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ABSTRACT 

Phosphatidylinositide (PI) 3-kinase, a heterodimer composed of a p110 catalytic 

subunit and a p85 regulatory subunit, possesses activities that have been subsequently 

found in eukaryotic cell types and are involved to an incredible diverse characteristic of 

key cellular functions, including cell growth, proliferation, motility, differentiation and 

survival. An emerging association between PI3K and human diseases, especially cancer, 

brings more and more attention of focus on intense study. An increasing number of 

human cancer cell lines has been proved to harbor PI3K mutant, resulting in easily 

occurring shift of anti-drug cellular characteristic caused by simulative activation and 

overexpression of PI3K. Thus, inhibition of PI3K is considered potential therapeutic 

options. Food phytochemicals, such as organosulfur compound, have considered as 

promising candidates for health promoting food chemicals in recent years. Among them, 

benzyl isothiocyanate (BITC), one of the isothiocyanate (ITC), has been shown to have 

antiproliferative properties against a variety of cell lines. Based on this concept, to 

investigate BITC as an anti-cancer agent against PI3K-related cellular responses, I 

demonstrate that regulation of PI3K is an effective strategy for controlling PI3K-

associated cellular pathway and activities. 

In Chapter 2, I clarified the role of phosphoinositide 3-kinase (PI3K) in 

antiproliferation induced by benzyl isothiocyanate (BITC) in human colorectal cancer 

cells (HCT-116, HT-29, DLD-1).  BITC simultaneously activated the 

PI3K/Akt/forkhead box O (FoxO) pathway, whereas it significantly inhibited the 

proliferation in HCT-116 cells.  Inhibitory experiments using a PI3K selective inhibitor, 

LY294002 or NVP-BEZ235, significantly enhanced the BITC-induced antiproliferation 

and apoptotic cell population with the attenuation of the BITC-induced activation of the 

PI3K/Akt/FoxO survival pathway.  Furthermore, BITC enhanced the insulin-activated 

PI3K/Akt/FoxO pathway, possibly through its inhibition of the protein tyrosine 

phosphatase 1B enzymatic activity.  Taken together, these results suggested that the 
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PI3K/Akt/FoxO pathway negatively regulates the BITC-induced antiproliferation in 

human colorectal cancer cells. 

In chapter 3, I investigated the regulating role of autophagy in benzyl 

isothiocyanate (BITC)-induced Nrf2 activation, laying a pivotal role in the inducible 

expression of cytoprotective genes.  BITC not only Time-dependently (12h) but also 

dose-dependently induced autophagy, concomitantly with Keap1/Nrf2 modulation in 

human colorectal cancer HCT-116 cells. Immunofluorescence results suggested that 

BITC induced the formation of autophogosome and lysosome, which is also confirmed 

by positive BITC-induced formation of autophagic vacuoles by using MDC staining.   

Experiments using a phosphatidylinositide 3-kinase (PI3K)-specific inhibitor suggested 

inhibition of PI3K not only attenuated BITC-induced accumulation of autophagic 

molecules, but also compromised autophagy-related p62-Nrf2-Keap1axis induced by 

BITC. On the other hand, inhibitory experiments revealed that HO-1 gene, a 

cytoprotective gene, was also involved in PI3K-related autophagic induction. Taken 

together, these results suggested that PI3K plays the key role in the autophagy-

dependent Nrf2 activation by BITC. 

   My findings provide biological evidences that (1) regulation of PI3K plays an 

essential role not only in the BITC-induced PI3K/Akt survival pathway but also in the 

enhancement of anti-proliferative effects by BITC against BITC-induced drug-resistance 

in HCT-116, HT-29 and DLD-1 human colon cancer cells; (2) PI3K is involved in 

induction of autophagy by BITC and also regulates autophagy-related p62/Nrf2/Keap1 

axis and expression of cytoprotection genes in HCT-116 human colon cancer cells. Taken 

together, these studies proposed that regulation of PI3K is a promising strategy to 

overcome resistance of food-derived compounds activating PI3K/Akt and Nrf2 pathway 

in human colon cancer cells. 
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CHAPTER 1 

General Introduction 

1.1 Benzyl isothiocyanate 

A number of researches support that certain food phytochemicals protect against 

cancer. An important group of chemicals that possess this property are organosulfur 

compound, such as isothiocyanates (Fahey et al., 2001). Isothiocyanates, naturally 

occurring in abundance in cruciferous vegetables such broccoli, watercress, Brussels 

sprouts, cabbage, Japanese radish, and cauliflower, may plays a significant role in 

affording the cancer chemopreventive properties of these vegetables (Nakamura et al., 

2007b). Based on these anti-cancer properties that ITCs have, through different 

mechanism including induction of phase 2 detoxifying enzyme, induction of apoptosis, 

inhibition of cell cycle progress and induction of anti-inflammatory activity (Miyoshi et 

al., 2004a; Nakamura et al., 2002), ITCs exhibit a promising cancer chemotherapeutic 

effects on a variety of cancer cell types. Benzyl isothiocyanate (BITC), an isothiocyanate 

compound which is a hydrolysis product of the glucosinolate glucotropaeolin (Bennett et 

al., 1997) derived from cruciferous vegetables, has been shown to have anti-carcinogenic 

properties. BITC is also potent in suppressing proliferation by causing DNA damage, 

G2/M cell arrest and apoptosis in many cancer cell lines, including pancreatic cancer 

(Sahu et al., 2009) and prostate cancer (Lin et al., 2013).    

1.2 Colorectal cancer 

Colorectal cancer (CRC), also known as bowel cancer or colon cancer, has been 

announced to be the second most common cancer worldwide by the World Health 

Organization and CDC. Due to its mortality rate, CRC persists as one of the most deadly 

and prevalent tumor types in both women and men around the world (Hammond et al., 

2016). Including CRC, metastatic disease is considered incurable. In spite of advances in 

systemic therapy, the 5-year survival rate is still a mere 12.5% (Siegel et al., 2014), even 

though patients are typically given a combination of cytotoxic chemotherapy with a target 
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therapy. The primary reason for cancer failure are commonly considered to be an acquired 

resistance that contributes to nearly 90% of the patients with such occurring anti-drug 

resistance during the chemotherapeutic treatment (Longley and Johnston, 2005).   

1.3 Drug resistance 

Malignant tumor can have intrinsic resistance and/or acquired resistance and each of 

them is essential in determining initial and subsequent lines of treatment. Between these 

two types of resistance, tumors might intrinsically initialize drug-resistance or develop 

acquired resistance to chemotherapy during treatments (Longley and Johnston, 2005). 

Acquired resistance is a particular problems to patients, as tumors not only turn into 

resistant to original treatment, but also can obtain cross-resistant to  

Fig. 1.1 Schematic model of drug-induced cell resistance 

 

the other chemotherapy with different mechanism of actions. These factors are believed 

to contribute to a fact that the drug-treatment failure remains still stubbornly high with 

even multiple kinds of mechanism of chemotherapy during the treatments.  

    In the chemotherapeutic process, each cytotoxic therapy and each targeted pathway 

may result in different mechanism of acquired resistance, but acquired resistance to one 
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drug often confers resistance to the other drug that even acts in a different targeting 

mechanism, which refers to a concept as multidrug resistance (MDR) (Hammond et al., 

2016). Different mechanism is involved in resistance to targeted therapies, including 

upregulation, mutation or activation of downstream signaling molecules within specific 

pathways (Tejpar et al., 2012). The shortage of understanding the mechanisms of acquired 

drug resistance to targeted therapies still remains to issues that obstructively develop 

future therapies.      

1.4 PI3K/Akt survival pathway 

Phosphatidylinositide 3-kinase (PI3K)/Akt is a potential survival pathway that may 

regulate resistance to the apoptotic effects of chemotherapy drugs and radiation therapy 

in a variety of cancer cell lines (Boreddy et al., 2011). Despite how much advancement 

in chemo- and radio- therapy, PI3K/Akt pathway still remains highly reality of anti-drug 

properties to clinical treatment. Such existence of PI3K/Akt-related resistance could be 

contributed by hyperactivation of Akt in particular cell lines, or ether be activated 

exogenously by growth factor, cytokines or anti-cancer reagent (Hossini et al., 2016). 

Both apoptosis and survivals of cells could be controlled by proteins including Akt 

involved in PI3K pathway. After full activation of Akt, phosphorylated Akt enhances 

survival and inhibits apoptosis through phosphorylation and deactivation of several anti- 

and pro- apoptotic target proteins, including mTOR, FoxO families, pro-apoptotic BAD, 

a regulative ratio of Bcl-2 and BAX genes and tumor suppressor p53. 
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Fig. 1.2 Schematic model of PI3K/Akt/FoxO survival pathway  

1.4.1 Receptor tyrosine kinase 

     Receptor tyrosine kinases (RTKs), a family of cell surface receptors, have emerged 

as key regulators of critical cellular processes, such as proliferation and differentiation, 

cell survival and metabolism, cell migration, and cell cycle control (Blume-Jensen and 

Hunter, 2001). All RTKs have a similar molecular architecture, with a ligand-binding 

region in the extracellular domain, a single transmembrane helix, and a cytoplasmic 

region that contains the protein tyrosine kinase (TK) domain plus additional carboxy (C-) 

terminal and juxtamembrane regulatory regions (Lemmon and Schlessinger, 2010). 

Numerous human diseases, including cancers, diabetes, inflammation, have been causally 

linked to mutation of RTKs and aberrant activation of its intracellular signaling pathway 

that alter cellular activities. Among these RTKs, the insulin receptor and IGF-1 are 

expressed on the cell surface as disulfide-linked (αβ)2 dimers (Ward et al., 2007). Binding 

of insulin and IGF-1 results in structural changes and stimulates tyrosine kinase activity, 
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which leads to activation of the intracellular tyrosine kinase domains and cell signaling 

pathway, including PI3K/Akt survival pathway.  

1.4.2 Role of Akt in PI3K/Akt pathway 

   Akt/protein kinase B (PKB) is a serine/threonine protein kinase that functions as a 

critical regulator of cell survival and proliferation, which has emerged as central role in 

the signaling transduction (Brazil and Hemmings, 2001). Two phosphorylation sites, 

Th308 in the activation loop within the kinase domain and Ser473 in the C-terminal 

regulatory domains, are contained in all the Akt/PKB isoforms except for Akt3. 

Activation of PI3-kinase by stimuli, such as growth factor and anti-cancer reagent, 

contributes to activation of Akt at the Thr308 site through signaling transduction of PDK1. 

Phosphorylation of Thr308 partially activates Akt, while full activation needs 

phosphorylation of both sites.      

1.4.3 Transcriptional factor FoxO 

   The Forkhead (FoxO) family of transcriptional was first identified from genetic 

analysis of C.elegans (Paradis and Ruvkun, 1998), which has now been identified in 

several different organism, including Caenorhabditis elegans, zebrafish, Drosophila, 

mouse, rat and humans (Van Der Heide et al., 2004). FoxO factors can regulated by 

several signal transduction cascades. Among these cascades, PI3K pathway plays a 

primary role in controlling the phosphorylation of FoxO factors and its intracellular 

localization and transcriptional functions. Once PI3K/Akt pathway is activated, the 

activated Akt detaches from the cellular membrane and translocates to the cytosol and 

nucleus, where it phosphorylates serine or threonine residues within its motif and gets 

ready to transduce signals to its downstream target proteins (Lawlor and Alessi, 2001). 

Within the structure of FoxO families, including murine FoxO1, FoxO3, FoxO4, and 

FoxO6, three highly conserved putative Akt recognition motifs are contained for those 

phosphorylation by Akt. All the FoxO proteins require the consensus N-terminal Akt site 

and Akt site located in the forkhead domain to translocate form nucleus to cytosol 
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(Brownawell et al., 2001). The phosphorylated FoxO factors can regulate cell survival 

thought controlling its target genes that may be important in the inhibitory effect of cell 

survival.       

