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APC  adenomatous polyposis coli 
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1.1  Chemotherapy and Targeted therapy 

Cancer is one of the life-threatening diseases caused by uncontrolled cell growth and the 

potential to metastasize anywhere in the body. There are approximately 8.2 million cancer 

related deaths all over the world in 2012, and annual cancer cases is expected to rise 14 

million in 2012 to 22 million within the next two decades1,2. A large number of cancer 

researchers have worked on a cure for cancer so far, and a wide variety of anticancer 

agents have ever been developed and clinically approved. One of the best features of 

cancer cells is that they grow faster than normal cells to form a tumor, therefore, DNA 

and microtubules have thought to be an effective target for anticancer agents, such as an 

alkylating agent cyclophosphamide (Endoxan)3, antimetabolites fluorouracil (5-FU) and 

6-mercaptopurine (Leukerin)4, a topoisomerase II inhibitor etoposide (Lusted)5, and a 

tubulin depolymerization inhibitor paclitaxel (Taxol)6. These chemotherapy agents 

interfere with cell division, thus, cancer cells are sensitive to them. Chemotherapy agents 

are now used for a wide variety of human tumors, however, they have been confronted 

with serious side effect problems that they could also damage to human normal cells. 

 In the last two decades, a lot of genes responsible for tumorigenesis have been 

discovered, including oncogene, tumor-suppressor genes, and stability genes7. These 

genes are related to the signaling pathways regulating cell growth, proliferation, and 

apoptosis, thus, their mutations contribute to cancer development. Therefore, a specific 

molecular target or signaling pathway that have a crucial role in tumorigenesis due to the 

mutation of such genes have thought to be attractive for anticancer agents, termed 

“targeted therapy”8. Many molecularly targeted agents have ever been developed and 

clinically approved, such as a Bcr-Abl inhibitor imatinib (CGP 57148; Gleevec) for 

chronic myeloid leukaemia (CML)9, an anti-HER2 antibody trastuzumab (Herceptin) for 
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HER2-positive breast cancer10,11, an anti-EGFR antibody cetuximab (Erbitax) for EGFR-

positive colorectal cancer12, and a VEGFR and PDGFR inhibitor sorafenib (Nexavar) for 

clear-cell renal-cell carcinoma and hepatocellular carcinoma13,14. Because these 

molecularly targeted agents target a mutated protein that activates in only cancer cells, 

they are expected to show the high specificity to cancer cells and less harmful to normal 

cells than chemotherapy agents, and indeed, they exhibit the dramatic clinical responses 

to each cancer. Furthermore, a target of the molecularly targeted agent could be a 

biomarker to predict its efficacy. However, there are also problems that some of the 

molecularly targeted agents have reported to exhibit severe side effects because of their 

‘off-target’, and that cancer can develop a tolerance to them due to activating another 

survival signaling pathway and suppressing apoptosis pathway15. Therefore, another 

strategies are required to discover the more effective targets for overcoming such 

problems. 

 

1.2  Synthetic lethality 

To circumvent above problems, another idea was spotlighted that “synthetic lethality” 

might be useful for discovering more effective anticancer agents16. The concept of 

synthetic lethality was first described in the study of fruit fly Drosophila  

melanogaster17-19. If two genes (A and B) have a “synthetic lethality relationship”, the 

simultaneous inhibition or mutation of both genes induces cytotoxicity, whereas that of 

either gene alone does not effect on cell viability20. Based on this principle, inhibitor of 

A could induce cell death selectively in tumor cells harboring the mutation of B, on the 

other hand, it would not effect on the normal cells harboring wild type B (Figure 1-1). 

Previously, many gene pairs exhibiting synthetic lethality have been reported21, such as 
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PARP inhibition for breast and ovary cancer harboring mutated BRCA gene22,23, CDK4 

inhibition for non-small cell lung carcinoma harboring mutated KRAS gene24, PLK1 

inhibition for colorectal cancer harboring mutated KRAS gene25, GSK3 inhibition plus 

TRAIL treatment for MYC-overexpressing cancer cells26, MK2 inhibition for p53-

deficient cancer cells27, TSC2 inhibition for RB1 mutant cancer cells28, and SKP2 

inhibition for RB1-deficient human retinoblastoma cells29. 

It is insufficient to understand how many gene pairs exist in human cells, but 

several studies have been reported that nearly all genes are related to synthetic lethal 

interaction in the budding yeast Saccharomyces cerevisiae30,31, therefore, many gene pairs 

in human cells are expected to have synthetic lethality relationships32. As described above, 

the anticancer agents that exhibit synthetic lethal activity would have great potential to 

target selectively and treat cancer. However, only a few synthetic lethal agents have been 

reported to be in clinical development now because it is difficult to find the most effective 

target that have clear correlation with the mutation of synthetic lethal gene. 
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Figure 1-1. The principle of synthetic lethality 
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1.3  Valosin-containing protein and cancer 

Valosin-containing protein (VCP), also known as p97, belongs to the ATPase associated 

with diverse cellular activities (AAA) ATPase family, which convert the energy generated 

from ATP hydrolysis into mechanical force to extract molecules from membranes or 

disassemble multiprotein complexes33. VCP forms a doughnut-shaped homo-hexameric 

complex34, and plays crucial roles in a wide variety of cellular functions, such as 

autophagosome maturation35,36, endoplasmic reticulum-associated degradation (ERAD)37, 

the ubiquitin-proteasome system38,39, the enhancement of NF-B signaling40,41, DNA 

repair42, and cell cycle regulation43. Each monomer is composed of three domains: N 

domain is involved in interaction with co-factors and adaptor proteins, and D1 and D2 

domains are responsible for ATPase activity. The D1 domain also mediates interactions 

among the monomers and promotes hexamer assembly33. Further, it has been reported 

that the D2 domain mediates the major ATPase activity of VCP, whereas the D1 domain 

has very low activity44 (Figure 1-2). 

 Several clinical studies have reported that VCP may play crucial roles in cancer 

cells, and elevated VCP is correlated with progression, prognosis, and recurrence of 

gastric carcinoma45, pancreatic ductal adenocarcinoma46, and prostate cancer47. Therefore, 

VCP has been considered as a promising target for therapeutic intervention, and several 

VCP inhibitors have been reported, including D1 domain inhibitor eeyarestatin I48,49 and 

D2 domain inhibitors 2-anilino-4-aryl-1,3-thiazoles50, Syk inhibitor III51, and N2,N4-

dibenzylquinazoline-2,4-diamine (DBeQ)52. Furthermore, our laboratory previously 

identified xanthohumol (XN), a prenylated chalcone present in hops (Humulus lupus L.)53, 

as a N domain inhibitor, which binds directly to N domain of VCP and modulates 

autophagy by inhibiting VCP functions54 (Figure 1-2). However, no approved drugs are 
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available in the clinic for treatment via targeting VCP. 

 In Chapter 2, I investigated the molecular mechanisms governing the 

contribution of VCP to the antitumor activity of XN. XN harbors anti-tumorigenic effects 

toward different types of cancer cells55 via intracellular reactive oxygen species (ROS) 

induction56, NF-B and Akt inhibition57,58, ER stress induction59 and disruption of the 

BIG3-PHB2 interaction60. VCP can also play crucial roles in cancer progression and 

prognosis, therefore, I hypothesized that the antitumor effects of XN can be attributed to 

the inhibition of VCP function. In this study, I performed genome-wide shRNA screening 

and identified adenylate cyclase (AC) pathway related genes which have synthetic 

lethality with VCP inhibition. Our findings suggested that targeting both VCP and the AC 

pathway is a potential chemotherapeutic strategy for the subset of tumor cells. 
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Figure 1-2. VCP inhibitors 
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1.4  Wnt signaling pathway and cancer 

The wingless/int-1 (Wnt) signal transduction pathway plays a central role for the cell 

proliferation, survival, differentiation, and apoptosis. Wnt ligand stimulus allows -

catenin to accumulate in cytosol and translocate to nucleus, and promotes cell 

proliferation61. In the absence of Wnt ligand, -catenin expression was downregulated by 

the “destruction complex” consisting of Axin, adenomatous polyposis coli (APC), casein 

kinase 1 (CK1, glycogen synthase kinase 3 (GSK362. Forming a scaffold with 

Axin and APC facilitates the phosphorylation of -catenin by CK1 (at Ser45) and 

GSK3 (at Ser33, Ser37, and Thr41). Subsequently,-TrCP, an F-box protein composed 

of ubiquitin protein ligase, recognizes the phosphorylation of -catenin at Ser33/37, 

leading to promote the ubiquitination and proteasomal degradation of -catenin, and the 

free -catenin levels therefore remain low62,63. T-cell factor 4 (TCF4), a transcriptional 

factor of Wnt signaling pathway, is suppressed by several co-repressors such as 

transducing-like enhancer of split (TLE) and groucho, and the expressions of Wnt target 

genes are tightly regulated64 (Figure 1-3). 

On the other hand, in the presence of Wnt ligand, it interacts with the receptor, 

Frizzled and low-density lipoprotein receptor-related protein-5/6 (LRP5/6), and CK1 and 

GSK3 subsequently phosphorylate PPPSPXS site of LRP5/6, leading to recruit Axin to 

cell surface and inhibit its function65,66. Further, LRP5/6 promote Axin degradation, and 

then, -catenin can escape from degradation by the destruction complex and be stable in 

cytosol67. The free -catenin translocates to nucleus, where it associates with member of 

the TCF family to regulate the expressions of Wnt target genes. In the nucleus, -catenin 

interacts with TCF4 transcription factor instead of co-repressors, and recruit several co-

activators, such as creb binding protein (CBP), B-cell CLL/lymphoma 9 (BCL9), and 
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pygopus, leading to activate the Wnt target genes including cyclin D1 and c-Myc61,67,68 

(Figure 1-3). 

Typically, this signaling pathway is tightly regulated, however, when -catenin 

is mutated, it would be hyperactive and drive oncogenesis as a result of the aberrant cell 

growth signaling. Many studies have reported that -catenin is mutated in a wide variety 

of tumors, such as up to 10% of all sporadic colon carcinomas69,70, 20% of hepatocellular 

carcinomas70,71, ovarian cancer72, and prostate cancer73. Further, according to the 

Catalogue of Somatic Mutation in Cancer (COSMIC: Sanger Institute), approximately 

10% of all human tumors harboring active-mutations in -catenin74. The mutation in the 

N-terminus of -catenin resulting from point mutations or in-frame deletions of serine or 

threonine residues phosphorylated by CK1 or GSK3 stabilizes -catenin and allow it 

to escape from the proteasomal degradation system and to activate Wnt signaling pathway 

constantly70,75,76. Other than -catenin, it has been reported that APC is mutated in up to 

80% of sporadic colon carcinomas61,77,78, and Axin 1 is mutated in some liver cancer and 

medulloblastomas61,79,80. Both APC and Axin are negative regulator of the Wnt signaling 

pathway, and the truncated mutations of them fail to form a scaffold of destruction 

complex, leading to stabilize -catenin and aberrantly activate the Wnt signaling pathway. 

