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 ณัฐนันท์ โลสุ่วรรณรักษ์ : ผลของไจแกนทอลต่อการก่อเนื้องอกของเซลล์มะเร็งปอดชนิดไม่ใช่

เซลล์เล็กผ่านการกดสัญญาณเซลล์ต้นกำเนิดมะเร็ง. ( EFFECT OF GIGANTOL ON 
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CELL SIGNAL SUPPRESSION) อ.ที่ปรึกษาหลัก : ศ. ภก. ดร.ปิติ จันทร์วรโชต ิ

  
มะเร็งปอดเป็นสาเหตุสำคัญของการเสียชีวิตจากโรคมะเร็ง  การเจริญของก้อนมะเร็งเป็นกระบวนการสำคัญที่กระตุ้น

ให้ โรคดำเนินไป  คุณลักษณะสำคัญที่ส่งเสริมการเจริญของก้อนมะเร็งคือเซลล์มะเร็งต้นกำเนิดและการเพิ่มจำนวนของ
เซลล์มะเร็ง  มีรายงานว่าการรักษาแบบมุ่งเป้าไปที่วิถีสัญญาณที่ส่งเสริมความเป็นเซลล์ต้นกำเนิดหรือการเพิ่มจำนวนเซลล์เป็น
วิธีการที่มีแนวโน้มที่ดีในการรักษาโรคมะเร็ง  ไจแกนทอลซ่ึงเป็นสารประกอบกลุ่มไบเบนซิลจากเอื้องเงิน  (Dendrobium 
Draconis) มีฤทธิ์ยับยั้งฟีโนไทป์เซลล์มะเร็งต้นกำเนิดในหลอดทดลอง  อย่างไรก็ตามยังไม่มีการศึกษาผลของไจแกนทอลที่มีต่อการ
เกิดเนื้องอก  การเพิ่ มจำนวนเซลล์มะเร็ง  และวิถีสัญญาณที่ ส่งเสริมความเป็นเซลล์ต้นกำเนิดรวมถึงการเพิ่มจำนวน
เซลล์มะเร็ง  การศึกษานี้ใช้การปลูกถ่ายเนื้องอกวิวิธพันธุ์ในหนูไร้ขนเพื่อศึกษาผลของไจแกนทอลต่อความสามารถในการเกิดเนื้ อ
งอกและใช้การทดสอบการเกิดโคโลนีในหลอดทดลองเพื่อศึกษาผลของไจแกนทอลต่อการเพิ่มจำนวนเซลล์   นอกจากนี้ยังใช้การ
วิเคราะห์ทางโปรตีโอมิกส์มาช่วยในการวิเคราะห์หากลไกเชิงโมเลกุลของไจแกนทอลต่อฟีโนไทป์ดังกล่าว  ผลการทดลองในหนูไร้ขน
แสดงให้เห็นว่าก้อนเนื้องอกที่เกิดจากเซลล์ที่ได้รับไจแกนทอลมีมวลและความหนาแน่นของก้อนเนื้องอกลดลงเทียบกับก้อนเนื้องอก
ควบคุมภายในหนูตัวเดียวกัน  ยิ่งไปกว่านั้นก้อนเนื้องอกที่เกิดจากเซลล์ที่ได้รับไจแกนทอลมีจำนวนเซลล์มะเร็งที่กำลังแบ่งตัวซ่ึงถูก
ระบุโดยการย้อมติด Ki-67 น้อยกว่ากลุ่มควบคุมอย่างมีนัยสำคัญ  ส่วนผลต่อการเพิ่มจำนวนเซลล์ ไจแกนทอลชะลออัตราการเจริญ
ของเซลล์รวมทั้งลดจำนวนโคโลนีของเซลล์มะเร็งปอดได้อย่างมีนัยสำคัญ  ผลการวิเคราะห์ทางโปรตีโอมิกส์บ่งชี้ว่าไจแกนทอลยับยั้ง
โปรตีนสัญญาณในวิถี PI3K/Akt/mTOR และ JAK/STAT ซ่ึงเป็นวิถีที่ควบคุมคุณสมบัติของเซลล์มะเร็งต้นกำเนิด และยับยั้ง c-Myc 
ซ่ึงเป็นทรานสคริปชันแฟคเตอร์ที่ส่งเสริมการเพิ่มจำนวนเซลล์และรักษาความเป็นเซลล์ต้นกำเนิด  เนื่องจากเป็นที่ทราบกันดีว่า Akt 

ควบคุม c-Myc ผ่านการยับยั้ง GSK3β  การทำเวสเทิร์นบลอทร่วมกับการตกตะกอนภูมิคุ้มกันจึงถูกนี้มาใช้เพื่อยืนยัน ซ่ึงพบว่าไจ

แกนทอลส่งเสริมการทำงานของ GSK3β และส่งผลให้เพิ่มการทำลาย c-Myc โดยเพิ่มการเกิดสารเชิงซ้อนของ c-Myc กับ 
ubiquitin  โดยสรุป การศึกษานี้เผยให้ทราบกลไกใหม่ในการต้านมะเร็งของไจแกนทอลซ่ึงคือการยับยั้งวิถี PI3K/Akt/mTOR และ 

JAK/STAT รวมทั้งเหนี่ยวนำการทำลาย c-Myc ทาง ubiquitin-proteasome โดยผ่านการทำงานของ GSK3β ส่งผลให้ลดอัตรา
การเจริญของก้อนมะเร็งและเสถียรภาพของก้อนมะเร็งที่เกิดขึ้นในร่างกาย  ข้อมูลดังกล่าวสนับสนุนศักยภาพของไจแกนทอลที่จะ
พัฒนาต่อไปเพื่อใช้เป็นยารักษาโรคมะเร็งปอด 
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ABSTRACT (ENGLISH) 
# # 5976456333 : MAJOR PHARMACOLOGY AND TOXICOLOGY 
KEYWORD: gigantol, cancer stem cell, lung cancer, cell proliferation, tumorigenicity, tumor xenograft, 

proteomics 
 Nattanan Losuwannarak : EFFECT OF GIGANTOL ON TUMORIGENICITY OF NON-SMALL CELL LUNG 

CANCER CELLS VIA CANCER STEM CELL SIGNAL SUPPRESSION. Advisor: Prof. PITHI CHANVORACHOTE, 
Ph.D. 

  
Lung cancer is a major cause of cancer-related death. Tumor growth is a fundamental process of 

cancer progression. Vital characteristics that potentiate tumor growth are cancer stem cell (CSC) and enhance 
cell proliferation. Previous studies reported that targeting on CSC-promoting pathways or proliferative signals 
was a promising strategy in cancer treatment. Gigantol, a bibenzyl compound from Dendrobium draconis, was 
reported to have a suppressive activity on CSC phenotypes, in vitro. However, the effects of gigantol on 
tumorigenicity in vivo, cancer cell proliferation and related CSC-promoting and proliferation regulatory 
mechanisms have not been explored. In this study, ectopic tumor xenograft in nude mice was utilized to gain 
understanding on how gigantol attenuated CSCs and tumorigenicity capacity, and proliferation assay and 
colony formation assay were used to evaluate an anti-proliferative effect of gigantol. Proteomics analysis was 
used to identify molecular mechanisms of gigantol on the CSC-phenotype and proliferation regulation. The 
results of tumor xenografts showed that the tumor raised from gigantol-treating cells had lower tumor weight 
and density than its own paired untreated control within each mouse. Morevover, the tumors raised from 
gigantol-pretreated cells showed significantly lower proliferative tumor cells, indicating by Ki-67 labeling. For 
proliferation, gigantol reduced growth rates and colony forming units of lung cancer cells. The proteomics 
analysis revealed that gigantol suppressed functional proteins manipulating the CSC properties, which were 
signaling proteins in PI3K/Akt/mTOR and JAK/STAT pathways. Also, c-Myc, a proliferation- and stemness-
promoting transcription factor, was down-regulated by gigantol. It was known that Akt controls c-Myc by 

inhibiting GSK3β. Western blot analysis and immunoprecipitation were used to confirm, and the results 

showed that gigantol facilitated GSK3β function, which enhanced c-Myc degradation by increasing c-Myc-
ubiquitin complex. In conclusion, this study reveals novel insights into the anti-tumor mechanisms of gigantol 
focused on CSC targeting, destabilizing tumor integrity, and suppressing tumor growth via suppression of the 

PI3K/Akt/mTOR and JAK/STAT pathways, as well as, induction of GSK3β-mediated c-Myc ubiquitin-proteasome 
degradation. This data supports the potential of gigantol to be developed as a drug for lung cancer. 

 
Field of Study: Pharmacology and Toxicology Student's Signature ............................... 
Academic Year: 2019 Advisor's Signature .............................. 
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CHAPTER I 

INTRODUCTION 

BACKGROUND AND RATIONALE 

 Tumorigenicity, practically defined as the ability to initiate and sustain tumors and 

in an in vivo environment, is a crucial feature of the malignant behavior of tumor cells. 

Evading growth suppressor and sustaining proliferation are among the hallmarks of cancer 

leading to a disease progression (1). Cell proliferation is an increase in the number of cells 

as a result of cell growth and cell division, and a rapid proliferation is considered as an 

aggressive factor of cancer which correlated with poor prognosis (2, 3). Dysregulated 

activation of proliferative signals and oncogenes are known to drive carcinogenesis and 

tumor growth (4, 5). Targeting cells with rapid proliferative rate shows benefits in most 

patients (6). There are several oncogenes that control cancer cell growth. Regarding 

oncogene, c-Myc, a member of MYC proto-oncogene, is a center transcription factor that 

controls cell proliferation, differentiation, and apoptosis. Amplification or overexpression of 

c-Myc occurs in various cancers, including lung cancer, was shown to relate with poor 

survival (7). An inhibition of c-Myc may offer the effective therapeutic treatment via tumor 

growth suppression (8, 9). However, targeted therapy against c-Myc is still unidentified due 

to its lack of inhibitory binding site, modulation c-Myc level via targeting its up-stream 

regulators is a potential strategy (7). GSK3β showed prominent tumor suppressor properties 

in lung cancer (10). Akt-dependent GSK3β phosphorylation at Ser9 was shown to correlate 

with poor survival rate of lung cancer patients (11). GSK3β suppresses cancer cell 
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proliferation by inhibit various oncoproteins, including c-Myc. The active GSK3β mediates 

degradation of c-Myc via phosphorylation at Thr58 (12). Indirect attenuation of c-Myc 

stabilization may offer the effective therapeutic treatment via tumor growth suppression.  

 However, cell proliferation is not the only factor that help maintain tumor growth. 

In fact, tumor needs a heterogeneity of the tumor population to enhance tumor 

microenvironment. A new paradigm shift in the field of cancer cell biology is being driven 

by the concept of a key cancer cell population controlling the whole tumor, termed 

“cancer stem cells (CSCs)” (13). CSCs from various types of cancers share a number of 

conservation properties, such as self-renewal ability, the generation of multiple types of 

differentiated cancer cells to drive tumor growth and heterogeneity, and resistance to 

chemotherapy via an upsurge of the DNA repair system and drug efflux transporter (14). In 

lung adenocarcinoma, CSCs from patients were found to be less than 1.5% of the whole 

tumor cell population (15), but this small subpopulation was still substantial for 

tumorigenesis and tumor relapse (16). The CSCs have a slow proliferative rate and can 

survive as a dormancy in stressful condition. Once they are activated by exogenous stimuli 

or an appropriate microenvironment, the CSCs start self-renewal and asymmetric division 

in order to generate tumor bulk consisting of proliferative cells and angiogenic cells, which 

release essential signals that promote tumor growth and CSC maintenance (13). 

 The suggesting therapeutic strategies targeting CSCs, including CSC direct 

eradication, CSC differentiation into tumor bulk cells, deletion of the supportive signals 

from a CSC niche, and suppression of CSC pathways, could lead to effective cancer 

therapy (17). The key driving pathways of CSCs, such as the PI3K/AKT/mTOR and JAK/STAT3 
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signals, were found to be significantly increased in cancers with high CSC properties, and 

hence investigations of many small molecules targeting such pathways are ongoing in 

clinical trials (18, 19). Protein kinase B (PKB) or Akt, which is frequently up-regulated in lung 

cancer plays a key role in cell survival and proliferation (20). The activation of Akt was 

shown to be related with cisplatin resistance in lung cancer cells (21). The roles of Akt on 

the properties of CSCs and their survival have been demonstrated in several key studies 

(22, 23). Likewise, signal transducer and activator of transcription 3 (STAT3) activation has 

been associated with poor prognosis as well as augmented CSCs (24). A higher level of 

phosphorylated STAT3 (active STAT3) contributed to epithelial-to-mesenchymal transition 

(EMT) as well as increased CSC-like phenotypes of non-small cell lung cancer cells 

(NSCLCs), while the inhibition of STAT3 caused the opposite effects (25). Instead of bulk 

non-CSC tumor clearance, the targeting of Akt and STAT3 is believed to be a promising 

anti-cancer strategy that could lead to the tumor collapse and prevention of the relapse 

of the disease (26, 27). 

 Recently, natural compounds from plants have garnered increasing attention either 

as potential drugs or lead compounds in drug discovery research (28, 29). The key benefits 

of natural compounds are the abundance of plants, compound diversity, and cost 

effectiveness. In focusing on CSCs and tumor growth inhibition, previous studies have 

reported the promising activities of the bibenzyl derivative chrysotoxine in the suppression 

of Akt and Src (30). In vivo studies further revealed that the bibenzyl derivative moscatilin 

reduced tumor volumes of lung and esophageal cancer xenografts (31, 32). Gigantol, a 

bibenzyl compound, is one of the polyphenolic components frequently found in 
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traditional Chinese medicine, and has been shown to have several pharmacological 

effects, e.g., anti-inflammatory, amelioration of diabetic nephropathy and cataract, and 

anti-cancer (33-35). In vitro studies reported that gigantol triggered the apoptotic cell death 

of lung cancer cell lines but was not toxic to keratinocytes (36). 

 The previous studies revealed several effects of non-toxic concentrations of 

gigantol on NSCLCs (37-40). Pretreatment of 5 to 20 µM of gigantol showed a reduction of 

the tumor-forming capacity of NSCLCs, represented by significantly suppressing the 

anchorage-independent growth. The number and size of the colonies from gigantol-

pretreated lung cancer cells were smaller than the controls, indicating that gigantol 

suppressed tumor growth (37). In addition, with a single pretreatment of gigantol, the 

ability of cancer cells to form spheroids in a detached condition, a hallmark assay for 

detecting CSCs, was abundantly suppressed (37). These data indicated that the cancer 

cells had lost their self-renewal capability, which was confirmed by Western blot results 

showing the down-regulation of octamer-binding transcription factor 4 (OCT4) and Nanog, 

essential transcription factors for self-renewal and CSC-like phenotype maintenance (37). 

Altogether, gigantol has the potential to attenuate tumorigenesis. However, certain 

information regarding the tumor growth attenuation mechanism and key evidence in 

animal models are still required. Moreover, activity of tumor growth suppression of 

gigantol is largely unknown. 

 Proteomic analysis is a systematic identification and quantification of the complete 

protein profile that benefit the investigation of molecular pharmacology by monitoring the 

affected proteins in response to drug or active compound leading to the identification of 
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major drug mechanism (41). In the present study, an in vitro proliferation assay and colony 

formation assay, as well as, an in vivo subcutaneous xenograft model were performed to 

help illustrate a clearer picture of how gigantol could suppress lung tumor growth. 

Furthermore, the proteomic analysis of tumor growth related pathways, especially 

involving the cell proliferation and stemness maintenance, was evaluated. This data may 

benefit the development of gigantol for novel cancer treatment as well as provide the 

overall information of cellular proteins affected by this compound.  

 

RESEARCH QUESTIONS 

1. Do the stemness suppressed lung cancer cells have lower tumorigenicity than the 

untreated ones? 

2. Can gigantol reduce lung cancer cell proliferation capacity? 

3. What are the molecular mechanisms of gigantol, which result in the attenuation of 

stemness maintenance and proliferation of lung cancer cells? 

 

OBJECTIVES 

 This study aims to: 

1. Investigate the effect of gigantol on tumorigenicity of lung cancer cells using an in 

vivo model. 

2. Investigate the effect of gigantol on cell proliferation of lung cancer cells using an 

in vitro model? 

3. Define the proliferative and CSC-related signals affected by gigantol treatment. 
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HYPOTHESIS 

 Gigantol reduces tumorigenicity of lung cancer cells through the suppression of 

lung CSCs, as well as, proliferation capacity of lung cancer cells via the inhibition of the 

CSC- and proliferation-related signals, including PI3K/Akt and JAK/STAT pathways. 

 

EXPECTED BENEFITS 

 This research provides data on an effect of gigantol on tumorigenicity of non-small 

cell lung cancer cells and reveals the mechanisms of action of gigantol on lung cancer cell 

proliferation and stemness suppression. The obtained data could be beneficial on the 

development of gigantol to adjunct the available chemotherapy for lung carcinoma. 
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CHAPTER II 

LITERATURE REVIEWS 

Lung cancer  

 Lung cancer is the second most common cancer worldwide and in Thailand. 

Moreover, it is the major cause of cancer death (42). The lung cancer 5-year survival rate of 

localized (within the lung) is 56%, which is much lower than other common cancer sites, 

such as colorectal (90%), breast (99%), and prostate (99%). Moreover, the late-stage 5-year 

survival rate is never more than 5% (43). It was reported that patients who have detected 

lung cancer at a stage I and received a surgical resection within one month after diagnosis 

had more than 90% survival rate, while the patients who did not receive the treatment die 

from lung cancer within five years after diagnosis (44). In fact, 84% percent of lung cancer 

cases are diagnosed at a late stage (45). Besides, more than half of the stage I-III lung 

cancer patients had a local or distant recurrence after cancer treatments (46). 