1.4.4 PTP1B and its involvement in PI3K/Akt pathway 

  Protein tyrosine phosphatase 1B (PTP1B) is a ubiquitously expressed phosphatase that 

has emerged as a relevant regulator of signaling cascade initiated by the activation of the 

tyrosine kinase receptor families (Haj et al., 2003). It has an N-terminal catalytic domains, 

two proline-rich sequences, and a C-terminal hydrophobic region (He et al., 2014). Due 

to its capability to dephosphorylate and inactivate the insulin receptor (IR), PTP1B is a 

critical role of insulin signaling through switching off insulin signaling (Salmeen et al., 

2000). Recent studies have shown that small molecule inhibitors of PTP1B increase 

insulin-stimulated IR and IRS (insulin receptor substrate) phosphorylation (Ahmad et al., 

1995; Zhang and Zhang, 2007), suggesting that inhibition of PTP1B might sensitize 

insulin-related pathway. In addition, given its function in dephosphorylation of RTKs that 

are responsible for inducing oncogenic signaling and drug-induced resistance, PTP1B has 

always been considered as a potential tumor suppressor. However, studies also revealed 

that PTP1B can promote tumorigenesis (Lessard et al., 2010). Therefore, understanding 

the connection between PTP1B activities and anti-cancer reagent seems to be an 

important potential strategy for the cancer therapy.      

1.5 MEK/ERK cascade 

The Ras/Raf/MEK/ERK cascade transduces signals from cell surface receptors to 

transcriptional factors, which regulate gene expression. Furthermore, this cascade also is 

responsible for regulating the activity of many proteins involved in drug-resistance and 

apoptosis. Due to such functions of MEK/ERK pathway, it is also considered to have 

profound effects on the regulation of apoptosis by the post-phosphorylation of apoptotic 

regulatory molecules, including Bad, Bim, caspase-9 and Bcl-2 (Mccubrey et al., 2007). 
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Therefore, this pathway has diverse effects that can regulate apoptosis, cell growth, cell 

cycle progression and differentiation. For the reasons described above, MEK/ERK has 

been believed to be an important pathway to target for the cancer therapy in the clinical 

trials. However, many studies show a dual effect on cell proliferation (Marshall, 1999). 

It is shown to promote cell proliferation by inducing the expression of cyclin D and 

enhance the activation of cell cycle kinases (Cheng et al., 1998; Lavoie et al., 1996). In 

addition, ERK can interfere with apoptosis on several levels, including preventing 

activation of caspases (Tran et al., 2001) and inducing the expression of anti-apoptotic 

factors. Furthermore, many anti-drugs show that they can activate MEK/ERK cascade, 

which has negative role in regulating cell cycle progression and drug-induced apoptotic 

effects (Boldt et al., 2002). Due to the discoveries above, the modulative functions of 

MEK/ERK to efficacy of chemotherapeutic drugs seem to be considered cell line-

dependent and anti-cancer drug-dependent.  

1.6 Autophagy 

   Autophagy is a self-degradative progress that is essential for cellular homeostasis at 

critical time in development and in response to nutrient condition, oxidative stress and 

cytotoxicity(Glick et al., 2010) through clearing damaged organelles, degrading 

misfolded proteins, as well as eliminating intracellular pathogens. There are three 

commonly defined types of autophagy: micro-autophagy, macro-autophagy and 

chaperone- mediated autophagy, which are considered to be responsible for different type 

of cellular stress, respectively. Macroautophagy delivers cytoplasmic cargo to the 

lysosome against streess acquired by anti-cancer chemicals through intermediation by a 

double-membrane vesicle, refered to as an autophagosome, which can fuse with lysosome 

to form an autophogolysosome that finally be able to degreade and eliminate unnecessary 

intracellular components. For the procedure described above, several primary steps are 

necessary, such as formation of autophagosome and lysosome, as well as fusion of 

autophagosome and lysosome (Glick et al., 2010).      
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1.6.1 Autophagosome and lysosome 

    Autophagosome is a double-membrane spherical structure that is the key structure 

in macroautophagy. The initial step for formation of autophagosome needs endoplasmic 

reticulum, followed by elongation of structures called phagophores (Kruppa et al., 2016). 

The formation of autophagosome is controlled by Atg genes through conjugation of 

Atg12-Atg5 and LC3 (Microtubule-associated protein 1A/1B-light chain 3). LC3 proteins 

are originally identified as one of three light chains (LC1, LC2 and LC3). During the 

progress of formation of autophagosomal membrane, cytosolic LC3 (LC3-I) is 

conjugated to phosphatidylethanolamine (PE) (Sou et al., 2006) by two consecutive 

ubiquitylation-like reaction catalyzed by the E1-like enzyme Atg7 and E2-like enzyme 

Atg3 (Tanida et al., 2004, 2001) to LC3- II.  

   Lysosomes are intracellular membrane-bound organelles that receive misfolded 

proteins, damaged organelles and pathogens delivered by endocytosis, phagocytosis and 

autophagy for degradation and recycling to maintain intracellular homeostasis (Piao and 

Amaravadi, 2016). Although recent studies investigated by many research groups show 

that luminal lysosomal hydrolases, lysosomal membrane proteins have been found to 

have indispensable functions. Among these proteins, more than 25 proteins have been 

identified (Saftig and Klumperman, 2009), with the most abundant lysosomal membrane 

proteins, lysosome-associated membrane protein 1 (LAMP-1) and LAMP-2, which 

represent 50% of all the membrane proteins within the lysosome (Saftig et al., 2010). 

These proteins are essential for lysosomal biosynthesis, lysosomal acidification and 

fusion with autophagosome. Once maturation of autophagosome and lysosome occurs, 

lysosome serve as the terminal station with the most acidic pH of 4.5 for the lysosome-

related autophagic pathway.    

1.6.2 Involvement of PI3K in autophagy 

   In mammalian cells, there are different classes of PI3K (phosphatidylinositide 3-

kinase) that regulate autophagy. VPS34, a catalytic subunit of phosphatidylinositide 3-
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kinase complexes (Itakura et al., 2008), phosphorylates phosphatidylinotisol to form 

phosphatidylinotisol-3-phosphate (PtdIns3P), which enables the synthesis of 

autophagosomes. Vps34 has been found to play an essential role in endocytosis, 

autophagy and mTOR activation (Burman and Ktistakis, 2010), which has been 

established largely by the use of the pharmacological inhibitors wortmannin and 3-

methyladenine (3-MA) that are utilized as a suppressor to autophagy in many studies. 

However, due to these specificities of these inhibitors, the precise mechanism between 

Vps34 and anti-cancer reagent stills remains unclear.  

1.6.3 p62-dependent Nrf2/Keap1 noncononical pathway 

   The nuclear factor erytheroid-derived-2-like 2 (Nrf2)-Kelch-like like ECH-associated 

protein 1 (Keap1) pathway is a redox and xenobiotics sensitive signaling axis that protects 

cells against cellular toxicity, oxidative stress and harmful chemicals through the 

induction of cytoprotective detoxifying genes (Jiang et al., 2015). The crosslink between 

the Nrf2-Keap1-antioxidant-responsive elements (ARE) axis and autophagy was reported 

to have association with p62/sequestosome 1 (SQSTM1) and Keap1 several times 

(Komatsu et al., 2010a; Lau et al., 2010). However, in 2010, it is particularly discovered 

that p62 activates Nrf2 by a no-canical pathway (Lau et al., 2010). p62 regulates cellular 

redox hemostasis by binding to Keap1 and sequester Keap1 into the autophagosomes for 

degradation in an autophagy-dependent manner (Komatsu et al., 2010b), which attenuates 

the ubiquitylation of Nrf2, leading to its free accumulation and translocation into nuclear 

(noncanonical pathway) (Jiang et al., 2015). Hence, Nrf2 binds to ARE in the promoter 

regions of detoxifying and anti-oxidant genes (Ma, 2013), such as NQO-1 and HO-1.  

1.7 study outline 

    In the present study, I examined the effect of BITC on the 

phosphatidylinositide 3-kinase (PI3K)/Akt/forkhead box O (FoxO) survival pathway in 

human colorectal cancer cells (HCT-116, HT-29, DLD-1). I also investigated the 
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regulating role of autophagy in benzyl isothiocyanate (BITC)-induced Nrf2 activation, 

playing a pivotal role in the inducible expression of cytoprotective genes in human 

colorectal cancer HCT-116 cells and clarified the mediating role of PI3K in the 

autophagy-dependent Nrf2 activation by BITC. 

   My findings provide biological evidences that (1) BITC activates the 

PI3K/Akt/FoxO survival pathway, even though it significantly inhibits the proliferation 

in HCT-116 cells; (2) Inhibitory experiments using a PI3K selective inhibitor, 

LY294002 or NVP-BEZ235, significantly enhances the BITC-induced antiproliferation 

and apoptotic cell population with the attenuation of the activation of the PI3K/Akt/FoxO 

pathway; (3) BITC time- and dose-dependently induces autophagy, concomitantly with 

Nrf2 up-regulation in human colorectal cancer HCT-116 cells; (4) PI3K plays the key 

role in the autophagy-dependent Nrf2 activation by BITC in HCT-116 human colon 

cancer cells. Taken together, these studies propose that combinatory treatment with the 

PI3K inhibitors is a promising strategy to overcome resistance of food phytochemicals as 

well as anti-cancer agents, activating PI3K in human colon cancer cells. 
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CHAPTER 2 

Inhibition of phosphatidylinositide 3-kinase ameliorates antiproliferation by 

benzyl isothiocyanate in human colon cancer cells 

 

2.1 Introduction 

Phosphatidylinositide 3-kinase (PI3K), a heterodimer composed of a p110 catalytic 

subunit and a p85 regulatory subunit, catalyzes the phosphorylation of a plasma 

membrane lipid phosphatidylinositide-4,5-bisphosphate into phosphatidylinositide-

3,4,5-trisphosphates.  The phosphatidylinositide-4,5-bisphosphate phosphorylation by 

PI3K leads to the translocation and phosphorylation of Akt (Plastaras et al., 2008), a 

critical downstream target of PI3K which activates a variety of downstream targets 

including forkhead box O (FoxO) 1, mammalian target of rapamycin (mTOR), and 

ribosomal protein S6 (Schmidt et al., 2002).  Full activation of Akt is achieved after 

phosphorylation at the active site residues of Thr308 and Ser473 by phosphoinositide-

dependent kinase-1 and mTORC2, respectively (Comb et al., 2012).  Akt plays an 

important role in controlling cell survival, cell growth and cell proliferation (Zhang et 

al., 2016), possibly through modulating the function of numerous substrates, including 

mTORC1 (Troca-Marín et al., 2014), nuclear factor κB, and FoxO (Coomans de 

Brachène et al., 2014).  Among them, FoxO modulates the cell cycle arrest (induction 

of p21Cip1 and p27Kip1), apoptosis and DNA damage repair.   

Drug resistance, generally categorized as intrinsic or acquired, often limits the 

efficacy as well as outcome of chemotherapy.  In addition to the increasing efflux of 

the drug through ATP-dependent transporters (Gottesman et al., 2002), PI3K is another 

plausible molecule that mediates resistance to the chemotherapy drugs.  The PI3K-

mediated pathway is frequently activated (Boreddy et al., 2011; Fahy et al., 2003) and 

influences cell growth, survival and drug resistance (Jian et al., 2015) in a variety of 
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human cancer cells including colorectal cancer cells.  Excessive PI3K activation is 

mainly caused by genetic aberrations, such as the receptor-type tyrosine kinase 

overexpression, PIK3CA (PI3K catalytic subunit, alpha isoform) mutations and PTEN 

(Phosphatase and Tensin homolog deleted from chromosome 10) mutations and 

deletions, which are found in about 40% of large bowel tumors (Danielsen et al., 2015).  

Inhibition of PI3K with a classical inhibitor, wortmannin, reduced cell growth in a soft 

agar assay (Khaleghpour et al., 2004) and PI3K p85 knockdown increased the 

sensitivity to 5-fluorouracil in colon cancer cells (Sun et al., 2009).  Thus, the 

PI3K/Akt/FoxO pathway is one of the most attractive therapeutic targets to improve the 

therapeutic efficacy of anti-cancer drugs. 

Organosulfur compounds including isothiocyanates (ITCs) are an important and 

promising group of compounds that have a cancer-preventive property (Nakamura, 2009).  

