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Abstract 

Pancreatic cancer is known to be one of the most life-threatening cancers 

characterized by aggressive local invasion and distant metastasis. The high basal level 

of autophagy in pancreatic cancer may be responsible for the low chemotherapeutic 

drug response rate and poor disease prognosis. However, the clinical application of 

autophagy inhibitors was unsatisfactory due to their toxicity and minimal single-agent 

anticancer efficacy. Hence, oncologists begin to consider the tumor microenvironment 

when exploring new drug targets. In the present study, the anti-tumorigenic 

mechanisms of two major phytochemicals derived from Chinese medicinal herbs had 

been investigated against pancreatic cancer development. 

Calycosin is a bioactive isoflavonoid of the medicinal plant Astragalus 

membranaceus. Our results have shown that calycosin inhibited the growth of various 

pancreatic cancer cells both in vitro and in vivo by inducing cell cycle arrest and 

apoptosis. Alternatively, calycosin also facilitated MIA PaCa-2 pancreatic cancer cell 

migration in vitro and increased the expression of epithelial-mesenchymal transition 

(EMT) biomarkers in vivo. Further mechanistic study suggests that induction of the 

Raf/MEK/ERK pathway and facilitated polarization of M2 tumor-associated 

macrophage in the tumor microenvironment both contribute to the pro-metastatic 

potential of calycosin in pancreatic cancer. These events appear to be associated with 

calycosin-evoked activation of TGF-β signaling, which may explain the paradoxical 

drug actions due to the dual roles of TGF-β as both tumor suppressor and tumor 

promoter in pancreatic cancer development under different conditions. 

Isoliquiritigenin (ISL) is a chalcone obtained from the medicinal plant Glycyrrhiza 

glabra, which can be a precursor for chemical conversion to form calycosin. Results 
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have shown that ISL decreased the growth and EMT of pancreatic cancer cells in vitro, 

probably due to modulation of autophagy. ISL-induced inhibition of autophagy 

subsequently promoted reactive oxygen species (ROS) production, leading to induction 

of apoptosis in pancreatic cancer cells. Such phenomenon also contributed to the 

synergistic growth-inhibitory effect in combined treatment with the orthodox 

chemotherapeutic drug 5-fluorouracil. In addition, ISL-induced tumor growth 

inhibition in vivo was further demonstrated in a tumor xenograft mice model of 

pancreatic cancer. ISL promoted apoptosis and inhibited autophagy in the tumor tissues. 

Study on immune cells indicates that ISL could reduce the number of myeloid-derived 

suppressor cells (MDSCs) both in tumor tissue and in peripheral blood, while CD4+ 

and CD8+ T cells were increased correspondingly. In vitro test has revealed that ISL 

inhibited the polarization of M2 macrophage along with its inhibition of autophagy in 

M2 macrophage. These immunomodulating effects of ISL had reversed the pro-

invasive role of M2 macrophage in pancreatic cancer. 

In conclusion, calycosin acts as a “double-edged sword” on the growth and 

metastasis of pancreatic cancer, which may be related to the dual roles of TGF-β and 

its influence on the tumor microenvironment. Alternatively, ISL consistently inhibited 

the growth and metastatic drive of pancreatic cancer through regulation of autophagy 

and reprogramming of the immune system. The differential modes of action of these 

compounds have provided new insights in the development of effective pancreatic 

cancer treatment adjuvants. 

Keywords: pancreatic cancer, calycosin, Isoliquiritigenin, TGF-β, autophagy, 

anticancer immunity 
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CHAPTER 1 Introduction 

1.1 Overview of pancreatic cancer 

Pancreatic cancer is a fulminant malignant disease with late diagnosis and poor 

prognosis. The high mortality characteristic of pancreatic cancer could be owing to its 

aggressive behaviour including the rapid dissemination to the lymphatic system and 

distal organs. Despite the advancement in surgical technology, adjuvant and 

neoadjuvant chemotherapy, targeted therapies as well as the immunotherapies over the 

years, survival rate of pancreatic cancers remains as low as 2% after 5 years in some 

countries (McGuigan et al., 2018). By understanding the etiology and pathogenesis of 

pancreatic cancer can provide us with better insight in developing effective preventive 

and therapeutic strategy. 

  

1.1.1 Epidemiology 

1.1.1.1 Incidence 

GLOBOCAN statistics have shown that there were 458,918 new diagnoses of 

pancreatic cancer (2.5% among all new cancer cases) in 2018 (Bray et al., 2018). The 

incidence rates of pancreatic cancer vary considerably across countries and populations 

(Fig. 1.1). The highest age-standardized rate (ASR) was reported in the countries of 

Europe and North America with a rate above 7 per 100,000 in the population. The 

lowest ASR was reported in the countries of Africa and South-Central Asia with a rate 

of about 2 per 100,000 in the population (Bray et al., 2018). There is a little difference 

in the incidence rate among sexes. It is more common in males with 243,033 new cases 

(5.5 per 100,000) than in females with 215,885 new cases (4.0 per 100,000) (Bray et 
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al., 2018). There is a general increase with the age of pancreatic cancer incidence in 

both genders (Bray et al., 2018; Malvezzi et al., 2016). Pancreatic cancer is usually 

diagnosed in people over 70 years of age while rarely observed in people below 55 

years old (Bosetti et al., 2012; Malvezzi et al., 2016). 

. 

 

Figure 1.1 Map shows global estimates of ASR for pancreatic cancer in 2018, including 

both genders and all ages (reproduced from http://globocan.iarc.fr/(Rawla et al., 2019)). 

 

1.1.1.2 Mortality 

The mortality rates of pancreatic cancer vary significantly across regions (Fig. 1.2). 

In 2018, the highest mortality rates were observed in Western, Central and Eastern 

Europe with a rate above 6.6 per 100,000 in the population (Bray et al., 2018). The 

lowest mortality rate was observed in Eastern Africa with a rate below 2 per 100,000 

in the population. It is recorded 200,681 of deaths for pancreatic cancer in Asia (46.4% 

of all pancreatic cancer deaths), while 128,045 deaths in Europe (29.6% of all 

pancreatic cancer deaths). The mortality rate in both genders increases with age, and 
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about 90% of all pancreatic cancer deaths happened above 55 years old (Bray et al., 

2018). 

 

 

Figure 1.2 Map shows global estimates of mortality rates for pancreatic cancer in 2018, 

including both genders and all ages (reproduced from http://globocan.iarc.fr/ (Rawla et 

al., 2019)). 