As described above, activation of -catenin plays a critical role for the 

pathogenesis of human tumors. Therefore, this pathway has been considered as a 

promising target for therapeutic intervention, and several molecularly targeted agents 

have been developed and entered a Phase I study for solid tumors before81,82, such as a 

Porcupine inhibitor LGK97483,84, a pan-Frizzled antibody vantictumab (OMP-18R5)85,86, 

a Wnt ligand antibody OMP-54F2887, and a CPB inhibitor PRI-72488,89. However, no 

approved drugs are available in the clinic for treatment via targeting of the Wnt signaling 
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pathway. In addition, most of these agents induced growth arrest in tumor cells targeting 

Wnt signaling pathway, thus, tumor cells do not die, and they could acquire resistance. 

In Chapter 3, I performed the screening for the compounds, which exhibit 

synthetic lethality with -catenin mutation. I have previously reported that MEK1/2 

inhibitors induced cell growth arrest in -catenin wild type tumor cell lines, whereas they 

induced apoptosis in -catenin mutant tumor cell lines in vitro and in vivo 90, however, 

the molecular mechanisms still remained elusive. Therefore, I screened the compound 

other than MEK1/2 inhibitors, and identified nonactin, an antibiotic mitochondrial 

uncoupler, as a hit compound. Furthermore, I investigated the mechanism how nonactin, 

as well as other mitochondrial uncouplers, exhibited the synthetic lethality with -catenin 

mutation. 

 Finally, in Chapter 4, I summarized the results, significance and speculation 

about this study described in Chapter 2 and 3, and also described a potential of the concept 

of synthetic lethal for discovering more effective anticancer agents. 
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Figure 1-3. The Wnt signaling pathway 
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Chapter 2  Protein kinase A inhibition facilitates the antitumor activity of 

xanthohumol, a valosin-containing protein inhibitor 
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2.1  Introduction 

Xanthohumol (XN) is a prenylated chalcone present in hops (Humulus lupus L.) and 

beer53. XN has received much attention in recent years, including reports of its various 

biological properties, such as anti-inflammatory91, anti-oxidant92, anti-angiogenic57, and 

antibacterial93 effects. Further, XN harbors anti-tumorigenic effects toward different types 

of cancer cells55 via intracellular reactive oxygen species (ROS) induction56, NF-B and 

Akt inhibition57,58, ER stress induction59 and disruption of the BIG3-PHB2 interaction60. 

I previously reported that XN binds directly to valosin-containing protein (VCP) 

and modulates autophagy by inhibiting VCP functions54. VCP, also known as p97, 

belongs to the ATPase associated with diverse cellular activities (AAA) ATPase family 

and has a wide variety of cellular functions, such as autophagosome maturation35,36, 

endoplasmic reticulum-associated degradation (ERAD)37, and the enhancement of NF-

B signaling40,41. Therefore, our finding that XN modulated the function of VCP may 

explain how XN exhibited the above-mentioned biological effects, such as 

autophagosome maturation, ER stress induction, and NF-B inhibition. Additionally, 

because clinical studies have identified a correlation among elevated VCP expression and 

the progression, prognosis and metastatic potential of gastric carcinoma45, pancreatic 

ductal adenocarcinoma46, and prostate cancer47, the antitumor effects of XN can be 

attributed to the inhibition of VCP function. However, the molecular mechanisms 

governing the contribution of VCP to the antitumor activity of XN still remained elusive. 

In this study, I performed genome-wide shRNA screening and identified the adenylate 

cyclase (AC) pathway as genes relating to the antitumor activity of XN against human 

tumor cells. This pathway regulates various cellular functions via activating PKA-
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dependent phosphorylation94. However, there are no reports that show the relevance of 

AC/PKA pathway inhibition to the antitumor activity of XN targeting VCP. 
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2.2  Results 

 

2.2.1  Xanthohumol exhibited antitumor activity in vitro and in vivo 

First, I examined the effect of xanthohumol (XN) on eighteen different human tumor cell 

lines chosen in a random manner. Each cell was treated with XN for 48 h and the sub-G1 

populations were determined via flow cytometry. Z-score values were then calculated 

using EC50 values of cell viability and plotted on a waterfall plot. As shown in Figure 2-

1, seven cell lines, including SW480, SW48, DLD-1, SW620, A2058, LS-174T, and 

HCT116 cells, were highly sensitive to XN. However, there were not significant 

difference in VCP expression levels between XN-sensitive cells and the other cell lines 

(Figure 2-2). Subsequently, I detected the expression levels of cleaved-PARP by western 

blot to confirm the apoptosis-inducing ability of XN. As shown in Figure 2-3, when XN-

sensitive SW480 and HCT116 cells and XN-insensitive HT29 and A549 cells were 

treated with indicated concentrations of XN for 24 h, the expression levels of cleaved-

PARP increased in XN-sensitive SW480 and HCT116 cells, but not inHT29 and A549 

cells. I correlated these results with a waterfall plot analysis. 

I next investigated the antitumor effects of XN against XN-sensitive cells in vivo. 

Human colorectal tumor HCT116 and SW480 cells were injected subcutaneously into 

nude mice to establish xenograft models. Mice were randomized into four groups of five, 

after which the vehicle or XN was administered by intraperitoneal injection. As shown in 

Figures 2-4 and 2-5, tumor growth inhibition was observed in each xenograft model in a 

dose-dependent manner, without significant body weight loss (Figure 2-6). Furthermore, 

I evaluated for its effect on Ki67 labeling index as a tumor proliferative index using 

immunohistochemical (IHC) methods. A significant reduction of Ki67 labeling index in 
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tumor was observed in dose-dependent manner (Figure 2-7). These results indicated that 

XN exhibited antitumor activity against several human tumor cell lines in vitro and in 

vivo. 
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Figure 2-1. Sensitivity to xanthohumol 

The effects of xanthohumol (XN) on several types of human tumor cell lines and 

xenograft models were examined. The sub-G
1
 populations were determined 48 h 

after XN treatment via flow cytometry. Z-score values were calculated as 

described in the Materials and Methods and plotted on a waterfall plot. 
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Figure 2-2. The expression levels of VCP 

The expression levels of valosin-containing protein (VCP) in several human 

tumor cells were detected by western blot. 
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Figure 2-3. PARP-cleavage induced by XN 

XN-sensitive SW480 and HCT116 cells and XN-insensitive HT29 and A549 

cells were treated with XN for 24 h, and the expression levels of cleaved-PARP 

were detected by western blot. 
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Figure 2-4. The antitumor effects of XN in vivo 

Human colorectal tumor HCT116 and SW480 cells, the XN-sensitive cells, were 

injected subcutaneously into nude mice to establish xenograft models. After the 

tumors developed over a period of one week, reaching sizes of approximately 

150 mm
3
, mice were randomized into four groups of five, after which the vehicle 

or XN was administered daily by intraperitoneal injection for 17 days. Tumor 

size and body weight were measured and tumors were dissected and imaged with 

a digital camera. Values are the means of five tumors showed in Figure 2-5, bars, 

SD. ** P<0.01, *** P<0.001, compared with no-treat group mice at day 17. 
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Figure 2-5. The picture of tumors 

Figure 2-6. The body-weight of mice 
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Figure 2-7. Ki67 labeling index in HCT116 cells 

Dose-dependent inhibition of Ki67 labeling index by XN treatment in tumor 

xenografts in vivo. Nuclear Ki67 labeling index at indicated dose levels was 

determined in HCT116 tumors on study day 17. Bars, SD. * P<0.05, ** P<0.01, 

*** P<0.001, compared with no-treat group mice. 
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2.2.2  shRNA screening reveals the adenylate cyclase pathway is correlated with 

xanthohumol-induced cell death 

To identify the key genes playing a critical role in XN-induced cell death, I generated a 

lentiviral-based shRNA screening system and screened for genes related to the antitumor 

activity of XN using HCT116 cells. Before the screening, I determined the drug 

concentration to be somewhat lower than IC50 value because at the concentration of IC50, 

the shRNA-infected cells exhibit too many “random deaths” due only to the drug function 

without the synthetic shRNA effects. In our study, to decide the concentration of XN for 

the shRNA screening, I performed growth inhibition assay and IC50 value was calculated. 

A dose response curve of XN for HCT116 is shown in Figure 2-8, and the IC50 value was 

approximately 8.1 M. Then, I decided to conduct the shRNA screening at the 

concentration of 7.0 M XN, at a lower concentration compared to the IC50, based on the 

above mentioned theoretical background. 

Next, HCT116 cells were infected with a mixture of approximately 27,500 

barcoded shRNAs and cultured in the presence of either 7.0 M XN or DMSO. After 

three days, genomic DNA was isolated from the cells and the shRNA-specific barcode 

regions were amplified by PCR with the Lentivirus vector-specific primers. The 

abundance of each shRNA was then quantified by high-throughput sequencing (Figure 2-

9). As a result, 138 shRNAs, which exhibited more than 5-fold high frequencies in DMSO 

treated cells compared to XN treated cells, were selected as the hit genes (Table 2-1). This 

suggests that knockdown of these genes enhances the antitumor activity of XN, since 

HCT116 cells infected with these 138 shRNAs showed growth inhibitions specifically 

under the synergic XN culture condition. Subsequently, Gene Ontology (GO) based 

bioinformatics analysis was performed on the hits using the DAVID bioinformatics 
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database95,96. As a result, GO-term enrichment analysis of the hit genes, focusing on 

molecular functions and biological processes, showed strong enrichment of genes 

involved in adenylate cyclase activity (Tables 2-2 and 2-3). These results raised the 

possibility that the adenylate cyclase pathway may play a crucial role in XN-induced cell 

death. 
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Figure 2-8. A dose response curve of XN on HCT116 cells for a global shRNA 

screening 

A dose response curve of XN was calculated using xCelligence, an automated 

cell growth analyzer. HCT116 cells were cultured at a variety of XN 

concentrations for 48 h and the real-time cell growth rates were recorded by the 

xCelligence. The x- and y-axis represent log10 concentration of XN (M) and 

cell index that represents live cell numbers, respectively. The IC
50

 of XN for 

HCT116 was revealed to be 8.1 M. 
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Figure 2-9. shRNA screening for genes related to the antitumor activity of XN 

A lentiviral-based shRNA screening was performed for screening genes related to the 

antitumor activity of xanthohumol (XN). HCT116 cells were infected with an shRNA 

Lentivirus library containing approximately 27,500 shRNAs and then cultured in the 

presence or absence of 7.0 M XN for three days. Genomic DNA was isolated and 

amplified by PCR targeting shRNA-specific barcode regions. Each shRNA was then 

quantified by high-throughput sequencing. The x- and y-axis represent clone frequency 

of each shRNA from the cells cultured with DMSO and XN. The hit genes that exhibited 

more than 5-fold high frequencies in DMSO treated cells compared to the XN treated 

cells were represented in red dots. 
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Table 2-1. Hit genes identified by shRNA screening 

A lentiviral-based shRNA screening were performed to identify the genes related to the 

antitumor activity of xanthohumol (XN). All hit genes, clone frequencies and the ratio 

(XN/DMSO) are listed. 
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Table 2-2. Gene Ontology analysis focusing on molecular functions 

Gene Ontology (GO) based bioinformatics analysis was performed on the hits using the 

DAVID bioinformatics database. GO terms focusing on molecular functions are listed. 