 The most diagnostic type of lung cancer is non-small cell lung carcinoma (NSCLC), 

which is counted as around 85%, and the other 15% is small cell lung carcinoma (SCLC) 

(47). NSCLC is mainly categorized into two subtypes, which are lung adenocarcinoma 

(LUAD) and lung squamous cell carcinoma (LUSC). If the cancer cell morphology and 

squamous cell biomarkers are not enough to match both subtypes, the lung tumor then is 

diagnosed as a large cell carcinoma. Half of the NSCLC diagnostic subtype is LUAD, while 

LUSC is one-quarter (48). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

 The treatment selection is based on the stage and tumor subtypes, small- or non-

small cell, and then squamous or non-squamous for NSCLC. Early-stage lung cancer can be 

cured by surgery with or without chemotherapy for NSCLC or chemoradiotherapy for SCLC. 

First-line treatment for advanced-stage lung cancer is platinum-based therapy for both 

NSCLC and SCLC. If the advanced lung expresses certain genetic mutations such as EGFR 

exon 19 deletion or exon 21 (L858R) substitution mutations or ALK-positive, targeted 

therapy may become the first-line therapy (49). 

 Because lung cancer has no specific symptoms and normal annual check-up does 

not include chest CT screening, people usually unaware of the disease and mostly come 

up with a late-staged disease (50). Advanced stage of lung cancer associated with poor 

prognosis. At this advanced stage, the disease generally unresectable, and chemo- and/or 

radiotherapy is the first-line treatment. The efficacy of conventional chemotherapy was 

usually limited when the adverse events caused early discontinuation of the treatment, 

especially in the elderly (51). Other treatments, such as immunotherapy for the PD1 

receptor, can be considered as second-line therapy for advanced-stage NSCLC (52). The 

response rate of advanced-stage lung cancer to conventional chemotherapy is low, and 

the tumor usually relapses after the treatment cessation. Median time-to-treatment failure 

of the conventional chemotherapy was around three months (51), and 5-year survival was 

only 5% (43). The approved targeted therapy and immunotherapy also showed 

disappointing outcomes (53). The causes of cancer treatment failure, cancer progression, 

and tumor relapse are now clarified as cancer stem cells. 
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Cancer stem cells 

 The concept of cancer stem cell was first proposed by Bonnet and Dick in 1997 

and described that only leukemic tumor-initiating cells, which expressed the same cell-

surface CD34+ CD38- as normal hematopoietic stem cell showed the high capacity of self-

renewal and differentiation into leukemic progenitors when inoculated into NOD/SCID 

mice. These cells generated leukemia in a manner of hierarchical organization in NOD/SCID 

mice. (54). Then, the CSCs from various solid tumors were identified using the specific cell-

surface markers, started with CD44 and CD24 of breast tumor CSCs in 2003 (55, 56). After 

abundant data of CSCs were consolidated, the static CSC hierarchical model was shifted to 

the dynamic clonal evolution model, which was described that the CSC-like properties (or 

stemness) could be acquired by the differentiated cancer cells (57). Not only oncogenic 

genetic mutations, but non-CSCs can acquire the stem-like traits via exposure to specific 

stimuli or specific conditions, such as hypoxia, cytokines, or nitric oxide in tumor 

microenvironments (58-60).  

 The CSCs from different types of cancer share key conservation properties of 

pluripotent stem cells, which are an ability of self-renewal and a capacity to generate the 

multi-lineage differentiated cancer cell types, resulting in the tumor heterogeneity and a 

potential to repopulate a new tumor (61, 62). A lot of experimental and clinical data 

revealed that the CSCs or high CSC-like phenotype cancer cells were the cause of tumor 

initiation, metastasis, anticancer drug/radiation resistance, and cancer relapse (63). There 

are several biological functions of the CSCs that contribute these aggressiveness of the 

cancer cells, including an acquisition of epithelial-mesenchymal transition (EMT) 
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phenotype switching, an upsurge of multidrug resistance (MDR) or detoxification proteins, 

an ability of quiescence that the CSCs can survive as a dormancy, a resistance to cell 

death, and up-regulation of signaling pathways of CSC-driven chemoresistance (13, 64). 

There are several methods developed for determination of the CSC phenotype of the 

cancer cells, such as tumorigenicity in vivo models, Hoechst 33342 efflux in side-

population (SP), ALDH activity measurement, anchorage-independent growth using soft 

agar assay, spheroid formation in CSC-selective medium, and sorting by CSCs’ specific cell-

surface markers (56).  

 

Lung CSCs 

 In LUAD, CSCs from patients were found to be less than 1.5% of the whole tumor 

cell population (15). To define lung CSCs is challenged. Several studies tried to link the 

lung CSC markers with its original lung stem cell by introducing various stimuli and observe 

that which normal lung cells transformed into cancer cells. For LUAD, the most common 

form of lung cancer, tumor-initiating cells were proposed to be transformed from Clara 

cells, which were multipotent stem cells, and alveolar type II cells (AT2 cells). The KrasG12D 

mutated lung cells of mice which transformed to cancer cells were positive for the Clara 

cell antigen (CCA or CC10), the biomarker of Clara cells, or the surfactant apoprotein-C (SP-

C), the biomarker of AT2 cells, and the mixed expression of both antigens (65). Only 

progenitor cells that had Sca-1pos CD45neg Pecamneg CD34pos population contained stem 

cell-like properties, which were defined by colonies formation and limiting dilution analysis 

(66).  
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 Later, various cell-surface proteins had been verified as the CSC markers for lung 

cancer, including CD133, CD166, CD117, CD90, CD44, CXCR4, and EpCAM (67, 68). ABCG2, 

an ATP-binding cassette transporter, was identified in various types of cancer, including 

carcinomas of the digestive tract, lung, breast, ovarian, and melanoma (69). The expression 

level of ABCG2 is also associated with a high pathological grade of tumor and poor 

prognosis outcomes of patients (70). The elevated level of ABCG2 caused resistance to 

conventional chemotherapy. ALDH1A1, a detoxification enzyme, was commonly up-

regulated in CSCs. A cancer cell with a high level of ALDH1A1 usually exhibited features of 

CSCs, including increased capacity for proliferation, self-renewal, differentiation, and 

expression of the CSC surface marker, CD133 (71). The transcription factors which regulated 

the expression of stemness genes are also used to characterize CSCs. OCT4, SOX2, and 

Nanog are transcription factors mostly analyzed. They are essential for the maintenance of 

pluripotent embryonic stem cells and germ cells (72).  

 

Signaling pathways in CSCs and therapeutic implications 

 The principle of the first era of anticancer drugs was to eradicate to highly 

proliferative rate cells, and the results showed some failures, especially in solid tumors. 

Besides, these drugs caused a lot of adverse events (73). After that, the concept of 

targeting dependent oncogene of cancer cells was raised with targeted therapy. This 

concept aimed to more specifically target the cancer cells by inhibition of the mutated 

genes that caused overexpression of oncogenic proteins or amplification of oncogenic 
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pathways. The targeted therapy was successful in the reduction of drug-induced toxicities, 

but the success rate of patients’ survival was not satisfying (74).  

 After an accumulating data revealed that CSC was the main cause of treatment 

failure and cancer relapse or recurrence, the concept of cancer treatment was revised, and 

the CSC-targeted therapy was developed (17). Instead of targeting the oncogenic pathways 

in common cancer cells, CSC-regulating pathways were verified, and small molecules that 

targeted the CSCs’ pathways were tested (75). Several laboratory studies of CSC-regulating 

pathway-targeted drugs showed promising results in CSC eradication or attenuation, and 

clinical trials that targeted CSCs through CSC-regulating pathway suppression in advance-

stage cancers were ongoing (76-81). 

 Normal stem cells utilize some signaling pathways for the purpose of regulation of 

self-renewal and differentiation processes. Also, CSCs use similar signaling pathways in 

order to preserve their stem cell-like phenotype. In general, signaling pathways involved in 

CSCs’ preservation are PI3K/Akt, Janus family tyrosine kinase (JAK)/signal transducer and 

activator of transcription (STAT), nuclear factor kappa B (NFκB), Notch, Hedgehog, and 

Wnt/β-catenin pathways (82). These pathways are required to maintain the stem cell-like 

phenotypes in many types of cancer, including lung cancer (24, 83). An activation of the 

mentioned pathways enhances the CSC-like phenotypes of cancer cells, while an inhibition 

caused the stemness suppression (25). Targeting CSC-regulatory pathways might not be 

effective for non-CSC eradication, but this strategy precisely targeted the CSCs and 

inhibited tumor formation. For instance, rapamycin, an mTOR inhibitor, in combination with 

triciribine, a tricyclic purine nucleoside which prevents Akt phosphorylation, effectively 
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decreased the 3D sphere-forming units by extinguishing CSC population in glioblastoma 

and neuroblastoma, while showed minimal effect on the survival of non-CSC in 2D culture 

model (26). Also, verteporfin, a porphyrin derivative, showed inhitory effect on YAP1 and 

STAT3, two oncogenes that promote CSC properties which especially up-regulated in lung 

adenocarcinoma, and resulted to reduced proliferation and enhanced cisplatin 

sensitization, both in in vitro model and patient-derived xenograft mice models (27). 

 There were some clinical trials that proved the efficacy of CSC-targeted drugs in 

advanced lung cancer. For instance, MK2206, an allosteric Akt inhibitor, improved some 

responses in erlotinib-resistant NSCLC patients in phase II study (84, 85). A phase I trial of 

OPB-51602, a STAT3 inhibitor, in patients with drug-resistant solid tumors demonstrates 

promising antitumor activity, particularly in NSCLC (86). Tarextumab, a fully human IgG2 

antibody targeting Notch 2 and 3 receptors, in combination with etoposide and platinum in 

patients with untreated extensive-stage small-cell lung cancer, was well-tolerated and 

showed a dose-dependent antitumor activity in a phase I study (87). Also, there was a case 

report of erlotinib-resistant metastatic NSCLC patients who responded to vismodegib 

therapy for six months (88). These clinical results reinforced the direction of new 

anticancer drug development for CSC-targeted therapy. 

 

PI3K/Akt pathway in CSCs 

 The PI3K/Akt pathway is a signal transduction pathway that promotes cell survival 

and growth in response to extracellular signals. Key proteins involved are PI3K 

(phosphatidylinositol 3-kinase) and Akt (Protein Kinase B). Akt, a serine/threonine kinase, 
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has three isoforms, Akt1, Akt2, and Akt3. Akt1 (PKBα) is ubiquitous in all tissues, promotes 

survival pathways by inhibiting apoptotic processes, and was first identified as an oncogene 

in cancer. Akt2 (PKBβ) also promotes cell survival and growth, but via different pathways 

from Akt1. Akt1 and Akt2 are isoforms that overexpressed in a variety of human tumors 

(89). Akt3 (PKBγ) is found mainly in brain, heart, testis, kidneys, lungs, and skeletal muscles 

and its role in cancer is unclear (90). 

 

Figure 1. Akt1 structure consisted of an N-terminal pleckstrin homology (PH) domain, a 

catalytic domain and a C-terminal extension (91). 

Table 1. The pairwise percentage of identity in Akt domains of each isoform. PH – 

Pleckstrin Homology domain, LINK – linker region, CAT – kinase catalytic domain, EXT – C-

terminal extension (91). 

Pair PH LINK CAT EXT 
AKT1/AKT2 80 46 90 66 

AKT1/AKT3 84 40 88 76 
AKT2/AKT3 76 17 87 70 

 The three Akt isoforms belong to the class of AGC kinases and comprise of three 

conserved domains, an N-terminal pleckstrin homology (PH) domain, a kinase catalytic 

(CAT) domain and a C-terminal extension (EXT) containing a regulatory hydrophobic motif 

(HM) (Figure 1). Among the Akt isoforms, the PH domains are around 80% identical, The 
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CAT domain is around 90% identical, and the C-terminal extension (EXT) is around 70% 

identical. The linker (LINK) region connecting the PH domain to the CAT domain is poorly 

conserved among the Akt isoforms (17–46% identical; Table 1) (91). The phosphorylation 

of threonine and serine residues is essential to optimize the kinase activity of the three Akt 

isoforms. These threonine and serine residues are located in slightly different sites in Akt1, 

Akt2, and Akt3. In Akt1, the most vital regulatory amino acid residues are threonine 308 

and serine 473, while in Akt2, the amino acid residues are threonine 309 and serine 474, 

and in Akt3, the amino acid residues are threonine 305 and serine 472 (92). 

 Once the growth factors bind and activate a cell surface receptor, PI3K is then 

phosphorylated. The activated PI3K phosphorylates phosphatidylinositol (3,4)-bisphosphate 

(PIP2) on the plasma membrane, forming second messenger phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) (93). Akt is recruited to the membrane by interaction with PIP3 docking 

sites, so that it can be fully activated by various kinases, such as PDK1, PDK2 and ILK 

(Figure 2). Akt phosphorylates as many as 100 different substrates, leading to a wide range 

of effects on cells. Activated Akt mediates downstream responses, including cell survival, 

growth, proliferation, cell migration and angiogenesis, by phosphorylating a range of 

intracellular proteins (Figure 2) (94).  
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Figure 2. Depicted PI3K/Akt signaling pathway, Akt substrates and involving cellular 

functions (93, 95). 

 PI3K/Akt pathway is necessary to maintain the CSC-like phenotype as well as their 

survival, in tumor-initiating cells (TICs). When PI3K activity was blocked, or when Akt 

(mainly the Akt1 isoform) was knocked down, the survival and population size of TICs 

(measured as CD44High/CD24Low population) were severely reduced (96). PI3K activation 

promotes survival, maintenance of stemness, and tumorigenicity of CD133+/CD44+ prostate 

cancer stem-like cell populations, as well as, promotes cell proliferation, migration, and 

invasion in ALDH+/CD44high head and neck squamous CSCs (97). 

 

JAK/STAT3 pathway in CSCs 

 The JAK/STAT pathway is a signal transduction pathway that stimulates cell 

proliferation, differentiation, cell migration and apoptosis. This pathway can be activated 

by a wide range of cytokines ad growth factors. Key proteins involved in JAK/STAT signaling 

are Janus kinases (JAKs) and signal transducer and activator of transcription proteins 
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(STATs). In mammals, JAK family consists of four members: JAK1, JAK2, JAK3 and TYK2. 

While, STAT family consists of seven members: STAT1, STAT2, STAT3, STAT4, STAT5A, 

STAT5B and STAT6 (Figure 3). The amino-terminal domain mediates the interaction 

between two STAT dimers to form a tetramer. This interaction is not essential for STAT 

function but can stabilize the binding of two STAT dimers to adjacent sites in DNA. The 

coiled-coil domain is involved in interactions with regulatory proteins and other 

transcription factors. The DNA-binding domain makes direct contact with STAT-binding sites 

in gene promotors, which have the consensus core sequence T(N4-6)AA. Reciprocal 

interactions between the SRC-homology 2 (SH2) domain of one STAT monomer and the 

phosphotyrosine residue of another mediates dimer formation, which is required for the 

binding of STATs to DNA. The transactivation domain is involved in the transcriptional 

activation of target genes through interactions with other proteins, such as histone 

acetyltransferases. This carboxy-terminal domain contains a site of serine phosphorylation 

that enhances transcriptional activity in some STATs. STAT5a and STAT5b are closely 

related proteins that are encoded by distinct genes (98). 
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Figure 3. The domain structure of the seven STAT-family members. N – amino-terminal 

domain, SH2 – SRC-homology2 domain, C – carboxy terminal domain. (97) 

 

 The binding of extracellular ligand leads to pathway activation via dimerization of 

the receptor subunits that allow the two cytoplasmic JAKs associated with them to trans-

phosphorylate one another. Trans-phosphorylated JAKs subsequently phosphorylate 

downstream substrates, including both the receptor and the STATs, the latent transcription 

factors that locate in the cytoplasm until they are activated. Activated STATs form dimers 

and enter the nucleus, then bind to specific regulatory sequences of target genes and 

activate or repress transcription of the target genes, such as SOCS, Nmi, Bcl-XL, p21, MYC, 

NOS2 (Figure 4). (99, 100) 
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Figure 4. JAK/STAT3 signaling pathway and biological functions controlled by STAT3. (98, 

101) 

 
Table 2. Activation of STATs in human solid tumors. (98) 

Tumor type Activated STAT 

Breast cancer STAT1, STAT3, STAT5 
Head and neck cancer STAT1, STAT3, STAT5 

Melanoma STAT3 
Ovarian cancer STAT3 

Lung cancer STAT3 
Pancreatic cancer STAT3 

Prostate cancer STAT3 

 STAT proteins, particularly STAT3 and STAT5, are found overactivated in various 

types of solid tumors and blood malignancies. Persistent STAT3 signaling in tumor cells 

activate the gene-expression patterns that induces cancer-cell survival, proliferation, tumor 

angiogenesis and suppresses anti-tumor immune responses, leading to tumor progression 
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(Figure 4). STAT3 has been reported to be crucial for lung cancer progression and is a 

promising target for cancer therapy (Table 2) (98). The STAT3 is mainly activated via the 

phosphorylation at Tyr705 by JAK. However, the phosphorylation at Ser727 by Akt or 

ERK1/2 is also required for nuclear localization and maximized transcriptional activity (102, 

103). The IL-6/JAK/STAT3 is an essential cascade for promoting self-renewal of CSCs and 

aggressive phenotypes of cancer cells such as chemoresistance, EMT, and pro-oncogenic 

inflammation (101).  

 

Tumorigenicity 

 

Figure 5. The scheme shows a process of tumorigenesis.  

 Tumorigenicity is “the capacity of a cell population inoculated into an animal 

model to produce a tumor by proliferation at the site of inoculation and/or at a distant 

site by metastasis” (WHO Technical Report Series No. 978, Annex 3, 2013) (104). The 

tumorigenesis is a multistep process which consists of many biological activities and 

requires a heterogeneity of the tumor cells, including the transformation of the normal cell 
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to cancer progenitor or cancer stem cell, promotion of cell survival, mitotic proliferation, 

and tumor bulk formation (Figure 5) (105, 106).  

 It is strongly evidenced that the PI3K/Akt pathway associated with these aggressive 

phenotypes (107). Inhibition of PI3K/Akt signaling resulted in the suppression of cell 

proliferation, chemoresistance, and a reduction of immune escape (20, 21). Moreover, 

JAK/STAT, Notch, Hedgehog, Wnt, and NFκB pathways were also showed a correlation with 

these hallmarks of cancer (108-112). 