Benzyl isothiocyanate (BITC), an ITC compound mainly derived from cruciferous 

vegetables, has been shown to have antiproliferative properties against a variety of cell 

lines including hepatocytes (Sugie et al., 1993), T lymphocytes (Miyoshi et al., 2004b), 

colon fibroblasts (Miyoshi et al., 2007), cervical epithelial cells(Miyoshi et al., 2008), 

renal proximal tubular cells (Abe et al., 2012), and colorectal cancer cells (Abe et al., 

2014; Sakai et al., 2012).  We previously found that BITC inhibits cell proliferation 

by inducing cell cycle arrest and apoptosis mainly via the mitogen-activated protein 

kinase (MAPK) pathways in several human cancer cell lines (Miyoshi et al., 2004b).  

However, the regulating role of the PI3K/Akt/FoxO pathway in antiproliferation by 

BITC in human colorectal cancer cells remains unclear. 

In the present study, we clarified the role of the PI3K/Akt/FoxO pathway in 

antiproliferation induced by BITC in human colorectal cancer cells.  We demonstrated 

that BITC inhibited the proliferation in human colorectal cancer HCT-116 cells, 

whereas it activated the PI3K/Akt/FoxO pathway.  Inhibitory experiments using a 
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PI3K selective inhibitor, LY294002 or NVP-BEZ235, indicated that inhibition of 

PI3K/Akt/FoxO ameliorates apoptotic cell death induced by BITC.  These results 

suggest that the PI3K/Akt/FoxO pathway negatively regulates the BITC-induced 

antiproliferation in human colorectal cancer cells.  The present results provide 

evidence that the combination of BITC with inhibitors of the survival pathway is a 

promising therapeutic strategy to overcome resistance. 
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2. 2Materials and methods  

2.2.1 Cell culture   

HCT-116 cells and HT-29were obtained from the American Type Culture Collection 

(Manassas, VA, USA). DLD-1 cells were obtained from Tohoku University Cell 

Resource Center for Biomedical Research (Miyagi, Japan). HCT-116, HT-29 and DLD-

1 cells were maintained in DMEM (Dulbecco's modified Eagle's medium, high glucose).  

All medium were supplemented with 10% heat-inactivated FBS and 1% 

penicillin/streptomycin.  Cells were grown at 37oC in an atmosphere of 95 % O2 and 

5 % CO2.   

2.2.2 Chemicals and antibodies   

BITC were purchased from LKT Laboratories, Inc. (St. Paul, MN, USA).  

Antibodies against phosphorylated-insulin receptor β (IRβ) (Y1150/Y1151), 

phosphorylated-PI3K (Y458), phosphorylated-Akt (S473), phosphorylated-Akt (T308) 

and Akt were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA).  

Antibodies against IRβ, PI3K, phosphorylated-Foxo (S256), Foxo, actin and horseradish 

peroxidase-linked anti-rabbit and anti-mouse IgGs were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA).  LY294002 and a protein-tyrosine phosphatase 

1B (PTP1B) inhibitor (CAS 765317-72-4, PTP1B inhibitor XXII) were purchased from 

Calbiochem (Darmstadt, Germany).  NVP-BEZ235 was purchased from Selleckchem 

(Houston, Texas, USA).  Annexin-V-FLUOS stain kit was purchased from Roche. 

(Mannheim, Germany).  Propidium iodide (PI) and protease inhibitor cocktail was 

purchased from Sigma-Aldrich (St. Louis, MO, USA).  Trypan blue stain was purchased 

from Life technologies (Carlsbad, CA, USA).  Fatal bovine serum (FBS) was purchased 

from Nichirei Corporation (Tokyo, Japan).  Bio-Rad Protein Assay was purchased from 

Bio-Rad Laboratories (Hercules, CA, USA).  Chemi-Lumi One Super was purchased 

from Nakalai Tesque Inc. (Kyoto, Japan).  All other chemicals were purchased from 

Wako Pure Chemical Industries (Osaka, Japan). 
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2.2.3 Trypan blue dye exclusion assay   

Trypan blue dye exclusion assay was carried out for quantitative analysis of cell 

viability.  Cell suspensions were mixed with 0.4% Trypan blue stain.  The total cells 

and viable cells (cells that excluded blue dye) were counted using a hemocytometer 

(Bürker-Türk, Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt, Germany) under a 

light microscope. 

2.2.4 Western blot analysis   

Cells were washed with ice-cold phosphate-buffered saline without calcium and 

magnesium (PBS (-)).  Whole-cell lysates were prepared in lysis buffer (20 mM Tris-

HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM NaH2PO4, 10 mM NaF, 

2 mM Na3VO4, 1 mM PMSF, 1% SDS, 1% Sodiumdeoxycholate and 1% Triton-X-100) 

containing protease inhibitor cocktail and left on ice for 20 min.  After sonication, 

lysates were centrifuged and the supernatant was used as whole-cell lysates.  Protein 

concentration in the supernatant was determined by the Bio-Rad protein assay.  Equal 

quantities of protein were subjected to SDS-PAGE and transferred to Immobilon-P 

membrane.  The membranes were blocked and then incubated with the primary antibody 

overnight at 4oC followed by an appropriate secondary antibody.  Secondary antibody 

binding was visualized using a Chemi-Lumi One Super.  Densitometric analysis of the 

bands was carried out using the Image J Software Program (National Institutes of Health, 

Bethesda, MD, USA). 

2.2.5 Cell apoptosis analysis   

Cells were washed with ice-cold phosphate-buffered saline without calcium and 

magnesium (PBS (-)) as describe above.  After centrifuge, cells were well suspended in 

Annexin-V-FLUOS stain kit solution and incubated in the dark at room temperature for 

15 min as described in the kit manufacture.  The stained HCT-116 cells were analyzed 

by a Tali™ image-based cytometer (Life Technologies).  
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2.2.6 Cell cycle analysis   

Cells were washed with ice-cold phosphate-buffered saline without calcium and 

magnesium (PBS (-)) as describe above.  After centrifuge, cells were suspended in PI 

solution (0.1% Triton X-100, 0.2 mg/ml RNase A, 20 μg/ml PI in Dulbecco's PBS). 

2.2.7 In vitro enzymatic activity assay 

Human recombinant PTP1B was incubated with the increasing concentrations of 

BITC and glutathione (1 mM) in the dark at 37oC for 30 min.  Reaction solution (37.5 

mM HEPES (pH 7.5), 150 mM NaCl, 2,5 mM EDTA, 0.5 mM DTT, 0.1 % BSA, 50mM 

p-Nitrophenyl Phosphate) was added and then incubated for 30 min at 37oC in the dark.  

After adding NaOH (1 N) to stop the reaction, absorbance was determined by a microplate 

spectrophotometer (Bio-Rad). 

2.2.8 Statistical analysis   

The data are expressed as the means ± standard deviation (S.D.) of at least three 

independent experiments and were analyzed using Student’s t-test or Tukey test for 

comparison between groups.  P values of < 0.05 were considered to be statistically 

significant.   
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2.3 Results 

2.3.1 BITC as an activator of the PI3K/Akt/FoxO survival pathway in human colon 

cancer cells   

The HCT-116 cell line is commonly used as a colorectal cancer model because it has 

loss-of-function mutations in PI3KCA (Mueller et al., 2012).  As previously reported 

(Sakai et al., 2012), BITC dose-dependently suppressed the viability of HCT-116 cells 

(Fig. 2.1A).  Western blot analysis unexpectedly showed that the treatment of 10 μM 

BITC for 1 h increased the Akt phosphorylation at Ser473, whereas its 24-h incubation did 

not affect it (Fig. 2.1A).  To confirm this phenomenon, the phosphorylated protein levels 

of dominant molecules in the PI3K/Akt/FoxO pathway, including IRβ, PI3K, Akt and 

FoxO1, was examined.  The 1-h incubation of BITC significantly and dose-dependently 

enhanced the levels of each phosphorylated protein (Fig. 2.1B&C&D).  The treatment 

with BITC potentiated the Akt phosphorylation not only at Thr308, but also at Ser473 as 

well as its downstream target, p-FoxO1, (Fig. 2.1B&C&D), suggesting that, even though 

BITC inhibits the proliferation in human colorectal cancer cells, it actually activates the 

PI3K/Akt/FoxO pathway.  
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Fig. 2.1 BITC activated the PI3K/Akt/FoxO survival pathway  

 

 

 

 

D 



21 

Fig. 2.1 BITC activated the PI3K/Akt/FoxO survival pathway. (A) Antiproliferative 

effect of BITC in HCT-116 human colorectal cancer cells.  HCT-116 cells were 

treated with the indicated concentrations of BITC for 48 h and cell viability was 

determined by trypan blue dye exclusion assay.  Effects of BITC on the expressions 

of the PI3K/Akt/FoxO signaling proteins in HCT-116 (B), HT-29 (C) and DLD-1 (D) 

cells.  HCT-116, HT-29 and DLD-1 cells were treated with the indicated concentration 

of BITC for 1 h.  Western blot analysis was performed for phosphorylated and total 

proteins of IR, PI3K, Akt and FoxO1 as well as actin. The values represent means ± 

S.D. of three separate experiments (*P < 0.05 compared with control; Student’s t-test). 

2.3.2 Enhancement of antiproliferative effect of BITC by the PI3K inhibitors   

We examined whether the antiproliferative effect of BITC is enhanced by the 

inhibition of PI3K.  A PI3K inhibitor, LY294002, and a dual PI3K/mTOR inhibitor, 

NVP-BEZ235, were utilized in combination with the BITC treatment.  As shown in Fig. 

2.2A, LY294002 and NVP-BEZ235 significantly enhanced the BITC-induced 

antiproliferation with the increasing concentration of BITC, as well as in HT-29 (D) and 

DLD-1 (F) by LY294002 only.  We next clarified the mechanism underlying the 

enhancement of the BITC-induced antiproliferation by the PI3K inhibitors, LY294002 

and NVP-BEZ235.  As shown in Figs. 2.2B and 2.2C, both LY294002 and NVP-

BEZ235 significantly enhanced the apoptosis induction by BITC, whereas they alone had 

A 
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no effects, suggesting that the effect of these inhibitors is synergistic. LY294002 only 

showed the similar effects on BITC-induced apoptosis in HT-29 (E) and DLD-1 (G) cells.   

Consistently, as shown in Fig. 2.2C, 10 μM LY294002 and 200 nM NVP-BEZ235 

significantly potentiated the increased ratio of the Sub-G1 cell population by BITC, 

whereas they had no effects on the ratio of other cell cycle populations, such as G1, S and 

G2/M.  
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Fig. 2.2 PI3K inhibitors enhanced the antiproliferative effect of BITC 

Fig. 2.2 PI3K inhibitors enhanced the antiproliferative effect of BITC. (A, D and F) PI3K 

inhibitors further decreased the cell viability. Cells were pre-treated with LY294002 (10 

μM, A, D and F) and NVP-BEZ235 (200 nM, A) for 1 h and incubated with the indicated 

concentrations of BITC for 48 h.  Cell viability was determined by trypan blue dye 

exclusion assay.  The values represent means ± S.D. of three separate experiments.  

Different letters above the bars indicate significant differences among treatments for 

each compound (P > 0.05).  (B, C, E and G) PI3K inhibitors enhanced the BITC-

induced apoptotic cell death.  Cells were pre-treated with LY294002 (10 μM, B, E and 

G) or NVP-BEZ235 (200 nM, B) for 1 h and incubated with or without BITC (10 μM) 

for 48 h.  Apoptosis was detected by an Annexin-V-FLUOS stain kit and analyzed by 

a Tali™ image-based cytometer.  (D) PI3K inhibitors enhanced the BITC-induced 

appearance of the sub-G1 population.  HCT-116 cells were pre-treated with LY294002 

(10 μM) or NVP-BEZ235 (200 nM) for 1 h and incubated with or without BITC (10 μM) 

for 48h.  Cell cycle analysis was done by PI staining and Tali™ image-based cytometer.  