Count: number of genes that were categorized into each functional category. %: 

percentage of genes that were categorized into each functional category out of all 138 

genes identified in our shRNA screening. Benjamini: False Discovery Rate value 

calculated by Benjamini-Hochberg method. 
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Table 2-3. Gene Ontology analysis focusing on biological processes 

Gene Ontology (GO) based bioinformatics analysis was performed on the hits using the 

DAVID bioinformatics database. GO terms focusing on biological processes are listed. 

Count: number of genes that were categorized into each functional category. %: 

percentage of genes that were categorized into each functional category out of all 138 

genes identified in our shRNA screening. Benjamini: False Discovery Rate value 

calculated by Benjamini-Hochberg method. 
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2.2.3  PKA inhibitors enhanced the antitumor activity of VCP inhibitors 

The Adenylate Cyclase (AC) pathway, also known as the cyclic AMP (cAMP)-dependent 

pathway, is a well-known G protein-coupled receptor-regulated signaling cascade. The G 

protein families, including Gi and Gs, regulate AC activity. AC catalyzes the conversion 

of ATP to cAMP, which in turn regulates cellular function via activating protein kinase A 

(PKA)-dependent phosphorylation94. Therefore, to examine whether the suppression of 

the AC/PKA pathway could synergistically enhance the antitumor activity of XN, I 

performed an MTT assay using the PKA inhibitor H-8997 and graphically plotted the 

results on isobolograms98,99. HCT116 cells were treated with various concentrations of 

XN in the presence or absence of H-89 for 72 h and cell viability was measured by MTT 

assay. IC50 values of each combination of two agents and the combination indexes (CI) 

were then calculated and plotted on an isobologram. The combination of H-89 with XN 

produced a concave line, indicating a synergistic interaction (Figure 2-10). Similar results 

were obtained when another PKA inhibitor, KT5720100, was used instead of H-89 (Figure 

2-11). Conversely, when using the non-specific cytotoxic agent paclitaxel (PTX) instead 

of XN, H-89 plus PTX produced a straight line, indicating an additive interaction in the 

HCT116 cells (Figure 2-12). Thus, PKA inhibition is responsible for synergistically 

enhancing the antitumor activity of XN. I then performed similar tests using another VCP 

inhibitor, eeyarestatin I (ESI)48. As shown in Figure 2-13, the combinations of H-89 with 

ESI produced a concave line, indicating a synergistic interaction in HCT116 cells. 

Furthermore, the synergistic effect of H-89 and XN was confirmed in the other human 

tumor cell lines, XN-sensitive SW480 and XN-insensitive HT29 cells (Figures 2-14 and 

2-15). These results suggest that the inhibition of AC/PKA pathway synergistically 
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enhances the antitumor activity of VCP inhibitors, including XN and ESI, in various types 

of human tumor cell lines. 
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Figure 2-10. Isobologram (XN vs H-89 in HCT116 cells) 

HCT116 cells were treated with various concentrations of xanthohumol (XN) in the 

presence or absence of H-89 for 72 h and the cell viability was measured by MTT assay. 

The combination index (CI) for each combination of two agents was calculated using 

the IC
50

 value and plotted on the isobologram. Values are the means of three independent 

experiments, bars, SD. 

Figure 2-11. Isobologram (XN vs KT5720 in HCT116 cells) 

HCT116 cells were treated with various concentrations of XN in the presence or absence 

of KT5720 for 72 h and the cell viability was measured by MTT assay. The CI for each 

combination of two agents was calculated using the IC
50

 value and plotted on the 

isobologram. Values are the means of three independent experiments, bars, SD. 



34 

  

Figure 2-12. Isobologram (PTX vs H-89 in HCT116 cells) 

HCT116 cells were treated with various concentrations of paclitaxel (PTX) in the presence 

or absence of H-89 for 72 h and the cell viability was measured by MTT assay. The CI for 

each combination of two agents was calculated using the IC
50

 value and plotted on the 

isobologram. Values are the means of three independent experiments, bars, SD. 

Figure 2-13. Isobologram (ESI vs H-89 in HCT116 cells) 

HCT116 cells were treated with various concentrations of eeyarestatin I (ESI) in the 

presence or absence of H-89 for 72 h and the cell viability was measured by MTT assay. 

The CI for each combination of two agents was calculated using the IC50 value and plotted 

on the isobologram. Values are the means of three independent experiments, bars, SD. 
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Figure 2-14. Isobologram (XN vs H-89 in SW480 cells) 

SW480 cells were treated with various concentrations of XN in the presence or absence 

of H-89 for 72 h and the cell viability was measured by MTT assay. The CI for each 

combination of two agents was calculated using the IC
50

 value and plotted on the 

isobologram. Values are the means of three independent experiments, bars, SD. 

Figure 2-15. Isobologram (ESI vs H-89 in HT29 cells) 

HT29 cells were treated with various concentrations of XN in the presence or absence 

of H-89 for 72 h and the cell viability was measured by MTT assay. The CI for each 

combination of two agents was calculated using the IC
50

 value and plotted on the 

isobologram. Values are the means of three independent experiments, bars, SD. 
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2.2.4  The synergistic effect of PKA inhibition and XN on apoptosis induction 

I next investigated whether the combination of PKA inhibitors with XN exhibited a 

synergistic interaction on apoptosis induction. HCT116 cells were treated with the 

indicated concentrations of XN in the presence or absence of 10 M H-89 or KT5720 for 

48 h, after which sub-G1 populations were measured by PI-stain and flow cytometry. As 

shown in Figures 2-16 and 2-17, co-treatment of PKA inhibitors and XN synergistically 

increased sub-G1 populations compared to XN alone, indicating that PKA inhibitors 

affected apoptosis-inducing activity of XN. Interestingly, XN or H-89 alone did not 

increase the sub-G1 population in HT29, A549, and LoVo cells. However, combinations 

with H-89 could increase the sub-G1 population in these cell lines, indicating that H-89 

treatment might facilitate XN-induced apoptosis also in XN-insensitive cells (Figures 2-

18, 2-19, 2-20). 
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Figure 2-16. Synergistic effect on apoptosis induced by XN plus H-89 in HCT116 cells 

HCT116 cells were treated with various concentration of XN in the presence or absence of 

H-89 for 48 h and the sub-G
1
 populations were measured via flow cytometry. 

Figure 2-17. Synergistic effect on apoptosis induced by XN plus KT5720 in 

HCT116 cells 

HCT116 cells were treated with various concentration of XN in the presence or absence 

of KT5720 for 48 h and the sub-G
1
 populations were measured via flow cytometry. 
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Figure 2-18. Synergistic effect on apoptosis induced by XN plus H-89 in HT29 cells 

HT29 cells were treated with various concentration of XN in the presence or absence of H-

89 for 48 h and the sub-G
1
 populations were measured via flow cytometry. 

Figure 2-19. Synergistic effect on apoptosis induced by XN plus H-89 in A549 cells 

A549 cells were treated with various concentration of XN in the presence or absence of H-

89 for 48 h and the sub-G
1
 populations were measured via flow cytometry. 
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Figure 2-20. Synergistic effect on apoptosis induced by XN plus H-89 in LoVo cells 

LoVo cells were treated with various concentration of XN in the presence or absence of H-

89 for 48 h and the sub-G
1
 populations were measured via flow cytometry. 
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2.3  Discussion 

Xanthohumol (XN), a simple prenylated chalcone, is the most well studied compound 

isolated from hops because of its potential as a cancer chemopreventive agent against 

several human tumor cell lines101-103. Therefore, many researchers have proposed various 

molecular mechanisms explaining how XN exhibits antitumor activity. However, until 

now, there have been no reports of the contribution of valosin-containing protein (VCP) 

inhibition to XN’s antitumor activity. VCP may play crucial roles in cancer progression, 

prognosis, and recurrence45-47, and I previously reported that XN directly binds to VCP 

and inhibits its functions54. Therefore, in the current work, I examined the antitumor 

activity of XN targeting VCP. 

I first investigated which human tumor cell lines were sensitive to XN, revealing 

several cell lines highly sensitive to XN in vitro. Overexpression of VCP occurs in many 

cancers and clinical studies have reported a correlation between elevated VCP expression 

and its progression104. However, because significant differences in the expression levels 

of VCP were not found among the cell lines I tested, XN-sensitivity is not dependent on 

VCP expression levels. Conversely, another VCP inhibitor, eeyarestatin I (ESI), showed 

antitumor effects in tumor cells with a similar waterfall profile to XN (Figure 2-21), 

indicating that inhibition of VCP function is responsible for cell viability in XN-sensitive 

tumor cells. VCP functions as a critical mediator of protein homeostasis. VCP is essential 

to some aspects of ubiquitin-dependent proteasomal degradation, including endoplasmic 

reticulum-associated degradation (ERAD), which degrades misfolded proteins. VCP is 

also involved in the aggresome-autophagy pathway, which is required for clearing 

misfolded proteins that form aggregates in the cytosol. The malignant transformation may 

result in cell deregulation often associated with cellular stress, such as accumulation of 
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misfolded proteins; adaptation to this stress phenotype is required for tumor cells to 

survive. Therefore, although the detailed function of VCP in XN-sensitive tumor cells 

remains unclear, subsets of tumor cells (XN-sensitive tumor cells) may in turn depend on 

VCP function. 