 

Tumor subcutaneous xenograft model 

 Animal tumor xenograft experiments are necessary to confirm the consistency of 

the in vitro assay results and to demonstrate any unpredicted effects in the living body. 

Tumor formation and metastasis consist of multistep processes and complex interactions 

between cancer cells and tumor microenvironment, as well as the host immune system. 

Therefore, tumor formation assay is required for studying tumor biology and anticancer 

drug development. The most used animal species is mouse because it is a mammal, easy 

to handle, and transplantable with human cells. Various tumor transplant methods and 

mouse strains have been developed for different purposes of evaluation. The 

immunocompetent mice can be used for a mouse cancer cell transplant model, but those 

mice rarely develop a tumor from human cancer cells. Athymic nude mice are 

immunocompromised mice strains that lack T cells and partial defects in B cell 

development due to the defective development of the thymic epithelium. However, the 

innate immunity, such as NK cells, in nude mice is intact, and the leakage of T cells 
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increases with age (113). By the way, the nude mice give a good success rate of tumor 

formation in many types of human cancer cell lines and patient-derived tumors (114) and 

are widely used for tumorigenicity test. 

 The transplantation models for therapeutics study are subcutaneous- and 

orthotopic tumor transplantation. The advantages of the subcutaneous method are that 

the administration of cancer cells is simple without anesthetic (but anesthetic is required 

for tissue transplantation), and the tumors can be easily monitoring. Moreover, this method 

facilitates the use of bilateral transplantation. The disadvantages of this method are that 

the tumor grows in an ectopic site (except skin cancer), so the tumor microenvironment 

interaction may be limited, and vascularization may be poorly formed. Moreover, 

metastasis rarely develops from the subcutaneous tumors, so it is not suitable for an anti-

metastasis treatment. In order to investigate the interaction between tumor cells and 

stromal or vascular cells, as well as a spontaneous metastasis, the orthotopic method is 

developed. The advantages of this method are that the full metastasis cascades and the 

tumors in metastatic sites can be observed. The disadvantages of the orthotopic method 

are that the delicate surgical procedure is required, the risk of infection is high, pilot 

studies must be performed to determine the time frame of the experiment, and the 

monitoring may be difficult if real-time imaging is not used (115). In case that the 

treatment effects only tumor establishment and the spontaneous metastasis will not be 

observed, the subcutaneous transplantation method may be considered. Besides, the 

bilateral tumor transplant can be done in case that there is no post-treatment after the 
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transplantation, and the proposes of tumor analysis are to compare the incidence of 

tumor initiation and tumor growth rate between two different populations of cancer cells. 

 In order to study an effect of a treatment that suppresses tumorigenicity of cancer 

cells, the cancer cells can be pretreated with drugs, radiation, or other therapeutic 

procedures that are supposed to reduce the tumor-initiating cells in the cancer population 

transplanted. This study design is widely utilized in many studies of CSC-targeted therapy 

development (116) or treatments that affect the tumor formation of the overall cancer 

population (117). 

 

c-Myc and cancer cell proliferation 

  Sustaining proliferative signaling and anti-growth signal evasion are the 

fundamental ability of cancer cells leading to a disease progression. Cell proliferation is a 

multistep developmental process involves cell growth and cell division, resulting an 

increase in the number of cells. Normal cells, especially epithelial cells, are in quiescent 

state unless exogenous mitogenic signals from extracellular matrix or adjacent cells 

transmit into cells. In contrast, cancer cells can proliferate independent to extracellular 

stimulation by generate their own growth signals. Self-sufficiency of growth signals was the 

first cancer hallmark identified by researchers for mutations of dominant oncogenes had 

been verified. For example, mutated Ras proteins trigger a flux of mitogenic signals with no 

stimulation by their upstream regulators (1, 118). Some major signaling pathways that 

sustain cancer proliferation were found being effective targets for blocking tumor 
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proliferation, including PI3K/Akt, Wnt/β-catenin, Ras/MAPK, NFκB, Notch, and Hedgehog 

pathways (119). 

 Several growth signals were deregulated in human tumors. MYC was a proto-

oncogene first discovered its role in tumor cell transformation and essential for 

tumorigenesis. c-Myc, a major member of MYC products, is overexpression in more than 

half of human cancers. c-Myc functions as a transcription factor that controls a variety of 

biological processes in cancer cells, such as, cell proliferation, differentiation, senescence, 

and apoptosis. However, for tumorigenesis, c-Myc activation alone is not enough to drive 

tumor proliferation. Some synergistic genetic events, such as, loss of p53 or overexpression 

of Bcl-2 are required. An inhibition of c-Myc caused senescence or apoptosis in many types 

of cancers, including lymphoma, osteosarcoma, and hepatocellular carcinoma. Although c-

Myc is considered as an undruggable protein because it is a transcription factor with 

essential for several biological functions, an inhibition of c-Myc using small interfering RNA, 

short hairpin RNA, and antisense oligonucleotides showed a promising effect in cancer 

treatment (120). 

 Because c-Myc is a potent regulator of cell proliferation and cell fate decision, a 

restricted regulation in order to keep a proper level of c-Myc is vital in normal cells. c-Myc 

is mainly controlled by Threonine 58 in the N-terminus, which are targeted by GSK3β. 

Therefore, c-Myc phosphorylation is indirectly regulated by PI3K/Akt pathway, which 

suppresses GSK3β through Akt-dependent GSK3β phosphorylation at Ser9. GSK3β 

functioned as a tumor suppressor in lung cancer (10). The level of Ser9 phosphorylated 

GSK3β correlated with poor survival rate of lung cancer patients (11). The Thr58 
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phosphorylation of c-Myc by GSK3β is required for the recognition by the ubiquitinylation 

machinery, resulting to c-Myc degradation by the ubiquitin proteasome pathway (12). 

Some natural compounds that targeted c-Myc stability via blocking the upstream 

regulators that control c-Myc degradation showed an inhibitory effect on lung tumor 

growth both in vitro and in vivo models (8). Indirect attenuation of c-Myc stabilization may 

offer the effective therapeutic treatment via tumor growth suppression. 

 

Proteomics analysis 

 Proteomics is a high-throughput method for the study of proteins in biological 

systems. This technique provides an entire view of protein expression in a system by 

identification and quantification of the proteins from a given sample. Proteomics data can 

be contributed to a variety of information due to the categories of database and the 

selected analytical software. Nowadays, there are various free web-based and off-lined 

bioinformatics tools available for the researchers. 

 Proteomics can be used to study the effect of drug treatment on the proteome of 

the cancer cells. Proteomics analysis compares the total proteins between the samples 

from the control and the treatment groups, and then the differential expression of the 

interesting proteins can be analyzed. The advantage of this method is that the whole map 

of the drug’s effects can be observed (41).  
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Gigantol  

 Natural compounds from plants have been good resources for drug discovery 

research, especially in Thailand, according to the abundance of biological diversities (28, 

29). The natural bibenzyl derivatives from orchids have been reported for anticancer 

effects, including moscatilin, batatasin III, chrysotoxine, and gigantol. These bibenzyls 

mostly triggered cancer cell death via apoptosis pathway (30, 121-123). Earlier in vivo 

studies reported that 50-100 mg/kg moscatilin, intraperitoneally injected twice a week, 

significantly inhibited tumor growth of lung and esophageal cancer xenograft in nude mice 

(31, 32). Moreover, moscatilin attenuated neoangiogenesis evaluated by in vitro HUVEC 

tube formation and in vivo Matrigel plug assay (31). Interestingly, previous studies reported 

that non-toxic concentrations of several bibenzyl compounds had an inhibitory effect on 

aggressive phenotypes of lung cancer cells. The non-toxic concentrations of moscatilin 

inhibited EMT, an essential phenotype for cancer metastasis, inhibited migration and 

invasion, and sensitized anoikis, a type of cell death in attachment-free condition, in lung 

cancer cells (122, 123). As well, low doses of batatasin III inhibited lung cancer 

proliferation, migration and invasion (121). Earlier studies have reported the suppressive 

activities of non-toxic concentrations of Chrysotoxine on lung CSCs and 3D spheroid 

formation via the mechanisms of Akt and Src signaling blackade (30).  
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Figure 6. (A) Gigantol structure. (B) Plant specimen of Dendrobium droconis Rchb.f. 

 Gigantol is a bibenzyl that was first identified from Cymbidium giganteum and can 

be found in various genera of the Orchidaceae, e.g., Cymbidium, Vanda, Dendrobium 

(Figure 6) (124). It is one of the polyphenolic components in Traditional Chinese Medicine 

and has demonstrated several effects, e.g., anti-inflammatory, amelioration of diabetic 

nephropathy and cataract, and anticancer (33-35). In vitro studies reported that gigantol 

triggered apoptotic cell death of lung cancer cell lines, but not in a human keratinocytes 

cell line (HaCat) (36). Many studies have shown that non-toxic concentrations of gigantol 

can decrease aggressive behaviors of cancer cells, which were described by various 

biological assays such as anoikis-resistance, migration, invasion, anchorage-independent 

growth and spheroid formation (37-40).  

 Interestingly, the previous studies revealed several effects of non-toxic 

concentrations of gigantol on the NSCLC phenotype in vitro. It was reported that a 48-hour 

pretreatment of 5-20 µM of gigantol significantly reduced anchorage-independent growth, 
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which represented tumor-forming capacity of NSCLC. Gigantol reduced the tumor’s ability 

to form spheroids, a critical hallmark of CSCs. With single pretreatment of gigantol, the 

cancer cells could not abundantly form primary spheroids after seven days, and even after 

30 days of secondary spheroid formation, the cancer cells still could not recover this 

ability. These data indicated that the cancer cells had lost self-renewal capability, which 

was confirmed by western blot results of down-regulation of OCT4 and Nanog, essential 

transcription factors for self-renewal and CSC-like phenotype maintenance (34). Also, 

pretreatment of non-toxic doses of gigantol diminished EMT-like phenotype, as could be 

seen from the reduction of mesenchymal cell morphologies and migration and invasion 

behaviors (39). The previous results have shown that gigantol down-regulated Slug, an 

important EMT transcription factor which led to anoikis sensitization and survival pathway 

suppression (40). 

 In sum, gigantol has the potential to be developed as a CSC-targeted drug in lung 

cancer. Though the effect of gigantol on tumorigenicity in an animal model has not been 

explored, and certain information regarding the signaling pathways that regulate cancer 

stemness is still limited. 
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CHAPTER III 

METHODOLOGY 

1.  Cell line cultures 

 Human NSCLC H460, A549, H292, and normal bronchus epithelial cell BEAS-2B 

lines were purchased from the American Type Culture Collection (Manassas, VA, USA). 

H460, A549, and H292 were cultured in Roswell Park Memorial Institute (RPMI) 1640 

medium, while BEAS-2B was cultured in Dulbecco's Modified Eagle medium (DMEM) in a 

humidified atmosphere with 5% CO2 at 37 °C. The media were supplemented with 10% 

fetal bovine serum (FBS), 2 mM L-glutamine, and 100 units/ml of each penicillin and 

streptomycin. 

 

2.  Animals 

 Six-week old male BALB/cAJcl nude mice were purchased from Nomura Siam 

International (Samut Prakan, Thailand). Five mice were maintained in one cage under 

strictly hygiene housing with controlled temperature (23 ± 2 °C) and light/dark cycle (12 h 

light/12 h dark) at the Animal House of Faculty of Medicine, Chulalongkorn University. The 

study was approved by the Institutional Animal Care and Use Committee of the Faculty of 

Medicine, Chulalongkorn University, Bangkok, Thailand (ethical reference number CULAC 

001/2561). Animal welfare and experimental procedures were strictly carried out in 

accordance with The Eighth Edition of the Guide for the Care and Use of Laboratory 
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Animals (NRC 2011) (125). All efforts were made to minimize animals’ suffering and to 

reduce the number of animals used. 

 

3.  Chemicals and reagents 

 Gigantol was extracted from stems of Dendrobium draconis Rchb.f., as previously 

described (126) and dissolved in dimethylsulfoxide (DMSO) at the indicated working 

concentrations. 3-(4,5-Dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT), 

Hoechst 33342, propidium iodide (PI), bovine serum albumin (BSA), dimethyl sulfoxide 

(DMSO), cocktail protease inhibitor, hematoxylin, and eosin were purchased from Sigma 

chemical, Inc. (Chemical Express, Bangkok, Thailand). RPMI-1640 medium, DMEM, 

phosphate buffer saline (PBS), glutamine, penicillin, and streptomycin were purchased 

from Gibco company (Gibthai, Bangkok, Thailand). Primary antibodies against CD133, 

ALDH1A1, total Akt, phosphorylated Akt (Ser473), total STAT3, phosphorylated STAT3 

(Ser727), GSK3β, phosphorylated GSK3β (Ser9), c-Myc, and GAPDH, horseradish peroxidase 

(HRP) labeled secondary antibodies, and RIPA lysis buffer were purchase from Cell Signaling 

Technology (Theera Trading, Bangkok, Thailand). Pentobarbital sodium injection was 

purchased from Ceva Sante Animal (VET AGRITECH, Nonthaburi, Thailand). 3,3’-

Diaminobenzidine tetrahydrochloride hydrate was purchased from TCI Co., LTD (Chemical 

Express, Bangkok, Thailand). Primary antibodies of Ki-67 and α-SMA and matched 

secondary antibodies were purchased from DAKO (Medicare Supply, Bangkok, Thailand). 
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4.  Equipments 

 Automated cell counter (TC20, Bio-Rad, Singapore), autopipette 0.2-2 µl, 2-20 µl, 

20-200 µl, 100-1000 µl (Pipetteman, Gilson, Middleton, WI, USA), fluorescence microplate 

reader (ClarioStar, BMG Labtech, Germany), fluorescence microscope (Nikon eclipse Ts2 

with Nikon DS Fi3 camera), brightfield microscope (Nikon Eclipse E600 with Nikon 

DXM1200F camera), centrifuge (CF-10 Wise spin, Korea), biological safety cabinet class II A2 

(Airtech, Taiwan), Humidified incubator (Thermo scientific, Waltham, MA, USA), pH meter 

(SevenCompactS220, Mettler-Toledo, Zürich, Switzerland), vortex mixer (Scientific 

industries, NY, USA), ImageQuant LAS 4000 biomolecular imager (GE Healthcare, Chicago, 

Illinois, United States), and cell culture plates (6-well and 96-well), centrifuge tubes (15 

and 50 ml) and pipette tips (Corning, NY, USA). 

 

5.  Cell viability test: MTT assay 

 Cell viability was determined by plating cells at a density of 10,000 cells per well 

in 96-well plates. Cells were allowed to adhere overnight, the medium was removed, and 

medium with various concentrations of gigantol (0-200 µM) was added. After 24 hours of 

treatment, the number of viable cells was measured with the use of MTT assay. The 

medium was aspirated, and 0.4 mg/ml of MTT in PBS was added to each well. The plate 

was then incubated at 37 °C, 5% CO2 for 3 hours. Afterward, the resulting formazan crystal 

was dissolved in 100 µl of DMSO and subjected to a 570 nm absorbance reading via a 

microplate reader. 
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6.  Cell death determination assay 

 Nuclear co-staining with Hoechst 33342 and propidium iodide (PI) was used to 

determine apoptotic and necrotic cell death. Cells were treated with gigantol, as described 

in cell viability assay. Then, the cells were incubated with 10 µM of Hoechst 33342 and 5 

µM PI for 30 minutes at 37 °C. The cells were visualized and imaged under a fluorescence 

microscope. An apoptotic cell can be detected by Hoechst 33342 nuclear staining, showing 

condensed nucleus and fragmented nuclei of apoptotic bodies. A necrotic cell can be 

detected by PI staining. 

 

7.  Cancer cell preparation for subcutaneous xenograft inoculation 

 The human lung cancer cells were prepared prior to the tumor establishment. 

H460 cells were cultured in completed medium with 20 µM of gigantol or vehicle for 48 

hours (5 individual sets of cancer cell cultures). Then, the 70% confluent monolayer lung 

cancer cells were trypsinized, suspended in Hank’s saline buffer solution, and counted by 

TC20 automated cell counter (Bio-rad). Each cell suspension was adjusted to a 

concentration of viable 5 × 106 cells per 100 µl. The cancer cell suspensions were kept on 

ice and rapidly transferred to an in vivo subcutaneous xenograft operation. 
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8.  Subcutaneous tumor xenograft procedure 

 

Figure 7. The scheme shows the experimental design of in vivo subcutaneous xenograft 

experiment.  

 A mouse was assigned to bear both control and its paired gigantol-treated tumor in 

order to minimize variation between animal bodies (Figure 7). One flank of a mouse was 

inoculated subcutaneously with viable 5 × 106 cells of untreated cells and another flank 

with gigantol pretreated cells. Mice were weighed, and the tumors were observed every 

two days. When a tumor was palpable, the mouse was observed daily. Vernier Caliper was 

used to measure the most length and its own orthogonal most width of each tumor. 

Tumor volumes were calculated by the formula: (length × width × width) / 2. Tumor 

growth rates were verified by means of plotting calculated tumor volumes by days. Mice 

were not exposed to gigantol throughout the experiment. Once control or treatment 

tumor reached its endpoint size (20 mm in diameter), the tumor-bearing mouse was 

euthanized by intraperitoneal injection of pentobarbital sodium solution (> 150 mg/kg) 
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(127), and then the tumors were dissected, washed with ice-cold PBS, weighed, and 

photographed accompanied with a ruler. The tumors were weighed and immediately fixed 

with 4% paraformaldehyde for 24 hours. Tumors were embedded in paraffin blocks, sliced 

and stained with hematoxylin and eosin (H&E) for further histologic observation. The H&E 

staining showed the intratumor structure and common cellular histology. Necrotic and 

total areas of tumor slices were determined using ImageJ software (128). 

 

9.  Immunohistochemistry staining of Ki-67 and α-SMA of the tumor slides 

 Two pairs of tumor slides were selected for staining with Ki-67 (dilution 1:300) and 

α-smooth muscle actin (α-SMA; dilution 1:100) antibodies and then visualized by 

incubation with 3,3'-Diaminobenzidine. Slides were observed under a brightfield 

microscope.  