The values represent means ± S.D. of three separate experiments.  Data were analyzed 

by a one-way ANOVA followed by Tukey’s HSD using XLSTAT software.  Different 

letters above the bars indicate significant differences among treatments for each 

compound (P > 0.05). 
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2.3.3. Attenuation of the BITC-induced PI3K/Akt/FoxO pathway by the PI3K inhibitors  

Since the PI3K inhibitors, LY294002 and NVP-BEZ235, significantly enhanced the 

apoptosis induction by BITC, we next confirmed that these two inhibitors actually 

attenuate the PI3K/Akt/FoxO survival pathway.  As shown in Fig. 2.3A&C&D, 

LY294002 significantly inhibited the BITC-induced phosphorylation of Akt at both 

Thr308 and Ser473 and its downstream target FoxO.  Similarly, but more potently, the dual 

PI3K/mTORC2 inhibitor, NVP-BEZ235, attenuated the BITC-induced phosphorylation 

of Akt and FoxO (Fig. 2.3B).  Compared to the effect of LY294002, NVP-BEZ235 

completely diminished the phosphorylation of Akt at Ser473 and FoxO, which might be 

due to the dual inhibitory function against PI3K and mTORC2.  
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Fig. 2.3.  PI3K inhibitors suppressed the BITC-induced phosphorylation of Akt and 

FoxO 

Fig. 2.3.  PI3K inhibitors suppressed the BITC-induced phosphorylation of Akt and 

FoxO.  Cells were pre-treated with LY294002 (10 μM, A, C and D) or NVP-BEZ235 

(200 nM, B) for 1 h and incubated with the indicated concentrations of BITC for 1 h.  

Western blot analysis was performed for the phosphorylated and total proteins of Akt 

and FoxO1 as well as actin.  The values represent means ± S.D. of three separate 

D 
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experiments.  Different letters above the bars indicate significant differences among 

treatments for each compound (P > 0.05, Tukey’s HSD). 

2.3.4. Inhibition of MEK/ERK pathway failed to enhance antiproliferation by BITC 

Mitogen-activated protein kinases (MAPKs) are serine-threonine kinases that 

mediate intracellular signaling associated with a variety of cellular activities (Saltiel and 

Kahn, 2001).  Contrast to other MAPKs but similar to the PI3K/Akt pathway, the 

MEK/ERK signaling cascade plays a significant role cell growth and differentiation (Kim 

and Choi, 2010; Zhang and Liu, 2002), which is activated by receptor tyrosine kinases 

(RTK), including insulin receptor (Boucher et al., 2014; Saltiel and Kahn, 2001; Zhang 

et al., 2011).  Since BITC significantly enhanced the phosphorylation of IRβ, we 

examined whether the ERK pathway is activated by BITC and modulate the BITC-

induced antiproliferation.  As shown in Figs. 2.4A, BITC significantly enhanced the 

phosphorylation of ERK and PD98059, a MEK inhibitor, significantly inhibited the 

enhanced p-ERK level.  However, co-treatment of BITC with PD98059 failed to affect 

the BITC-induced antiproliferation (Fig. 2.4B and 2.4C).  Consistently, the treatment of 

PD98059 had no effect on the ratio of the apoptosis population as well as normal cell 

population.  
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Collectively, the BITC-enhanced ERK signaling pathway could be ruled out in 

the negative regulation of the BITC-induced antiproliferation. 
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Fig. 2.4 Inhibition of MEK/ERK pathway failed to enhance antiproliferation by BITC 

Fig 2.4 Inhibition of MEK/ERK pathway failed to enhance antiproliferation by BITC. 

(A) PD98059 attenuated the BITC-induced phosphorylation of ERK.  HCT-116 cells 

were pre-treated with PD98059 (10 μM) for 1 h and incubated with the indicated 

concentrations of BITC for 1 h.  Western blot analysis was performed for the 

phosphorylated and total proteins of ERK as well as actin.  The values represent means 

± S.D. of three separate experiments.  Different letters above the bars indicate 

significant differences among treatments for each compound (P > 0.05, Tukey’s HSD).   

(B) A MEK inhibitor failed to enhance BITC-induced antiproliferation. HCT-116 cells 

were pre-treated with or without PD98059 (10 μM) for 1 h and incubated with the 

indicated concentrations of BITC for 48 h.  Cell viability was determined by trypan 

blue dye exclusion assay.  The values represent means ± S.D. of three separate 

experiments (*P < 0.05 compared with control; Student’s t-test).  (C) PD98059 failed 

to enhance the BITC-induced apoptosis.  HCT-116 cells were treated with PD98059 

(10 μM) for 1 h and incubated with or without BITC (10 μM) for 48 h.  Apoptosis was 

detected by an Annexin-V-FLUOS stain kit and analyzed by a Tali™ image-based 

cytometer.  The values represent means ± S.D. of three separate experiments.  

Different letters above the bars indicate significant differences among treatments for 

each compound (P > 0.05, Tukey’s HSD). 
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2.3.5. Potentiation of the PI3K/Akt/FoxO pathway by BITC through PTP1B inhibition   

PTP1B has been suggested as an attractive target to improve insulin sensitivity by 

modulation of the downstream kinase cascade in different cell types (Través et al., 2014).  

As shown in Fig. 2.4A, BITC inhibited the human recombinant PTP1B enzyme activity 

in a dose-dependent manner.  Consistently, BITC potentiated the phosphorylation levels 

of IRβ, PI3K and Akt at Ser473 not only at the basal level, but also at the insulin-enhanced 

level (Figs. 2.4B).  This tendency is quite similar to that of PTP1B inhibitor XXII, 

suggesting that BITC enhanced the PI3K/Akt/FoxO pathway by a mechanism similar to 

that of the PTP1B inhibitor.  
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Fig. 2.5. BITC potentiated the activation of the PI3K/Akt/FoxO pathway by PTP1B 

inhibition 

Fig. 2.5. BITC potentiated the activation of the PI3K/Akt/FoxO pathway by PTP1B 

inhibition. (A) BITC inhibited PTP1B enzymatic activity in vitro.  Human recombinant 

PTP1B was incubated with the indicated concentrations of BITC and glutathione (1 mM) 

for 30 min at 37oC in the dark, then incubated with reaction solution in the dark at 37oC 

for 10 mins.  After adding NaOH (1 N) to stop the reaction, absorbance was measured 

by a microplate spectrophotometer.  The values represent means ± S.D. of three 

separate experiments (*P < 0.05 compared with control; Student’s t-test).  (B) BITC 

enhanced the insulin-induced phosphorylation of PI3K/Akt/FoxO signaling proteins.  

HCT-116 cells were pre-treated with PTP1B inhibitor (20 μM) or BITC (10 μM) for 1 h 

and incubated with or without insulin (200 nM) for 10 min.  Western blot analysis was 

performed for the phosphorylated and total proteins of IR, PI3K, Akt and FoxO1 as well 

as actin. The values represent means ± S.D. of three separate experiments.  Different 

letters above the bars indicate significant differences among treatments for each 

compound (P > 0.05, Tukey’s HSD) 
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2.4. Discussion  

As already mentioned, BITC has been shown to have antiproliferative properties 

against various cell lines including colorectal cancer cells (Abe et al., 2014; Sakai et al., 

2012).  Consistent with these reports, we also observed that BITC significantly inhibited 

the viability of human colorectal cancer HCT-116 cells (Fig. 2.1A).  At the same time, 

BITC significantly potentiated the phosphorylation of the member proteins in the 

PI3K/Akt/FoxO pathway.  BITC not only enhanced the phosphorylation of IRβ, but also 

initiated a cascade of phosphorylation events, resulting in the phosphorylation of PI3K 

and Akt at Thr308 (Fig. 2.1B).  BITC also enhanced the level of p-AktS473, suggesting 

that Akt is fully activated and led to the phosphorylation of its downstream target, FoxO1.  

BITC enhanced PI3K/Akt/FoxO not only in HCT-116 cells, but also in another two 

human colorectal cancer cell line, HT-29 and DLD-1 (Fig. 2.2C and 2.2D).  Previous 

studies showed that the treatment of BITC for 24 h or the longer period could decrease 

the phosphorylation levels of PI3K and Akt in HT29 cells (Lai et al., 2010) as well as in 

human pancreatic cancer cell lines (Boreddy et al., 2011), whereas the effect of its 

incubation for less than a few hours remained to be determined.  To the best of our 

knowledge, this is the first report showing the activation of the IRβ/PI3K/Akt/FoxO axis 

by BITC in human colorectal cancer cells. 

The PI3K/Akt/FoxO pathway is one of the most famous cell survival pathways that 

negatively regulate the anti-proliferation and apoptosis induction by anti-tumor agents 

(Jian et al., 2015).  It has been reported that anti-tumor agents inhibit cell proliferation 

by induction of apoptosis through inhibition of the PI3K/Akt/FoxO pathway in human 

pancreatic (Boreddy et al., 2011) and colorectal cancer cells (Luo et al., 2013), in which 

the phosphorylated proteins of PI3K, Akt and FoxO are highly expressed.  The fact that 

BITC enhanced the PI3K/Akt/FoxO pathway (Fig. 2.1B, 2.1C and 2.2D) led to the 

hypothesis that the PI3K/Akt/FoxO survival pathway is not involved in the 

antiproliferation mechanism, but rather contributes to the resistance against BITC.  
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This idea was supported by the observation that the antiproliferation by BITC was 

significantly enhanced by the PI3K inhibitors at a non-cytotoxic concentration (Fig. 

2.2A, 2.2D and 2.2F), but sufficient for attenuation of the Akt phosphorylation (Figs. 

2.3A, 2.3B, 2.3C and 2.3D).  Furthermore, the combination with the PI3K inhibitors 

synergistically enhanced the BITC-induced apoptosis in HCT-116, HT-29 and DLD-1 

cells (Figs. 2.2B, 2.2E and 2.2G).  A similar result was also obtained by a cell cycle 

analysis (Fig. 2.2C). These results suggested that the inhibition of the PI3K/Akt/FoxO 

pathway might contribute to enhancement of the apoptosis-inducing signaling in human 

colorectal cancer cells.  Another essential signaling pathway branched from IR is the 

MAPK/ extracellular signal-regulated kinase (ERK) kinase (MEK)/ERK signaling 

cascade, which also plays a significant role in cell growth and differentiation (Kim and 

Choi, 2010; Zhang and Liu, 2002).  Although BITC enhanced the phosphorylation of 

ERK in HCT-116 cell lines, the MEK inhibitor, PD98059, had no effect on the 

antiproliferation and apoptosis induction by BITC (Fig. 2.4B and 2.4C), suggesting that 

the ERK signaling cascade could be ruled out in the mechanism of the BITC resistance. 

The endoplasmic reticulum-targeted protein tyrosine phosphatase PTP1B is 

particularly essential in the IR regulation due to its ability to dephosphorylate the 

phosphorylated IR, thereby switching off insulin signaling.  PTP1B regulates a wide 

variety of cellular processes including cell growth, cell proliferation and 

apoptosis/survival decisions (Koren and Fantus, 2007).  Mice lacking the PTP1B 

enzyme activity exhibit an enhanced insulin sensitivity, attributable to an increased IR 

phosphorylation in the liver and muscle (Elchebly et al., 1999).  We demonstrated that 

BITC dose-dependently inhibited the human recombinant PTP1B activity in vitro (Fig. 

2.5A).  Consistently, BITC as well as the PTP1B inhibitor enhanced the 

phosphorylation of the downstream targets (Fig. 2.5B).  These results strongly 

suggested that BITC might sensitize not only the basal activation, but also the insulin-
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induced activation of the PI3K/Akt/FoxO pathway, possibly through the PTP1B 

inhibition.   

In conclusion, we demonstrated the negative regulating role of the PI3K/Akt/FoxO 

pathway in antiproliferation induced by BITC in human colorectal cancer cells.  

Inhibitory experiments using the PI3K inhibitors at a non-toxic concentration indicated 

that inhibition of the PI3K/Akt/FoxO pathway synergistically ameliorates the apoptotic 

cell death induced by BITC.  The present results provide evidence that the 

combination with inhibitors of the PI3K/Akt/FoxO survival pathway is a promising 

therapeutic strategy to overcome resistance against food-derived anticancer compounds.  