Previously, Yoshimaru et al. reported that XN treatment (0.3-1.0 mg/kg) 

significantly inhibited estrogen (E2)-induced tumor growth via specific disruption of the 

BIG3-PHB2 interaction, regardless of VCP function in vivo60. Conversely, the lower dose 

range of XN did not show significant antitumor effects on the human colorectal tumor 

HCT116 and SW480 cells in vivo, but significant tumor growth inhibition was observed 

in these cells in response to daily intraperitoneal injection of higher doses of XN (15-30 

mg/kg), possibly through VCP inhibition. Notably, no morphological changes were 

observed in the heart, lung, liver, kidney, spleen, and pancreas of mice despite receiving 

high dose of XN (30 mg/kg) daily for 17 days (Figure 2-22). However, what determines 

the sensitivity to XN still remained elusive. When I compared the effect of XN on the 

expression levels of several pro- and anti-apoptosis proteins in XN-sensitive cells, only 

expression levels of survivin was found to be affected by XN. XN induced in a decrease 

in the expression levels of survivin in XN-sensitive cells (HCT116 and SW480 cells) in 

a dose-dependent manner, however, XN weakly suppressed the expression levels of 

survivin in XN-insensitive tumor cells (A549 and HT29 cells), as shown in Figure 2-23. 

Therefore, it is likely that effect of XN on survivin expression may be related to the 

sensitivity of tumor cells to XN. 

I also determined which key factors modulate the apoptosis-inducing activity of 

XN. For this, I performed shRNA screening and bioinformatics analysis. Interestingly, 

the adenylate cyclase (AC) pathway related genes were hits, indicating the AC pathway 
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plays a crucial role on XN-inducing apoptosis. The AC pathway is known to activate 

protein kinase A (PKA) phosphorylation via converting ATP to cyclic AMP (cAMP) and 

regulating target genes94. I found in this study that in the tumor cell lines I tested, the 

inhibition of PKA, a downstream kinase of AC and cAMP, enhanced the apoptosis-

inducing activity of XN. These results raised the possibility that the AC/PKA pathway 

could contribute to preventing apoptosis induced by VCP inhibition and that the activity 

of AC/PKA pathway in tumor cells could determine sensitivity to XN. Recently, it has 

been reported that XN acts at GABAA receptors present in the hippocampal nerve 

terminals to decrease the Ca2+ influx through N- and P/Q-type Ca2+ channels, which 

subsequently suppresses the Ca2+-calmodulin/PKA cascade to decrease the evoked 

glutamate release105. These results indicated that XN-mediated decrease in the Ca2+ influx 

caused the suppression of the PKA cascade in the rat hippocampus, and therefore, H-89 

has been shown to largely prevent the inhibition of glutamate release by XN. On the other 

hand, I found that H-89 did not prevent apoptosis by XN, rather it synergistically 

enhanced antitumor activity of XN. Therefore, XN did not induce the suppression of PKA 

in tumor cells, and the target of XN to induce apoptosis was difference from that of PKA 

inhibitors. 

The next question was how the AC/PKA pathway prevented apoptosis signals 

induced by VCP inhibition. Several previous studies have reported the anti-apoptotic role 

of AC/PKA in various types of cells; however, the mechanisms through which PKA works 

are often not known. One well-described anti-apoptotic role of PKA is that PKA inhibition 

induces a decrease in expression levels of survivin, an anti-apoptotic protein, in human 

colorectal tumor SW480 cells106. I also found that H-89 at 10 M suppressed the 

expression levels of survivin in XN-sensitive and XN-insensitive tumor cells. In addition, 
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suppressed expression of survivin by H-89 was further enhanced in the presence of XN 

(Figure 2-23). Therefore, decreased expression of survivin by both PKA inhibition and 

VCP inhibition may be responsible for the synergistically enhancement of apoptosis by 

VCP inhibition and PKA inhibition. Further studies will be necessary to exactly delineate 

the factors contributing to the suppression of survivin expression by XN or PKA inhibitor. 

In conclusion, our findings suggest that several human tumor cell lines require 

VCP function for their survival, and that targeting both VCP and the AC/PKA pathway is 

a potential chemotherapeutic strategy for the subset of tumor cells. 
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Figure 2-21. Antitumor activities of eeyarestatin I in vitro and a waterfall plot 

The effects of eeyarestatin I (ESI), another VCP inhibitor, on several types of human 

tumor cell lines were examined for whether ESI shows a similar waterfall profile to 

xanthohumol. The sub-G
1
 populations were determined 48 h after ESI treatment via 

flow cytometry. Z-score values were calculated as described in the Materials and 

Methods and plotted on a waterfall plot. 
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Figure 2-22. Representative morphological observations of dissected heart, lung, 

liver, kidney, spleen, and pancreas from mice 

No morphological changes were observed in the heart, lung, liver, kidney, spleen, and 

pancreas of mice receiving XN (30 mg/kg) daily for 17 days. 
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Figure 2-23. Involvement of survivin in xanthohumol-induced apoptosis 

To investigate how the inhibition of protein kinase A (PKA) contributes to the enhanced 

apoptosis induction by xanthohumol (XN), the expression level of survivin was detected 

by western blot. XN-insensitive A549 and HT29 cells and XN-sensitive HCT116 and 

SW480 cells were treated with indicated concentrations of XN in the presence or 

absence of H-89 for 24 h, and the expression levels of survivin were determined. 
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2.4  Materials and Methods 

 

2.4.1  Compounds 

H-89 was purchased from Cayman Chemical (Ann Arbor, MI). Paclitaxel (PTX) was 

purchased from Wako Pure Chemical Industries (Osaka, Japan). KT5720 was purchased 

from Tocris Bioscience (Bristol, UK). Eeyarestatin I (ESI) was purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA). 

 

2.4.2  Isolation of xanthohumol from Hop 

Xanthohumol (XN) was isolated and purified from Xantho-Flav Pure (Hopsteiner, 

Germany). The extract was purified by using HPLC (UG 80, 20 mm × 250 mm; Shiseido, 

Tokyo, Japan) with 70% aqueous MeOH to obtain pure XN as previously described54. 

 

2.4.3  Cell lines 

A431 cells, human esophageal cancer EC17 cells, and human prostate cancer PC-3 cells 

were provided by M. Kawada (Institute of Microbial Chemistry, Japan). Human 

esophageal cancer EC109 cells were provided by Columbia University (New York, NY). 

Human cervical cancer HeLa cells were provided by M. Yoshida (RIKEN, Japan). Human 

embryonic kidney HEK293T cells were provided by S. Saiki (Juntendo University, Japan). 

Human colorectal tumor LoVo, HT29, Colo-201, HCT116, LS-174T, SW620, DLD-1, 

SW48 and SW480 cells, human lung cancer A549 cells, human breast cancer MCF-7 

cells, and human melanoma A2058 cells were obtained from the American Type Culture 

Collection (ATCC, Rockville, MD). 
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A431 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 5% Calf Serum (CS), 100 U/mL penicillin G (Sigma-Aldrich, St. 

Louis, MO), and 0.1 mg/mL kanamycin (Sigma-Aldrich) at 37°C in a humidified 

atmosphere containing 5% CO2. EC17, HEK293T, HeLa, and MCF-7 cells were 

maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin G, and 0.1 mg/mL kanamycin in the same conditions described above. The 

other cells were maintained in RPMI-1640 medium supplemented with 10% FBS, 100 

U/mL penicillin G, and 0.1 mg/mL kanamycin, also in the above-mentioned conditions. 

 

2.4.4  Cell cycle and apoptosis analysis by flow cytometry 

The percentage of cells in different phases of the cell cycle, including the sub-G1 

population, was analyzed by flow cytometry following staining with propidium iodide 

(PI; Wako Pure Chemical Industries). In brief, cells were seeded in 6-well plates and, 

following overnight culture, were treated with XN for 48 h. In the co-treatment test for 

the PKA inhibitor and XN, the cells were pre-treated with PKA inhibitor for 1 h before 

being treated with XN. Following treatment, cells were harvested and fixed with ice-cold 

70% EtOH at 4°C, followed by treatment with 10 g/mL RNase A (Wako Pure Chemical 

Industries) for 20 min at 37°C. Subsequently, cells were stained with 50 g/mL PI. PI 

fluorescence was measured by EPICS ALTRA (Beckman Coulter, Brea, CA).  

To illustrate a waterfall plot, Z-score values were calculated using EC50 values 

of each cell viability (Xi), its mean (Xmean), and its standard derivation (S) using the 

following formula: 

Z-score = (Xmean - Xi) / S 
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2.4.5  Western blot analysis 

Anti-cleaved-PARP, anti-VCP, and anti-survivin were purchased from Cell Signaling 

Technology (Danvers, MA). Anti--actin, HRP-linked anti-mouse IgG, and HRP-linked 

anti-rabbit IgG were purchased from Sigma-Aldrich. Cells were immediately harvested 

and lysed with RIPA buffer (25 mM HEPES, 1.5% TX-100, 1% sodium deoxycholate, 

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

Protease Inhibitor Cocktail Tablets (Roche, Germany); 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 subsequently separated by SDS-polyacrylamide gel electrophoresis 

before being transferred on to a PVDF membrane (Millipore, Billerica, MA). The 

membrane was probed with the indicated antibodies. The chemiluminescence signal was 

detected using an Immobilon Western kit (Millipore) and ChemiDoc XRS+ System (Bio-

Rad, Hercules, CA). 

 

2.4.6  Anti-tumor efficacy in the xenograft model 

Nude mice were purchased 6-week-old female BALB/c nude mice from Charles River 

Laboratories (Tokyo, Japan). XN was suspended in dimethyl sulfoxide (DMSO) at a 

concentration of 100 mM, then diluted with phosphate-buffered saline (PBS) to the 

concentrations indicated and given daily to the mice. Conversely, control mice received 

a vehicle control of 0.85% DMSO corresponding to 30 mg/kg XN. Each suspension (1 × 

107 cells/mouse) of HCT116 and SW480 cells was mixed with an equal volume of 

Matrigel (BD, Franklin Lakes, NJ) and injected subcutaneously into the mammary fat 

pads of mice. After the tumors developed over a period of 1 week, reaching sizes of 

approximately 150 mm3 [calculated as 1/2 × (width × length2)], mice were randomized 
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into four groups of five and administered drugs by intraperitoneal injection for 17 days. 

Tumor volume was measured with callipers. Thereafter, mice were euthanized and tumors 

were dissected; images were captured with a digital camera. 

After being killed, the organs (heart, lung, liver, kidney, spleen, and pancreas) 

were immediately removed. A portion of each tissue was fixed in 10% neutral formalin 

for histological examination, while the remaining tissue sample was frozen, and preserved 

at -80°C for subsequent immunohistochemistry. All experiments were performed in 

accordance with the guidelines of the animal facility at Tokushima University. 

 

2.4.7  Immunohistochemical staining of xenografts 

Anti-Ki67 antibody [Sp6], (ab16667) was purchased from abcam (Cambridge, USA). 