 The level of Ki-67 assessment was modified from Jang (2017) (129). Areas with the 

highest (hot spot) and the lowest (cold spot) numbers of positive cells (indicated by dark 

brown staining in the nucleus) were selected, and the percentages of the positive cells 

compared to total cells were calculated. Averages of %Ki-67 positive cells were calculated 

from the summed total and Ki-67 positive cells from all hot spots and cold spots of the 

two mice.  

 For tumor cells with EMT phenotype, the tumor cells with a dark brownish 

cytosolic staining were detected. For angiogenesis determination, edge and center areas of 

each tumor were imaged, and the number of mature blood vessels (indicated by a circular 

lining of cells labeled with a high signal of α-SMA) were counted. 
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10.  Sample preparation for proteomics analysis 

 H460 cells were treated with 20 µM gigantol or 0.004% DMSO (vehicle) for 24 

hours. The cells were lysed with 0.5% sodium dodecyl sulfate (SDS). The total protein 

amount collected from each sample was measured with Lowry assay with bovine serum 

albumin as a standard (130). Equal protein amount from 3 independent biological samples 

was pooled. Fifty micrograms of protein from control or gigantol treated cells were 

subjected to in-solution digestion. Samples were completely dissolved in 10 mM 

ammonium bicarbonate (AMBIC), reduced disulfide bonds using 5 mM dithiothreitol (DTT) 

in 10 mM AMBIC at 60 C for 1 hour and alkylated of sulfhydryl groups by using 15 mM 

Iodoacetamide (IAA) in 10 mM AMBIC at room temperature for 45 mins in the dark. For 

digestion, samples were mixed with 50 ng/µl of sequencing grade trypsin (1:20 ratio) 

(Promega, Germany) and incubated at 37 C overnight. Prior to LC-MS/MS analysis, the 

digested samples must be dried and protonated with 0.1 % formic acid before injection 

into LC-MS/MS. 

 

11.  Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

 The LC-MS/MS was utilized to identify and quantify the peptides obtained from 

the digested whole-cell lysates. The tryptic peptide samples were prepared for injection 

into an Ultimate3000 Nano/Capillary LC System (Thermo Scientific, UK) coupled to a 

Hybrid quadrupole Q-Tof impact II™ (Bruker Daltonics) equipped with a Nano-captive spray 

ion source. Briefly, peptides were enriched on a µ-Precolumn 300 µm i.d. x 5 mm C18 

Pepmap 100, 5 µm, 100 A (Thermo Scientific, UK), separated on a 75 µm I.D. x 15 cm and 
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packed with Acclaim PepMap RSLC C18, 2 µm, 100Å, nanoViper (Thermo Scientific, UK). 

Solvent A and B containing 0.1% formic acid in water and 0.1 % formic acid in 80% 

acetonitrile, respectively, were supplied on the analytical column. A gradient of 5–55% 

solvent B was used to elute the peptides at a constant flow rate of 0.30 µl/min for 30 min. 

Electrospray ionization was carried out at 1.6kV using the CaptiveSpray. Mass spectra (MS) 

and MS/MS spectra were obtained in the positive-ion mode over the range (m/z) 150–2200 

(Compass 1.9 software, Bruker Daltonics). 

 

12.  Bioinformatics and proteomics data analysis 

 MaxQuant 1.6.6.0 was used to quantify the proteins in individual samples using the 

Andromeda search engine to correlate MS/MS spectra to the Uniprot Homo sapiens 

database (131). The following parameters were used for data processing: maximum of two 

miss cleavages, a mass tolerance of 20 ppm for the main search, trypsin as digesting 

enzyme, carbamidomethylation of cysteine as a fixed modification, and the oxidation of 

methionine and acetylation of the protein N-terminus as variable modifications. Only 

peptides with a minimum of 7 amino acids, as well as at least one unique peptide, were 

required for protein identification. Only proteins with at least two peptides, and at least 

one unique peptide, were considered as being identified and used for further data analysis. 

 The gene list enrichment analysis was conducted using Enrichr software (132). 

Protein organization and biological action were investigated conforming to protein analysis 

through evolutionary relationships (Panther software) protein classification (133). A Venn 

diagram (analyzed by jVenn software) was used to show the differences between protein 
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lists originating from different differential analyses (134). The Search Tool for Retrieval of 

Interacting Genes/Proteins (STRING) software version 11 was used to analyze the common 

and the forecasted functional interaction networks between identified proteins (135). 

Cytoscape 3.7.2 was utilized to analyze the significant nodes from protein-protein 

interaction networks (136). The significant nodes analysis was modified from Rezaei-Tavirani 

(2017) (137). The degree values which were determined by an amount of interacted 

proteins with the node are analyzed, and the top 10% of the nodes based on degree 

value were selected as significant nodes. The heatmap visualization and statistical analyses 

were conducted using the MultiExperiment Viewer (MeV) in the TM4 suite software (138). 

 

13.  Proliferation assay 

 MTT assay was used to determine the antiproliferative activity of the non-toxic 

concentrations of gigantol. Cells were seeded at a density of 2×103 cells per well in 96-

well plates. When the cells adhered, the medium was replaced with 5-20 µM of gigantol 

or vehicle in complete medium. MTT assay was performed at the time 0-, 24-, 48-, 72-hour 

after treatment. A growth rate of each treatment group was normalized by its own MTT 

result at the time 0-hour. The growth rates were compared to the untreated at each time 

point. 

 

14.  Colony formation assay 

 Cells were seeded at a density of 500 cells per well in a 6-well plate. When the 

cells adhered, the medium was replaced with 5-20 µM of gigantol or vehicle in complete 
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medium. The medium with or without gigantol was replaced every 3 days. After an 

incubation for 10 days, the cells were fixed and stained with crystal violet staining solution. 

The cells were photographed, and the colonies with > 50 cells were counted. The 

numbers of colonies of gigantol-treated groups were compared to the control groups. 

 

15.  Western Blot Analysis 

 Western blot analysis was used for protein level determination. This assay was 

utilized to confirm the protein levels, both total and phosphorylated forms, of the signal 

proteins defined from the proteomic analysis. 

 Cells were lysed with RIPA lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium 

pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin, and 

cocktail protease inhibitor mixture for 30 minutes on ice. The protein contents of the cell 

lysates were evaluated by Lowry assay. Samples with equal amounts of protein (30-60 µg) 

were run in the SDS-PAGE before they were transferred onto 0.45 mm nitrocellulose 

membranes (Bio-Rad, Hercules, California, United States). Transferred membranes were 

blocked for 1 hour in 5% non-fat dry milk in Tris-buffered saline with Tween 20 (25mM 

Tris-HCl, pH 7.5, 125 mM NaCl, and 0.05% Tween 20) and incubated overnight with specific 

primary antibodies against CD133, ALDH1A1, total Akt, phosphorylated Akt (Ser473), total 

STAT3, phosphorylated STAT3 (Ser727), and GAPDH (Table 3). Membranes were washed 

three times with Tris-buffered saline with Tween 20 and incubated with appropriate 

horseradish peroxidase-labeled secondary antibodies for 2 hours at room temperature. The 
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immune complexes were detected by SuperSignal™ West Pico PLUS Chemiluminescent 

Substrate (Thermo Scientific) or Immobilon Western Chemiluminescent HRP Substrate 

(Millipore) and imaged with ImageQuant LAS 4000 biomolecular imager. 

 

Table 3. The details of antibodies used in Western blot analysis. 

Antibodies Source MW (kDa) Dilution 
Anti-CD133 Rabbit 97 1:1000 

Anti-ALDH1A1 Rabbit 55 1:1000 
Anti-Akt (pan) Rabbit 60 1:1000 

Anti-phospho-Akt (Ser473) Rabbit 60 1:1000 

Anti-STAT3 Mouse 79, 86 1:2000 
Anti-phospho-STAT3 (Ser727) Rabbit 79, 86 1:1000 

Anti-GSK-3β Mouse 46 1:1000 
Anti-phospho-GSK-3β (Ser9) Rabbit 46 1:1000 

Anti-c-Myc Rabbit 57-65 1:1000 
Anti-GAPDH Rabbit 37 1:1000 

Anti-ubiquitin (HRP conjugated) Mouse  1:2000 
Anti-rabbit IgG (HRP-linked) Goat  1:5000 

Anti-mouse IgG (HRP-linked) Horse  1:5000 

 

16. Cycloheximide (CHX) chasing assay  

 Cells were treated with 20 µM gigantol with or without 50 µg/ml CHX for 0, 15, 30, 

45, 60 and 90 min. The treated cells were collected and lysed with RIPA buffer containing 

the protease inhibitor cocktail. Western blot analysis was performed for detecting c-Myc 

protein levels. Protein band intensities were analyzed using the ImageJ software, and the 

c-Myc protein half-life was calculated. 
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17. Immunoprecipitation Assay 

 Cells were pretreated with 10 µM MG132 for 1 hour and then treated with 20 µM 

of gigantol or left untreated for 1 hour. The cells were collected and lysed with RIPA buffer 

containing the protease inhibitor cocktail. Then, Immunoprecipitation was performed by 

using Dynabeads™ Protein G Immunoprecipitation Kit from Thermo Fisher Scientific Inc. 

(Waltham, MA, USA). Magnetic beads were prepared and resuspended with the primary 

antibody of c-Myc (1:50) in a binding buffer for 10 min. A suspension of the magnetic bead-

antibody complex was mixed with cell lysate and incubated at 4 °C overnight to allow c-

Myc antigen to bind with magnetic bead-antibody complex. After that, the magnetic bead-

antibody-antigen complex was washed three times using 200 µl of washing buffer, 

separated on the magnet between each wash, and the supernatant was removed. Elution 

Buffer was added for releasing the antibody-antigen complex from magnetic beads. The 

supernatant contained the antibody-antigen complex was then used to perform Western 

blot analysis for detecting the ubiquitinated c-Myc protein. 

 

18.  Statistical analysis. 

 One-way analysis of variance (one-way ANOVA) or student’s t-test was performed 

to conduct statistical analysis (GraphPad Prism 7.0). Data are expressed as mean ± standard 

deviation (SD), and values of p < 0.05 are indicative of significant differences. 
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Figure 8. Schematic diagram of conceptual framework. 
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EXPERIMANTAL DESIGN 

Part I: Determination of the non-toxic concentration of gigantol in human lung 

cancer cell lines 

 

1.  Evaluation the cytotoxicity of gigantol in human lung cancer cell lines 

 A definition of the toxic concentration used in this study is the concentration of a 

compound that induces cell death in a mode of apoptosis or necrosis. In order to 

elucidate the possible tumor suppression activity of gigantol, the concentrations of the 

compound that caused no toxicity within 24 hours to the cancer cells are selected. MTT 

assay is used for a cell viability test, and the co-staining of Hoechst 33342 / propidium 

iodide is used for a mode of cell death determination.  

 The viable cell in a condition of MTT assay is a lived cell with well-functioned 

mitochondria. The resulting product of the reaction of MTT and mitochondrial reductase 

(NADH), which is a formazan crystal, refers to the cell number. Thus, MTT assay can widely 

use for a cytotoxicity test of compounds except for a compound that directly inhibits 

mitochondria function because the decreased formazan does not refer to the survived cell 

number. Once the cytotoxic concentrations are determined, the nuclear co-staining is 

performed to elucidate that the viable cell loss is a result of antiproliferation, apoptosis, or 

necrosis. The selected non-cytotoxic concentration is a concentration that neither 

significantly inhibits cells nor induce cell death. 

 Cytotoxicity test was performed to determine the concentrations of gigantol that 

cause no toxic effect on lung cancer cell lines. Cells were treated with 0-200 µM of 
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gigantol for 24 hours. Percentage of cell viability was calculated. Additionally, the toxic 

effect of gigantol at 48 hours was performed to investigate the viability rate of H460 cells 

which was the treatment condition used in cell preparation in xenograft experiment. 

Besides, the toxic effect of gigantol was performed in normal lung epithelial cells, BEAS-2B 

cells, in order to compare the toxicity of gigantol towards cancer and normal lung cells. 

 To confirm the viability of the lung cancer cells, apoptotic and necrotic cell death 

were determined by Hoechst 33342 and propidium iodide staining, respectively, compared 

to the control. Concentrations which did not cause significantly reduction of cell viability 

and did not cause apoptosis or necrosis were used in the following experiments. 

 

Part II: Investigation of effects of non-toxic concentration of gigantol on cell 

proliferation and tumorigenicity in human lung cancer H460 cell line 

 

1.  Investigation on the effect of gigantol on proliferation of human lung cancer cell 

lines 

 Since cell proliferation is a fundamental behavior of cancer cells in tumorigenesis, 

the effect of gigantol on proliferation of lung cancer cells was investigated with non-toxic 

concentrations of gigantol. MTT assay was performed at 0, 24, 48, and 72 hours of gigantol 

treatment. Relative cell proliferation was calculated as a ratio versus 0 hour of treatment 

and the ratios of treated groups were compared to the control at the same time point. 

 Colony formation assay was also performed to confirm the anti-proliferative effect 

of gigantol. The cancer cells were seeded in 6-well plates and incubated with non-toxic 
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concentrations of gigantol for 10 days. The colonies were stained with crystal violet and 

counted compared to the untreated control. This experimental design proof the effect of 

gigantol on the proliferation activity of the total population (CSC and non-CSC) of the 

cancer cells. 

 

2.  Investigation on the effects of gigantol on tumorigenicity in human lung cancer 

H460 cell line using in vivo model 

 The in vivo subcutaneous xenograft in nude mice experiment is designed base on 

the assumption that the CSC-suppressed lung cancer cells by gigantol have lower 

tumorigenicity than the untreated cells. The lung cancer cells used in this experiment were 

validated by Western blot analysis that the stemness was suppressed before the xenograft 

inoculation, as evidenced by a reduction of CD133 and ALDH1A1 levels. Because the 

spontaneous metastasis was not observed, and a posttreatment was not administrated, 

the multiple tumor xenografts could be performed. 

 2.1  Gross tumor evaluation 

 H460 cells were pretreated with vehicle or 20 µM of gigantol before inoculated 

into each flank of a nude mouse. The growing tumors were observed daily. Once the 

tumors reached endpoint size, the mouse was sacrificed, and the control and pretreated 

tumors were collected. Tumor weights were investigated and then tumors were subjected 

to paraffin embedding for further histological investigation. 
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 2.2  Investigation on intratumor histology 

 The tumor slides were performed hematoxylin and eosin staining and then 

intratumor histology was examined. Intratumoral structure, such as necrotic areas, were 

detected. 

 2.3  Immunohistochemistry 

 Ki-67 is used as a marker for cells with a high proliferative rate. The expression of 

Ki-67 is associated with tumor aggressiveness (139). Alpha smooth muscle actin (α-SMA), a 

differentiation marker of smooth muscle cells, is abundantly found in vascular pericytes 

(140). α-SMA is also found in normal and cancer cells with high EMT-like phenotype (141). 

The immunohistochemistry staining of Ki-67 and α-SMA was performed to reveal the 

aggressiveness or the phenotypic alteration of the tumors. 

 

Part III: Investigation of effects of gigantol on underlying mechanisms involved 

in CSC-like phenotype and cell proliferation in human lung cancer H460 cell 

line 

 

1. Effects of gigantol on CSC-regulating pathways 

 1.1  Determination the CSC maintenance related pathway affected by gigantol 

from the proteomics data 

 Proteomics analysis is used for determining the effects of gigantol on common 

CSC-regulating pathways. The same lung cancer cell lysates used in this experiment must 

be validated by Western blot analysis that the stemness is suppressed, as evidenced by a 
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reduction of CD133 and ALDH1A1 levels, before undergoing the protein digestion process. 

The differential expression of proteins was determined, and these proteins were further 

analyzed with the common CSC signals-relating bioinformatics data. 

 1.2  Validation of key signal proteins of the CSC-related pathways affected by 

gigantol 

 Protein levels of the key signals from the CSC-related pathways affected by 

gigantol were validated using Western blot analysis. Since the function of kinase proteins 

depended on their post-translational modification, such as phosphorylated form at the 

specific sites, the active forms of the key signal kinases were also validated. 

 

2.  Effects of gigantol on underlying mechanisms of lung cancer cell proliferation 

inhibition 

 2.1  Determination of effects of gigantol on cell proliferation regulating 

pathways using proteomics data 

 Proteomics analysis was used for determining the effects of gigantol on 

proliferation-regulatory proteins. The enrichment analysis was utilized to determine the 

protein set that involved in cell proliferation using Enrichr software. The obtained protein 

set was further analyzed for the key proteins in response to gigantol treatment. 

 2.2  Validation of key proteins of the proliferation-regulatory pathways 

affected by gigantol 
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 Protein levels of the key proteins which dominantly regulated cell proliferation 

affected by gigantol were validated using Western blot analysis. Also, related pathways of 

the key proteins were investigated through bioinformatics analysis using STRING software. 

 

Figure 9. Schematic diagram of the experimental design  
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CHAPTER IV 

RESULTS 

Part I: Non-cytotoxic concentration evaluation of gigantol in human lung cancer 

cell lines 

 

1.  Effect of gigantol on cytotoxicity of human lung cancer cell lines 

 Lung cancer cells were treated with gigantol in various concentrations (0 – 200 µM) 

for 24 hours and MTT colorimetric assay was performed to evaluate cytotoxic effect of 

gigantol. Treatment of three lung cancer cells with 5-20 µM of gigantol for 24 hours had a 

nonsignificant effect on survival of the cells, while a significant reduction of cell survival 

could be first detected in response to gigantol at a concentration of 50 µM (Figure 10A). 

Moreover, cell viability evaluation revealed that gigantol exhibited less toxicity to human 

lung epithelial cells BEAS-2B as compared with lung cancer cells (Figure 10B). 

 Although the result of MTT assay showed that 20 µM gigantol had no toxic effect 

to lung cancer cells, cell morphology was observed to approve the cell viability. 

Confirmation of cell death, either via apoptosis or necrosis, was detected under a 

fluorescent microscope after staining with Hoechst 33342 and propidium iodide (PI), as 

described in the Materials and Methods section. The nuclear staining results revealed that 

condensed and fragmented nuclei of apoptosis cells could be observed only in the cells 

treated with gigantol more than 50 µM (Figure 11A and 11B). It is worth indicating that 
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treatment with gigantol at all concentrations (0 to 200 µM) caused no necrosis (Figure 11A). 