 

1.1.1.3 Trends 

Based on the data of GLOBOCAN 2018, we could predict the trends in pancreatic 

cancer incidence and mortality including both genders and all ages from 2018 to 2040 

through the procedure on the website of the International Agency for Research on 

Cancer belong to the World Health Organization (http://gco.iarc.fr/tomorrow/graphic-

isotype?type=1&population=900&mode=population&sex=0&cancer=39&age_group

=value&apc_male=0&apc_female=0). It projects that 356,358 new diagnoses of 

pancreatic cancer (increase 77.7% compared to cases in 2018) will be estimated as well 

as 345,181 new deaths (increase 79.9% compared to cases in 2018) in 2040. In terms 

http://globocan.iarc.fr/
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of the distribution of pancreatic cancer, the highest incidence will happen in Africa 

with a growth rate of 114.1%, while the lowest incidence will occur in Europe a growth 

rate of 29.3%. Considering genders, the growth rate of males is 75.4% slightly less than 

that for females with a rate of 80.2%. Similar trends are also predicted for the mortality 

rate with the highest mortality rate in Africa (+114.8%) while the lowest in Europe 

(+31.6%). The deaths of males will increase by 77.9% and females by 82.1%. 

 

1.1.1.4 Survival 

Over the period 2014-2018, the 5-years survival rate for pancreatic cancer increased 

from 6% to 9% globally, which indicates that progress is being obtained even though 

it still states the low level(Bray et al., 2018). There is little variation in the survival rate 

for pancreatic cancer between countries with very high/high human development index 

(HDI) and those with low HDI, which is different from the incidence and mortality rate 

between them (Bray et al., 2018). The difference is reflected in the stage of initial 

diagnoses. For instance, for pancreatic cancer patients initially diagnosed at stage IA, 

the survival rate is about 14%, which is much higher than stage IV patients with a 

survival rate of 1% (Rawla et al., 2019). 

 

1.1.2 Etiology and risk factors 

Several risk factors could make a person more likely to develop pancreatic cancer. 

A few are modifiable ones, such as smoking, alcohol, obesity, dietary factors and 

exposure to toxic substances (Midha et al., 2016). Others are categorized as non-

modifiable risk factors including gender, age, ethnicity, diabetes mellitus, family 
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history of pancreatic cancer, genetic factors, chronic infections, non-O blood group, 

and chronic pancreatitis (Midha et al., 2016). Smoking increases the risk of developing 

pancreatic cancer nearly two times higher (Kuzmickiene et al., 2013), of which 10% of 

pancreatic cancer patients have a family history of this disease (Shi et al., 2009). 

Someone who suffers from the mutations of genes such as BRCA1 or BRCA2 and 

PALB2 are associated with a higher risk in developing pancreatic cancer, which is also 

consistent in breast and ovarian cancers (Jones et al., 2009). There are also several other 

multiple-cancer syndromes including Peutz–Jeghers syndrome, hereditary pancreatitis 

and familial atypical multiple mole melanoma leading to increased risk of developing 

pancreatic cancer (Humphris et al., 2014). Finally, the higher risk also results from 

DNA mismatch repair genes such as MLH1, MSH2, MSH6 and PMS2 as well as non-

group-O blood type (Hu et al., 2018).  

 

1.1.3 Pathologic classification of pancreatic cancer  

Different types of malignant neoplasms can be found in the pancreas due to its 

physiologic and cellular diversity. These pancreatic malignancies possess dramatically 

different clinicopathologic characteristics, which result in different effects of the same 

therapy. Advances in technologies of morphological and imaging as well as the large-

scale analysis of the molecular characteristics will help to improve the distinguish of 

different pancreatic cancer subtypes, which will provide the support for optimal 

therapeutic strategies. 
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1.1.3.1 Histopathological classification of pancreatic cancer 

According to the histological differentiation, pancreatic neoplasms are generally 

categorized into epithelial and non-epithelial neoplasms. Epithelial neoplasms are 

classified into exocrine and endocrine, while the exocrine neoplasms are further 

divided into ductal and acinar neoplasms. Pancreatic ductal adenocarcinoma (PDAC) 

belongs to exocrine pancreatic cancer and accounts for more than 85% of the primary 

cancers of the pancreas (Li et al., 2004). Therefore, the term “pancreatic cancer” is 

commonly used to refer to PDAC (Odze & Goldblum, 2009). PDACs occur more 

commonly in the head of the pancreas (Artinyan et al., 2008). Solid tumor is the general 

form of PDAC, although in some cases they appear as a cystic mass or present some 

cystic areas (Adsay, 2008; Basturk et al., 2009). PDAC usually infiltrates the adjacent 

tissue through insidious mode without the formation of a compact lump (Saka et al., 

2016). When it obtains enough size in the primary lesion, wide dissemination of PDAC 

will begin (Saka et al., 2016). Besides, many other types of malignant neoplasms, such 

as solid pseudopapillary neoplasms (SPNs), neuroendocrine tumors and acinar type can 

also be found in the pancreas (Donahue et al., 2012; Humphrey et al., 2016). These 

tumors have shown different clinicopathologic characteristics from PDAC, which are 

summarized in Table 1.1. 

Table 1.1 Histopathological classification of pancreatic neoplasms 

Pancreatic neoplasm Histological features 

Ductal adenocarcinoma Ductal morphology; desmoplasia 

PDAC related carcinomas: 

Adenosquamous carcinoma Necrotic masses in the ducts or cysts 
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Osteoclastic giant cell carcinoma Polypoid masses in the ducts or cysts 

Colloid (pure mucinous) carcinoma Mucin pools 

Medullary carcinoma Nodular (demarcated) syncytial growth 

pattern 

Carcinomas arising in tumoral intraepithelial neoplasms 

Intraductal papillary mucinous 

neoplasms (IPMNs) 

Papillary, mucinous 

Intraductal tubular (tubulo-papillary) 

neoplasm (ITPN) 

Tubular, non-mucinous 

Mucinous cystic neoplasms (MCNs) Tubular/ductal type 

Non-ductal cancers 

Pancreatic neuroendocrine neoplasms 

(PanNENs) 

Well-differentiated nets: similar to 

carcinoids of the GI tract or the lung. 