Anti-rabbit immunoglobulins/HRP antibody (P0448) and Liqud DAB+ (K3468) were 

purchased from DAKO (Carpinteria, CA, USA). To examine the Ki67 protein expression 

in HCT116 xenograft tumors, I stained the tissue sections of paraffin-embedded tumors. 

In brief, 4-m sections were dewaxed in xylene and ethanol.  The slides were subjected 

to high-temperature antigen retrieval in citric buffer (10 mM, pH 6.0). After antigen 

retrieval, the slides were dipped in methanol containing H2O2 [0.3 % (v/v)] for 30 min. 

After washing with 10 mM PBS at pH 7.4, the slides were incubated with anti-Ki67 

(dilution 1: 1600) antibody with microwave irradiation. The slides were then washed with 

PBS three times for 5 minutes each time, anti-rabbit immunoglobulins/HRP antibody was 

applied to the slides. After washing with PBS three times, the expression of Ki67 was 

visualized as brown precipitates with liquid DAB+. After washing with distilled water, 

nuclear counterstaining was performed with hematoxylin. The nuclear labeling index of 

the Ki67 staining was determined under microscope (BX-50, Olympus) for regular 
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pathological diagnosis. In brief, 1,000 tumor cells were counted manually and the positive 

ratio was calculated in each xenograft. Statistical analysis was performed by Graphpad 

prism 5 (GraphPad Software, La Jolla, CA, USA)107. 

 

2.4.8  Lentiviral genome-wide shRNA screening 

A dose response curve of XN for HCT116 was calculated using xCelligence (ACEA 

Biosciences, San Diego, CA), an automated cell growth analyzer. HCT116 cells were 

cultured at a variety of XN concentrations for 48 h and the real-time cell growth rates 

were recorded by the xCelligence. 

Genome-wide Lentiviral shRNA screenings were performed using HCT116 cells. 

In brief, an shRNA Lentivirus library containing approximately 27,500 barcoded shRNAs 

(DECIPHER shRNA Library: Human Module #1, Cellecta Inc., Mountain View, CA) was 

produced according to the manufacturer’s protocol, after which 2.0 × 107 HCT116 cells 

were infected by the Lentivirus and maintained for 48 h after infection. The shRNA 

Lentivirus-infected HCT116 cells were then selected by puromycin (1.0 g/mL) for 72 h; 

the selected cells were then separated into two 15 cm culture dishes with an equal number 

of cells, one of which contained XN at a 7.0 M concentration and the other cultured with 

DMSO as a control. At 72 h after the XN treatment, the HCT116 cells were harvested and 

their genomic DNA extracted using a QiaAmp DNA Mini Kit (Qiagen, Hilden, Germany). 

The shRNA-specific barcode regions were then amplified by PCR according to the 

manufacture’s protocol with mild modifications for the PCR primers to make the PCR 

amplicons readable by an Ion PGM system (Thermo Scientific, Waltham, MA). 

Quantifications of the cellular clone sizes of each shRNA-infected HCT116 population 

within control or XN-treated culture conditions were calculated based on the sequence 
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read counts within each sample. shRNAs that suppress growth of infected cells in synergy 

with XN should show significant decreases in the sequence read counts specifically under 

the XN condition. Therefore, genes that exhibited more than 5-fold high frequencies in 

DMSO treated cells compared to the XN treated cells were selected as “hit genes”. 

Thereafter, Gene Ontology based bioinformatics analysis was performed for the hit genes 

using the DAVID bioinformatics database focusing on molecular functions and biological 

processes95,96. 

 

2.4.9  Growth inhibition assay and isobologram test 

Cell growth was measured by using an MTT assay. In brief, cells were seeded in 96-well 

plates and, after overnight culture, were treated with H-89 or KT5720 for 1 h. Thereafter, 

cells were treated with XN, ESI, or PTX for an additional 72 h. Following treatment, cells 

were treated with 0.5 mg/mL MTT (Sigma-Aldrich) for 4 h at 37°C, and lysed with 

DMSO. Absorbance at 595 nm was measured by a Multiskan FC (Thermo Scientific) and 

IC50 values of each combination of two agents were calculated and plotted on the graph. 

For each combination experiment, the combination indexes (CI) were calculated and 

normalized with IC50 values as reported99 and plotted on an isobologram graph98. On the 

isobologram, a straight line connecting the x- and y-intercepts and the intervening points 

infers an additive effect between two agents. Conversely, a concave or convex line infers 

a synergism or an antagonism between the two agents, respectively. 
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Chapter 3  Mitochondrial uncoupler exerts a synthetic lethal effect against -

catenin mutant tumor cells 
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3.1  Introduction 

The wingless/int-1 (Wnt) signal transduction pathway plays a central role in cell 

proliferation, survival, differentiation and apoptosis. Interaction of a Wnt ligand with its 

receptors: Frizzled and LRP5/6, allows -catenin to accumulate in the cytosol and 

translocate to the nucleus65,66, leading to the activation of Wnt target genes, including 

cyclin D1 and c-Myc61,67,68. Typically, this activity is tightly regulated by the “destruction 

complex” which consists of Axin, adenomatous polyposis coli (APC), casein kinase 1 

(CK1, glycogen synthase kinase 3 (GSK3 and -TrCP62,63. Most human cancer cell 

lines contain mutations in -catenin at codons 33, 41, and 45108. CK1 initially 

phosphorylates Ser45 of -catenin, and phosphorylated Ser45 primes GSK-3-mediated 

phosphorylation of Thr41, which in turn primes successive phosphorylation of Ser37 and 

Ser33 by GSK-3109. Cancer cells in which these key phosphorylated serines or threonine 

are mutated have inappropriately high levels of -catenin that activate Wnt target genes108. 

It has been reported that -catenin is mutated in a wide variety of human tumor cells70, 

including colon69, liver71, ovarian72, and prostate cancer73. In addition, approximately 

10% of all human tumors harbor activating mutations in -catenin74. 

As described above, activation of -catenin plays a critical role in the 

pathogenesis of human tumors. Therefore, this pathway has been considered a promising 

target for therapeutic intervention, and several molecularly targeted agents have been 

developed. Some have already entered Phase I studies for solid tumors81,82, such as a 

Porcupine inhibitor LGK97483,84, a pan-Frizzled antibody OMP-18R585, a Wnt ligand 

antibody OMP-54F2887, and a CBP inhibitor PRI-72488,89. However, no approved drugs 

are clinically available for treatments that target the Wnt signaling pathway. In addition, 

most of these agents induce growth arrest in tumor cells by targeting the Wnt signaling 
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pathway. Thus, the tumor cells do not die and can acquire resistance. 

I have previously reported that MEK1/2 inhibitors induce cell growth arrest in 

-catenin wild type tumor cell lines, whereas they induce apoptosis in -catenin mutant 

tumor cell lines in vitro. Furthermore, I have reported that a MEK inhibitor alone could 

induce significant tumor regression in -catenin-mutant xenograft models90. These 

findings support the clinical use of MEK inhibitors as single agents for patients with 

colorectal carcinoma who carry active -catenin mutations. To find another effective 

compound that is effective for patients with tumors who carry active -catenin mutations, 

I screened for compounds that exhibited synthetic lethality with -catenin mutations, 

other than MEK1/2, from an in-house natural product library. In addition, I also found 

that V-ATPase inhibitors induced apoptosis preferentially in-catenin mutant tumor 

cells110. In our continued screening, I have now identified nonactin as a hit compound. 

Nonactin is a member of a family of naturally occurring cyclic ionophores known as 

macrotetrolide antibiotics. In this study, I show that nonactin exhibits high selectivity 

against -catenin mutant tumor cell lines with apoptosis induction in vitro and in vivo. I 

also demonstrate the mechanism by which nonactin selectively induces apoptosis in cell 

lines harboring active mutant -catenin. 
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3.2  Results 

 

3.2.1  Nonactin was identified as inducing apoptosis in -catenin mutant HCT116 

cells 

I screened more than 3,000 microbial extracts for compounds that induced apoptosis in 

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

One culture broth extract of streptomyces gave a positive result in the screening, and 

subsequently the active compound produced by this strain was isolated and identified as 

nonactin (Figure 3-1). Nonactin is well-known as a macrotetrolide antibiotic 

ionophore111,112. Western blot analysis using anti-cleaved-PARP antibody revealed that 

the expression levels of cleaved-PARP in -catenin mutant HCT116 cells significantly 

increased upon treatment with concentrations above 0.1 M nonactin for 24 h. The 

apoptosis-inducing ability of nonactin in HCT116 cells was further confirmed by 

measuring sub-G1 populations of tumor cells via flow cytometry, and nonactin-induced 

apoptosis was significantly suppressed by Z-VAD-FMK, a pan-caspase inhibitor (Figure 

3-2). On the other hand, cleaved-PARP was not detected at nonactin concentrations of up 

to 10 M in A375 cells expressing wild type -catenin. This outcome indicates that 

nonactin induced apoptosis in HCT116 cells at least 100 times more effectively than in 

A375 cells. I have previously reported that MEK1/2 inhibitors induced apoptosis 

selectively in -catenin mutant tumor cell lines90. However, nonactin did not inhibit 

ERK1/2 phosphorylation in either cell line (Figure 3-3), indicating that nonactin induced 

apoptosis in HCT116 cells but not in A375 cells with a mechanism other than MEK 

inhibition. 
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Figure 3-2. Z-VAD-FMK, a pan-caspase inhibitor, significantly suppressed 

nonactin-induced dell death 

-catenin mutant HCT116 cells were treated with 0.1 M of nonactin in the presence or 

absence of 100 M of Z-VAD-FMK for 48 h, after which the sub-G
1
 populations of 

each cell line were detected by flow cytometry. 

Figure 3-1. Structure of nonactin 
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Figure 3-3. Nonactin induced apoptosis in HCT116 cells without ERK 

phosphorylation 

A375 and HCT116 cells were treated with nonactin, and the PARP-cleavage and 

ERK1/2-phosphorylation were detected by western blot. 



59 

3.2.2  Nonactin induced apoptosis preferentially in -catenin mutant tumor cells 

To further confirm the selectivity of nonactin-induced apoptosis against the -catenin 

mutant tumor cell lines, I examined the effects of nonactin on cell viability in various 

types of human tumor cell lines. For this, I selected 11 tumor cells including four -

catenin mutant tumor cells harboring mutations in key -catenin N-terminal 

phosphorylation sites: A427 cells (T41A); HCT116 cells (S45 deletion); LS-174T cells 

(S45F); and SW48 cells (S33Y). These tumor cells were treated with 0.1, 0.3, 1.0, 3.0, or 

10 M nonactin for 48 h and the number of cells was recorded. As shown in Figure 3-4, 

nonactin induced cell death at 0.1 M in tumor cells harboring mutant -catenin (growth 

ratio<0). By contrast, nonactin induced cell growth inhibition but not cell death in 

concentrations of up to 10 M in tumor cells harboring wild type -catenin, including 

APC mutant tumor cells (growth ratio>0). This indicates that nonactin induced cell death 

in -catenin mutant cells at least 100 times more effectively than in -catenin wild type 

cells. 