Non-toxic concentrations of gigantol (20 µM) were used in subsequent experiments. 

 

Figure 10. Cytotoxic effect of gigantol on lung cancer cells. The cells were treated with 0-

200 µM of gigantol or vehicle for 24 hours and then analyzed by MTT assay for cell 

viability. The percentages of viable cells were compared to their untreated controls. (A) 

Graphs showing the percentages of lung cancer cells, H460, A549, and H292, viability. (B) 

Graphs showing the percentages of normal lung epithelial cells, BEAS-2B, viability. The 

viability of untreated cells was counted as 100% viability (* p < 0.05, compared with the 

untreated cells, n = 5). 
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Figure 11. (A) Photographs of Hoechst 33342, Propidium iodide (PI), and phase contrast 

fields showing cancer cells morphologies after 24 hours of gigantol treatment, the scale 

bars represent 100 µm and the magnification is 100×. (B) Graph showing the percentages of 

apoptotic cell death after 24 hours of gigantol exposure. Necrotic cells could not be 

detected. (* p < 0.05, compared with the untreated cells, n = 5) 
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Part II: Investigation of effects of non-toxic concentration of gigantol on cell 

proliferation and tumorigenicity in human lung cancer H460 cell line 

 

1.  Investigation on the effect of gigantol on proliferation of human lung cancer cell 

lines 

 Since proliferation of the cancer cells is the fundamental biological process of 

tumorigenicity, anti-proliferative effect of gigantol was evaluated in lung cancer cells using 

MTT colorimetric assay. Lung cancer cells were treated with non-cytotoxic concentrations 

of gigantol (10 – 20 µM) and were measured the cell viability at indicated time (0, 24, 48, 

72 hours). 

 Gigantol at 5-20 µM was further investigated for the anti-proliferative activity. The 

cells were cultured in growth medium in the presence or absence of gigantol for 1-3 days. 

The proliferation assay revealed that gigantol at 20 µM significantly reduced proliferation 

after 1 days of cultivation in H460 and A549 cells, however, gigantol at lower 

concentrations (5-10 µM) significantly suppressed proliferation at day 3. Whilst, in H292 

cells, gigantol at 5-20 µM showed anti-proilferative effect after 2 days of treatment (Figure 

12). Moreover, the anti-proliferative activity of gigantol was confirmed using colony 

formation assay of all tested cells as described in Materials and Methods. The average 

colony numbers of the untreated control group were counted as 100%. The percentage of 

relative colony numbers of the gigantol-treated groups showed that gigantol at 5-20 µM 

were able to suppress lung cancer cell growth significantly in a dose-dependent manner 

(Figure 13A and 13B). Results from these two assays proved that gigantol had an anti-
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proliferative effect against lung cancer cell growth. For the concentration at 20 µM of 

gigantol showed the strongest anti-proliferative effect in both assays, this concentration 

was used for the further proteomics analysis. 

 

Figure 12. Anti-proliferative effect of gigantol was evaluated. Lung cancer cells were 

treated with 0-20 µM gigantol for 3 days and the MTT assay was performed every 24 hours. 

The cell viability at day 1-3 was compared to the day 0 viability within group, and data was 

plotted as a growth rate of each treatement group (The cell viability at day 0 was counted 

as 1-fold). Relative growth of the gigantol-treated cells was compared with control cells 

within the same time of gigantol exposure (* p < 0.05, compared with the untreated cells 

at each time point, n = 4).  
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Figure 13. Colony formation assay was performed to confirm an anti-proliferative effect off 

gigantol. Lung cancer cells were treated with 0-20 µM gigantol for 10 days and then were 

stained with crystal violet. The colonies with > 50 cells were counted. (A) Photographed 

images of the stained colonies treated with 0-20 µM gigantol. (B) The percentage of treated 

cells was calculated relative to the untreated cells. All data represented mean ± SD (* p < 

0.05, compared with the untreated cells, n = 3).  
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2.  Evaluation the suppressive capability of gigantol on tumorigenicity of human lung 

cancer cells using an in vivo subcutaneous xenograft model 

 

 2.1  Validation of the stemness in gigantol-treated lung cancer cells used in 

the in vivo experiment 

 Before H460 cells were subjected to a xenograft inoculation, the lung cancer cells 

were validated for CSC phenotype reduction by gigantol using Western blot analysis of CSC 

markers, CD133 and ALDH1A1. Cells were treated with 20 µM gigantol for 24 hours and the 

cells were harvested for protein level measurement. Figure 14 showed that the cancer 

cells used for tumor xenograft experiment were valid because the gigantol-treated cells 

had lower stemness than the control group. 

 

 

Figure 14. (A) The protein expression of CSC markers, CD133 and ALDH1A1, in H460 cells 

treated with 20 µM gigantol was validated by Western blot analysis. (B) the immunoblot 

signal intensities were quantified by densitometry. Data represent means ± SD. (* p < 0.05 

as compared with the control group, n = 3). 
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 2.2  Investigation the effects of gigantol on tumor growth and gross tumors in 

subcutaneous xenograft model using nude mice model 

 After injection of lung cancer cells into two flanks of each mouse, most mice 

generated palpable tumors on day seven and most control tumors had reached their 

endpoint size on day 13. Figure 15 demonstrates that every mouse had a similar growth 

rate (indicated by body weight) within a normal range. The growing tumors were measured 

using Vernier caliper and the estimated tumor volumes were calculated. Figure 16A 

showed the growth rate of each tumor and Figure 16B showed the mean tumor growth 

rates, which was similar between the control and the treatment groups. At day 13 after 

inoculation, tumors were dissected (Figure 17A), and tumor weights and tumor sizes were 

measured, and the estimated volumes were calculated. The gigantol-treated tumors had 

lower tumor weights as compared with their own control tumors, except for mouse 3. 

However, the average weights of the tumors were not significantly different between 

groups (Figure 17B; control group mean = 966 ± 345.3 mg, gigantol group mean = 698 ± 

345.5 mg, n = 5, p = 0.2152, Student’s t-test). Likewise, Tumor volumes of the gigantol 

groups were lower than the control groups, but the average volume of the gigantol group 

was not significantly different to the control group (Figure 17C; control group mean = 1394 

± 460.7 mm3, gigantol group mean = 1081 ± 519.2 mm3, n = 5, p = 0.2155, Student’s t-

test). The tumor densities were compared, and the results showed that the gigantol groups 

had lower tumor densities than their paired untreated controls (Figure 18; control group 

mean = 0.685 ± 0.089 mg/mm3, gigantol group mean = 0.633 ± 0.071 mg/mm3, n = 5, p = 

0.4444, Student’s t-test). 
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Figure 15. Graph showing mice body weights starting at the day of cancer cell 

inoculation until the day of termination.  
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Figure 16. (A) Four graphs demonstrating the individual tumor growth rate of each 

mouse (tumor growth of mouse 5 could not be accomplished because the gigantol-

treated tumor was not palpable and measured until the day of termination). (B) Graph 

presenting the mean tumor growth rate of the control and gigantol groups. 
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Figure 17. (A) Untreated (upper row) and gigantol-treated (lower row) tumors were 

dissected and photographed at day 13 after inoculation. Scale bars represent 10 mm 

in length. (B) Graph showing the control and gigantol tumor weights with the grouped 

means. The 5 different markers represent each pair of tumors (n = 5). (C) Graph 

showing the control and gigantol tumor volumes with the grouped means. The 5 

different markers represent each pair of tumors (n = 5). 
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Figure 18. Tumor density was calculated as weight by volume. Graph showing the 

control and gigantol tumor densities with the grouped means. The 5 different markers 

represent each pair of tumors (n = 5). 

 

 2.3  Histological observation showed lower viable tumor areas in the gigantol-

treated tumors 

 Having shown that gigantol pretreatment caused tumors with a lesser density as 

compared with the untreated control, we wish to emphasize this phenomenon as previous 

studies have indicated that changes in tumor density, as indicated by CT imaging showing a 

loss of tumor mass, can be a potential assessment for anti-cancer drug action (142, 143). 

Cross-section slices of the tumors were co-stained by hematoxylin and eosin (H&E), and, 

then, were photographed. The macro-morphology of the tumor structure was similar 

among all the tumors (small nodules packed within a tumor lobe, surrounded with fibrous 

tissues), whereas the percentage of intact and non-viable tumor cells of the two groups 

were dramatically different. Figure 19A demonstrates that while the control tumors 
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exhibited a dense viable tumor mass, the gigantol tumors showed a substantial loss of 

tumor mass, as indicated by a hollowing with the magenta staining of cells or pale pink 

cells without nuclear staining. Figure 19A showed that tumors from gigantol-pretreated 

cells had more necrotic area compared to their own control tumor, except mouse 4. By 

the way, the average necrotic area between the two groups was not significantly different 

(Figure 19B). 

 

 

Figure 19. (A) Hematoxylin and eosin staining showing intratumor morphology (20×). 

Percentages of necrotic areas as compared with their total areas are shown at the lower-

right edge of each picture. Scale bars at the lower-left edge of each picture represent 500 

µm lengths. (B) Graph showing percentages of control and gigantol tumors (n = 4). 
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 2.4  Gigantol suppresses tumor cells proliferation but not tumor vasculature 

 Two pairs of tumors were selected for Ki-67 and α-smooth muscle actin (α-SMA) 

immunohistochemistry (IHC) staining. The hot spots and cold spots of Ki-67 positive cells 

are shown in Figure 20A. The mean percentage of Ki-67 positive cells of the control group 

was 62.45 ± 0.3951 and that of the gigantol-treated group was 49.49 ± 0.7348 (p-value = 

0.0041, Student’s t-test, n = 2, Figure 20B). The α-SMA signals from cancer cells in all 

tumors were so low that they could not be scored (Figure 21A). This result indicated that 

both the control and gigantol groups had a low level of mesenchymal-like phenotypes. 

Figure 21B presents mature vessels covered by pericytes. The number of vessels per area 

detected by α-SMA staining was similar in all the tumors. 
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Figure 20. (A) Immunohistochemistry (IHC) staining demonstrating 200-fold magnified 

pictures of hot spots and cold spots from the control and gigantol-treated tumors. The 

percentages of Ki-67 positive cells as compared with total cells are displayed under their 

pictures. (B) Graph showing the means of %Ki-67 positive cells. (* p < 0.05 as compared 

with the control group, Student’s t-test, n = 2).  
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Figure 21. (A) α-SMA IHC staining of cancer cells in both edge and center areas of tumors 

showing no difference of signal levels (200×). The numbers of mature tumor vessels per 

areas between the control and gigantol groups were not different. (B) Pictures showing 

vessel distribution among the tumor mass (100×). Arrow indicates a vessel (400×). 
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Part III: Investigation of effects of gigantol on underlying mechanisms involved 

in CSC-like phenotype and cell proliferation in human lung cancer H460 cell 

line 

 

1.  Investigation on CSC-related signaling pathways affected by gigantol 

 Whole cell lysates of untreated and gigantol-treated H460 cells were subjected to 

the proteomic LC-MS/MS system and quantitative proteomics analysis was performed with 

MaxQuant software using Andromeda database. In total, 4351 proteins were identified from 

the control cells, while 3745 proteins were identified from the gigantol-treated cells. The 

proteomics profiles were subjected to further bioinformatic analysis as described in the 

proteomic workflow (Figure 22). The protein lists from the control and gigantol-treated 

cells were input to a Venn diagram and 2373 proteins (54.54% of total proteins from 

control group) were identified as being only from the control cells, 1767 proteins (47.18% 

of total proteins from gigantol-treated group) only from the gigantol-treated cells, and 

1978 proteins from both groups (Figure 23A). The down- and up-regulated protein lists 

were categorized into three ontologies, molecular function, biological process, and cellular 

component using Panther software (conducted on 8 October 2019). The most 

overrepresented molecular functions were binding (38.3% down- and 35.6% up-regulated 

proteins) and catalytic activity (32.0% down- and 35.6% up-regulated proteins) (Figure 23B). 

The most overrepresented biological process categories were cellular process (31.8% 

down- and 32.6% up-regulated proteins), and metabolic process (21.0% down- and 19.8% 

up-regulated proteins) (Figure 23C). The most overrepresented cellular component 
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categories were cell (39.4% down- and 40.2% up-regulated proteins) and organelle (33.6% 

down- and 32.2% up-regulated proteins) (Figure 23D). The differentially expressed proteins 

were subjected to further bioinformatic analysis. 

 The two protein lists of down- and up-regulated proteins were input to Enrichr 

software to identify the enriched biological processes associated with CSC regulation 

(conducted on 8 October 2019). Enrichment terms from the Gene Ontology (GO) biological 

process of down-regulated proteins in gigantol-treated cells are involved in 

macromolecule biosynthesis, DNA-templated transcription, gene expression, protein 

phosphorylation, cytoskeleton organization, and telomere maintenance. In contrast, 

enrichment biological processes of up-regulated proteins in gigantol-treated cells are 

involved in intracellular signal transduction, protein phosphorylation, gene expression, and 

protein biosynthesis processes (Table 4). 

 

Figure 22. Schematic diagram showed the proteomic workflow for verification of the CSC-

related signaling pathways affected by gigantol. 
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Figure 23. H460 cells were treated with 20 µM of gigantol or its vehicle (0.004% DMSO) for 

24 hours before the whole-cell lysates were collected. The experiment was performed in 

biological triplicates. (A) Venn diagram showing the difference in proteins expressions 

between the control and gigantol-treated H460 cells. Three functional classifications of the 

2373 down- and 1767 up-regulated proteins affected by gigantol treatment using Panther 

software: (B) molecular function, (C) biological process, and (D) cellular component. 
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Table 4. First 10 ranking enrichment terms from the GO biological process of down- and 

up-regulated proteins in gigantol-treated cells. 

Enriched biological processes associated with the down-regulated proteins 

Term Overlap p-Value 
regulation of cellular macromolecule biosynthetic process 
(GO:2000112) 

129/632 2.65E–10 

regulation of nucleic acid-templated transcription (GO:1903506) 121/608 4.65E–09 

protein phosphorylation (GO:0006468) 97/471 2.82E–08 
regulation of transcription, DNA-templated (GO:0006355) 254/1599 3.09E–07 

regulation of gene expression (GO:0010468) 174/1038 9.47E–07 
phosphorylation (GO:0016310) 76/387 5.61E–06 

protein autophosphorylation (GO:0046777) 41/176 1.44E–05 

cytoskeleton organization (GO:0007010) 29/127 3.49E–04 
membrane depolarization during action potential (GO:0086010) 13/39 3.58E–04 

regulation of telomere maintenance (GO:0032204) 10/26 4.67E–04 

Enriched biological processes associated with the up-regulated proteins 
Term Overlap p-Value 

regulation of intracellular signal transduction (GO:1902531) 62/423 4.82E–05 
protein phosphorylation (GO:0006468) 67/471 6.24E–05 

ribosomal large subunit biogenesis (GO:0042273) 16/64 1.02E–04 
cyclic purine nucleotide metabolic process (GO:0052652) 10/31 2.17E–04 

regulation of gene expression (GO:0010468) 124/1038 2.75E–04 
nucleotide biosynthetic process (GO:0009165) 9/27 3.40E–04 

DNA replication checkpoint (GO:0000076) 7/17 3.59E–04 
RNA splicing, via transesterification reactions with bulged adenosine 
as nucleophile (GO:0000377) 

37/237 4.55E–04 

regulation of mRNA processing (GO:0050684) 9/29 6.19E–04 

mRNA processing (GO:0006397) 42/284 6.22E–04 
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 1.1  Determination the CSC maintenance related signaling pathways affected 

by gigantol from the proteomics data 

 Kinases are vital enzymes that regulate intracellular signaling. Several oncogenes 

and tumor suppressor genes are kinase enzymes or proteins linked to protein kinase 

activity. Therefore, the most interesting GO term involved with cellular signaling and found 

in the enrichment analysis results of both down- and up- regulated proteins was “protein 

phosphorylation (GO:0006468)”. There were 97 proteins that were down-regulated and 67 

proteins that were up-regulated by gigantol associated with protein phosphorylation as 

listed in Table 5. 

 

Table 5. List of genes involved with protein phosphorylation and differentially  

regulated by gigantol treatment in H460 lung cancer cells. 

Down-regulated genes Up-regulated genes 
MYLK4, ,IGF1R, RPS6KA4, LIPE, AKT2, CHEK1, PIM1, 
NEK2, PIM2, NEK3, PSKH1, PRKCG, CDKL2, CDKL3, 
PDGFRA, MORC3, CDKL5, DAPK1, EPHA8, DAPK3, 
ADAM10, VRK2, PRKAB1, CDC25B, DGKQ, ULK3, BTK, 
ALPK3, SIK2, TXK, WNK4, PIK3R4, PRKCZ, GRK1, 
NUAK2, IRAK2, MARK4, MARK1, CDK17, PLK4, NEK7, 
DCLK2, PTK2, CLK3, CDK9, CDK8, BMP2, FES, WNK2, 
CDK12, CDK13, CDK14, MAP3K11, ALK, SMG1, DYRK3, 
FLT4, MAST1, PIK3CD, IKBKB, TLK2, TLK1, JAK2, JAK3, 
JAK1, KSR1, TGFBR3, HCK, LATS2, PIK3CA, MYO3A, 
BIRC6, SGK3, TLR4, PRKAA2, CAMKK2, PHKG1, ERBB4, 
ERBB2, PTK2B, RICTOR, MAPK6, CAMK2G, MAP4K4, 
NTRK2, GTF2H1, CDC42BPA, MAPK15, MTOR, HIPK2, 
SBK1, TAOK3, CAMK4, STK17B, NEK10, ATP13A2, 
CSNK1A1L 

CCNT1, MAST3, STK19, PIK3CB, 
PPP4R1, FASTK, RPS6KA2, AKT1, 
PDK3, PIM3, EPHB4, MAP3K5, MUSK, 
MINK1, PRPF4B, PASK, BAZ1B, 
MASTL, ERN1, LATS1, MELK, KIT, 
BMP2K, TLR9, BIRC5, ULK2, PRKD1, 
CSNK1G2, EPHA3, TLR3, DDR2, 
BRSK1, NIM1K, LTK, PNCK, PKN3, 
ROCK2, STK39, STK4, STK3, AURKA, 
MAPK8, IRAK1, STK36, ABL1, 
MAP3K20, ABL2, MAP3K21, MAPK1, 
FNIP2, PAK2, MAP3K3, INSR, LIMK1, 
ELP1, EIF2AK4, CDC42BPB, SNRK, 
TEC, ABI2, CDK2, CDK10, PKN2, 
PTPN6, TEK, CDK15, BMPR1A 
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 The 97 proteins that were down-regulated and 67 proteins that were up-regulated 

in gigantol-treated cells obtained from the GO term “protein phosphorylation (GO: 

0006468)” were separately input to the STRING software (conducted on 8 October 2019). 