Poorly differentiated neuroendocrine 

carcinomas (PDNEC): similar to their 

pulmonary counterparts and aggressive 

clinically 

 

Acinar cell carcinomas Recapitulation of acinar cells, enzymatic 

granules  

Pancreatoblastomas The squamoid corpuscles 

Solid pseudo-papillary neoplasm (SPN) Diffuse nuclear labeling 



8 

 

IPMNs: Intraductal papillary mucinous neoplasms; ITPN: Intraductal tubular (tubulo-

papillary) neoplasm; MCNs: Mucinous cystic neoplasms; PanNENs: Pancreatic 

neuroendocrine neoplasms; PDNEC: Poorly differentiated neuroendocrine carcinomas; 

SPN: Solid pseudo-papillary neoplasm  

 

Despite accompanying with PDAC within the ordinary foci, carcinoma types, such 

as adenosquamous carcinoma (Madura et al., 1999), osteoclastic giant cell carcinoma 

(Muraki et al., 2016), colloid (pure mucinous) carcinoma (Liszka et al., 2008), 

medullary carcinoma (Wilentz et al., 2000), are considered as separate tumors due to 

their clinicopathologic characteristics. The histological features of these PDAC related 

carcinomas are described in Table 1.1. Most PDACs arise in the head of the pancreas. 

There are 4% of PDAC tumors occurring in a tumoral intraepithelial neoplasm. These 

neoplasms share conventional morphology and behavior with PDAC and are called 

IPMNs or mucinous cystic neoplasms (MCNs) (Adsay et al., 2016). IPMNs are proven 

to mutate to different variants, such as gastric type IPMNs and intraductal oncocytic 

papillary neoplasms (IOPNS) (Basturk et al., 2010, 2016; Lüttges et al., 2001; Reid et 

al., 2016; Adsay et al., 2002). Intraductal tubular (tubulo-papillary) neoplasm (ITPN) 

is similar to IOPNs but lack of mucin production (Adsay, et al., 2017; Berger, et al., 

2017). Another type of tumoral intraepithelial neoplasms is MCNs. Invasive 

carcinomas arose in MCNs are of the tubular/ductal type with similar behavior to 

PDAC (Jang et al., 2015). 

Apart from the above ductal lineage neoplasms, there are also about 5% non-ductal 

pancreatic tumors including pancreatic neuroendocrine neoplasms (PanNENs), acinar 

cell carcinomas, pancreatoblastomas and solid pseudo-papillary neoplasm (SPN). 
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PanNENs are divided into two distinct categories: well-differentiated NETs and poorly 

differentiated neuroendocrine carcinomas (PDNEC) (Basturk et al., 2014). Well-

differentiated NETs belong to low-grade malignancies, while PDNECs are proved as 

aggressive tumors. Acinar cell carcinomas have a low incidence and have no mutations 

of genes common in PDAC, such as KRAS, p16, and SMAD4 (Jäkel et al., 2017; Rosa 

et al., 2015). They are associated with necrosis and the 5-year survival rate is higher 

than PDAC (Matos et al., 2009; Wisnoski et al., 2008). Pancreatoblastoma is close 

kindreds of acinar cell carcinomas (ACCs) and usually occurs in childhood and middle-

aged adults (Hoorens et al., 1994). Solid pseudo-papillary neoplasm (SPN) is a 

distinctive tumor-specific to the pancreas. Despite that it had been designated as 

“carcinoma” in the past, the 10-year survival of SPNs is >95% (Estrella et al., 2013; 

Papavramidis & Papavramidis, 2005). 

The classification of PDAC based on the histopathological features provided 

advantages for treatment selection and disease management. However, morphological 

types are not enough for distinguishing the complex molecular pathology of cancer and 

providing a more accurate clinical pathway. The development of molecular taxonomy 

may make up for this deficit of histopathological classification. 

 

1.1.3.2 Molecular subtyping of pancreatic cancer  

Molecular classification of pancreatic cancer is based on various molecular 

characteristics and could be achieved through many ways, such as single genetic 

marker classification, patterns of genomic aberrations, transcriptomic subtypes and 

exocrine-like and aberrantly differentiated endocrine exocrine (ADEX) subtypes. 

There are many studies involving the function of individual genes in pancreatic cancer, 
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but only a few of them have been applied in clinical therapy. However, mutations of 

SMAD4 (45) and S100A2 (Dreyer et al., 2018) showed potential clinical utility. 

Improvement in nucleic acid sequencing facilitates the large-scale screening of single 

genetic marker (Hudson et al., 2010; McLendon et al., 2008). The most commonly 

mutated genes in pancreatic cancer are KRAS, TP53, SMAD4 and CDKN2A. All of 

them are found mutated in more than 50% of patients (Aguirre et al., 2018; Qian et al., 

2018). Patterns of genomic aberrations involved a structural variation of the genome 

such as deletions, amplifications, duplications or translocations of DNA. Patterns of 

genomic aberrations involved a structural variation of the genome such as deletions, 

amplifications, duplications or translocations of DNA. According to the mutated 

frequency, pancreatic cancer could be divided into four groups: stable subtype (20% of 

all samples, less than 50 structural variation events); scattered subtype (36% of all 

samples, 50–200 structural variation events); locally rearranged subtype (30% of all 

samples, >200 structural variation events on <3 chromosomes); or unstable subtype 

(14% of all samples, >200 structural variation events) (Waddell et al., 2015). 

Transcriptomic subtyping approaches classified pancreatic cancer through mRNA 

profiling. Three different groups have explored the transcriptomic subtypes of 

pancreatic cancer through mRNA hybridization analysis and RNAseq. Mostly 

consistent findings are Quasi-mesenchymal (QM-PDA) and Basal-like subtypes, 

which are related to mutations in genes associated with chromatin modification 

including DNA methylation and acetylation such as MLL2, MLL3 and KDM6A 

(Bailey et al., 2016; Collisson et al., 2011; Waddell et al., 2015). Despite insufficient 

data, the ADEX subtypes might consist of an Exocrine-like subtype and another with 

more endocrine property. 
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1.1.4 Progression of pancreatic cancer 

1.1.4.1 Tumor plasticity and heterogeneity 

Exocrine (acinar) cells in the pancreas are noted for their feature of high plasticity. 

During the process of acinar-to-ductal metaplasia (ADM), acinar cells could 

transdifferentiate to more epithelial (ductal-like) phenotypes when suffering from 

stimulation by tissue damage, inflammatory, or stress conditions (Friedlander et al., 

2009; Kopp et al., 2012). Meanwhile, the ‘progenitor cell-like’ property obtained by 

acinar cells makes them more susceptible to pro-oncogenic mutagenesis. As a result, 

acinar cells transform into pancreatic intraepithelial neoplasias (PanINs). PanINs do 

not possess invasive characteristics and are divided into 3 grades. PanIN 1 and PanIN 

2 are low-grade dysplasia while PanIN 3 is high-grade dysplasia. Stepwise 

accumulation of genetic alterations drives neoplastic progression from low- to high-

grade dysplasia, which eventually forms a malignant invasive pancreatic 

adenocarcinoma (Fig. 1.3). 

