60 (Abcam), anti-GST, anti-

ATF4, anti-AIF (Santa Cruz Biotechnology), anti-phospho-eIF2, anti-Bcl-2, anti-PARP, 

anti-phospho-ERK1/2, anti-Bim, anti-c-Jun (Cell Signaling), anti-CHOP (Thermo Fisher 

Scientific), anti--actin, anti--tubulin (Sigma-Aldrich), anti--catenin (BD Biosciences), 

anti-DR5 (Millipore). The secondary antibodies were horseradish peroxidase-conjugated 

anti-mouse IgG and anti-rabbit IgG (GE Healthcare).  

 

3.3.5 Cell fractionation  

Cell fractionation was performed as previously described67. Briefly, cells were 

resuspended in buffer A [20 mM HEPES‐KOH, 10 mM KCl, 1.5 mM MgCl2, 1 mM 

EDTA, 1 mM EGTA, 1 mM DTT, 250 mM sucrose, and a protease inhibitor cocktail 

tablet; pH 7.5]. Cell homogenates were centrifuged at 600 g for 10 min at 4ºC to obtain 

nucleus‐enriched pellets and supernatants containing cytosol and mitochondria. The 

pellets were washed twice with buffer A and lysed with buffer A supplemented with 500 
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mM NaCl for 10 min. This lysate was subsequently cleared through centrifugation at 

13,000 g for 5 min, and the resulting supernatant was designated as the nuclear fraction. 

The supernatants, which included cytosol and mitochondria, were centrifuged at 15,000 

g for 60 min, and the resulting supernatants were collected and designated as the cytosolic 

fraction. The mitochondria-enriched pellets were lysed with IP buffer [50 mM HEPES, 

150 mM NaCl, 2.5 mM EGTA, 1 mM EDTA, 1 mM DTT, 0.1% CHAPS, and a protease 

inhibitor cocktail tablet; pH 7.5].  

 

3.3.6 Detection of miclxin beads binding proteins  

Miclxin beads were prepared as previously described74. HCT116 cells were collected and 

divided into cytosolic, nuclear, and mitochondrial fractions. Cell lysates were incubated 

with miclxin beads for 3 h at 4ºC. The reacted beads were washed with IP buffer, and the 

bound proteins were eluted with SDS-PAGE sample buffer, separated through SDS-

PAGE, and visualized via silver staining. Identification of the proteins was performed 

using LC-MS/MS, as previously described99.  

 

3.3.7 Invitro  miclxin beads pull-down assay  

MIC60 was subcloned into pGEX-2T (GE Healthcare), and GST-fused MIC60 mutants 

(1-200, 65-758) were generated through PCR using pGEX-2T-MIC60 as a template. GST-

fusion proteins, which were expressed in the E.coli BL21 strain and purified using 

Glutathione Sepharose 4B (GE Healthcare), were incubated with miclxin beads in IP 

buffer overnight. The beads were washed with IP buffer and eluted with SDS-PAGE 

sample buffer. The eluted proteins were subsequently subjected to SDS-PAGE.  
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3.3.8 Detection of the MMP  

The MMP was detected using DilC1(5) (Thermo Fisher Scientific). Cells were collected 

and stained with 50 nM DilC1(5) for 30 min at 37ºC. Finally, DilC1(5) fluorescence was 

measured using flow cytometer.  

 

3.3.9 Detection of ROS production  

The production of ROS was determined using CM-H2DCFDA (Thermo Fisher Scientific). 

Cells were collected and stained with 1 M CM-H2DCFDA for 30 min at 37ºC. Finally, 

CM-H2DCFDA fluorescence was measured using flow cytometer.  
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Chapter 4: 

Conclusion 
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Cancer has long been feared as an incurable disease, but it has become a curable disease 

year after year. However, cancer is still the leading cause of death worldwide due to the 

side effect of classical cytotoxic agents and acquired resistance to molecular targeted 

drugs. Wnt/-catenin signaling pathway plays crucial roles in cell proliferation. -catenin 

is one of its major components, however, -catenin is actively mutated in a variety of 

tumors. COSMIC (Catalogue Of Somatic Mutations In Cancer) website displays that 

about 8% of every tumor samples tested harbor -catenin mutation, however, there are 

still no therapeutic agents targeting -catenin mutation. In this situation, the author used 

the chemical biological methods to understand how -catenin-mutated tumor cells can 

survive and to reveal how we can induce apoptosis selectively in -catenin-mutated 

tumors.  