Future efforts will be concerned with further understanding the signaling pathway of 

the apoptosis induction as well as the in vivo significance of the ameliorating effect of 

the PI3K inhibitors on several rodent models. 
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CHAPTER 3 

A link between benzyl isothiocyanate-induced autophagy and Nrf2/Keap1 

regulation in human colon cancer cells 

3.1 Introduction 

Nuclear factor-erythroid 2 (NF-E2)-related factor 2 (Nrf2)-kelch-like ECH-

associated protein 1 (Keap1)-antioxidant response element (ARE) pathway plays a 

pivotal role in the inducible expression of cytoprotective genes in response to oxidative 

stress, environmental xenobiotics, and toxic chemicals.(Nakamura and Miyoshi, 2010)  

Keap1-Cul3 E3 ubiquitin ligase complex mediates the proteasomal degradation of Nrf2 

under basal conditions, whereas, under stress conditions, Nrf2 is translocated into 

nucleus in a Keap1-dependent or -independent manner, followed by transcriptional 

activation of ARE genes.  Oxidative stress and electrophilic chemicals specifically 

target reactive cysteine residues of Keap1 and lead to release of Nrf2 from the Nrf2-

Keap1-Cul3 complex through its conformational change and thus enhanced Nrf2 

nuclear translocation (Keap1-dependent canonical pathway).(Qin and Hou, 2016)   

Autophagy is a physiological pathway for lysosomal degradation and recirculation 

in which cellular components, misfolded proteins, and damaged organelles are delivered 

to double-membrane vesicles called autophagosomes.(Sui et al., 2011)  Autophagy is 

also induced by a variety of stresses, including oxidative stress, ER stress, pathogens, or 

nutrient deprivation to defend against them and thus preserves cellular homeostasis.  

Selective substrate adaptor proteins, such as p62/sequestosome 1(SQSTM1), have been 

shown to facilitate degradation of specific proteins through autophagy,(Ichimura et al., 

2008) in addition to its non-selective degradation role.  p62 binds directly to 

microtubule-associated protein 1 light chain 3 (LC3), a representative marker of the 

autophagosome, that is cleaved (LC3-I) and conjugated to phosphatidylethanolamine 

(LC3-II).(Pankiv et al., 2007)  p62 interacts with ubiquitylated protein aggregates and 

delivers them to the autophagosomes,(Jiang et al., 2015) indicating an important role for 
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p62 in autophagic protein degradation.  Although the Keap1-dependent canonical Nrf2 

regulation is regarded as the primary mode of action for cytoprotection, p62 also 

regulates the activation of Nrf2 signaling pathway by Keap1 binding and transferring into 

the autophagosomes for degradation in an autophagy-dependent manner (noncanonical 

pathway).(Ma, 2013; Wasik et al., 2017)   

Isothiocyanates (ITCs), derived from various cruciferous vegetables, are regarded 

as potential preventive agents against carcinogenesis, because they are capable of up-

regulating the xenotiotic-detoxifying enzymes, inducing apoptosis, and inhibiting cell 

cycle progression.(Nakamura and Miyoshi, 2010)  Benzyl isothiocyanate (BITC), an 

ITC compound from papaya seeds,(Nakamura et al., 2007a) has been shown not only 

to inhibit cell proliferation in T lymphocytes,(Miyoshi et al., 2004b) renal proximal 

tubular cells,(Abe et al., 2012) and colorectal cancer cells,(Abe et al., 2014; Sakai et al., 

2012) but also to induce the phase 2 drug-metabolizing enzyme.(Nakamura et al., 2000)  

BITC has recently been reported to induce autophagy in human lung cancer cells(Zhang 

et al., 2017) and human breast cancer cells.(Xiao et al., 2012)  Although Keap1 is 

thought to be the major target for Nrf2 activation by ITCs such as sulforaphane, the 

regulating role of autophagy in BITC-induced Nrf2 activation remains unclear.  

In this study, we demonstrated that BITC dose-dependently induced autophagy 

and p62 expression, concomitantly with Keap1/Nrf2 modulation in human colorectal 

cancer HCT-116 cells.  We also clarified the mediating role of phosphatidylinositide 

3-kinase (PI3K) between autophagy induction and Nrf2 activation by BITC.   
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3.2 Materials and Methods  

3.2.1Cell Culture.  

HCT-116 cells were obtained from the American Type Culture Collection (Manassas, 

VA, USA).  HCT-116 cells were maintained in DMEM (Dulbecco's modified Eagle's 

medium, high glucose).  All medium were supplemented with 10% heat-inactivated 

FBS and 1% penicillin/streptomycin.  Cells were grown at 37oC in an atmosphere of 

95 % O2 and 5 % CO2.   

3.2.2 Chemicals and Antibodies.  

BITC were purchased from LKT Laboratories, Inc. (St. Paul, MN, USA).  Antibodies 

against LC3B, LAMP1 and Nrf2 were purchased from Cell Signaling Technology, Inc. 

(Beverly, MA, USA). Antibodies against Keap1, P62, actin and horseradish peroxidase-

linked anti-rabbit, anti-mouse and anti-goat IgGs were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA).  Wortmannin and protease inhibitor cocktail 

was purchased from Sigma-Aldrich (St. Louis, MO, USA).  Fatal bovine serum (FBS) 

was purchased from Nichirei Corporation (Tokyo, Japan).  Bio-Rad Protein Assay was 

purchased from Bio-Rad Laboratories (Hercules, CA, USA).  Chemi-Lumi One Super 

was purchased from Nakalai Tesque Inc. (Kyoto, Japan).  All other chemicals were 

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

3.2.3 Western Blot Analysis.  

   See chapter 2. 

3.2.4Immunofluorescence.  

Cells were incubated in 4% Paraformaldehyde (PFA)/PBS for 30 min. After fixation, cells 

were incubated in 0.05% TritonX-100/PBS for 10 min and then incubated in 3% 

BSA/PBS for 1h. Cells were incubated with the primary antibody overnight at 4oC 

followed by an appropriate secondary antibody conjugated with FITC. After wash by 

distilled water, cells were mounted by Fluoroshield Mounting Medium with DAPI and 

visualized under fluorescence microscope (Keyence).  



41 

3.2.5MDC staining.  

Cells were washed with ice-cold phosphate-buffered saline without calcium and 

magnesium (PBS (-)). Autophagic vacuoles were then labeled with dansylcadaverine 

(MDC) by incubating cells with 0.05 mM MDC at 37oC for 10 min. After incubation, 

cells were visualized under fluorescence microscope (Keyence). 

3.2.6 RNA extraction and RT-PCR.  

Total RNA was extracted using Trizol reagent according to the manufacturer’s manual 

and reverse transcribed to cDNA using ReverTra Ace.  PCR amplification was then 

performed with Taq polymerase.  Primers used in PCR amplification are as follows: 

human hemeoxygenase 1 (hHO-1), (F) 5’-AAGATTGCCCAGAAAGCCCTGGAC-3’ 

and (R) 5’-AACTGTCGCCACCAGAAAGCTGAG-3’; human β-actin, (F) 5’-

GTCACCCACACTGTGCCCATCTA-3’ and (R) 5’-

GCAATGCCAGGGTACATGGTGGT -3’.  The PCR product were separated on an 

agarose gel (3%), stained with ethidium bromide, and visualized under UV light.  The 

relative densities of bands were measured using Image J Software Program. 

3.2.7 Statistical Analysis.  

The data are expressed as the means ± standard deviation (S.D.) of at least three 

independent experiments and were analyzed using Student`s t-test or Tukey test for 

comparison between groups. P values of < 0.05 were considered to be statistically 

significant.   
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3.3 Results 

3.3.1 BITC induced the accumulation of autophagic molecules in HCT-116 cells 

Initial experiments using human colorectal cancer cells showed that BITC enhanced 

the protein levels of representative molecules of autophagy, including p62, LAMP1 as 

well as the conversion of LC3BI into LC3BII in a time-dependent manner up to 12 h (Fig. 

3.1A).  As shown in Figs. 3.1B, BITC dose-dependently enhanced protein levels of 

LC3BII and LAMP1, which suggested that BITC might induced the formation of 

autophagosome and lysosome. In addition, due to recent studies that the crosslink 

between Nrf2-Keap1-ARE axis with autophagy, I also found that BITC concomitantly 

induced p62 and Nrf2 up-regulation and Keap1 down-regulation.  These results 

suggested that BITC induced not only autophagy, but also Nrf2 pathway activation in 

HCT-116 cells.   
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Fig.3.1 BITC enhanced protein levels of representative molecules of autophagy and 

activated p62-related Nrf2/Keap1 pathway 

Fig.3.1 BITC enhanced protein levels of representative molecules of autophagy and 

activated p62-related Nrf2/Keap1 pathway. (A). Time-dependent induction of auphagic 

molecules by BITC. HCT-116 cells were treated with the indicated period of 20 μM 

BITC. Western blot analysis was performed for proteins of p62, LC3B and LAMP1 as 

well as actin. (B). Induction of autophagic molecules by BITC in HCT-116 cancer cells. 

HCT-116 cells were treated with the indicated concentrations of BITC for 12 h. Western 

blot analysis was performed for proteins of LC3B and LAMP1 as well as actin. (C) 

Activation of p62-Nrf2-Keap1 axis by BITC. HCT-116 cells were treated with the 

indicated concentrations of BITC for 12 h. Western blot analysis was performed for 

proteins of p62, Nrf2 and Keap1 as well as actin. The values represent means ± S.D. of 

three separate experiments (*P < 0.05 compared with control; Student’s t-test). 

3.3.2 BITC induced the accumulation of autophagic compartments in HCT-116 cells 

To further examine BITC-induced autophagy, we performed immunostaining with 

anti-LC3B and anti-LAMP1 antibodies. HCT-116 cells were treated with BITC for 12 h. 

Immunocytochemistry experiments showed that the incubation of BITC for 12 h resulted 

in the increment in puncta of LC3B and LAMP1 (Fig. 3.2A) , further supporting the idea 

that BITC induces the formation of autophagosome and lysosome. The cytosolic MDC 

staining observed under fluorescence microscope were determined that revealed BITC 
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induced accumulation of autophagic vacuoles in a dose-dependent manner (Fig. 3.2B).  
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Fig. 3.2 BITC induced formation and accumulation of autophagic compartments in 

HCT-116 cancer cells 

Fig. 3.2 BITC induced formation and accumulation of autophagic compartments in 

HCT-116 cancer cells. (A). BITC induced formation of autophagome and lysosome. 

HCT-116 cells were treated with the indicated concentrations of BITC for 12 h. cells 

were immuno-fluorescently labeled and imaged using a fluorescence microscope. LC3B 

and LAMP1 represents formation of autophagosome and lysosome, respectively. (B) 

Induction of autophagic vacuoles by BITC. HCT-116 cells were treated with the 

indicated concentrations of BITC for 12 h before MDC staining. Cells were visualized 

under fluorescence microscope. The number of cells with a granular positive MDC 

staining was counted (a minimum of 100 cells/sample). The values represent means ± 

S.D. of three separate experiments (*P < 0.05 compared with control; Student’s t-test). 
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3.3.3 PI3K inhibitor wortmannin attenuated BITC-enhanced conversion of LC3B and 

autophagic vacuoles in HCT-116 cells. 

Class III PI3K (PIK3C3/Vps34) has been strongly implicated in autophagic 

processes in mammals.(Itakura et al., 2008)  Both LC3B and p62 are prerequisite for the 

biosynthesis of autophagosome, which is also regulated by PI3K.(Kim and Choi, 2010)  

Wortmannin, a selective PI3K inhibitor, has been reported to possess effects on the 

inhibition of autophagy in diverse cancer cell lines.(Huang et al., 2016; Zhou et al., 2017; 

Zhu et al., 2017)  As shown in Fig. 3.2B, wortmannin significantly attenuated the BITC-

induced conversion of LC3B in a non-cytotoxic concentration (Fig. 3.2A), implying that 

PI3K is involved in the BITC-induced autophagy in HCT-116 cells. In addition, MDC 

staining results, as shown in Fig 3.3C, suggested wortmannin significantly attenuated 

the BITC-induced autophagic vacuoles in HCT-116 cells. 
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Fig. 3.3 Wortmannin attenuated BITC-induced conversion of LC3B and autophagic 

vacuoles in HCT-116 cells. 