The resulting networks were presented (Figure 24A and 25A), and the hub proteins were 

determined. The top 10% of the down-regulated proteins that had the highest number of 

protein interactions were MTOR, PIK3CA, JAK1, JAK2, PIK3CD, ERBB2, CHEK1, IGF1R, PTK2, 

ALK, and JAK3. Whereas, the top 10% of the up-regulated proteins that had the highest 

number of protein interactions were AKT1, MAPK1, ABL1, MAPK8, CDK2, and PAK2. 

 The hub proteins of both down- and up-regulated proteins were then analyzed for 

the pathways involved in CSCs using STRING. According to the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathways database (https://www.genome.jp/kegg/), the 

enriched signaling pathways that enriched among the hub proteins that were down-

regulated by gigantol treatment primarily were the PI3K/Akt and JAK/STAT signaling 

pathways (Figure 24B). These pathways were indicated as signaling pathways regulating the 

pluripotency of stem cells. Whereas, the hub proteins of the up-regulated proteins were 

related to the ErbB signaling pathway (Figure 25B). Interestingly, gigantol down-regulated 

two major signaling pathways involved in CSC-like phenotype, including PI3K/Akt and 

JAK/STAT pathways, but did not up-regulated the signaling pathways related to CSC 

maintenance. 

 To confirmed that the target pathways of gigantol were crucial for CSC 

maintenance, the list of proteins involved in CSC regulation was extracted from the KEGG 

pathway database, using the term “hsa04550: Signaling pathways regulating pluripotency of 
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stem cells—Homo sapiens (human)”, and mapped with the H460 proteomic profiles 

(conducted on 28 October 2019.). In total, 50 proteins were represented in the KEGG 

pathways, 12 proteins were significantly up-regulated, 20 proteins were significantly down-

regulated, and 18 proteins were not significantly altered by gigantol (Figure 26). 

Remarkably, the down-regulated proteins affected by gigantol were mostly linked to the 

PI3K/Akt and JAK/STAT pathways (protein lists of the two pathways were obtained from 

KEGG pathway database “hsa04151: PI3K-Akt signaling pathway—Homo sapiens (human)” 

and “hsa04630: JAK-STAT signaling pathway—Homo sapiens (human)”; conducted on 28 

October 2019.). Nevertheless, the levels of proteins belonging to the Wnt pathway, 

another pathway related to CSCs, were not significantly changed. 
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Figure 24. (A) Networks presenting the functional protein-protein interactions of the 97 

down-regulated proteins related to the GO term “protein phosphorylation” (GO:0006468). 

The 11 hub proteins are identified and highlighted with red font and yellow edge. (B) PPI 

network of 11 hub proteins. According to the KEGG pathways database, PI3K-Akt signaling 

pathway (hsa04151) and JAK-STAT signaling pathway (hsa04630) were enriched in the 

network. 
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Figure 25. (A) Networks presenting the functional protein-protein interactions of the 67 up-

regulated proteins related to the GO term “protein phosphorylation” (GO:0006468). The 6 

hub proteins are identified and highlighted with red font and yellow edge. (B) PPI network 
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of 6 hub proteins. According to the KEGG pathways database, ErbB signaling pathway 

(hsa04012) were enriched in the network. 

 

 

Figure 26. Heatmap representing the levels of proteins associated with the signaling 

pathways regulating the pluripotency of stem cells in the control and gigantol-treated 
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H460 cells (left and right columns of the heatmap, respectively). Proteins belonging to 

PI3K/Akt and JAK/STAT pathways are listed to the right. 

 

 1.2  Validation of key signal proteins of the CSC-related pathways affected by 

gigantol 

 To confirm, the key proteins of PI3K/Akt and JAK/STAT pathways including Akt, 

phosphorylated Akt (Ser473), STAT3, phosphorylated STAT3 (Ser727), and CSC markers 

were determined by Western blot analysis using the same cell population of proteomics 

and xenograft experiments. The band density of active form of Akt (phosphorylated Akt) 

and active STAT3 (phosphorylated STAT3) was normalized with their own total forms in 

order to determine the levels of activation. The results showed that gigantol could inhibit 

the activation of Akt and STAT3. In addition, the CSC makers (CD133 and ALHD1A1) were 

found to be significantly reduced in response to gigantol treatment (Figure 27A and 27B). 

 Moreover, the effect of gigantol on PI3K/Akt, JAK/STAT, and CSC markers was 

confirmed in other lung cancer cells, A549 and H292 (Figure 28A and 28B). The results 

showed that the CSC markers, as well as, the activation of Akt and STAT3 were decreased 

by gigantol in a dose-dependent pattern in all tested cells. It was quite clear that the 

PI3K/Akt and JAK/STAT signaling pathways were the target pathways of gigantol on CSC 

maintenance in NSCLCs. 
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Figure 27. (A) The H460 cell lysates used in proteomics analysis were validated for protein 

levels of phosphorylated Akt (Ser473) and phosphorylated STAT3 (Ser727), the active 

forms of key kinases of PI3K/Akt and JAK/STAT3 pathways, and their total forms by 

Western blot analysis. (B) the immunoblot signal intensities were quantified by 

densitometry. Data represent means ± SD. (* p < 0.05 as compared with the control group, 

n = 3). 
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Figure 28. (A) The effects of gigantol on Akt, STAT3, and CSC markers were determined in 

other two lung cancer cell lines, A549 and H292 using Western blot analysis. (B) the 

relative protein levels were quantified. Data represent means ± SD. (* p < 0.05 as 

compared with the control group, n = 3). 
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2.  Investigation on regulatory mechanisms of gigantol on lung cancer cell 

proliferation 

 2.1  Determination of effects of gigantol on proliferative signals using 

proteomics data 

  Having shown that gigantol negatively regulates proliferation of lung cancer cells, 

the key underlying mechanisms were next identified using proteomic analysis.  The analysis 

process of the H460 proteomics data was demonstrated as a flowchart in Figure 29. The 

analysis identified 1,767 proteins that were up-regulated and 2,373 proteins that were 

down-regulated in gigantol-treated versus control cells. The proteins with differential 

expression were analyzed by the enrichment analysis tool, Enrichr (conducted on 27 April 

2020). The GO annotations based on GO Consortium database were investigated and it was 

found that the GO termed “regulation of cell proliferation (GO:0042127)” was the 

meaningful GO annotation associated with regulatory signaling of cell proliferation. Gigantol 

altered the expression of 156 proteins involved in the regulation of cell proliferation, 

which were 96 down-regulated proteins and 60 up-regulated proteins, as listed in Table 6. 

Subsequently, the hub proteins were clarified.  
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Figure 29. The flowchart showed bioinformatic analysis process of proteomic profiles 

obtained from the untreated and gigantol-treated lung cancer cells.  
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Table 6. List of genes associated with regulation of cell proliferation and differentially 

regulated by gigantol treatment in H460 lung cancer cells. 

Down-regulated genes Up-regulated genes 

COL18A1, TES, ATP8A2, BNC1, FLT4, PINX1, AKR1B1, 
ADRA1D, CTCF, PTPRK, ADRA1A, FGF3, IGF1R, MYC, 
AKT2, PIM2, CAPN1, JAK2, ARID2, JAK3, RBM5, JAK1, 
ENPP7, PDGFRA, TIPIN, PRMT1, MAGI2, P3H1, ADAM10, 
TSC1, GAB2, NCCRP1, TMEM250, GTPBP4, ADRA2A, 
CDC25B, HCK, COL4A3, BTK, RAPGEF2, HCLS1, BIRC6, 
SGK3, NUPR2, ARHGEF2, IL6ST, HDAC4, HDAC2, 
ZBTB49, TXK, CUL2, NOP2, DLL1, RELA, TBRG4, 
PKHD1, ERBB4, PDGFD, SH3BP4, PTK2B, UTP20, STX3, 
ZNF268, TCFL5, JAG2, NTRK2, EGLN3, XRCC6, JUP, 
NOS3, IL31RA, TNFRSF10B, SMAD6, PTPN14, ST18, 
PTK2, TNFRSF10D, BMP5, CUL4A, MLXIPL, GDF9, 
BMP2, REST, AGO3, BCL6, DLG3, PRC1, FES, WNK2, 
DLC1, STRN, KRAS, CDK13, BAP1, EIF4G1, MXD4 

PTPRU, TENM1, CDCA7L, CHD5, 
BRCA1, PKD2, PPP1R9B, MECP2, 
UFL1, ADAMTS1, ADORA3, 
RPS6KA2, NAMPT, CHP2, AKT1, 
KCNH1, EDN1, GNL3, SSTR5, 
TIAM1, IL1A, ADAM17, GAREM1, 
ADGRB1, KIT, BIRC5, IRF6, KIF20B, 
BLK, CEBPA, HDAC1, TNFRSF11B, 
TTK, THBS1, PRDX3, MNT, SCIN, 
PDGFC, ABL1, ABL2, WNT2, 
STOX1, TRPM4, EGF, CNBP, INSR, 
FN1, VEGFD, CDC6, INHBA, TBX2, 
TEC, CCPG1, DNAJA3, DLG5, 
CDK2, CDK10, PTPN6, NOX1, 
BMPR1A 

 

 2.2  Gigantol targets c-Myc in lung cancer cells. 

 To justify the most important hub protein that controlled cell proliferation, the 

differentially expressed proteins were subjected to protein-protein interaction (PPI) 

networks functional enrichment analysis using STRING (Figure 30; conducted on 27 April, 

2020), and the number of PPIs was analyzed using the function ‘network analyzer’ of 

Cytoscape software. The top 20 proteins that had the highest interactions with other 

proteins in the network were determined, namely AKT1, MYC (or c-Myc), FN1 (or 

fibronectin), EGF, KRAS, JAK2, KIT (or c-KIT), BRCA1, HDAC1, IGF1R, JAK1, ABL1, CDK2, NOS3 
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(or eNOS), PTK2 (or FAK), HDAC2, ERBB4, BMP2, PDGFRA, and INSR (Figure 30). Then, their 

molecular functions were determined from GO annotation using Panther software 

(conducted on 27 April 2020). The analysis result revealed that, among these candidates of 

gigantol’s target, c-Myc had the most abundant protein-protein interactions in the network 

(> 50 PPIs) and was down-regulated by gigantol (Figure 31). Besides, it was the only one 

that had a transcription factor activity (Table 7 and 8). This result suggested that c-Myc was 

a key player of gigantol mechanism of action in suppression of cell proliferation. Therefore, 

c-Myc was further examined on its expression in H460 cells and other two lung cancer 

cells, A549 and H292. 
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Figure 30. The protein-protein interaction network of the differentially expressed proteins 

demonstrated relationship between the 156 proteins associated with regulation of cell 

proliferation. Located in the center of the network, the proteins of which gene names were 

highlighted with red font and yellow edge were the top 20 proteins with the highest 

number of PPIs. 
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Figure 31. PPI network of 20 hub proteins demonstrated regulation status and significance 

level of the proteins. The bigger node means the higher PPI numbers.  

 

Table 7. Hub proteins that controls cell proliferation which were down-regulated by 

gignatol treatment in H460 lung cancer cells.  

Gene name Molecular functions 

MYC transcription regulator activity; binding 
KRAS catalytic activity; binding 

JAK2 catalytic activity; binding 

IGF1R molecular transducer activity; catalytic activity; binding 
JAK1 catalytic activity; binding 

NOS3 catalytic activity; binding 
PTK2 catalytic activity; binding 

HDAC2 catalytic activity 
ERBB4 catalytic activity; binding 

BMP2 molecular function regulator; binding 
PDGFRA molecular transducer activity; catalytic activity; binding 
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Table 8. Hub proteins that controls cell proliferation which were up-regulated by gignatol 

treatment in H460 lung cancer cells. 

Gene name Molecular functions 

AKT1 catalytic activity 
FN1 binding 

EGF molecular transducer activity; binding 
KIT catalytic activity; binding 

BRCA1 catalytic activity 

HDAC1 catalytic activity 
ABL1 catalytic activity; binding 

CDK2 molecular transducer activity; catalytic activity; binding 
INSR molecular transducer activity; catalytic activity; binding 

 

 The proteomic and protein interaction analysis have pointed out that c-Myc was 

the dominant regulatory protein on cell proliferation in response to gigantol treatment. 

Then, we confirmed the validity of such protein in gigantol-treated cells. The cells were 

similarly treated with non-toxic concentrations of gigantol and c-Myc level was determined 

by Western blot analysis. Figure 32A showed that c-Myc was dramatically decreased in 

response gigantol treatment. Gigantol at 10 and 20 µM significantly decreased c-Myc levels 

in all tested cells, while gigantol at 5 µM significantly decreased c-Myc levels of H460 and 

A549 cells (Figure 32B). In total, gigantol suppressed c-Myc expression in a dose-dependent 

manner. This result confirmed that gigantol down-regulated c-Myc protein in lung cancer 

cells.  
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Figure 32. (A) Lung cancer cells were treated with gigantol 0-20 µM for 24 hours. Western 

blot analysis was performed for determined c-Myc levels. GAPDH levels were used to 

confirm equal loading of each protein sample. (B) The band intensities of treatment groups 

were compared to the control group and present as fold-change. Data represented mean 

± SD (* p < 0.05, compared with the untreated control, n = 3). 

 

 2.3  Gigantol suppresses c-Myc through an inhibition of GSK3β 

phosphorylation. 

 Having shown that gigantol inhibit cell proliferation via c-Myc suppression, the 

underlying mechanisms of c-Myc protein level modulation were next verified. Figure 33 

demonstrated a curated pathway of c-Myc regulation. Well-established evidences revealed 

that cellular c-Myc is regulated mainly via ubiquitin-proteasomal degradation and the 

phosphorylation at Thr58 by GSK3β was prerequisite for c-Myc ubiquitination. However, 

GSK3β function was regulated via phosphorylation at Ser9. Once GSK3β was 
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phosphorylated and became inactivated, c-Myc protein was more stable and the cellular 

c-Myc level was increased, resulting to cell proliferation (12). Therefore, the activation 

status of GSK3β was further investigated by Western blot analysis. Cells were treated with 

gigantol 0-20 µM for 24 h and whole cell lysates were harvested. The levels of 

phosphorylated and total forms of GSK3β were validated. Western blot results showed 

that gigantol at 5-20 µM significantly decreased the level of inactive GSK3β 

(phosphorylated GSK3β at Ser9), but rarely affected the total form of GSK3β in all tested 

cells (Figure 34A). The ratio of relative protein levels of p-GSK3β versus GSK3β was 

calculated to justify the inactivation level of GSK3β (Figure 34B). The ratios indicated that 

GSK3β inactivation was significantly reduced by gigantol in a dose-dependent manner. This 

result suggested that the increase of c-Myc degradation was triggered by surge of active 

GSK3β. 

 

Figure 33. PPI network from curated data showed relationship between c-Myc, GSK3β, and 

ubiquitin.  
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Figure 34. (A) Western blot analysis was performed for determined the protein levels of 

phosphorylated (Ser9) and total form of GSK3β. GAPDH levels were used to confirm equal 

loading of each protein sample. (B) The band intensities of treatment groups were 

compared to the control group and present as fold-change. Data represented mean ± SD 

(* p < 0.05, compared with the untreated control, n = 3). 

 

 2.4  Gigantol destabilized c-Myc via ubiquitination facilitated proteasomal 

degradation. 

 Next, gigantol-induced c-Myc degradation was proved using cycloheximide chasing 

assay. Gigantol at the concentration of 20 µM was used in this assay for it reduced more c-

Myc protein level compared to the 5 or 10 µM. Western blot analysis result showed that 

gigantol significantly decreased c-Myc protein level at time 15, 30, 45, and 60 minutes after 

the treatment compared to their untreated control at the same time points in all tested 
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cells (Figure 35A and 35B). The c-Myc half-life was calculated from an equation obtained 

from a regression curve. The c-Myc half-lives of untreated H460, A549, and H292 cells were 

44.30 ± 7.58, 38.63± 3.75, and 38.52 ± 7.45 minutes, while the half-lives of gigantol-treated 

H460, A549, and H292 cells were 26.41 ± 3.24, 26.55 ± 2.69, and 26.73 ± 3.06 minutes, 

respectively (Figure 35C). This data indicated that gigantol reduced c-Myc half-life 

significantly.  

 To prove that this decrease in c-Myc stability was through proteasomal 

degradation of the protein, we utilized MG132, a potent selective proteasome inhibitor. 

The lung cancer cells were pretreated with MG132 0-20 µM for 1 hour and then were left 

untreated or treated with gigantol for 1 h. The treatment of all concentrations of MG132 

drastically increased the c-Myc level, which confirmed that c-Myc protein was degraded 

mainly through proteasomal degradation pathway (Figure 36A and 36B). Treatment of the 

lung cancer cells with gigantol for 1 h significantly decreased c-Myc level, while the 

pretreatment of MG132 (5–20 µM) reversed an effect of gigantol on c-Myc down-regulation 

(Figure 36A and 36B). Taken together, it could be concluded that gignatol induced c-Myc 

proteasomal degradation.  

 Then, ubiquitination level of c-Myc was observed using immunoprecipitation and 

Western blot analysis of the c-Myc-ubiquitin complex (Ub-c-Myc) in the lung cancer cells 

treated with gigantol and untreated control cells. After pretreating the cells with 10 µM 

MG132 for 1 h, the cells were left untreated or treated with 20 µM gigantol for another 1 

h, the c-Myc protein was selectively isolated from cell lysates by the c-Myc antibody. 