 

Figure 1.3 Multi-step PDAC carcinogenesis (Orth et al., 2019) 
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1.1.4.2 Formation of metastases 

Epithelial cells, presenting at the surface of the pancreas, execute barrier function 

against xenogenesis and pathogens and play specialized roles in secretory functions in 

organs. Epithelial cells also manifest a distinct apical–basolateral polarity result from 

macromolecular protein complexes at adherents and tight junction cell. Differently, 

mesenchymal cells play a key role in anchoring or scaffolding and are involved in 

wound recovery and tissue repair as well. The typical-basolateral polarity of 

mesenchymal cells would be lost during the process of epithelial-mesenchymal 

transition (EMT). EMT is an important step during the invasion and metastasis of 

cancer since cells at the front of invasive tumors show EMT-like characteristics (Flier 

et al., 1986). Downregulation of the adherens junction component E-cadherin 

expression and upregulation of mesenchymal marker vimentin expression are 

important molecular mechanisms of EMT. The expression of these markers is regulated 

by the transcriptional repressors including Snail, Slug, Zeb1, Zeb2/SIP1 and Twist 81. 

There are 80% of middle to high Snail expression level in the resected PDAC 

specimens (Hotz et al., 2007). EMT-associated signaling pathway activated by specific 

extracellular molecules, such as TGF-β, Wnt, and Notch, can promote activation of 

Snail decreased E-cadherin expression， which lead to higher tumor grade (Ottaviano 

et al., 2006; Thiery et al., 2009). EMT is also relevant to resistance to therapies due to 

the high level of vimentin and low level of E-cadherin in the resistant cells (Du et al., 

2011). For instance, mesenchymal-like cells are more unsusceptible to gemcitabine, 5-

fluorouracil (5-FU), cisplatin, and epidermal growth factor receptor (EGFR) inhibitors 

than epithelial-like cells in pancreatic cancer  (Arumugam et al., 2009). Furthermore, 
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pancreatic cancer cells with high levels of vimentin and low levels of E-cadherin are 

intrinsically resistive to gemcitabine, which indicates that these drug-resistant cells 

tend to turn mesenchymal. To colonize distal tissues, circulating PDAC cells must 

undergo a reverse formation of EMT, namely MET. In such a way, cancer cells re-

acquire the epithelial characteristic (Reichert et al., 2018; Yao et al., 2011). Lots of 

features are inverse between MET and EMT both in terms of morphology and 

mechanistic. However, the details of this process and its regulations still need further 

study. These associations between the EMT, cancer metastasis and drug resistance may 

bring a new potential therapy for pancreatic cancer treatment. 

 

1.1.5 Diagnosis and screening 

The International Cancer of the Pancreas Screening Consortium suggests that people 

who have familial history of pancreatic cancer are the potential candidates for checking 

out. But there was not a unified conclusion about the starting time of screening. Over 

50% of the expert panels think that screening plan should be carried out at the age of 

50 (Unger et al., 2018). Re-inspection should be regularly conducted every 6-12 

months if there is not suspicious cystic mass. For patients with solid lesions, but not 

being appropriate to the criteria for immediate resection, their main pancreatic duct 

strictures should be imaged for tests after three months (Unger et al., 2018). There have 

not been a best diagnostic imaging modality being identified so far. The application of 

secretin could improve the effectiveness of magnetic resonant imaging (MRI) and 

magnetic resonance cholangiopancreatography (MRCP), avoiding the harm of ionizing 

radiation (Unger et al., 2018). Endoscopic ultrasound (EUS) can identify solid 
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pancreatic lesions with less than 2cm, which performs better than CT and MRI 

equipments (Yu et al., 2017). EUS is also effective in pancreatic cysts through usage 

alone or in combination with fine-needle aspiration cytology (Unger et al., 2018). 

PanIN identification could not be only depending on imaging (Zamboni et al., 2013). 

The International Cancer of the Pancreas Screening Consortium group recommends 

the combination use of EUS and MRI/MRCP to screen the high-risk population (Unger 

et al., 2018). 

 

1.1.6 Current treatment 

Surgery, chemotherapy, radiation therapy, and palliative care are the main treatments 

of pancreatic cancer nowadays, and which of them is/are chosen for the patient 

according to the stage of pancreatic cancer in a multidisciplinary approach (Fig. 1.4). 

 

Figure 1.4 Schematic algorithm of treatment for pancreatic cancer (Kamisawa et al., 

2016) 
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1.1.6.1 Surgical management 

Resection surgery is the unique treatment that provides a promising cure for 

pancreatic cancer. However, only about 15-20% of patients can perform curative 

resection, and no more than 20% of patients who are subjected to surgery can live 5 

years (Beger et al., 2003; Syl & Cruz, 2014). Though there is less than 5% of immediate 

postoperative mortality and around one to one and half year of the median survival (Syl 

& Cruz, 2014). Distal and total pancreatectomy belonging to pancreaticoduodenectomy, 

also known as Whipple’s procedure, are the surgical options for the isolation of 

pancreatic cancer relying on the anatomical location and number of the tumors. It is 

recommended that the resections should be performed by a surgeon in a high-volume 

institution, which completes at least 15 pancreatic resections annually. Notwithstanding 

that approximately 30-40% of patients will encounter a major complication, most 

commonly pancreatic fistula or delayed gastric emptying(Donahue & Reber, 2015). 

Improvement of healthcare services and standardization of these conduction to the 

certain centers has been improved working since surgeons’ expertise increases (Lynch 

et al., 2009). 

 

1.1.6.2 Radiation therapy 

If the patient is a surgical candidate, radiation therapy may be performed as definitive 

adjuvant therapy for locally advanced unresectable cancer, or palliation. High-energy 

particles or X-ray is used to destroy tumors in radiation therapy, particularly for 

exocrine PC. External beam radiation therapy is one of the common types of radiation 

therapy in which the machine gives radiation to that focused area outside of the body 

(Hawes et al., 2000). Radiation therapy including stereotactic body radiotherapy and 
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intensity-modulated radiotherapy (Chang et al., 2009). The use of radiation therapy 

remains controversial to some extent. Negative overall effect triggered by adding 

radiation therapy when used in the adjuvant or neoadjuvant setting has been reported 

(Stark & Eibl, 2015). However, there are data showing that radiation therapy imparts a 

significant benefit when used in the neoadjuvant setting, allowing improved local 

control of the carcinoma and an increased possibility of an R0 resection in tumors that 

are considered as borderline-resectable at first (Franke et al., 2015; Stark & Eibl, 2015). 