Fig 3.3 Wortmannin attenuated BITC-induced conversion of LC3B and autophagic 

vacuoles in HCT-116 cells. (A). Wortmannin (50nm) had no effects on cell viability in 

HCT-116 cells. HCT-116 cells were pre-treated with wortmannin (50 nM) for 1 h and 

incubated with the indicated concentrations of BITC for 24 h. Cell viability was measured 

by MTT assay. (B). Wortmannin attenuated BITC-induced autophagic molecules. HCT-

116 cells were pre-treated with wortmannin (50 nM) for 1 h and incubated with the 

indicated concentrations of BITC for 12 h.  Western blot analysis was performed for 

proteins of LC3B as well as actin. (C). Wortmannin attenuated BITC-induced 

autophagic vacuoles. HCT-116 cells were pre-treated with wortmannin (50 nM) for 1 h 

and incubated with the indicated concentrations of BITC for 12 h before MDC staining. 

Cells were visualized under fluorescence microscope. The number of cells with a 

granular positive MDC staining was counted (a minimum of 100 cells/sample). The 

values represent means ± S.D. of three separate experiments.  Different letters above 

the bars indicate significant differences among treatments for each compound (P > 0.05, 

Tukey’s HSD). 

3.3.4 PI3K inhibitor wortmannin attenuated BITC-induced p62-Nrf2-Keap1 pathway in 

HCT-116 cells. 

We next examined whether the PI3K inhibitor could affect the Keap1/Nrf2 

pathway.  As shown in Fig. 2, wortmannin completely impaired the BITC-induced 

accumulation of protein levels of p62 and Nrf2, coincided with the full recovery of down-

regulated Keap1 (Fig. 3.4A).  Furthermore, wortmannin significantly impaired the 

BITC-induced up-regulation of the gene expression of HO-1, one of the representative 

Nrf2-regulated genes (Fig. 3.4B).  These results suggested that PI3K plays the key role 

in the autophagy-dependent Nrf2 activation by BITC. 
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Fig. 3.4 PI3K inhibitor wortmannin attenuated BITC-induced p62-Nrf2-Keap1 pathway 

in HCT-116 cells 
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Fig. 3.4 PI3K inhibitor wortmannin attenuated BITC-induced p62-Nrf2-Keap1 

pathway in HCT-116 cells. (A). Wortmannin attenuated BITC-induced actication of 

p62-Nrf2-Keap1 pathway. HCT-116 cells were pre-treated with wortmannin (50 nM) for 

1 h and incubated with the indicated concentrations of BITC for 12 h.  Western blot 

analysis was performed for proteins of p62, Nrf2 and Keap1 as well as actin. (B). 

Wortmannin attenuated BITC-induced HO-1 gene expression. HCT-116 cells were pre-

treated with wortmannin (50 nM) for 1 h and incubated with the indicated concentrations 

of BITC for 12 h.  RT-PCR was performed for HO-1 as well as actin.   The values 

represent means ± S.D. of three separate experiments.  Different letters above the bars 

indicate significant differences among treatments for each compound (P > 0.05, 

Tukey’s HSD). 
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Discussion  

   Autophagy is responsible for scavenging and degrading of damaged organelles, long-

lived proteins, for misfolded proteins, which also plays an essential role in eliminating 

intracellular pathogens to maintain the cellular longevity (Mizushima et al., 2008). Given 

its critical roles, it is extremely important to investigate its underlying mechanism in 

cancer cells. In the present study, we found BITC dose-dependently induced 

accumulation of autophagic molecules (Fig.3.1 B), which reached the maximum level at 

12 h. (Fig. 3.1A). Moreover, we morphologically confirmed that BITC induced not only 

the formation of autophagosome and lysosome (Fig. 3.2A) but also the formation of 

autophagic vacuoles (Fig. 3.2B). On the other hand, induction of p62 by BITC (Fig. 3.1A) 

suggested that p62/Nrf2 pathway might be involved in BITC-induced autophagy in HCT-

116 cells. Surprisingly, our results indicated that p62-Nrf2-Keap1 axis was activated by 

a noncanonical pathway (Fig.3.1C). 

     In general, both LC3B and p62 are necessarily required for the biosynthesis of 

autophagosome which is regulated by PI3-kinase (Funderburk et al., 2010). Once we 

found that BITC induced autophagy in HCT-116 cells, we hypothesized that PI3K might 

be involved in BITC-induced autophagy. The idea was supported by the investigation that 

PI3K inhibitor wortmannin inhibited the accumulation of LC3B (Fig. 3.3A), autophagic 

vacuoles (Fig. 3.3B) and p62 (Fig. 3.4A) in a non-toxic concentration (Fig. 3.3A), 

indicating that PI3K was involved in the mechanism in BITC-induced autophagy. On the 

other hand, the inhibition of BITC-induced accumulation of p62 by wortmannin also 

attenuated BITC-induced noncanonical p62-Nrf2-Keap1 pathway (Fig. 3.4 A). The 

noncanonical Nrf2/Keap1 pathway contributes to the activation of Nrf2, which was also 

confirmed by the found that inhibition of Nrf2 by equivalent amount of wortmannin 

resulted in attenuation of BITC-induced HO-1 gene expression (Fig. 3.4 B). These results 

suggested that BITC triggered autophagic effect in PI3K-associated mechanism through 

a p62-dependent Nrf2/Keap1 pathway in HCT-116 cells.   
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In conclusion, we demonstrated that BITC activated the Nrf2 pathway in an 

autophagy-dependent manner (noncanonical pathway) in human colorectal cancer HCT-

116 cancer cells.  The present data suggested that PI3K plays an essential role in 

association between Nrf2/Keap1 pathway and autophagy in HCT-116 cells.  Drug 

resistance often limits the efficacy as well as outcome of chemotherapy.  The 

increasing metabolism and efflux of the drug as well as PI3K mediates resistance to the 

chemotherapy drugs.(Gottesman et al., 2002)  The PI3K-mediated pathway is 

frequently activated(Boreddy et al., 2011; Fahy et al., 2003) and influences cell growth, 

survival and drug resistance(Jian et al., 2015) in a variety of human cancer cells 

including colorectal cancer cells.  Nrf2 activation also can enhance the resistance of 

cancer cells to chemotherapeutic drugs.(Huang et al., 2015; Nakamura and Miyoshi, 

2010)  Therefore, the present results provide evidence that the combination with the 

PI3K inhibitor is a potential strategy to overcome resistance against food-derived 

anticancer compounds activating the Nrf2 pathway.   
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CONCLUSION 

    In the present study, the role of the PI3K/Akt/FoxO pathway in antiproliferation 

induced by BITC was investigated in human colorectal cancer cells. I also investigated 

the role of PI3K in BITC-related autophagy and its association with autophagy-related 

Nrf2/Keap1 pathway in human colorectal cancer cells. 

    

 In chapter 2, the role of the PI3K/Akt/FoxO pathway in antiproliferation induced 

by BITC in human colorectal cancer cells was investigated. The results are summarized 

as followed 

(1) BITC exhibited anti-proliferative effect on human HCT-116 cells, whereas 

simultaneously activated PI3K/Akt/FoxO survival pathway in HCT-116, HT-

29 and DLD-1 human colon cancer cells. 

(2) Inhibition of PI3K/Akt pathway enhanced BITC-induced anti-proliferation in 

HCT-116, HT-29 and DLD-1 cells. 

(3) MEK/ERK pathway was ruled out in the mechanism of BITC-induced drug 

resistance in human colon cancer cells. 

(4) BITC significantly decreased PTP1B enzyme activity and enhanced sensitivity 

to insulin-induced PI3K/Akt/FoxO pathway as a PTP1B inhibitor. 

The present results provide evidence that the combination with inhibitors of the 

PI3K/Akt/FoxO survival pathway is a promising therapeutic strategy to overcome 

resistance against food-derived anticancer compounds. 

    In chapter 3, I investigated the effect of BITC on autophagy in HCT-116 colon 

cancer cells and the role of PI3K in BITC-related autophagy and its association with 

autophagy-related Nrf2/Keap1 pathway. The results are summarized as followed. 



57 

(1) BITC enhanced the protein levels of representative molecules of autophagy, 

including p62, LC3BII and LAMP1 in a time-dependent manner up to 12 h. 

(2) BITC activated the Nrf2 pathway in an autophagy-dependent manner 

(noncanonical pathway) in human colorectal cancer HCT-116 cancer cells. 

(3) Inhibition of PI3K attenuated BITC-induced accumulation of autophagic 

molecules, accumulation of p62 and Nrf2 and HO-1 gene expression in human 

HCT-116 colon cancer cells. 

The present results provide evidence that the combination with the PI3K inhibitor 

is a potential strategy to overcome resistance against food-derived anticancer 

compounds activating the Nrf2 pathway. 

Taken together, these series of studies suggested that PI3K exceedingly contributed 

to drug-induced resistance not only in regulation of PI3K/Akt pathway but also in 

controlling in Nrf2/Keap1-related cellular detoxifying effects in human colorectal 

cancer cells. Combinative treatments with PI3K inhibitor are a potential strategy to 

overcome resistance against food-derived anticancer compound. 

 

 

 

 

 

 

 

 



58 

ACKNOWLEDGMENTS 

    The author expresses his great deep gratitude and wish to thank and appreciate 

Professor YOSHIMASA NAKAMURA, Graduated School of Environmental and Life 

Science, Faculty of Agriculture, Okayama University, Japan, for his guidance, continuous 

encouragement, and constructive suggestion and ideas of his study. I also want to thank 

to Professor YOSHIYUKI MURATA for his academic support, encouragement and 

advices during all the doctoral period. In addition, I also want to appreciate Assistant 

Professor YOSHIYUKI NAKAMURA and Assistant Professor SHINTARO 

MUNEMASA for their help and precious advices during my research times. It is my 

pressure to thank to NAOMI ABE-KANOH, CHIAKI TAKANO and Dr. YUE TANG 

for their academic support and advices and WENSI XU, QIFU YANG and YING LIANG 

for their kind help and encouragement. I also thank all members of the Laboratory of 

Food Biochemistry who have given sincere help and encouraged me during my study. 

    I exceedingly appreciate my supervisor of Master Course, Professor BEIWEI ZHU 

for providing me such precious and valuable chance to come to Japan. 

   The scholarship from China Scholarship Council financially supported me during 

entire doctoral period. 

   Finally, I wish to express my sincere thanks to my family for their patient and spiritual 

support. 

 

                                             

                                                   Xiaoyang Liu 

 September, 2017 

 



59 

References  

Abe, N., Hou, D.-X., Munemasa, S., Murata, Y., Nakamura, Y. (2014) Nuclear factor-

kappaB sensitizes to benzyl isothiocyanate-induced antiproliferation in p53-

deficient colorectal cancer cells. Cell Death Dis., 5, e1534. 

Abe, N., Okuhira, M., Tsutsui, C., Murata, Y., Nakamura, Y. (2012) Cytotoxicity of 

benzyl isothiocyanate in normal renal proximal tubular cells and its modulation by 

glutathione. J. Agric. Food Chem., 60, 1887–1892. 

Ahmad, F., Li, P.M., Meyerovitch, J., Goldstein, B.J. (1995) Osmotic loading of 

neutralizing antibodies demonstrates a role for protein-tyrosine phosphatase 1B in 

negative regulation of the insulin action pathway. J. Biol. Chem., 270, 20503–8. 

Bennett, R.N., Kiddle, G., Wallsgrove, R.M. (1997) Biosynthesis of benzylglucosinolate, 

cyanogenic glucosides and phenylpropanoids in Carica papaya. Phytochemistry, 45, 

59–66. 

Blume-Jensen, P., Hunter, T. (2001) Oncogenic kinase signalling. Nature, 411, 355–365. 

Boldt, S., Weidle, U.H., Kolch, W. (2002) The role of MAPK pathways in the action of 

chemotherapeutic drugs. Carcinogenesis, 23, 1831–1838. 

Boreddy, S.R., Pramanik, K.C., Srivastava, S.K. (2011) Pancreatic tumor suppression by 

benzyl isothiocyanate is associated with inhibition of PI3K/AKT/FOXO pathway. 