Furthermore, nonactin-induced cell death was detected by western blot using 

anti-cleaved-PARP antibody. As shown in Figures 3-5 and 3-6, the expression levels of 

cleaved-PARP increased upon treatment with nonactin concentrations above 0.1 M in 

four -catenin mutant tumor cell lines, but nonactin did not induce PARP-cleavage in 

tumor cells expressing wild type -catenin (including APC mutant tumor cells) at 

concentrations of up to 1 M. Effects of nonactin on tumor cell death were further 

confirmed by the measurement of the sub-G1 populations using flow cytometry. As shown 

in Table 3-1 and Figure 3-7, correlating with the western blot analysis, 0.1 M nonactin 

induced an increase in the sub-G1 population in four -catenin mutant tumor cell lines. 

However, nonactin did not significantly affect the sub-G1 population in any other -
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catenin wild type tumor cell lines. Taken together, nonactin induced apoptosis selectively 

in tumor cell lines harboring active mutations of -catenin. 
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Figure 3-4. Nonactin potently suppressed cell growth in -catenin mutant cells 

Cells were treated with nonactin, and cell growth was measured by a CellTiter-Glo 

Luminescent Cell Viability Assay. Values are the means of three independent 

experiments, bars, SD. 
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Figure 3-5. Nonactin induced apoptosis only in -catenin mutant cells 

Cells were treated with nonactin, and the PARP-cleavage was detected by western blot. 



63 

  

Figure 3-6. Nonactin induced apoptosis only in -catenin mutant cells 

Cells were treated with nonactin, and the PARP-cleavage was detected by western blot. 
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Table 3-1. The apoptosis-inducing ability of nonactin detected by flow cytometer 

Cells were treated with nonactin, and the sub-G
1
 populations were detected by flow 

cytometry. 
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Figure 3-7. The selectivity of nonactin against -catenin mutant tumor cells 

investigated by flow cytometry 

Cells were treated with 0.1 M of nonactin for 48 h, after which the sub-G
1
 populations 

of each cell line were detected by flow cytometry. 
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3.2.3  Nonactin induced apoptosis in -catenin mutant tumor cells via 

mitochondrial uncoupling activity 

Nonactin is known for its ability to form complexes with alkali cations, most notably 

potassium and sodium. Therefore, I next investigated whether such ionophore activities 

are involved in nonactin-induced apoptosis against -catenin mutated tumor cells by 

using salinomycin (a K+ ionophore), valinomycin (a K+ ionophore), and monensin (a Na+ 

ionophore). As shown in Figure 3-8, valinomycin induced a dose-dependent increase in 

the expression levels of cleaved-PARP in -catenin mutant HCT116 cells, but not in -

catenin wild type A375 cells. On the other hand, neither salinomycin: another K+ 

ionophore, nor monensin exhibited significant selectivity against -catenin mutated 

tumor cells. As nonactin and valinomycin are also able to uncouple the oxidative 

phosphorylation of mitochondria113,114, I next examined whether another uncoupler: 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) could also induce apoptosis 

selectively in -catenin mutant tumor cells. As shown in Figure 3-9, CCCP increased 

cleaved-PARP levels in -catenin mutant HCT116 and SW48 cells in a dose-dependent 

manner, but not in -catenin wild type A375 and HT29 cells. These outcomes indicate 

that mitochondrial uncoupling activity is, at least in part, responsible for selective 

apoptosis induction in -catenin mutant tumor cells. 

The apoptosis-inducing ability of uncoupler was further confirmed by measuring 

sub-G1 populations of tumor cells via flow cytometry. As shown in Figure 3-10, 

correlating with the western blot analysis, 48 h treatment of tumor cells with uncouplers 

increased the sub-G1 populations in -catenin mutant HCT116 and SW48 cells, but not 

in -catenin wild type A375 and HT29 cells. Therefore, these results suggest that the 
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mitochondrial uncoupling activity is closely related to the selective apoptosis induction 

in -catenin mutated tumor cells. 
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Figure 3-8. Mitochondrial uncoupling activity is required for nonactin-induced 

apoptosis 

A375, HT29, HCT116, and SW48 cells were treated with indicated ionophores, after 

which the PARP-cleavage was detected by western blot. 
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Figure 3-9. Mitochondrial uncoupling activity is required for nonactin-induced 

apoptosis 

A375, HT29, HCT116, and SW48 cells were treated with CCCP, after which the PARP-

cleavage was detected by western blot. 
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Figure 3-10. Uncouplers induced apoptosis selectively in -catenin mutant cells 

A375, HT29, HCT116, and SW48 cells were treated with indicated ionophores. The 

apoptosis-inducing ability of uncouplers was investigated by flow cytometry. 
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3.2.4  Expression of the active form of mutated -catenin was required for 

uncoupler-induced apoptosis 

To examine whether the expression of mutant -catenin was a cause for apoptosis 

induction following treatment with uncouplers, a mutant active form of -catenin (S37A, 

S45A) were transfected into A375 cells and A549 cells, which usually harbor only wild 

type -catenin, and tested for the apoptosis-inducing activity of uncouplers. As shown in 

Figures 3-11, 3-12, and 3-13, nonactin or CCCP did not induce apoptosis in vector 

control-transfected A375 cells or wild type of -catenin-transfected A375 cells; whereas 

they induced apoptosis in mutant -catenin-transfected A375 cells, as judged from the 

sub-G1 population. Similar results were obtained when A549 cells were used. These 

results suggest that active mutant -catenin is the key factor in uncoupler-induced 

apoptosis. 
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Figure 3-11. The expression of active mutant -catenin is required for uncoupler-

induced apoptosis. 

A375 cells were transiently transfected with wild type and mutated -catenin (S37A, 

S45A), and treated with indicated uncouplers, after which the sub-G
1
 populations were 

detected by flow cytometry. 
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Figure 3-12. The expression of active mutant -catenin is required for uncoupler-

induced apoptosis. 

A549 cells were transiently transfected with wild type and mutated -catenin (S37A, 

S45A), and treated with indicated uncouplers, after which the sub-G
1
 populations were 

detected by flow cytometry. 
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Figure 3-13. The expressions of transfected -catenin 

The expressions of transfected -catenin in A375 and A549 cells were confirmed by 

western blot. 
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3.2.5  Dysfunction of the Warburg effect is involved in the apoptosis induced by 

uncouplers 

As mitochondrial uncouplers induced apoptosis selectively in tumor cells harboring 

active mutant-catenin, I hypothesized that these tumor cells may have a higher 

sensitivity to mitochondrial uncouplers than tumor cells harboring wild type-catenin. 

To examine this possibility, I investigated the effect of nonactin on the mitochondrial 

membrane potential in both -catenin wild type and mutant tumor cells. As shown in 

Figures 3-14, 3-15 and 3-16, nonactin, at the concentration which induced selective 

apoptosis in -catenin mutant tumor cells, significantly reduced the red fluorescence 

(aggregate form) of JC-1 in both -catenin wild type and mutant tumor cell lines to a 

similar extent, as judged from quantifying red and green fluorescence and calculating the 

red/green ratio. Similar results were obtained when CCCP was used instead of nonactin. 

Thus, contrary to expectations, mitochondrial uncouplers induced loss of mitochondrial 

membrane potential not only in -catenin mutant tumor cells, but also in -catenin wild 

type tumor cells that did not undergo apoptosis after treatment with mitochondrial 

uncouplers. 

 The mitochondrial membrane potential plays a crucial role in the function of the 

respiratory chain to produce ATP115; however, the mitochondrial uncouplers did not 

induce apoptosis in -catenin wild type tumor cell lines. Therefore, I next examined the 

possibility that -catenin wild type tumor cells, but not -catenin mutant tumor cells, 

produced ATP by relying on aerobic glycolysis rather than mitochondrial oxidative 

phosphorylation for their proliferation116, thereby surviving in the condition where 

mitochondrial function was damaged by uncouplers. For this, -catenin wild type A375, 

A549, and HT29 cells were treated with a glycolysis inhibitor: 2-deoxyglucose (2-DG), 
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in the presence or absence of 0.1 M nonactin or 10 M CCCP for 24 h, and apoptosis 

status was analyzed by western blot. As shown in Figure 3-17, 2-DG alone did not affect 

the expression levels of cleaved-PARP in these cells, but co-treatment of cells with 2-DG 

and the uncouplers induced an increase in the expression levels of cleaved-PARP in a 

dose-dependent manner. These results indicated that glycolysis-dependent production of 

ATP is required for the survival of-catenin wild type tumor cell lines when cells were 

treated with uncouplers. Furthermore, these results indicated that the glycolysis-

dependent production of ATP was suppressed in -catenin mutant tumor cell lines. 

Therefore, I next examined the possibility that active mutant -catenin could suppress 

glycolysis. The active mutant form of -catenin (S37A, S45A) was transiently transfected 

into -catenin wild type A375 and A549 cells. The extracellular acidification rate (ECAR) 

in response to glucose was subsequently measured by an Extracellular Flux Analyzer. As 

shown in Figure 3-18 and 3-19, glucose-induced ECARs were significantly suppressed 

in active mutant -catenin expressing cells, compared to control cells or wild type -

catenin expressing cells. These results suggested that the expression of active mutant -

catenin suppressed the ability to perform glycolysis and limited tumor cells to relying on 

mitochondrial oxidative phosphorylation to survive. 
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Figure 3-14. Mitochondrial membrane potential in -catenin wild type cells 

A375 and HT29 cells were treated with indicated uncouplers. Following treatment, cells 

were stained with 2.0 M JC-1, after which cells were harvested and the red and green 

fluorescence was observed by fluorescence microscopy. Scale bar, 100 m. 
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Figure 3-15. Mitochondrial membrane potential in -catenin mutant cells 

HCT116 and SW48 cells were treated with indicated uncouplers. Following treatment, 

cells were stained with 2.0 M JC-1, after which cells were harvested and the red and 

green fluorescence was observed by fluorescence microscopy. Scale bar, 100 m. 