Nevertheless, radiation therapy remains the choice for those patients are not healthy 

enough to perform surgical resection to relieve symptoms with advanced cancer. 

Chemoradiation therapy is a combined modality therapy composed of chemotherapy 

and radiation therapy. For cases of unresectable lesions, studies suggested the usage of 

chemoradiation to convert unresectable cancers to resectable ones (Syl & Cruz, 2014). 

Clinical trials proved that chemoradiation therapy was better than radiation therapy 

alone (Huguet et al., 2007; Sultana et al., 2007). 

 

1.1.6.3 Drug treatment 

As no more than 20% of all PDAC patients possess surgically resectable indication 

at the time of presentation, systemic treatment is currently the most frequently required 

treatment option for patients with the forward stage of pancreatic cancer. Table 1.2 lists 

the drugs approved by the Food and Drug Administration (FDA) of the U.S. for treating 

pancreatic cancer. 
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Table 1.2 Drugs approved by the FDA of the U.S. for treating pancreatic cancer. 

Summarized from the National Cancer Institute of US website, available at 

https://www.cancer.gov/about-cancer/treatment/drugs/pancreatic#1 

Category Drug Approval 

year 

Applicable 

stage 

Chemotherapy Gemcitabine 

(Gemzar) 

1996 Nonresectable 

pancreatic 

cancer  

5-Fluorouracil 

(5-FU) 

1982 Nonresectable 

pancreatic 

cancer 

Oxaliplatin 

(Eloxatin) 

2002 Nonresectable 

pancreatic 

cancer 

Albumin-bound 

paclitaxel 

(Abraxane) 

2005 Metastatic 

pancreatic 

cancer 

Capecitabine 

(Xeloda) 

1998 Nonresectable 

pancreatic 

cancer 

Cisplatin 1988 Nonresectable 

pancreatic 

cancer 
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Irinotecan 

(Camptosar) 

2010 Metastatic 

pancreatic 

cancer 

Targeted 

Therapy 

EGFR 

inhibitor 

Erlotinib 

(Tarceva) 

2004 Nonresectable 

pancreatic 

cancer 

PARP 

inhibitor 

Olaparib 

(Lynparza) 

2014 Metastatic 

pancreatic 

cancer that has 

not progressed 

after first-line 

therapy with 

platinum 

chemotherapy 

and has 

mutations in the 

BRCA1 or 

BRCA2 gene 

NTRK 

inhibitors 

Larotrectinib 

(Vitrakvi) 

2018 Advanced 

pancreatic 

cancer that has 

been found to 

have an NTRK 

Entrectinib 

(Rozlytrek) 

2019 
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gene change 

Immunotherapy PD-1 

inhibitor 

Pembrolizumab 

(Keytruda) 

2014 Nonresectable 

pancreatic 

cancer 

 

In resectable lesions, the standard therapy is surgical resection and adjuvant 

chemotherapy with gemcitabine or 5-FU. These two drugs priority target dividing cells 

due to their blockage of DNA replication, which leads to cell cycle arrest and even 

apoptosis and contributes to tumor growth inhibition and tumor regression moderately. 

For metastatic PDAC patients, the standard of care involves the combination of 

gemcitabine, FOLFIRINOX, or nab-paclitaxel. FOLFIRINOX is a drug regimen that 

consists of folinic acid (leucovorin), 5-FU, irinotecan, and oxaliplatin, which 

collectively disturb DNA replication and transcription. To reduce toxicity, modified 

versions such as reduction of the irinotecan dose or omission of the 5-FU bolus were 

used in clinical (Lambert et al., 2017). Similarly, both paclitaxel and Nab-paclitaxel 

also target mitosis. As a result, side effects and dose-limiting toxicities occurred due to 

the indiscriminate attack to all rapidly dividing cells. Therefore, traditional cytotoxic 

chemotherapy strategy only increases weeks or months of median patient survival 

(Garrido-Laguna & Hidalgo, 2015).  

A newer strategy is targeted therapy. Taking EGFR tyrosine kinase inhibitor for 

example, some PDAC patients with EGFR mutation would respond much more 

favorably to erlotinib (EGFR tyrosine kinase inhibitor) than others. This was proved in 

one study that when comparing to gemcitabine alone, the combination of gemcitabine 

with the erlotinib increased the modest survival 12 day (Garrido-Laguna & Hidalgo, 
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2015).  For this strategy, what’s important is the identification of accurate biomarkers 

and their particular agents. Some targets currently are being explored, such as SMAD4 

is used for chemoradiotherapy, STK11 is applied for mTOR inhibitors, and the genes 

PALB2, ATM, and BRCA2 are conducting for DNA-damaging agents (Garrido-

Laguna & Hidalgo, 2015). Besides, as an emerging therapeutic, immunotherapy has 

been demonstrated beneficial effects on melanoma treatment. This approach aims to 

improve the host immune system, such as increasing the number or natural function of 

cytotoxic T lymphocytes (CTL) to kill cancer cells. One method is to activate the 

sensitivity of the immune system to against pancreatic cancer cells through vaccine 

injection. Ligands such as PD-L1 and PD-L2 expressed on cancer cells can bind to PD-

1, the immune receptor on activated CD8 T-cells. This consequently suppresses the 

cytotoxic T-cell activity and damages the immunosurveillance of cancer cells.  The U.S. 

FDA has approved pembrolizumab, one monoclonal antibody targeting PD-L1 or PD-

1 to promote CD8+ T-cell activation. It has shown good results in several cancer 

diseases such as melanoma, NSCLC, and renal cell carcinoma. Considering the 

association of the expression of PD-L1 on pancreatic cancer cells with poor prognosis, 

apembrolizumab may be used in the treatment of pancreatic cancer (Nomi et al., 2007). 