Clin. Cancer Res., 17, 1784–1795. 

Boucher, J., Kleinridders, A., Ronald Kahn, C. (2014) Insulin receptor signaling in 

normal and insulin-resistant states. Cold Spring Harb. Perspect. Biol., 6, a009191. 

Brazil, D.P., Hemmings, B.A. (2001) Ten years of protein kinase B signalling: a hard Akt 

to follow. Trends Biochem. Sci., 26, 657–664. 



60 

Brownawell, A.M., Kops, G.J., Macara, I.G., Burgering, B.M. (2001) Inhibition of 

nuclear import by protein kinase B (Akt) regulates the subcellular distribution and 

activity of the forkhead transcription factor AFX. Mol. Cell. Biol., 21, 3534–46. 

Burman, C., Ktistakis, N.T. (2010) Regulation of autophagy by phosphatidylinositide 3-

phosphate. FEBS Lett., 584, 1302–1312. 

Cheng, M., Sexl, V., Sherr, C.J., Roussel, M.F. (1998) Assembly of cyclin D-dependent 

kinase and titration of p27Kip1 regulated by mitogen-activated protein kinase kinase 

(MEK1). Proc. Natl. Acad. Sci. U. S. A., 95, 1091–6. 

Comb, W.C., Hutti, J.E., Cogswell, P., Cantley, L.C., Baldwin, A.S.B. (2012) P85α SH2 

Domain Phosphorylation by IKK Promotes Feedback Inhibition of PI3K and Akt in 

Response to Cellular Starvation. Mol. Cell, 45, 719–730. 

Coomans de Brachène, A., Bollaert, E., Eijkelenboom, A., de Rocca Serra, A., van der 

Vos, K.E., Burgering, B.M.T., Coffer, P.J., Essaghir, A., Demoulin, J.-B. (2014) The 

expression of the tumour suppressor HBP1 is down-regulated by growth factors via 

the PI3K/PKB/FOXO pathway. Biochem. J., 460, 25–34. 

Danielsen, S.A., Eide, P.W., Nesbakken, A., Guren, T., Leithe, E., Lothe, R.A. (2015) 

Portrait of the PI3K/AKT pathway in colorectal cancer. Biochim. Biophys. Acta - 

Rev. Cancer, 1855, 104–121. 

Elchebly, M., Payette, P., Michaliszyn, E., Cromlish, W., Collins, S., Loy, A.L., 

Normandin, D., Cheng, A., Himms-Hagen, J., Chan, C.C., Ramachandran, C., 

Gresser, M.J., Tremblay, M.L., Kennedy, B.P. (1999) Increased insulin sensitivity 

and obesity resistance in mice lacking the protein tyrosine phosphatase-1B gene. 

Science, 283, 1544–1548. 

Fahey, J.W., Zalcmann, A.T., Talalay, P. (2001) The chemical diversity and distribution 

of glucosinolates and isothiocyanates among plants. Phytochemistry, 56, 5–51. 



61 

Fahy, B.N., Schlieman, M., Virudachalam, S., Bold, R.J. (2003) AKT inhibition is 

associated with chemosensitisation in the pancreatic cancer cell line MIA-PaCa-2. 

Br. J. Cancer, 89, 391–7. 

Funderburk, S.F., Wang, Q.J., Yue, Z. (2010) The Beclin 1–VPS34 complex – at the 

crossroads of autophagy and beyond. Trends Cell Biol., 20, 355–362. 

Glick, D., Barth, S., Macleod, K.F. (2010) Autophagy: cellular and molecular 

mechanisms. J. Pathol., 221, 3–12. 

Gottesman, M.M., Fojo, T., Bates, S.E. (2002) Multidrug resistance in cancer: role of 

ATP-dependent transporters. Nat. Rev. Cancer, 2, 48–58. 

Haj, F.G., Markova, B., Klaman, L.D., Bohmer, F.D., Neel, B.G. (2003) Regulation of 

receptor tyrosine kinase signaling by protein tyrosine phosphatase-1B. J. Biol. 

Chem., 278, 739–44. 

Hammond, W.A., Swaika, A., Mody, K. (2016) Pharmacologic resistance in colorectal 

cancer: a review. Ther. Adv. Med. Oncol., 8, 57–84. 

He, R.-J., Yu, Z.-H., Zhang, R.-Y., Zhang, Z.-Y. (2014) Protein tyrosine phosphatases as 

potential therapeutic targets. Acta Pharmacol. Sin., 35, 1227–46. 

Hossini, A.M., Quast, A.S., Plötz, M., Grauel, K., Exner, T., Küchler, J., Stachelscheid, 

H., Eberle, J., Rabien, A., Makrantonaki, E., Zouboulis, C.C. (2016) PI3K/AKT 

Signaling Pathway Is Essential for Survival of Induced Pluripotent Stem Cells. PLoS 

One, 11, e0154770. 

Huang, W., Quan, C., Duan, P., Tang, S., Chen, W., Yang, K. (2016) Nonylphenol 

induced apoptosis and autophagy involving the Akt/mTOR pathway in prepubertal 

Sprague-Dawley male rats in vivo and in vitro. Toxicology, 373, 41–53. 



62 

Huang, Y., Li, W., Su, Z., Kong, A.-N.T. (2015) The complexity of the Nrf2 pathway: 

beyond the antioxidant response. J. Nutr. Biochem., 26, 1401–1413. 

Ichimura, Y., Kominami, E., Tanaka, K., Komatsu, M. (2008) Selective turnover of 

p62/A170/SQSTM1 by autophagy. Autophagy, 4, 1063–6. 

Itakura, E., Kishi, C., Inoue, K., Mizushima, N. (2008) Beclin 1 Forms Two Distinct 

Phosphatidylinositide 3-Kinase Complexes with Mammalian Atg14 and UVRAG. 

Mol. Biol. Cell, 19, 5360–5372. 

Jian, J., Xuan, F., Qin, F., Huang, R. (2015) Bauhinia championii flavone inhibits 

apoptosis and autophagy via the PI3K/Akt pathway in myocardial 

ischemia/reperfusion injury in rats. Drug Des. Devel. Ther., 9, 5933–5945. 

Jiang, T., Harder, B., Rojo de la Vega, M., Wong, P.K., Chapman, E., Zhang, D.D. (2015) 

p62 links autophagy and Nrf2 signaling. Free Radic. Biol. Med., 88, 199–204. 

Khaleghpour, K., Li, Y., Banville, D., Yu, Z., Shen, S.-H. (2004) Involvement of the PI 

3-kinase signaling pathway in progression of colon adenocarcinoma. 

Carcinogenesis, 25, 241–248. 

Kim, E.K., Choi, E.-J. (2010) Pathological roles of MAPK signaling pathways in human 

diseases. Biochim. Biophys. Acta - Mol. Basis Dis., 1802, 396–405. 

Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A., Ichimura, Y., Sou, 

Y.-S., Ueno, I., Sakamoto, A., Tong, K.I., Kim, M., Nishito, Y., Iemura, S., Natsume, 

T., Ueno, T., Kominami, E., Motohashi, H., Tanaka, K., Yamamoto, M. (2010a) The 

selective autophagy substrate p62 activates the stress responsive transcription factor 

Nrf2 through inactivation of Keap1. Nat. Cell Biol., 12, 213–23. 

Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A., Ichimura, Y., Sou, 

Y.-S., Ueno, I., Sakamoto, A., Tong, K.I., Kim, M., Nishito, Y., Iemura, S., Natsume, 



63 

T., Ueno, T., Kominami, E., Motohashi, H., Tanaka, K., Yamamoto, M. (2010b) The 

selective autophagy substrate p62 activates the stress responsive transcription factor 

Nrf2 through inactivation of Keap1. Nat. Cell Biol., 12, 213–223. 

Koren, S., Fantus, I.G. (2007) Inhibition of the protein tyrosine phosphatase PTP1B: 

potential therapy for obesity, insulin resistance and type-2 diabetes mellitus. Best 

Pract. Res. Clin. Endocrinol. Metab., 21, 621–640. 

Kruppa, A.J., Kendrick-Jones, J., Buss, F. (2016) Myosins, Actin and Autophagy. Traffic, 

17, 878–890. 

Lai, K.-C., Huang, A.-C., Hsu, S.-C., Kuo, C.-L., Yang, J.-S., Wu, S.-H., Chung, J.-G. 

(2010) Benzyl Isothiocyanate (BITC) Inhibits Migration and Invasion of Human 

Colon Cancer HT29 Cells by Inhibiting Matrix Metalloproteinase-2/-9 and 

Urokinase Plasminogen (uPA) through PKC and MAPK Signaling Pathway. J. Agric. 

Food Chem., 58, 2935–2942. 

Lau, A., Wang, X.-J., Zhao, F., Villeneuve, N.F., Wu, T., Jiang, T., Sun, Z., White, E., 

Zhang, D.D. (2010) A Noncanonical Mechanism of Nrf2 Activation by Autophagy 

Deficiency: Direct Interaction between Keap1 and p62. Mol. Cell. Biol., 30, 3275–

3285. 

Lavoie, J.N., L’Allemain, G., Brunet, A., Müller, R., Pouysségur, J. (1996) Cyclin D1 

expression is regulated positively by the p42/p44MAPK and negatively by the 

p38/HOGMAPK pathway. J. Biol. Chem., 271, 20608–16. 

Lawlor, M.A., Alessi, D.R. (2001) PKB/Akt: a key mediator of cell proliferation, survival 

and insulin responses? J. Cell Sci., 114, 2903–10. 

Lemmon, M.A., Schlessinger, J. (2010) Cell signaling by receptor tyrosine kinases. Cell, 

141, 1117–34. 



64 

Lessard, L., Stuible, M., Tremblay, M.L. (2010) The two faces of PTP1B in cancer. 

Biochim. Biophys. Acta - Proteins Proteomics, 1804, 613–619. 

Lin, J.-F., Tsai, T.-F., Liao, P.-C., Lin, Y.-H., Lin, Y.-C., Chen, H.-E., Chou, K.-Y., 

Hwang, T.I.-S. (2013) Benzyl isothiocyanate induces protective autophagy in human 

prostate cancer cells via inhibition of mTOR signaling. Carcinogenesis, 34, 406–

414. 

Longley, D.B., Johnston, P.G. (2005) Molecular mechanisms of drug resistance. J. 

Pathol., 205, 275–92. 

Luo, H., Yang, Y., Duan, J., Wu, P., Jiang, Q., Xu, C. (2013) PTEN-regulated 

AKT/FoxO3a/Bim signaling contributes to reactive oxygen species-mediated 

apoptosis in selenite-treated colorectal cancer cells. Cell Death Dis., 4, e481. 

Ma, Q. (2013) Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. 

Toxicol., 53, 401–426. 

Marshall, C. (1999) How do small GTPase signal transduction pathways regulate cell 

cycle entry? Curr. Opin. Cell Biol., 11, 732–6. 

Mccubrey, J.A., Steelman, L.S., Chappell, W.H., Abrams, S.L., Wong, E.W., Chang, F., 

Lehmann, B., Terrian, D.M., Milella, M., Tafuri, A., Stivala, F., Libra, M., Basecke, 

J., Evangelisti, C., Martelli, A.M., Franklin, R.A. (2007) Roles of the 

Raf/MEK/ERK pathway in cell growth, malignant transformation and drug 

resistance. Biochim. Biophys. Acta - Mol. Cell Res., 1773, 1263–1284. 

Miyoshi, N., Takabayashi, S., Osawa, T., Nakamura, Y. (2004a) Benzyl isothiocyanate 

inhibits excessive superoxide generation in inflammatory leukocytes: implication 

for prevention against inflammation-related carcinogenesis. Carcinogenesis, 25, 

567–75. 



65 

Miyoshi, N., Uchida, K., Osawa, T., Nakamura, Y. (2007) Selective cytotoxicity of 

benzyl isothiocyanate in the proliferating fibroblastoid cells. Int. J. Cancer, 120, 

484–492. 

Miyoshi, N., Uchida, K., Osawa, T., Nakamura, Y. (2004b) A Link between Benzyl 

Isothiocyanate-Induced Cell Cycle Arrest and Apoptosis: Involvement of Mitogen-

Activated Protein Kinases in the Bcl-2 Phosphorylation. Cancer Res., 64, 2134–

2142. 