Then, unwanted proteins were washed out and only c-Myc complex was analyzed for 
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conjugated ubiquitin through Western blot analysis. Figure 37A and 37B showed that 

gigantol treatment dramatically enhanced the formation of the c-Myc-ubiquitin complex 

compared to the baseline complex in untreated controls of all tested cells. This result 

indicated that the mechanism of action of gigantol was through the induction of c-Myc 

degradation via ubiquitin-proteasomal degradation. 
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Figure 35. Cycloheximide (CHX) chasing assay was performed to measure c-Myc stability. 

Lung cancer cells were treated with gigantol 20 µM with or without 50 µg/ml CHX as 

indicated by the time (minutes). (A) Western blot analysis was performed for determined c-

Myc levels. GAPDH levels were used to confirm equal loading of each protein sample. (B) 

The relative protein levels were calculated by densitometry (* p < 0.05, compared with 

the untreated control at the same time, n=3). (C) c-Myc half-lives were calculated. 
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Figure 36. (A) Lung cancer cells were treated with MG132 (0–20 µM) with or without 

gigantol (20 µM) for 1 h. c-Myc levels were measured using Western blot analysis. GAPDH 

levels were used to confirm equal loading of each protein sample. (B) The band intensities 

were calculated by densitometry compared to the untreated control cells (* p < 0.05, 

compared with the untreated cells, # p < 0.05, compared with the non-MG132 gigantol-

treated cells). All data represented the mean ± SD (n = 3). 
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Figure 37. (A) Lung cancer cells were treated with MG132 (10 µM) with or without gigantol 

(20 µM) for 1 h. Then, protein lysates were collected subsequent to c-Myc 

immunoprecipitation, and the ubiquitinated protein levels were measured by Western 

blotting. (D) Ubiquitinated c-Myc (Ub – c-Myc) levels were quantified using densitometry (* 

p < 0.05, compared with the untreated control). All data represented the mean ± SD (n = 

3). 
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CHAPTER V 

DISCUSSION 

 According to the increasing trend of cancer incidence and mortality, the 

development of novel anti-cancer therapies is highly needed. Among malignant tumors, 

lung cancer has been shown to be the main cause of cancer-related mortality and 

treatment failure (43), leading to the requirement for effective therapeutic options. 

Previous studies have reported the potential anti-cancer activities of gigantol, one of the 

most widely studied bibenzyls. Gigantol has exhibited cytotoxicity against various types of 

cancer cells, such as breast, liver, and lung cancer cells (36, 144, 145). Moreover, gigantol 

could attenuate certain aggressive phenotypes that bring about tumor progression and 

metastasis, including proliferation, migration, invasion, anoikis-resistance, and anchorage-

independent growth (37-40). 

 The phenotypes that promote tumorigenicity of lung cancer, including proliferative 

and CSC-like phenotypes, were studied. Until now, an anti-proliferative effect of gigantol 

has not been explored. This experiment is in line with abovementioned data and further 

support the anti-cancer properties of gigantol in suppression of lung cancer cell growth. 

The non-toxic concentrations were used for an anti-proliferation evaluation. Proliferation 

assay and colony formation assay were performed. The proliferation assay demonstrated 

that gigantol reduced the growth rate of total population of lung cancer cells in a dose-

dependent manner (Figure 12). Also, the colony formation assay was performed and the 

colony with > 50 cells (around 7 doubling times) were counted as a normally growing 

colony. After 10 days of gigantol incubation, the results showed that gigantol decreased 
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the number of lung cancer cells with a colony formation capacity in a dose-dependent 

pattern (Figure 13A and 13B). In total, gigantol inhibited lung cancer cells proliferation 

effectively.  

 Recent evidence has suggested that CSCs functions as a seed of tumors. Not only 

do the CSCs use their ability of self-renewal and differentiation for tumor establishing, but 

also implicate cancer progression, metastasis, and disease relapse (13). Regarding this 

matter, several previous reports unraveled new information that gigantol could suppress 

CSC activity and discontinue their role in maintaining tumor (14, 146). This finding is quite 

in agreement with the previous study indicating that CSCs play a key role in tumor 

maintenance. This study revealed the effect of gigantol of CSC-like phenotype suppression 

on the tumor initiation, growth, and maintenance based on the concept that the cells at 

the first step of tumor initiation had lesser CSC property than the control untreated cells. 

 In this study, the lung cancer cells were treated with a non-toxic concentration of 

gigantol prior to inoculation into mice subcutaneous skins. The same populations of 

gigantol-treated cells were subjected to proteomics. The concept of the in vivo xenograft 

was to compare the ability to form and maintain a tumor between the untreated control 

and gigantol-treated H460 cells. This experiment revealed the effects of gigantol on the 

cancer cells whether the CSC or other survival signals were suppressed by the treatment 

at the time of inoculation. The pretreatment procedure excluded the direct anticancer 

effect of the compound on the tumor cell after mice implantation. This experimental 

design displays the clear mechanism of gigantol treatment in attenuation of the stemness 

and CSC-supportive PI3K/Akt/mTOR and JAK/STAT3 signals at the time of tumor initiation 
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(Figure 14 and 27). Although this experiment used only a single treatment with low dose, 

gigantol could slightly inhibit the tumor growth rate (Figure 16B). Tumors from the gigantol-

pretreated cells had lower weights and volumes compared to the controls (Figure 17B and 

17C). The tumor densities were calculated in order to confirm that the tumor weight 

correlated to its volume. The results revealed that the tumor densities of the gigantol 

group were also lower than the control group (Figure 18). This result raised an assumption 

that there would be some loss of tumor mass in gigantol tumor group. Thus, the 

histological tumor integrity was determined. Previous studies have either demonstrated or 

proposed that the tumor density can be a promising assessment of anti-cancer drug 

evaluation as they have given more accuracy on the assessment of an anti-cancer drug 

response and have contributed to better treatment outcomes (142, 143, 147). The cross-

sectional histology of the tumors was observed to assess the integrity of intact cell viable 

areas as compared with the cell death areas as recommended in the guideline (148). 

Interestingly, the results indicated that most of the gigantol-treated tumors had a dramatic 

loss of tumor mass as compared with those of the untreated controls (Figure 19). 

Consistently, the intratumor structure and tumor phenotype of Ki-67 labeling showed that 

the gigantol-treated tumors had lower proliferative cancer cells (Figures 20). However, the 

EMT properties of cancer cells observed by α-SMA staining was not altered by treatment 

with gigantol (Figure 21A). Also, the angiogenic capability of both groups of tumors was not 

different (Figure 21B). The phenotypic observation revealed that the pretreatment with 

gigantol did not have an effect on tumor neoangiogenesis. Further investigation on 

gigantol-mediated stromal cell-induced angiogenesis is thus suggested. 
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 This in vivo experiment was designed in a manner of a pharmacological study that 

minimized the confounding factors in the system and focused on the effect of gigantol on 

the cancer cells. It could assume from the results that gigantol treatment altered the 

tumor-promoting activities of the cells prior to the process of tumor inoculation and such 

alteration attenuated the ability of the cancer cell to grow and maintain a tumor, resulting 

in a reduced tumor mass with viable cancer cell loss. Lung cancer cell line used for an 

evaluation on CSC suppression of gigantol was NCI-H460, which is the metastatic lung 

adenocarcinoma cell. Generally, the standard control cells with CSC-enriched population 

and the cell population with low stemness profile should be included in the study to 

confirm an importance of CSC in tumorigenicity and validate the tumor morphologies 

between the two groups. However, the standard controls were not performed in this study 

because it is well-established that original population of H460 cells consisted of a high 

proportion of CSCs.  Previous studies demonstrated that the proportion of CSC (CD133-

positive or ALDH-high) was around 1-3 % in H460 cell line (149). Although the results 

helped us scope the direct action of the compound on lung cancer cells, further 

investigation is necessary, including the injection of the substance into a tumor or animal 

after tumor formation to gain more insights. 

 Then, the underlying mechanisms of gigantol that suppressed cell proliferation, 

tumor formation, and cancer stemness were investigated utilizing proteomics technique 

and bioinformatics analysis. The down- and up-regulated proteins from the gigantol-treated 

cells were subjected to an enrichment analysis using Enrichr software in order to screening 

for the most affected biological processes associated with cellular signaling. The 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 97 

enrichment analysis results in Table 4 revealed that the top 10 biological processes 

associated with the down- and up-regulated proteins mainly involved in protein or DNA 

synthesis (regulation of cellular macromolecule biosynthesis process; regulation of nucleic 

acid-templated transcription; regulation od transcription, DNA-templated; regulation of 

gene expression; ribosomal large subunit biogenesis; cyclic purine nucleotide metabolic 

process; nucleotide biosynthesis process; DNA replication checkpoint; RNA splicing, via 

transesterification reactions with bulged adenosine as nucleotide; regulation of mRNA 

processing; mRNA processing) and protein phosphorylation (protein phosphorylation; 

phosphorylation; protein autophosphorylation). The biological process that related to 

cellular signaling should be the protein phosphorylation, which enriched in both down- 

and up-regulated proteins. Therefore, the proteins listed in this term were subjected for 

further analysis for the involved signaling pathways (Table 5). 

 The hub proteins, also known as the significant nodes, were identified as the top 

10% of the proteins with the highest PPIs. The down- and up-regulated significant proteins 

associated with protein phosphorylation were performed an enrichment analysis again 

using KEGG pathways database by STRING software in order to clarify the enriched 

pathways. The results showed that the signaling pathways enriched in down-regulated 

significant proteins were PI3K/Akt and JAK/STAT pathways, while the signaling pathway 

enriched in up-regulated significant proteins was ErbB pathway (Figure 24B and 25B). 

 Bioinformatics analysis demonstrated that PI3K/Akt/mTOR and JAK/STAT were 

among the most affected proteins in response to gigantol treatment. The key kinase signals 

belonging to the PI3K/Akt/mTOR axis, including phosphoinositide 3-kinases (PI3Ks, α and δ 
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isoforms) and mammalian target of rapamycin (mTOR), were significantly decreased in the 

gigantol-treated cells (Figure 24A). Both isoforms of PI3K can activate phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3), an upstream activator of Akt (150). In addition, PI3K can trigger 

an Akt-independent mechanism, which transduces signals through serine/threonine-protein 

kinase Sgk3 (SGK3) and mTOR complex 2 (mTORC2), of which principle downstream targets 

were SGK1 and PKC (151). The activation of mTORC2 promotes cell survival, proliferation, 

mobility and metabolism (152). Consistently, the proteomic results showed the 

suppression of key proteins of the PI3K-mediated Akt-independent pathway, such as 

PIK3CA, PIK3CD, SGK3, MTOR, and RICTOR, which were simultaneously down-regulated 

(Figure 24A). 

 Janus kinase 1 and 2 (JAK1 and JAK2) are transducers of the heteromeric receptors 

of interleukin 6 and 10 (IL-6 and IL-10), which activate signal transducer and activator of 

transcription 3 (STAT3). STAT3 was shown to mediate cancer cell survival, proliferation, 

angiogenesis, and metastasis, as well as maintaining the CSC phenotypes (19, 153). 

Although the STAT3 protein could not be detected in the proteomic profiles due to its low 

abundance, its downstream target genes, including cyclin D1 and c-Myc, were down-

regulated (24). JAK3 is an upstream regulator of STAT5 and STAT6. An accumulating data 

exercise revealed that inhibition of the JAK3 signaling could reduce cancer progression 

(154). It is possible that the suppression of JAK/STAT signaling by gigantol should attenuate 

CSC in lung cancer. 

 In addition, the mitogen-activated protein kinase 8 (MAPK8) or c-Jun N-terminal 

kinase (JNK) protein level was found to be induced by gigantol treatment (Figure 25A). JNK 
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plays a role in controlling cancer cell death. The activation of JNK is necessary for intrinsic 

and extrinsic apoptosis, and autophagic cell death (155). JNK signaling has been reported 

as a vital molecular mechanism of many anti-cancer-agents-induced cancer cell death and 

inactivation of such a protein led to cancer cell resistance to death stimuli (156, 157). An 

early up-regulation of JNK by gigantol before the cancer cells encountered the stressful 

conditions in the tumor possibly led to stress induced JNK hyperactivation, which 

subsequently promoted the expression of proapoptotic proteins (155). However, the 

protein level, in case of kinase protein, might not represent its function because proteomic 

profile could not distinguish its active form (phosphorylated form) from its total form. The 

further validation of these up-regulated kinases, as well as, their functions on lung tumor 

was recommended. 

 In order to confirm that these signaling pathways associated with CSC-like 

phenotype of the lung cancer cells, KEGG pathways database was examined, and the term 

“Signaling pathways regulating pluripotency of stem cells” was the only meaningful one. 

The genes listed in this term were mapped with the gigantol-mediated down- and up-

regulated proteins, and the results revealed that the pathways represented in this term 

were still the PI3K/Akt and JAK/STAT pathways (Figure 26). Therefore, expression levels of 

Akt and STAT3, the key signals of PI3K/Akt and JAK/STAT, respectively, were validated by 

Western blot analysis. The Western blot results from the protein lysate of H460 showed 

that total Akt and STAT3 did not change, but the active forms of Akt (Ser473 

phosphorylated Akt) and STAT3 (Ser727 phosphorylated STAT3) were significantly 

decreased in gignatol-treated cells (Figure 27). This result confirmed that gigantol-treated 
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cells had been inhibited the CSC-related pathways prior to subject to the proteomics 

analysis and subcutaneous xenograft experiment. Moreover, the effect of gigantol on Akt 

and STAT3 function was performed in more lung cancer cell lines, A549 and H292, using 

Western blot analysis. The results showed that gigantol also inhibited all tested cells in a 

dose-dependent manner (Figure 28). 

 Cancer cell growth is a consequence of activation of oncoproteins as well as 

dysregulation of proliferative proteins. Here it was demonstrated that c-Myc was key 

protein affected by the treatment of gigantol using proteomics and bioinformatics 

approaches (Figure 29). Based on the enrichment analysis results, the GO biological 

processes termed “regulation of cell proliferation” was the nearest term related to the 

cell proliferation (Table 6). Hub proteins were defined because such proteins would affect 

to several effectors or signaling pathways and caused a big impact to overall cellular 

processes. Changes of hub proteins by the treatment would affect the cancer cell 

proliferation. The top 20 hub proteins were identified as potential candidates for gigantol’s 

target (Figure 30). Since the proliferation assay and colony formation assay indicated that 

gigantol inhibited cancer cell growth, hence, the target in response to the gigantol 

treatment should be the proteins that facilitated cell proliferation and were down-

regulated by gigantol, or the up-regulated proteins which inhibited cell proliferation. It 

appeared that c-Myc, which was a pro-proliferative protein, was the down-regulated 

protein with the most abundant PPIs (Figure 31). Furthermore, c-Myc was a transcription 

factor, of which its function correlated with its expression level (Table 7). Thus, a little 

change in c-Myc protein level might cause a large effect on cell division processes. c-Myc is 
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a well-known proto-oncogene which controls several proteins involved in cell cycle and is 

crucial for cancer cell growth (7). Moreover, PI3K/Akt, MAPK, or JAK/STAT pathways induced 

cancer proliferation through c-Myc regulation (158-160). Therefore, it could be considered 

c-Myc as a target of gigantol-mediated proliferation inhibition. c-Myc expression level was 

validated in lung cancer cells, and the Western blot analysis demonstrated that c-Myc 

levels in gigantol treated cells was significantly decreased (Figure 32). The protein analysis 

confirmed that gigantol reduced cellular c-Myc level in lung cancer cells. 

 The mechanisms that caused c-Myc level attenuation were also investigated. It was 

known that GSK3β promoted proteasomal degradation of c-Myc by phosphorylating c-Myc 

at Thr58 and enhancing c-Myc degradation via ubiquitin-proteasome pathway (Figure 33). 

Also, c-Myc was positively regulated by Akt via Akt-mediated GSK3β inactivation (12). 

Previous studies demonstrated that gigantol inhibited Akt function by decrease an active 

form of Akt (phosphorylated Akt at Ser473) in lung cancer (37), so it was possible that 

gigantol could enhance GSK3β function. Nevertheless, an effect of gigantol on GSK3β was 

unclear. So, this assumption was proved by Western blot analysis. The results indicated 

that gigantol treatment reduced the level of Ser9 p-GSK3β (the inactive form) but not total 

GSK3β (Figure 34). It suggested that gigantol attenuated GSK3β inactivation, which led to an 

increase of active form of GSK3β (non-phosphorylated form) and accelerated c-Myc 

degradation, as demonstrated by the reduction of c-Myc half-life in the cycloheximide 

chasing assay (Figure 35). An inhibition of proteasomal degradation experiment was 

performed using MG132 and the results confirmed that c-Myc degraded mainly through 

proteasomal pathway. MG132-treated cells showed higher c-Myc level because c-Myc 
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degradation was blocked and c-Myc accumulated in the cells (Figure 36). Moreover, MG132 

was able to reverse an inhibitory effect of gigantol on c-Myc level (Figure 36), which 

proved that gigantol destabilized c-Myc through proteasomal degradation. Next, the level 

of ubiquitin-c-Myc conjugation was verified for ubiquitination was required for the 

recognition of the proteasome. The immunoprecipitation followed by Western blot 

analysis was performed and the results indicated that c-Myc ubiquitination was significantly 

increased in gigantol treated cells (Figure 37). This data strongly proved that c-Myc 

degradation was increased by gigantol since ubiquitination was the critical process for 

prompting the ubiquitin-proteasomal degradation. 

 Data from several studies revealed that certain oncoproteins like c-Myc is 

overexpressed and activated in cancers (161-163). In general, c-Myc protein regulates 

biological functions, namely proliferation, apoptosis, and differentiation. It is called a 

master transcription factor since c-Myc participates up to 15% of transcription of the entire 

genome (164). In cancer, the overexpression of c-Myc correlates with poor prognosis and 

unfavorable patient survival (165), and the transient silencing of c-Myc is shown to 

sufficiently inhibit cancer cell proliferation (9). The previous data have pointed out that c-

Myc is critical protein for enhancing tumor growth and inhibition of such a protein may 

offer an effective strategy for management of the disease. An inducible MYC transgenic 

mice model revealed that c-Myc inhibition caused regression of established lung tumors. 