Ipilimumab, targeting another T-cell immune checkpoint receptor CTLA4, has also 

been studied in pancreatic cancer (Özdemir et al., 2014). Therefore, comprehensive 

works involving combination regimens, targeting oncogene, tumor metabolism 

regulation and improving the immune system needs to be further study. 
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1.1.6.4 Palliative care 

Pancreatic cancer is often inoperable at an advanced stage, hence, the intention of 

most treatment in pancreatic cancer is palliation and improved survival. Obstructive 

jaundice and obstruction of the duodenum in patients with pancreatic cancer require 

surgical, endoscopic, or radiological interventions. With technical advances in 

endoscopic intervention during the past decade, percutaneous biliary drainage has been 

replaced by endoscopic stenting in most cases. The use of a large diameter metal stent 

is preferred to that of a small-caliber plastic stent because of the longer patency time 

and lower incidence of cholangitis (Soderlund & Linder, 2006). Symptomatic gastric 

outlet obstruction occurs in around 10-25% of patients with PC (House & Choti, 2005). 

For patients having poor performance status or short life expectancy, enteral stent can 

be applied. Pain-related to pancreatic cancer is probably the most debilitating symptom, 

leading to rapid deterioration of patients’ quality of life and performance status. There 

are more than 80% of patients in the late stage of cancer suffering severe pain until 

death, though moderate pain complaints at the beginning of diagnosis. That is the 

reason why pain control is one of the focal points (Gress et al., 1999; Lillemoe et al., 

1993). Pancreatic cancer-induced pain can be dealed with systemic analgesics, 

radiation therapy, chemotherapy or regional neurolysis. 

 

1.2 Immune cells in the tumor microenvironment of pancreatic cancer 

The tumor microenvironment of pancreatic cancer contains various cells including 

stromal cells, endothelial cells, cancer-associated fibroblasts (CFA), and different 

immune cells (Fig. 1.5). It promotes the development of cancer in various ways. On 
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one hand, CAFs and the extracellular matrix (ECM) make up the desmoplastic stroma 

which promotes tumor growth, and metastasis via multifaceted ways. On the other hand, 

the immunosuppressive tumor microenvironment resulting from immunosuppressive 

cells such as regulatory T cells (Treg), myeloid-derived suppressor cells (MDSC), and 

tumor-associated macrophage (TAM), can suppress CD8+ T cells that participate in the 

anti-tumor immune response. These events are usually regulated by cytokines and 

chemokines released from CAFs and immune cells. 

 

Figure 1.5 Schematic of the compositions in the pancreatic tumor microenvironment 

(Murakami et al., 2019). 

 

Although pancreatic cancer is characterized by prominent desmoplasia (fibrosis), 

multiple types of immune cells are also abundant within the microenvironment. 

Accumulating studies have identified the different immune cells, such as dendritic cells 

(DCs), natural killer cells, macrophages, MDSCs, and T cells. These cells are divided 

into innate immune cells and adaptive immune cells. Dysfunctions of these immune 
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effectors are induced with the progression of pancreatic cancer, which leads to an 

immunosuppressive microenvironment (Chen et al., 2005; Sinha et al., 2005). Different 

immune cell subtypes and their association with pancreatic cancer are summarized in 

Table 1.3. 

 

Table 1.3 Immune cells in the microenvironment of pancreas cancer 

Cell type Relevance to pancreatic cancer 

and prognosis 

Function and associated 

cytokines 

Dendritic cells 

(Bang et al., 2006a; 

Bellone et al., 

2009; Hirooka S, 

2011; Yanagimoto 

et al., 2005) 

Circulating DCs are reduced Professional antigen 

presentation 

Messengers to connect the 

innate and adaptive 

immune system 

The allo-stimulatory activity of 

circulating DCs is harmed 

Capture, internalization, 

and processing of tumor 

antigens 

Radical resection, chemotherapy, 

radiotherapy can increase the 

levels of DCs in circulation or 

restore their stimulatory 

function 

Secrete IL12 and IFNα 

Macrophages 

(Kurahara et al., 

Increased in the tumor 

microenvironment 

Polarized M2 phenotype is 

activated by cytokines 
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2011; Sugimoto et 

al., 2014; 

Yoshikawa et al., 

2012) 

released from cancer and T 

cells 

M2 macrophages located in the 

metastatic cutting edge of PC is 

related to large tumor size, local 

recurrence, and shortened 

survival 

  

Protumor properties: 

angiogenesis promotion, 

extracellular matrix 

remodeling, tumor 

growth/ progression, and 

suppress the adaptive 

immune response. 

Secrete TGFβ, IL-4, IL-

10, IL-13, MMPs, VEGF, 

FGF2, and TNFα 

Natural killer cells 

(Davis et al., 2012) 

Reduced in juxta tumoral 

compartments as compared with 

the panstromal areas 

Kill target cells without 

any prior sensitization or 

MHC restriction 

Circulating NK cells are reduced The first line of defense 

against pathogens and 

tumor cells 

Pretherapy numbers of 

circulating NK cells are 

positively correlated with 

survival 

Secrete GM-CSF, IL-3, 

TNFα, and IFNγ 

Myeloid-derived Appear early during pancreatic Inhibit antigen-specific 
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suppressor cells 

(Markowitz et al., 

2014; Porembka et 

al., 2012) 

tumorigenesis and increase 

further upon tumor progression 

and nonspecific T cell 

activation 

Circulating MDSC level is 

correlated with pancreas cancer 

stage and survival 

Suppress innate immunity 

by their interactions with 

macrophages, NK cells, 

and NKT cells 

Circulating MDSC is a 

predictive biomarker of 

chemotherapy failure 

Convert macrophages to 

M2 that enhance tumor 

progression 

Secrete GM-CSF, VEGF, 

and TGFβ 

CD4+ helper T cells 

(Monte et al., 2011) 

Circulating Th cells are 

significantly decreased 

Skewed Th 

differentiation, 

predominately to Th2 

rather than Th1 

Proliferation and migration are 

inhibited 

Th2 mainly involves 

tumor-tolerating response 

and immunosuppression 

Tumor-infiltrating Th2/Th1 cells 

ratio is an independent 

predictive survival marker 

Th2 cells produce IL-4, 

IL-5, IL-6, IL-10, and IL-

13 

CD8+ cytotoxic/ 

effector T cells 

Diminished during the tumor 

progression 

Directly recognize and 

lyse their target tumor 
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(Ene–Obong et al., 

2013a; Hiraoka et 

al., 2006) 

cells 

Reduced in peripheral blood. Secrete IFNγ, TGFα, and 

IL-2 PC patients with more CD8+ T 

cells in the juxta-tumoral area 

have longer survival 

Regulatory T cells 

(Hiraoka et al., 

2006; Ikemoto et 

al., 2006; 

Yamamoto, et al., 

2012) 