In Chapter 2, the author searched for the compound that selectively induces cell death in 

-catenin-mutated HCT116 cells, but not in A375 cells harboring wild-type -catenin. As 

a result, the author found that metacycloprodigiosin (mcPG) showed such activity. McPG 

was shown to inhibit V-ATPase activity, which caused selective cell death in HCT116 

cells. The author next found that most of V-ATPase inhibitors-sensitive cell lines carried 

mutations in -catenin gene and sensitivity to V-ATPase inhibitors was significantly high 

in -catenin-mutated cell lines. Moreover, V-ATPase inhibitors could induce cell death in 

HEK-293T cells transfected with mutated -catenin but not in control cells. The author 

further found that V-ATPase inhibitors induce cell death in HCT116 cells partially via 

DR4/Caspase-8 death signaling pathway. In conclusion, these results suggest that -

catenin mutation is the key factor of V-ATPase inhibitors-induced cell death and V-

ATPase inhibition possibly enhances death signaling via DR4.  
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In Chapter 3, the author searched for the compound targeting mutant -catenin, and found 

DS37262926 (miclxin). Miclxin exhibited -catenin-dependent apoptosis in -catenin-

mutated HCT116 cells and isogenic HCT116 (CTNNB1 45/–) cells, however, this effect 

was not observed in isogenic HCT116 (CTNNB1 +/–) cells. Using miclxin-immobilized 

beads, MIC60, one of the major components of the MICOS complex, was identified as a 

target protein of miclxin. The author revealed that MIC60 dysfunction by miclxin induced 

mitochondrial stress response in a mutant -catenin-dependent manner. Activation of the 

mitochondrial stress response was responsible for the downregulation of Bcl-2, leading 

to severe loss of mitochondrial membrane potential and subsequent AIF-dependent 

apoptosis. These findings suggest that targeting MIC60 is a potential strategy with which 

tumor cells can be killed through induction of severe mitochondrial damage in a mutant 

-catenin-dependent manner.  

-catenin is known as a modulator of Wnt/-catenin signaling pathway, moreover, 

reported to bind to many types of proteins, which is involved in a lot of cellular events. 

In Wnt/-catenin signaling, -catenin binds to APC, Axin, CK1, GSK3 and -TrCP; 

components of destruction complex23. Also, -catenin binds to TCF, Pygopus, Bcl-9 and 

CBP, resulting in cell growth27,32. -catenin and its family proteins (-catenin, -catenin, 

p120-catenin) are primary reported to interact with cadherin family proteins100. The 

intracellular domain of cadherin is complexed with and regulated by cytoplasmic catenin 

to link actin filaments101. Furthermore, -catenin is reported to be involved in stemness102 

and autophagy103, and so on. In this study, the author found that mutant -catenin 

contributes to induce apoptosis. Raab et al. previously reported similar results, in which 

the PKC inhibitor enzastaurin inhibited cell growth and induced apoptosis in a -catenin-
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dependent manner via upregulation of CHOP98. The author described that miclxin, 

MIC60 inhibitor, also upregulated CHOP in a -catenin-dependent manner. Bafilomycin 

A1, V-ATPase inhibitor, also previously reported to increase CHOP expression levels72. 

Although these reports support the author’s findings, which -catenin is involved in 

stress-mediated apoptosis, further investigations are required to reveal the mechanism of 

mutant -catenin-mediated apoptosis.  

Thus far, it remains a lot of unclear points about -catenin protein in addition to the 

difference between mutant and wild-type. The author’s findings would provide evidence 

for the new aspect of mutant -catenin as a promoter of stress response. Furthermore, 

these studies show that the successful identification of novel synthetic lethal relationship 

by chemical biological studies.  
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