Once the systemic c-Myc was enhanced after being suppressed by continuous doxycycline 

treatment, proliferative cells were dramatically increased, indicating by BrdU staining, and 

significantly decreased immediately after c-Myc inhibition by re-introducing doxycycline. As 
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well, apoptotic cells, indicating by TUNEL staining, were observed in c-Myc inhibited tumor 

but not in normally expressed c-Myc tumor (166). The similar effect of c-Myc inhibition was 

also found in other type of cancer. The transient inhibition of c-Myc in the transgenic mice 

with hepatocellular tumor resulted to cancer cell differentiation into hepatocyte-like 

phenotype accompanied with apoptosis and completely regression of the tumors was 

observed (167). So far, c-Myc is a potential target for cancer treatment as it plays 

prominent roles in tumorigenesis and cancer progression. Various strategies for modulating 

c-Myc expression were suggested, such as targeting the up-stream signaling pathways which 

destabilized c-Myc protein level (7). Natural flavonoids that modulated c-Myc were 

intensively explored. For example, taxifolin was demonstrated to inhibit osteosarcoma cell 

proliferation and suppress tumor growth in nude mice xenograft model through an Akt/c-

Myc inhibition (168). In line with above context, the present study provides a detail of key 

molecular mechanism of gigantol on c-Myc suppression and supports gigantol for potential 

use and development for cancer treatment. 

 In conclusion, gigantol inhibited PI3K/Akt and JAK/STAT3 signaling pathways and 

decreased c-Myc function through the facilitating of GSK3β-mediated c-Myc ubiquitin-

proteasomal degradation. These signals inhibition caused the suppression of CSC-like 

phenotype and proliferative capacity of lung cancer cells, resulting to attenuation of tumor 

formation in vivo (Figure 38). This finding provided more insight information of gigantol 

mechanisms on tumor formation which supported further development of gigantol as an 

anticancer drug. 
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Figure 38. Schematic diagram summarizes the effects of gigantol on tumorigenicity and 

cell proliferation of lung cancer cells 
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APPENDIX 

TABLES OF EXPERIMENTAL RESULTS 

Table 9. The percentage of H460, A549, H292 and BEAS-2B cell viability was determined 

by MTT assay after treatment with various concentrations of gigantol for 24 hours. 

Gigantol 
(µM) 

Cell viability (%) 

H460 A549 H292 BEAS-2B 
0 100 ± 2.73 100 ± 4.93 100 ± 8.43 100 ± 6.60 

5 98.05 ± 4.96 94.32 ± 11.59 94.84 ± 1.88 - 
10 94.17 ± 3.66 83.66 ± 9.20 94.07 ± 6.68 100.5 ± 12.87 

20 88.88 ± 7.19 83.02 ± 10.85 87.18 ± 4.33 100.6 ± 6.78 

50 86.83 ± 9.98 * 74.72 ± 7.26 * 84.46 ± 4.93 * 96.44 ± 8.83 
100 80.72 ± 3.63 * 73.74 ± 15.39 * 77.51 ± 11.64 * 84.27 ± 3.21 * 

200 68.04 ± 8.2 * 53.16 ± 6.63 * 54.89 ± 11.13 * 73.76 ± 3.30 * 

Value represents means ± SD of four independent experiments, * p < 0.05 versus 

untreated control. 

 

Table 10. The percentage of apoptotic cells of H460 cells was determined by Hoechst 

33342 and propidium iodide staining after treatment with various concentrations of 

gigantol for 24 hours. 

Gigantol (µM) Apoptotic cells (%) 

0 0.29 ± 0.03 
20 0.81 ± 0.21 

50 4.05 ± 0.41 * 
100 4.73 ± 0.57 * 

200 8.81 ± 1.30 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. 
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Table 11. Relative protein levels of CSC markers of H460 cells were determined by 

Western blot analysis after treatment with various concentrations of gigantol for 24 hours. 

Gigantol (µM) Relative protein levels 

CD133 ALDH1A1 
0 1 ± 0.00 1 ± 0.00 

20 0.53 ± 0.12 * 0.52 ± 0.06 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. 

 

Table 12. Body weights of nude mice were observed from day 0 – 13. 

Day after 
inoculation (days) 

Body weight (g) 
Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5 

0 22.41 16.83 20.78 25.17 24.81 

4 23.15 18.87 24.95 28.37 27.23 
7 24.38 22.82 23.88 26.75 25.48 

8 24.63 23.4 23.84 27.48 25.57 
9 25.05 24 24.3 28.6 25.9 

10 25.1 24.78 24.47 28.53 26.24 
11 25.78 24.93 24.69 29.63 27.1 

12 25.26 24.43 24.64 29.17 26.38 
13 26.18 25.19 25.49 29.76 27.12 
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Table 13. Tumor volumes (mm3) of untreated and gigantol-pretreated groups were 

measured using Vernier Caliper on day 7-13. 

 Day after inoculation (days) 

7 8 9 10 11 12 13 
Mouse 1 Control 204.6 288.79 529.92 785.47 804.71 1126.1 1566.8 

Gigantol 321.43 853.65 814.64 924.69 1116.8 1053.9 1444.8 
Mouse 2 Control 280.88 315.88 527.1 883.33 1058.2 1145.7 1103.1 

Gigantol 117.81 153.97 266.58 332.9 437.45 681.98 732.77 

Mouse 3 Control 128.29 159.78 205.88 283.67 389.44 485.13 813.9 
Gigantol 153.36 426.31 485.11 846.74 707.8 925.41 1087 

Mouse 4 Control 566.64 713.57 807.18 1054.7 1157.6 1709.7 2021 
Gigantol 286.71 435.58 609.32 782.98 897.52 1288.2 1711.8 

Mouse 5 Control 532.57 989.08 1464.4 1183.3 1557.9 1795.2 1463.9 
Gigantol - - - - - - - 

* The gigantol-pretreated tumor of mouse 5 could not be measured because it was not 

palpable, and the edge of the tumor could not be verified. 

 

Table 14. Means of tumor volume (mm3) of untreated and gigantol-pretreated groups on 

day 7-13 were calculated. 

Day after 
inoculation (days) 

Mean of tumor volume (mm3) 
Untreated control Gigantol-pretreated 

7 295.1 ± 191.4 219.8 ± 99.37 
8 369.5 ± 239.3 467.4 ± 288.8 

9 517.5 ± 245.8 543.9 ± 229.4 

10 751.8 ± 331.3 721.8 ± 265.7 
11 852.5 ± 342.6 789.9 ± 288.3 

12 1117 ± 500.5 987.4 ± 253 
13 1376 ± 530 1244 ± 426.3 
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Table 15. Tumor weights (mg) of untreated and gigantol-pretreated groups were observed 

on day 13. 

 Tumor weight (mg) 

Untreated control Gigantol-pretreated 
Mouse 1 1150 950 

Mouse 2 850 490 
Mouse 3 440 760 

Mouse 4 1350 1070 

Mouse 5 1040 220 
Mean ± SD (n = 5) 966 ± 345.3 698 ± 345.5 

 

Table 16. Tumor volume (mm3) of dissected untreated and gigantol-pretreated groups 

measured on day 13. 

 Tumor volume (mm3) 

Untreated control Gigantol-pretreated 

Mouse 1 1566.84 1444.77 
Mouse 2 1103.09 732.77 

Mouse 3 813.9 1087.01 
Mouse 4 2020.95 1711.77 

Mouse 5 1463.86 427.78 
Mean ± SD (n = 5) 1394 ± 460.7 1081 ± 519.2 
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Table 17. Tumor densities of untreated and gigantol-pretreated groups were calculated 

from dissected tumor weights and volumes measured on day 13. 

 Tumor density (mg/mm3) 

Untreated control Gigantol-pretreated 
Mouse 1 0.734 0.6575 

Mouse 2 0.7706 0.6687 
Mouse 3 0.5406 0.6992 

Mouse 4 0.668 0.6251 

Mouse 5 0.7105 0.5143 
Mean ± SD (n = 5) 0.6847 ± 0.089 0.633 ± 0.071 

 

Table 18. The percentage of necrotic areas in Hematoxylin and eosin-stained tumor slides. 

 Necrotic area (%) 
Untreated control Gigantol-pretreated 

Mouse 1 19.9 25.2 
Mouse 2 22.9 35.1 

Mouse 3 11.4 37.5 
Mouse 4 31.8 22.0 

Mean ± SD (n = 4) 21.5 ± 8.42 29.95 ± 7.51 

The total area of tumor mass was counted as 100% and the necrotic area was calculated 

as a percentage relative to the total area. 
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Table 19. The percentage of Ki-67 positive cells of the untreated and gigantol-pretreated 

tumor from mouse 1 and mouse 3 and the mean of percentage of Ki-67 positive cells of 

the untreated and gigantol-pretreated tumor calculated from the two mice. 

 Ki-67 positive cells (%) 
Untreated control Gigantol-pretreated 

Mouse 1 62.85 48.76 
Mouse 3 62.06 50.22 

Mean (n = 2) 62.45 ± 0.56 49.49 ± 1.04 

The values of mouse 1 and mouse 3 are the average values of hot-spot and cold-spot of 

the same tumor. The values of mean percentage are the average values of mouse 1 and 

mouse 3 (means ± SD). * p < 0.05 versus untreated control. 

 

Table 20. Relative ratios of the protein levels of p-Akt (S473) and total Akt and p-STAT3 

(S727) and total STAT3 of H460 cells were determined by Western blot analysis after 

treatment with 20 µM gigantol for 24 hours. 

Gigantol (µM) Relative protein levels 

p-Akt/Akt p-STAT3/STAT3 
0 1 ± 0.00 1 ± 0.00 

20 0.44 ± 0.05 * 0.61 ± 0.03 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. 
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Table 21. Relative protein levels of CSC markers, CD133 and ALDH1A1, and relative ratios 

of the protein levels of p-Akt (S473) and total Akt and p-STAT3 (S727) and total STAT3 of 

H460, A549, and H292 cells were determined by Western blot analysis after treatment with 

various concentrations of gigantol for 24 hours. 

 Gigantol 
(µM) 

Relative protein levels 

CD133 ALDH1A1 p-Akt/Akt p-STAT3/STAT3 

H460 0 1 ± 0.00 1 ± 0.00 1 ± 0.00 1 ± 0.00 
10 0.69 ± 0.07 * 0.46 ± 0.13 * 0.48 ± 0.07 * 0.42 ± 0.03 * 

20 0.68 ± 0.09 * 0.53 ± 0.17 * 0.47 ± 0.14 * 0.66 ± 0.06 * 
A549 0 1 ± 0.00 1 ± 0.00 1 ± 0.00 1 ± 0.00 

10 0.76 ± 0.07 * 0.64 ± 0.05 * 0.72 ± 0.06 * 0.65 ± 0.08 * 
20 0.77 ± 0.07 * 0.52 ± 0.11 * 0.66 ± 0.08 * 0.74 ± 0.08 * 

H292 0 1 ± 0.00 1 ± 0.00 1 ± 0.00 1 ± 0.00 
10 0.71 ± 0.08 * 0.93 ± 0.03 0.72 ± 0.1 * 0.39 ± 0.03 * 

20 0.58 ± 0.14 * 0.69 ± 0.06 * 0.39 ± 0.02 * 0.49 ± 0.04 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. 
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Table 22. Relative growth rates of H460, A549, and H292 cells were determined by MTT 

assay after treatment with various concentrations of gigantol for 3 days. 

 Day after 
treatment (days) 

Gigantol (µM) 

0 5 10 20 

H460 0 1 ± 0.20 1 ± 0.1 1 ± 0.08 1 ± 0.06 
1 2.51 ± 0.15 2.45 ± 0.11 2.40 ± 0.31 1.74 ± 0.11 * 

2 4.55 ± 0.04 4.60 ± 0.3 4.35 ± 0.04 3.43 ± 0.02 * 
3 8.75 ± 0.02 * 7.78 ± 0.06 * 6.22 ± 0.44 * 5.16 ± 0.80 * 

A549 0 1 ± 0.28 1 ± 0.22 1 ± 0.20 1 ± 0.10 
1 2.43 ± 0.21 2.65 ± 0.10 2.18 ± 0.16 1.95 ± 0.16 * 

2 4.21 ± 0.29 4.04 ± 0.29 3.89 ± 0.26 3.03 ± 0.4 * 
3 7.86 ± 0.25 * 6.84 ± 0.59 * 6.54 ± 0.19 * 4.43 ± 0.26 * 

H292 0 1 ± 0.12 1 ± 0.18 1 ± 0.05 1 ± 0.07 

1 1.8 ± 0.04 1.71 ± 0.17 1.7 ± 0.19 1.58 ± 0.12 
2 3.26 ± 0.17 * 2.7 ± 0.18 * 2.64 ± 0.13 * 2.5 ± 0.22 * 

3 6.04 ± 0.15 * 4.92 ± 0.45 * 4.43 ± 0.27 * 3.93 ± 0.42 * 

Value represents means ± SD of four independent experiments, * p < 0.05 versus 

untreated control at the same time point. 
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Table 23. The percentage of colony numbers of H460, A549, and H292 cells were 

determined by colony formation assay after treatment with various concentrations of 

gigantol for 10 days. 

Gigantol (µM) Colony number (%) 
H460 A549 H292 

0 100 ± 10.7 100 ± 6.66 100 ± 13.79 
5 56.37 ± 8.4 * 68.2 ± 12.53 * 59.57 ± 17.99 * 

10 54 ± 7.79 * 67.47 ± 3.33 * 59.4 ± 13.9 * 

20 44.33 ± 8.66 * 37.57 ± 16.65 * 47.67 ± 11.2 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. The untreated control was counted as 100%. 

 

Table 24. Relative protein levels of c-Myc of lung cancer cells were determined by 

Western blot analysis after treatment with various concentrations of gigantol for 24 hours. 

Gigantol (µM) Relative protein levels of c-Myc 

H460 A549 H292 
0 1 ± 0.00 1 ± 0.00 1 ± 0.00 

5 0.88 ± 0.04 * 0.74 ± 0.06 * 1.02 ± 0.04 
10 0.83 ± 0.04 * 0.44 ± 0.19 * 0.63 ± 0.14 * 

20 0.58 ± 0.07 * 0.46 ± 0.08 * 0.49 ± 0.05 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. 
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Table 25. Relative protein levels of p-GSK3β(S9)/GSK3β of lung cancer cells were 

determined by Western blot analysis after treatment with various concentrations of 

gigantol for 24 hours. 

Gigantol (µM) Relative protein levels of p-GSK3β(S9)/GSK3β 
H460 A549 H292 

0 1 ± 0.00 1 ± 0.00 1 ± 0.00 

5 0.72 ± 0.14 * 0.69 ± 0.13 * 0.79 ± 0.03 * 

10 0.63 ± 0.11 * 0.62 ± 0.10 * 0.78 ± 0.04 * 
20 0.43 ± 0.11 * 0.5 ± 0.08 * 0.43 ± 0.14 * 

Value represents means ± SD of three independent experiments, * p < 0.05 versus 

untreated control. 

 

Table 26. Relative protein levels of c-Myc of lung cancer cells were determined by 

Western blot analysis after treatment with CHX or CHX with gigantol as indicated time. 

 Gigantol 
(µM) 

Time of CHX treatment (minutes) 
0 15 30 45 60 90 

H460 0 1 ± 0.00 0.86 ± 0.13 0.69 ± 0.04 0.52 ± 0.03 0.45 ± 0.07 0.27 ± 0.04 
20 1 ± 0.00 0.56 ± 0.06* 0.49 ± 0.06* 0.36 ± 0.04* 0.31 ± 0.03* 0.18 ± 0.03 

A549 0 1 ± 0.00 0.74 ± 0.04 0.58 ± 0.03 0.44 ± 0.04 0.36 ± 0.05 0.25 ± 0.06 
20 1 ± 0.00 0.57 ± 0.04* 0.47 ± 0.03* 0.33 ± 0.03* 0.26 ± 0.04* 0.16 ± 0.03* 

H292 0 1 ± 0.00 0.70 ± 0.07 0.58 ± 0.04 0.43 ± 0.05 0.32 ± 0.02 0.21 ± 0.03 
20 1 ± 0.00 0.54 ± 0.03* 0.45 ± 0.03* 0.32 ± 0.05* 0.22 ± 0.01* 0.15 ± 0.02 

Value represents means ± SD of three independent experiments, * p < 0.05 versus CHX 

control at the same time point. 
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Table 27. Relative protein levels of c-Myc of lung cancer cells were determined by 

Western blot analysis after treatment with MG132 or MG132 with gigantol for 1 hour. 

 Gigantol 
(µM) 

MG132 (µM) 

0 5 10 20 
H460 0 1 ± 0.00 2.36 ± 0.09 * 2.07 ± 0.08 * 1.97 ± 0.11 * 

20 0.65 ± 0.05 1.57 ± 0.06 # 1.64 ± 0.05 # 1.06 ± 0.03 # 
A549 0 1 ± 0.00 2.44 ± 0.13 * 2.93 ±0.25 * 2.76 ± 0.19 * 

20 0.70 ± 0.01 2.03 ± 0.07 # 2.42 ± 0.14 # 2.83 ± 0.19 # 

H292 0 1 ± 0.00 2.28 ± 0.11 2.4 ± 0.14 1.91 ± 0.08 
20 0.46 ± 0.02 1.08 ± 0.03 1.78 ± 0.09 2.05 ± 0.08 

Value represents means ± SD of three independent experiments. * p < 0.05 versus 

untreated control, # p < 0.05 versus gigantol-treated control. 

 

Table 28. Relative protein levels of ubiquitin of lung cancer cells from the c-Myc 

immunoprecipitated lysates were determined by Western blot analysis after treatment 

with MG132 or MG132 with gigantol for 1 hour. 

 Gigantol (µM) 

0 20 
H460 1 ± 0.00 1.71 ± 0.42 * 

A549 1 ± 0.00 1.45 ± 0.17 * 
H292 1 ± 0.00 1.48 ± 0.28 * 

Value represents means ± SD of three independent experiments. * p < 0.05 versus 

untreated control. 
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