Miyoshi, N., Watanabe, E., Osawa, T., Okuhira, M., Murata, Y., Ohshima, H., Nakamura, 

Y. (2008) ATP depletion alters the mode of cell death induced by benzyl 

isothiocyanate. Biochim. Biophys. Acta - Mol. Basis Dis., 1782, 566–573. 

Mizushima, N., Levine, B., Cuervo, A.M., Klionsky, D.J. (2008) Autophagy fights 

disease through cellular self-digestion. Nature, 451, 1069–1075. 

Mueller, A., Bachmann, E., Linnig, M., Khillimberger, K., Schimanski, C.C., Galle, P.R., 

Moehler, M. (2012) Selective PI3K inhibition by BKM120 and BEZ235 alone or in 

combination with chemotherapy in wild-type and mutated human gastrointestinal 

cancer cell lines. Cancer Chemother. Pharmacol., 69, 1601–1615. 

Nakamura, Y. (2009) Chemoprevention by isothiocyanates: Molecular basis of apoptosis 

induction. Forum Nutr., 61, 170–181. 

Nakamura, Y., Kawakami, M., Yoshihiro, A., Miyoshi, N., Ohigashi, H., Kawai, K., 

Osawa, T., Uchida, K. (2002) Involvement of the mitochondrial death pathway in 

chemopreventive benzyl isothiocyanate-induced apoptosis. J. Biol. Chem., 277, 

8492–9. 

Nakamura, Y., Miyoshi, N. (2010) Electrophiles in Foods: The Current Status of 

Isothiocyanates and Their Chemical Biology. Biosci. Biotechnol. Biochem., 74, 242–

255. 



66 

Nakamura, Y., Ohigashi, H., Masuda, S., Murakami, A., Morimitsu, Y., Kawamoto, Y., 

Osawa, T., Imagawa, M., Uchida, K. (2000) Redox Regulation of Glutathione S-

Transferase Induction by Benzyl Isothiocyanate: Correlation of Enzyme Induction 

with the Formation of Reactive Oxygen Intermediates. CANCER Res., 60, 219–225. 

Nakamura, Y., Yoshimoto, M., Murata, Y., Shimoishi, Y., Asai, Y., Eun, Y.P., Sato, K., 

Nakamura, Y. (2007a) Papaya seed represents a rich source of biologically active 

isothiocyanate. J. Agric. Food Chem., 55, 4407–4413. 

Nakamura, Y., Yoshimoto, M., Murata, Y., Shimoishi, Y., Asai, Y., Park, E.Y., Sato, K., 

Nakamura, Y. (2007b) Papaya Seed Represents a Rich Source of Biologically Active 

Isothiocyanate. J. Agric. Food Chem., 55, 4407–4413. 

Pankiv, S., Clausen, T.H., Lamark, T., Brech, A., Bruun, J.-A., Outzen, H., Øvervatn, A., 

Bjørkøy, G., Johansen, T. (2007) p62/SQSTM1 binds directly to Atg8/LC3 to 

facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. 

Chem., 282, 24131–45. 

Paradis, S., Ruvkun, G. (1998) Caenorhabditis elegans Akt/PKB transduces insulin 

receptor-like signals from AGE-1 PI3 kinase to the DAF-16 transcription factor. 

Genes Dev., 12, 2488–98. 

Piao, S., Amaravadi, R.K. (2016) Targeting the lysosome in cancer. Ann. N. Y. Acad. Sci., 

1371, 45–54. 

Plastaras, J.P., Dorsey, J.F., Carroll, K., Kim, S.H., Birnbaum, M.J., El-Deiry, W.S. 

(2008) Role of PI3K/Akt signaling in TRAIL- and radiation-induced gastrointestinal 

apoptosis. Cancer Biol. Ther., 7, 2047–2053. 

Qin, S., Hou, D.-X. (2016) Multiple regulations of Keap1/Nrf2 system by dietary 

phytochemicals. Mol. Nutr. Food Res., 60, 1731–1755. 



67 

Saftig, P., Klumperman, J. (2009) Lysosome biogenesis and lysosomal membrane 

proteins: trafficking meets function. Nat. Rev. Mol. Cell Biol., 10, 623–35. 

Saftig, P., Schröder, B., Blanz, J. (2010) Lysosomal membrane proteins: life between acid 

and neutral conditions: Figure 1. Biochem. Soc. Trans., 38, 1420–1423. 

Sahu, R.P., Zhang, R., Batra, S., Shi, Y., Srivastava, S.K. (2009) Benzyl isothiocyanate-

mediated generation of reactive oxygen species causes cell cycle arrest and induces 

apoptosis via activation of MAPK in human pancreatic cancer cells. Carcinogenesis, 

30, 1744–1753. 

Sakai, R., Yokobe, S., Abe, N., Miyoshi, N., Murata, Y., Nakamura, Y. (2012) Luteolin 

Overcomes Resistance to Benzyl Isothiocyanate- Induced Apoptosis in Human 

Colorectal Cancer HCT-116 Cells. Food Drug Anal, 20, 389–393. 

Salmeen, A., Andersen, J.N., Myers, M.P., Tonks, N.K., Barford, D. (2000) Molecular 

basis for the dephosphorylation of the activation segment of the insulin receptor by 

protein tyrosine phosphatase 1B. Mol. Cell, 6, 1401–12. 

Saltiel, A.R., Kahn, C.R. (2001) Insulin signalling and the regulation of glucose and lipid 

metabolism. Nature, 414, 799–806. 

Schmidt, M., Fernandez de Mattos, S., van der Horst, A., Klompmaker, R., Kops, G.J.P.L., 

Lam, E.W.-F., Burgering, B.M.T., Medema, R.H. (2002) Cell cycle inhibition by 

FoxO forkhead transcription factors involves downregulation of cyclin D. Mol. Cell. 

Biol., 22, 7842–52. 

Siegel, R., DeSantis, C., Jemal, A. (2014) Colorectal cancer statistics, 2014. CA. Cancer 

J. Clin., 64, 104–117. 



68 

Sou, Y., Tanida, I., Komatsu, M., Ueno, T., Kominami, E. (2006) Phosphatidylserine in 

Addition to Phosphatidylethanolamine Is an in Vitro Target of the Mammalian Atg8 

Modifiers, LC3, GABARAP, and GATE-16. J. Biol. Chem., 281, 3017–3024. 

Sugie, S., Yoshimi, N., Okumara, A., Tanaka, T., Mori, H. (1993) Modifying effects of 

benzyl isothiocyanate and benzyl thiocyanate on DNA synthesis in primary cultures 

of rat hepatocytes. Carcinogenesis, 14, 281–283. 

Sui, X., Jin, L., Huang, X., Geng, S., He, C., Hu, X. (2011) p53 signaling and autophagy 

in cancer: a revolutionary strategy could be developed for cancer treatment. 

Autophagy, 7, 565–71. 

Sun, Y., Zhao, S., Tian, H., Xie, X., Xiao, F., Li, K., Song, Y. (2009) Depletion of PI3K 

p85α induces cell cycle arrest and apoptosis in colorectal cancer cells. Oncol. Rep., 

22, 1435–41. 

Tanida, I., Tanida-Miyake, E., Ueno, T., Kominami, E. (2001) The human homolog of 

Saccharomyces cerevisiae Apg7p is a Protein-activating enzyme for multiple 

substrates including human Apg12p, GATE-16, GABARAP, and MAP-LC3. J. Biol. 

Chem., 276, 1701–6. 

Tanida, I., Ueno, T., Kominami, E. (2004) LC3 conjugation system in mammalian 

autophagy. Int. J. Biochem. Cell Biol., 36, 2503–2518. 

Tejpar, S., Prenen, H., Mazzone, M. (2012) Overcoming Resistance to Antiangiogenic 

Therapies. Oncologist, 17, 1039–1050. 

Tran, S.E., Holmstrom, T.H., Ahonen, M., Kahari, V.M., Eriksson, J.E. (2001) 

MAPK/ERK overrides the apoptotic signaling from Fas, TNF, and TRAIL receptors. 

J. Biol. Chem., 276, 16484–90. 



69 

Través, P.G., Pardo, V., Pimentel-Santillana, M., González-Rodríguez, Á., Mojena, M., 

Rico, D., Montenegro, Y., Calés, C., Martín-Sanz, P., Valverde,  a M., Boscá, L. 

(2014) Pivotal role of protein tyrosine phosphatase 1B (PTP1B) in the macrophage 

response to pro-inflammatory and anti-inflammatory challenge. Cell Death Dis., 5, 

e1125. 

Troca-Marín, J.A., Casañas, J.J., Benito, I., Monesinos, M.L. (2014) The Akt-mTOR 

pathway in Down’s syndrome: The potential use of Rapamycin/rapalogs for treating 

cognitive deficits Troca-Marin J.A. CNS Neurol. Disord. - Drug Targets, 13, 34–40. 

Van Der Heide, L.P., Hoekman, M.F.M., Smidt, M.P. (2004) The ins and outs of FoxO 

shuttling: mechanisms of FoxO translocation and transcriptional regulation. 

Biochem. J., 380, 297–309. 

Ward, C.W., Lawrence, M.C., Streltsov, V.A., Adams, T.E., McKern, N.M. (2007) The 

insulin and EGF receptor structures: new insights into ligand-induced receptor 

activation. Trends Biochem. Sci., 32, 129–137. 

Wasik, U., Milkiewicz, M., Kempinska-Podhorodecka, A., Milkiewicz, P. (2017) 

Protection against oxidative stress mediated by the Nrf2/Keap1 axis is impaired in 

Primary Biliary Cholangitis. Sci. Rep., 7, 44769. 

Xiao, D., Bommareddy, A., Kim, S.-H., Sehrawat, A., Hahm, E.-R., Singh, S. V (2012) 

Benzyl isothiocyanate causes FoxO1-mediated autophagic death in human breast 

cancer cells. PLoS One, 7, e32597. 

Zhang, Q., Pan, Z., Liu, B., Meng, Z., Wu, X., Zhou, Q., Xu, K. (2017) Benzyl 

isothiocyanate induces protective autophagy in human lung cancer cells through an 

endoplasmic reticulum stress-mediated mechanism. Acta Pharmacol. Sin., 38, 539–

550. 



70 

Zhang, S., Zhang, Z.-Y. (2007) PTP1B as a drug target: recent developments in PTP1B 

inhibitor discovery. Drug Discov. Today, 12, 373–81. 

Zhang, W., Liu, H.T. (2002) MAPK signal pathways in the regulation of cell proliferation 

in mammalian cells. Cell Res., 12, 9–18. 

Zhang, W., Thompson, B.J., Hietakangas, V., Cohen, S.M. (2011) MAPK/ERK signaling 

regulates insulin sensitivity to control glucose metabolism in Drosophila. PLoS 

Genet., 7, 1–10. 

Zhang, Y., Bao, C., Mu, Q., Chen, J., Wang, J., Mi, Y., Sayari, A.J., Chen, Y., Guo, M. 

(2016) Reversal of cisplatin resistance by inhibiting PI3K/Akt signal pathway in 

human lung cancer cells. Neoplasma, 63, 362–370. 

Zhou, X.-Y., Luo, Y., Zhu, Y.-M., Liu, Z.-H., Kent, T.A., Rong, J.-G., Li, W., Qiao, S.-

G., Li, M., Ni, Y., Ishidoh, K., Zhang, H.-L. (2017) Inhibition of autophagy blocks 

cathepsins–tBid–mitochondrial apoptotic signaling pathway via stabilization of 

lysosomal membrane in ischemic astrocytes. Cell Death Dis., 8, e2618. 

Zhu, W., Xu, J., Jiang, C., Wang, B., Geng, M., Wu, X., Hussain, N., Gao, N., Han, Y., 

Li, D., Lan, X., Ning, Q., Zhang, F., Holmdahl, R., Meng, L., Lu, S. (2017) Pristane 

induces autophagy in macrophages, promoting a STAT1-IRF1-TLR3 pathway and 

arthritis. Clin. Immunol., 175, 56–68. 

 

 