Increases in tumor 

microenvironment and blood 

Suppress activation, 

proliferation, and 

cytokine production of 

immune suppressor cells 

The prevalence of Tregs 

increases during the progression 

of premalignant lesions 

Secrete IL-6, IL-10, 

TGFβ, but little IFNγ 

Tregs in circulation is correlated 

with TNM stage and worse 

survival 

Produce a local 

immunosuppressive 

an environment that 

favors tumor progression 

B cell (Lee et al., 

2016; Milne et al., 

2009; Pylayeva-

Gupta et al., 2016a) 

Increased CD20 and 

immunoglobulin expression in 

human PC 

Mount tumor-specific 

autoantibody responses 

Prominent B cell infiltrates in 

human PanIN 

Recognize various self-

antigens and tumors 

Inhibit the antitumor immune 

responses 

Secrete IL-35 
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DC: dendritic cell; GVAX: granulocyte-macrophage colony-stimulating factor 

secreting pancreatic cancer vaccine; IFN: interferon; IL: interleukin; MDSC: myeloid-

derived suppressor cell; MHC: major histocompatibility complex; NK: natural killer; 

PC: pancreatic cancer; PSC: pancreatic stellate cell. 

 

1.2.1 Innate immune cells in PC 

1.2.1.1 Dendritic cells 

Dendritic cells belong to antigen-presenting cells that promote antigen presentation 

to CD4+ and CD8+ T cells. They regulate the antitumor immune response (Ene–Obong 

et al., 2013a; Deicher et al., 2018; Hegde et al., 2020). Enough circulating DCs is 

positively related to the survival rate in pancreatic cancer patients (Hirooka S, 2011; 

Tjomsland et al., 2010; Yamamoto, et al., 2012). Higher preoperative circulating DCs 

help reducing the side effects of surgical resection, such as septic complications 

(Takahashi et al., 2007). However, the levels of DCs in the tumor microenvironment is 

very low, among which the cells are located at the edges of the tumor rather than within 

the tumor mass (Dallal et al., 2002). It was reported that the content of DCs in 

circulating blood was reduced and the stimulatory function was impaired in pancreatic 

cancer patients (Hirooka S, 2011; Tjomsland et al., 2010). Therefore, DCs activation 

via immune therapy might be helpful for the therapy of pancreatic cancer. 

 

1.2.1.2 Natural killer (NK) cells 

NK cells show antitumor effects in both innate and adaptive immunity by 

producing a series of cytokines, such as IL-3, TNFα, GM-CSF and IFN-γ (Shimasaki 
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et al., 2020). The circulating NK cells are reduced in patients with advanced pancreatic 

cancer along with the damage to the cytotoxicity of NK cells (Bang et al., 2006a). 

Peripheral NK cells have been shown to prolong the survival of pancreatic cancer 

patients (Davis et al., 2012). Therefore, activation of NK cells may be beneficial in the 

treatment of pancreatic cancer. A clinical trial (NCT02718859) involving NK cell 

immunotherapy with concurrent irreversible electroporation in treating advanced 

pancreatic cancer is ongoing 

 

1.2.1.3 Macrophages 

Macrophages can be polarized into 2 categories: M1 macrophages and M2 

macrophages. M1 macrophages are classically activated and own proinflammatory 

characteristics. And M2 macrophages are alternately activated and possess anti-

inflammatory characteristics. In terms of the association with tumors, M1 macrophages 

participant in antitumor responses. However, M2 macrophages promote the 

progression of cancer (Karnevi et al., 2014). Cytokines such as IL-4, IL-10, and IL-13 

could promote polarization of macrophages toward the M2 phenotype in the tumor 

microenvironment (Karnevi et al., 2014). M2 macrophages are similar to TAM with 

respect to their tumor-promoting functions, including the inhibition of adaptive 

immune response, induction of angiogenesis and activation of EMT (Giraudo et al., 

2004; Liu et al., 2013; Tugues et al., 2012). It is known that M2 macrophages are partly 

contributed to poor prognosis (Kurahara et al., 2011; Yoshikawa et al., 2012). It has 

been determined that pancreatic cancer cells could promote the differentiation and 

“education” of M2 macrophages and consequently enhanced the progression of 

pancreatic cancer (Esposito, 2004; Karnevi et al., 2014). There are more macrophages 
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in tumor tissue than those in normal pancreas. The ratio of M1/M2 in patients has been 

regarded as an independent positive prognostic factor (Esposito, 2004; Ino et al., 2013). 

Therefore, immunotherapy involving polarization modulation or ablation of the 

macrophages may have therapeutic potential. 

 

1.2.1.4 Myeloid-derived suppressor cells  

MDSCs are a mixture of immature myeloid cells consisting of immature stages of 

macrophages, granulocytes, and DCs. MDSCs are the immunosuppressive mediators 

through suppression of T-cells and NK cells, expansion of immunosuppressive Tregs, 

and conversion of macrophages to M2 phenotype (Liu et al., 2007; Sinha et al., 2007). 

In pancreatic cancer patients, the levels of MDSCs both in circulation and the 

microenvironment are increased with the disease progression (Clark et al., 2007; 

Gabitass et al., 2011). The levels of MDSCs in the peripheral blood of patients with 

stable disease are significantly lower than those with progressive disease (Markowitz 

et al., 2015). This suggests that the circulating MDSCs may be a predictive biomarker 

for chemotherapeutic efficiency in pancreatic cancer patients. Therefore, various 

therapies for targeting decreasing MDSCs in pancreatic cancer patients need further 

exploration. 

 

1.2.2 Adaptive immune cells in PC 

1.2.2.1 T cells 

CD3+ T lymphocytes are the main immune system regulators in pancreatic cancer 

and are mainly distributed in the stroma of tumor microenvironment (Emmrich et al., 
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1998). CD3+ T lymphocytes are divided into CD4+ helper T (Th) cell, CD8+ 

cytotoxic/effector T cell, and CD4+CD25+Forkhead box P3 (Foxp3)+ Treg. 