79 

  

Figure 3-16. Uncouplers reduced mitochondrial membrane potential in all cell 

lines 

Cells were treated with indicated uncouplers. Following treatment, cells were stained 

with 2.0 M JC-1, after which cells were harvested and the red and green fluorescence 

was observed by fluorescence microscopy. Each level of fluorescence was quantified 

using ImageJ and the red/green ratios were calculated. Values are the means of three 

independent experiments, bars, SD. *** P<0.001, compared with non-treat group cells. 
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Figure 3-17. 2-DG facilitated uncoupler-induced apoptosis 

A375, A549, and HT29 cells were treated with the indicated concentrations of 2-DG in 

the presence or absence of indicated uncouplers, and the PARP-cleavage was detected 

by western blot. 
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Figure 3-18. Assessment of glycolysis ability 

A375 and A549 cells were transiently transfected with wild type -catenin or mutated 

-catenin, and the extracellular acidification rate (ECAR) in response to 11 mM D-

glucose was measured in the presence or absence of 50 mM 2-DG. Values are the means 

of three independent experiments, bars, SD. 



82 

  

Figure 3-19. The expressions of transfected -catenin 

The expressions of transfected -catenin in A375 and A549 cells were confirmed by 

western blot. 
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3.2.6  Antitumor effect of nonactin in xenograft models 

As nonactin induced apoptosis selectively in -catenin mutant cell lines in vitro, I 

examined the antitumor activity of nonactin in vivo. -catenin wild type A375 cells and 

-catenin mutant HCT116 cells were injected subcutaneously into nude mice. The mice 

were then intraperitoneally administered nonactin once-daily. As shown in Figure 3-20, 

the maximum effect of nonactin at MTD dosing (100 mg/kg) was growth inhibition of 

A375 tumors expressing wild type -catenin. However, tumor regression in response to 

nonactin at 100 mg/kg was observed in a -catenin mutant xenograft model without 

significant body weight loss. Furthermore, TUNEL staining revealed significant 

apoptosis induction in HCT116 tumor tissues from nonactin-treated mice, but not in 

HCT116 tumor tissues from control mice (Figure 3-21). These results suggested that 

nonactin induced apoptosis selectively in -catenin mutant tumor cell lines also in vivo. 
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Figure 3-20. The antitumor effects of nonactin in vivo 

A375 and HCT116 cells were injected subcutaneously into nude mice to establish 

xenograft models. Mice were then intraperitoneally administered a control vehicle or 

nonactin once-daily. Values are the means of six tumors, bars, SD. ** P<0.01, *** 

P<0.001, compared with control group mice. 
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Figure 3-21. TUNEL staining 

Tissue sections of HCT116 tumors were stained by TUNEL, and images were captured 

with a digital camera. Black arrows showed apoptotic cells (TUNEL-positive cells). 

Scale bar, 100 m. 
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3.3  Discussion 

-Catenin is one of the main components of the Wnt signaling pathway, playing a central 

role in cell proliferation, survival, differentiation and apoptosis. -Catenin is mutated in 

a wide variety of tumors117,118, and mutations can be detected in up to 10% of all sporadic 

colon carcinomas and 20% of hepatocellular carcinomas70. The mutation in the N-

terminus of -catenin stabilizes -catenin and allows it to escape from the destruction 

complex, after which the Wnt signaling pathway is hyperactive and drives 

oncogenesis70,75,76. Several small molecules targeting the Wnt signaling pathway have 

been identified; however, no approved drugs are clinically available for treatment via 

targeting of the Wnt signaling pathway. As the Wnt signaling pathway plays a crucial role 

in normal development and adult tissue homeostasis, interference with this pathway will 

not only target -catenin mutant tumor cells, but also normal cells, resulting in significant 

toxicity. Therefore, to obtain compounds that act on targets other than the Wnt signaling 

pathway itself, I conducted a synthetic lethal chemical screen with a -catenin mutation 

from our in-house natural product library. As a result, I found that nonactin induced 

apoptosis in -catenin mutant tumor cells that harbor mutations in the N-terminus 

resulting from point mutations or in-frame deletions of the serine or threonine residues 

phosphorylated by CK1 or GSK3 (A427 cells: T41A, HCT116 cells: S45 deletion, LS-

174T cells: S45F, and SW48 cells: S33Y). The selective apoptosis induction by nonactin 

was not found to simply correlate to nuclear accumulation of -catenin. 

A requirement for an active mutation in -catenin for nonactin-induced apoptosis 

was confirmed by the finding that nonactin did not induce apoptosis in A375 or A549 

cells harboring wild-type -catenin, but it induced apoptosis in A375 or A549 cells by the 

expression of the active form of -catenin (S37A, S45A) (Figures 3-11, 3-12, and 3-13). 
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These results demonstrate that nonactin exhibits synthetic lethality with an active mutant 

form of -catenin. Interestingly, nonactin did not induce apoptosis in Colo-201 and Colo-

205 cells harboring -catenin N287S mutation119 (Figure 3-22). Furthermore, at the 

concentration that induced apoptosis in -catenin mutant tumor cells, nonactin did not 

induce apoptosis in adenomatous polyposis coli (APC) mutant tumor cell lines. APC is a 

negative regulator of the Wnt signaling pathway, and the truncated mutations of APC fail 

to form a scaffold for the destruction complex, leading to stabilized -catenin and an 

aberrantly activated Wnt signaling pathway120. Moreover, stimulation of -catenin wild 

type A375 cells with Wnt-3a enhanced the ability of SMK-17 to induce apoptosis in -

catenin wild type A375 cells, as previously reported90. However, nonactin failed to induce 

apoptosis in A375 cells even after stimulation with Wnt-3a (Figure 3-23). These results 

suggest that activation of the Wnt signaling pathway is not sufficient for nonactin-induced 

selective apoptosis in -catenin mutant tumor cells. 

Nonactin has been suggested to act as a K+ ionophore, and another K+ ionophore: 

valinomycin, showed similar selective apoptosis-inducing ability. Although salinomycin, 

which is also a K+ ionophore, has been recently reported to induce programmed cell death 

in cancer stem cells (CSCs)121, as well as in various other cancer cells122-124, it did not 

show a significant selective induction of apoptosis in -catenin mutant tumor cells. Thus, 

nonactin action is comparable to that of valinomycin while being distinct from the effects 

of salinomycin. This difference can be explained by the observations reported by the 

Szabò group, who found that salinomycin is also known to mediate K+/H+ exchange and 

induces rapid hyperpolarization of mitochondria. In contrast, the common mechanism of 

nonactin and valinomycin is one of mitochondrial uncoupling, causing depolarization125. 

As proton influx occurs in exchange for K+ and is electroneutral, it does not by itself have 
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any effect on potential. Hyperpolarization derives from the collapse of ∆pH, which the 

mitochondrion compensates for by increasing mitochondrial membrane potential so as to 

keep the overall electrochemical potential nearly constant125. Indeed, the concentration of 

salinomycin that induced apoptosis in tumor cells did not induce a loss of mitochondrial 

membrane potential (Figure 3-24), while CCCP, acting as a protonophoric uncoupler, 

induced apoptosis selectively in the -catenin mutant tumor cell lines (Figures 3-10 and 

3-17). Further studies will be necessary to delineate the exact factors that contribute to 

the selective cell death in -catenin mutant tumor cells by mitochondrial uncouplers. 

Mitochondrial membrane potential plays a crucial role in the function of the 

respiratory chain to drive the synthesis of ATP by FoF1ATPase. A significant loss of 

mitochondrial membrane potential induces cytotoxicity resulting from ATP depletion115. 

Nonactin and CCCP induced loss of mitochondria membrane potential in both -catenin 

wild type and mutant tumor cells at the same concentration of apoptosis induction. 

Nevertheless, nonactin, and CCCP did not induce apoptosis in -catenin wild type tumor 

cells despite the loss of mitochondrial membrane potential. One possible explanation is 

that “the Warburg effect” may be responsible for the cell survival of -catenin wild type 

tumor cells. This explanation can be confirmed by our findings that inhibition of 

glycolysis using 2-DG: a hexokinase 2 inhibitor, enables -catenin wild type cells to 

undergo apoptosis following the treatment with uncouplers (Figure 3-17). On the other 

hand, because -catenin mutant tumor cells underwent apoptosis following the treatment 

with the uncoupler alone, I hypothesized that the Warburg effect might be unable to 

function in -catenin mutant tumor cell lines. Indeed, the expression of active mutant -

catenin (S37A, S45A), but not of wild type -catenin, induced a decrease in glycolysis 

rate. This indicates that mutant -catenin (S37A, S45A) might inhibit the Warburg effect. 
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At present, I do not know how mutant -catenin (S37A, S45A) inhibited the Warburg 

effect. -Catenin reportedly binds several proteins including cadherins126, -catenin127, 

axin76, the EGF receptor128, APC, the actin-bundling protein fascin129, the LEF/TCF 

transcription factors130,131, the MUC-1 breast cancer antigen132, the Alzheimer’s-

associated protein presenilin133, protein phosphatases134, and the regulator of small 

GTPases: IQ GAP135. In addition, it has been reported that c-Src-phosphorylated -

catenin at Tyr333 directly binds to nuclear Pyruvate kinase M2 (PKM2), leading to a 

regulation of the Warburg effect136. Therefore, this raises the possibility that mutant -

catenin could bind to and modulate binding proteins that regulate glycolysis, thereby 

inducing a dysfunction of the Warburg effect. The mechanism by which the mutation of 

N-terminus phosphorylation site in -catenin inhibits glycolysis is currently under 

investigation. 

To link these findings to a clinically relevant model, I conducted in vivo studies 

using active -catenin mutant xenograft models. Significant tumor regression without any 

severe toxicity was observed in -catenin mutant HCT116 cells in response to daily 

administration of nonactin (Figures 3-20 and 3-21). 

In conclusion, our findings suggest that tumor cells harboring active mutant -

catenin showed a dysfunction of the Warburg effect, and produced ATP by relying on 

mitochondrial oxidative phosphorylation for survival. Therefore, mitochondrial 

uncouplers such as nonactin, valinomycin, and CCCP induced apoptosis selectively in -

catenin mutant tumor cells. Our results provide new insights into the development of 

potential chemotherapeutic strategies for tumor cells harboring -catenin mutations. 
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Figure 3-22. Colo-201 and colo-205 cells exhibited resistance to nonactin 

Colo-201 and colo-205 cells were treated with the indicated concentrations of nonactin 

for 24 h, after which the expression levels of cleaved-PARP were detected by western 

blot. Furthermore, the cells were treated with 0.1 M of nonactin for 48 h, after which 

the sub-G
1
 populations were detected by flow cytometry. 
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Figure 3-23. The effect of the Wnt pathway activation on the apoptosis-inducing 

ability of nonactin 

-Catenin wild type A375 cells were treated with the indicated concentrations of Wnt-

3a in the presence or absence of 0.1 M nonactin or 10 M SMK-17 for 24 h, after 

which the expression levels of cleaved-PARP were detected by western blot. 
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Figure 3-24. Salinomycin did not induce loss of mitochondrial membrane potential 

Cells were treated with 10 M of salinomycin for 30 min. Following treatment, cells 

were stained with 2.0 M of JC-1 for 30 min, after which cells were harvested and the 

red and green fluorescence was observed by fluorescence microscopy. Scale bar, 100 m. 



93 

3.4  Materials and Methods 

 

3.4.1  Reagents and Compounds 

Nonactin, valinomycin, carbonyl cyanide m-chlorophenyl hydrazone (CCCP), and 2-

deoxyglucose (2-DG), Z-VAD-FMK were purchased from Sigma-Aldrich (St. Louis, 

MO). Salinomycin and monensin were purchased from Cayman Chemical (Ann Arbor, 

MI). SMK-17 was provided by M. Kiga (Keio University, Japan). Wnt-3a ligand was 

purchased from Wako Pure Chemical Industries (Osaka, Japan). 

 

3.4.2  Isolation of nonactin from microbial extract 

Nonactin was isolated from a culture broth extract of streptomyces. The broth was purified 

using HPLC (MG-II, 4.6 mm × 250 mm; Shiseido, Tokyo, Japan) with 85% aqueous 

MeOH to obtain pure nonactin. 

 

3.4.3  Cell lines 

A431 cells were provided by M. Kawada (Institute of Microbial Chemistry, Japan). The 

other cell lines were obtained from the ATCC (Rockville, MD)90. A431 cells were 

maintained in DMEM supplemented with 5% Calf Serum (CS), 100 U/mL penicillin G 

(Sigma-Aldrich), and 0.1 mg/mL kanamycin (Sigma-Aldrich) at 37°C in a humidified 

atmosphere containing 5% CO2. The other cells were maintained in RPMI-1640 

supplemented with 10% FBS, 100 U/mL penicillin G, and 0.1 mg/mL kanamycin in the 

same conditions described above. 
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3.4.4  Western blot analysis 

Anti-PARP, Anti-cleaved-PARP and anti-phospho-ERK1/2 were purchased from Cell 

Signaling Technology (Danvers, MA). Anti--catenin was purchased from BD 

Biosciences (San Jose, CA). Anti--actin, HRP-linked anti-mouse IgG, and HRP-linked 

anti-rabbit IgG were purchased from Sigma-Aldrich. Cells were treated with compounds 

for 24 h. In the co-treatment test using both 2-DG and an uncoupler, cells were pre-treated 

with 10 mM 2-DG for 1 h before being treated with the uncoupler. Following treatment, 

cells were immediately harvested and lysed with RIPA buffer (25 mM HEPES, 1.5% TX-

100, 1% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 5 mM EDTA, 50 mM NaF, 0.1 

M Na3VO4, and cOmplete Protease Inhibitor Cocktail Tablets (Roche, Germany); 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 subsequently separated by SDS-polyacrylamide gel 

electrophoresis and probed with the indicated antibodies. The chemiluminescence signal 

was detected using an Immobilon Western kit (Merck Millipore) and ChemiDoc XRS+ 

System (Bio-Rad, Hercules, CA). 

 

3.4.5  Cell cycle and apoptosis analysis by flow cytometry 

Percentages of cells in different phases of the cell cycle, were analyzed by flow cytometry 

following staining with propidium iodide (PI; Wako Pure Chemical Industries), modified 

from a previously reported method137. Cells were treated with compounds for 48 h, then 

were harvested and fixed with 70% EtOH at 4°C, followed by treatment with 10 g/mL 

RNase A (Wako Pure Chemical Industries) for 20 min at 37°C. Subsequently, cells were 

stained with 50 g/mL PI. PI fluorescence was measured using an EPICS ALTRA Flow 

Cytometer (Beckman Coulter, Brea, CA). 
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3.4.6  Growth inhibition assay 

Cell growth was measured by a CellTiter-Glo Luminescent Cell Viability Assay 

(Promega, Madison, WI) according to the manufacturer’s protocol. The luminescence 

was detected by Fluoroskan Ascent FL (Labsystems, Helsinki, Finland), and this was 

compared to the luminescence recorded at 0 h. The growth rate of each cell type at each 

concentration of nonactin was calculated using nonactin-treated luminescence at 48 h (Xi), 

control luminescence at 48 h (Xctrl), luminescence at 0 h (X0 h), and the following formula: 

   If Xi ≥ X0 h, Growth rate = Xi / Xctrl 

   If Xi < X0 h, Growth rate = Xi / X0 h - 1 

If nonactin induced cell cycle arrest in the cells, the growth rate would be near zero. On 

the other hand, if nonactin induced cell death in the cells, the growth rate would be below 

zero. 

 

3.4.7  Overexpression of wild type and active mutant -catenin 

Transfection of wild type and active mutant -catenin (S37A, S45A) plasmid vectors and 

control vector was performed using PLUS Reagent and Lipofectamine LTX (Invitrogen 

Life Technologies, Carlsbad, CA) according to the manufacturer’s protocol. 

 

3.4.8  Monitoring of mitochondrial membrane potential 

Loss of mitochondrial membrane potential was assessed using JC-1 (Wako Pure Chemical 

Industries), modified from a previously reported method138. Cells were treated with 

compounds for 30 min, then were stained with 2.0 M JC-1 for 30 min at 37°C. 

Subsequently, cells were harvested and red and green fluorescence was observed using a 
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fluorescence microscope (IX71, Olympus, Japan). The images were captured with a 

digital camera (Olympus). Red and green fluorescence was quantified using ImageJ and 

the red/green ratio was calculated. 

 

3.4.9  Assessment of glycolysis ability 

The glycolysis ability of cells were analyzed using the XFe96 Extracellular Flux Analyzer 

(Seahorse Bioscience, Billerica, MA) according to the manufacturer’s protocol139. In brief, 

20,000 cells were seeded in 96-well plates designed for XFe96 and, following overnight 

culture, were resuspended in RPMI medium without D-glucose, serum and sodium 

bicarbonate. After incubation in the absence of CO2 for 1 h, the extracellular acidification 

rate (ECAR) was measured using 50 mM 2-DG and 11 mM D-glucose. 

 

3.4.10  Anti-tumor tests in a xenograft model 

Specific pathogen-free female nude mice (BALB/cA Jcl-nu) were purchased from CLEA 

Japan (Tokyo, Japan). A tumor cell suspension (2 × 106 cells/mL) was inoculated 

subcutaneously into the axillar region of the nude mice on Day 0. Nonactin was dissolved 

in 10% dimethylacetamide (Wako Pure Chemical Industries), 10% NIKKOL HCO60 

(Nikko Chemicals, Tokyo, Japan), and saline (Otsuka Pharmaceutical, Tokyo, Japan) and 

given daily to the animals by intraperitoneal administration (0.1 mL/10 g body weight). 

Tumor-bearing nude mice were randomly grouped (six mice/group), and administration 

of nonactin started on Day 9. Tumor volumes were calculated using a microgauge 

(Mitsutoyo Corporation, Kawasaki, Japan) according to the following equations: Tumor 

volume (mm3) = 1/2 × (tumor length) × (tumor width)2. 
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 TUNEL staining of xenograft tumor tissue was performed using the FragEL 

DNA Fragmentation Detection Kit (Merck Millipore) according to the manufacturer’s 

protocol. Tissue sections were viewed at 100× magnification, and images were captured 

with a digital camera. 

 

3.4.11  Statistical analysis 

All statistical analyses in bar plots were performed with a two-tailed paired Student’s t-

test to determine the difference between control and test group. In all cases, statistical 

significance was set at * P<0.05, ** P<0.01, and *** P<0.001. 
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Chapter 4  Conclusion 
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In Chapter 2, I investigated the molecular mechanisms governing the contribution of VCP 

to the antitumor activity of xanthohumol (XN). XN, a simple prenylated chalcone, can be 

isolated from hops and has the potential to be a cancer chemopreventive agent against 

several human tumor cell lines. I previously identified valosin-containing protein (VCP) 

as a target of XN; VCP can also play crucial roles in cancer progression and prognosis. 

Several human tumor cell lines were treated with XN to investigate which human tumor 

cell lines are sensitive to XN. Several cell lines exhibited high sensitivity to XN both in 

vitro and in vivo. shRNA screening and bioinformatics analysis identified that the 

inhibition of the adenylate cyclase (AC) pathway synergistically facilitated apoptosis 

induced by VCP inhibition. These results suggest there is crosstalk between the AC 

pathway and VCP function, and targeting both VCP and the AC pathway is a potential 

chemotherapeutic strategy for a subset of tumor cells. 

 In Chapter 3, I performed the screening for the compounds, which exhibit 

synthetic lethality with -catenin mutation. As -catenin is mutated in a wide variety of 

tumors, including up to 10% of all sporadic colon carcinomas and 20% of hepatocellular 

carcinomas, it has been considered a promising target for therapeutic interventions. 

Therefore, I screened an in-house natural product library for compounds that exhibited 

synthetic lethality towards -catenin mutations and isolated nonactin, an antibiotic 

mitochondrial uncoupler, as a hit compound. Nonactin, as well as other mitochondrial 

uncouplers, induced apoptosis selectively in -catenin mutated tumor cells. Significant 

tumor regression was observed in the -catenin mutant HCT116 xenograft model, but not 

in the -catenin wild type A375 xenograft model, in response to daily administration of 

nonactin in vivo. Furthermore, I found that expression of an active mutant form of -

catenin induced a decrease in the glycolysis rate. Taken together, our results demonstrate 
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that tumor cells with mutated -catenin depend on mitochondrial oxidative 

phosphorylation for survival. Therefore, they undergo apoptosis in response to 

mitochondrial dysfunction following the addition of mitochondrial uncouplers, such as 

nonactin. These results suggest that targeting mitochondria is a potential 

chemotherapeutic strategy for tumor cells that harbor -catenin mutations. 

 In the end, this concept of synthetic lethal has a great potential to target cancer 

cells with high selectivity. However, it is relatively new in oncology studies, therefore, it 

has not been resulted in clinical use yet. And also, it is quite difficult to identify synthetic 

lethal related genes. Our findings would provide clinical usefulness of synthetic lethality 

for patients with tumors, and contribute to human health more and ever. 
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御礼申し上げます。 

 

また、様々な面でサポートして頂きましたケミカルバイオロジー研究室秘書 

梅崎秀香さん、数々の助言を頂き、相談に乗って下さったケミカルバイオロジー

研究室の諸先輩方、後輩、技術員のみなさんに感謝致します。 

そして、共に励ましあい、助け合い、活発な議論をした同輩の井岡秀二君、齋

藤駿君、溝谷優治君に深く感謝致します。 

最後に、大学院まで通わせてくれた家族、応援してくれた友人に感謝します。 