 

1) CD4+ helper T cells 

The levels of CD4+ T cells both in circulation and the tissue stromal are reduced in 

patients of pancreatic cancer compared to healthy people and patients of chronic 

pancreatitis (Bang et al., 2006b; Helm et al., 2014; Wenger et al., 1999). A higher level 

of tumor-infiltrating CD4+ T cells is beneficial for prolonging the survival of pancreatic 

cancer patients (Fukunaga et al., 2004; Ino et al., 2013a). Classically, CD4+ Th cells 

are divided into 2 subsets: Th1 and Th2. Th1 cells activate cell-mediated immune 

responses by releasing IL-2 and IFN-γ. Th2 cells are beneficial for humoral immune 

responses through the secretion of IL-4, IL-5, IL-9, IL-10, and IL- 13 (Suzuki et al., 

2010). In terms of the relation to tumors, Th1 cells have anti-tumor properties, but Th2 

cells may enhance tumor tolerance. It was reported that CD4+ T cells from the 

pancreatic cancer patients secreted more IL-5 and less GM-CSF and IFN-γ compared 

to that from healthy people, which indicated that Th differentiation is skewed toward a 

Th2 type in pancreatic cancer patients (Tassi et al., 2008). Similarly, serum cytokine 

levels of Th cells in pancreatic cancer patients were predominately skewed toward Th2 

rather than Th1 profile (Bellone et al., 1999; Gabitass et al., 2011). Therefore, skewed 

Th2 towards Th1 is a potential therapeutic strategy. 

 

2) CD8+ cytotoxic/effector T cells 

CD8+ T cells could kill cancer cells directly. The levels of CD8+ T cells are 

diminished both in in circulating blood and tumor microenvironment in pancreatic 
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cancer patients as compared with healthy people (Bang et al., 2006c; Bellone, 2009; 

Xu et al., 2014). Through secreting TGF-β, pancreatic cancer cells can inhibit the 

expression of cytolytic proteins, such as perforin and granzyme in CD8+ T cells 

(Thomas & Massagué, 2005; Trapani, 2005). Therefore, CD8+ T cells may decrease 

with tumor progression. This was proven in a study that showed infiltration of CD8+ T 

cells being decreased during the progression of PanINs and IPMNs in low-grade 

premalignant pancreatic lesion (Hiraoka et al., 2006). Tumor-infiltrating CD8+ T cells 

and CD4+ T cells are considered as a positive prognostic factor (Fukunaga et al., 2004), 

and high levels of CD8+ T cells in the juxta-tumoral area indicated to prolong survival 

of patients (Ene–Obong et al., 2013b). PD-1 inhibition can increase CD8+ T cells as 

well as the secretion of tumor-specific IFN-γ in pancreatic cancer (Soares et al., 2015). 

 

3) Treg 

Phenotypically, Treg are defined as CD4+CD25+Foxp3+ cells. Treg induce immune 

suppressive effect. Therefore, Treg suppress antitumor immune response such as 

suppression of CD4+ and CD8+ T cells, macrophages, NK cells, and DCs in the tumor 

microenvironment, which would promote tumor growth (Azuma et al., 2003; Chen et 

al., 2005; Ghiringhelli et al., 2005; Liang et al., 2008). The levels of Treg increase with 

the progression of PanIN and IPMN to invasive ductal carcinoma (Hiraoka et al., 2006; 

Kobayashi et al., 2010), as well as when infiltrating adjacent to tumor tissues (Tang et 

al., 2014). Both the tumor-infiltrating and circulating Treg are negatively associated with 

the prognosis of pancreatic cancer patients (Hiraoka et al., 2006). Thus, CTLA-4 on 

Tregs and CD25 have been chosen as the targets for inhibition of Tregs in the 
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immunotherapy for other cancer treatments, but not for pancreatic cancer (Plate, 2011; 

Royal et al., 2010). 

 

1.2.2.2  B cells 

Tumor-infiltrating lymphocyte B cells (TIL-Bs) can recognize various self-antigens 

and tumors and closely communicate with other immune cells. TIL-Bs generally exert 

antigen-driven humoral immune response through the expression of immunoglobulin 

G (Coronella et al., 2001; Wang et al., 2007). Compared to the normal pancreas, 

pancreatic tumors expressed more CD20 and immunoglobulin (Gunderson et al., 2016). 

Distinct B cell infiltration was detected in human PanIN (Pylayeva-Gupta et al., 2016b). 

However, the role of B cells in pancreatic cancer has not been widely studied.  

Different immune cells are contained in the tumor microenvironment, so the 

relationship between them and cancer cells is important for developing therapeutic 

strategy. Elucidating the role of every immune cell subtypes and their function in the 

tumor microenvironment will help accelerate the clinical application of 

immunotherapy for pancreatic cancer. 

  

1.3 Autophagy 

Autophagy is the process by which cells forming double-membraned autophagic 

vesicles (AV) called autophagosomes that sequester damaged organelles, misfolded 

proteins, and other cytoplasmic components and deliver them to lysosomes for 

degradation. As a result, the products of autophagy-degradation such as various amino 

acids and carbohydrates are eventually circulated back to the cytoplasm again. 
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Autophagy disorders often lead to a variety of disease manifestations, including 

neurodegenerative lesions, microbial infections, and cancer. Taking cancer as an 

example, there has been widespread concern about the paradoxical role of autophagy 

in suppressing and promoting tumors. On one hand, autophagy may play a role in 

limiting the earliest stages of tumorigenesis. On the other hand, there is growing 

evidence that in established cancers, autophagy can help cope with intracellular and 

environmental stresses, such as hypoxia, nutrient shortage, or cancer therapy, thereby 

favoring tumor progression. 

 

1.3.1 Process of autophagy 

As autophagy is a complex multistep process, knowing the details of autophagy is 

critical to developing effective tool compounds and eventually therapies to modulate 

autophagy potently and specifically. Our current understanding is that the autophagy 

pathway consists of at least seven steps, with conserved autophagy genes (ATG genes) 

regulating steps 1 to 5, whereas genes common to other endosomal/lysosomal 

pathways promote steps 6 and 7 (Fig. 1.6). 
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Figure 1.6 The multistep process of autophagy (Amaravadi et al., 2019). 

 

Step1: Initiation of autophagic vesicles (AV) Formation 

Unc-51-like kinase (ULK) complex is member of a ULK family kinase, together with 

autophagy-related gene 13 (ATG13) and focal adhesion kinase-interacting protein 200 

kDa (FIP200) initiate the formation of AV. Such process is accomplished through the 

activation of the ULK complex following the integration of signals from the two master 

regulators of nutrient: mTOR and AMPK during energy stress in the cells. Besides, one 

recent study has suggested that kinases of tank binding kinase 1 (TBK1) also 

orchestrated the formation of ATG13–FIP200 protein complex through the 

phosphorylation of Syntaxin17 (Kumar et al., 2019). 

 

Step2: Preparation of the Membrane for Curvature 
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The Beclin1 (BECN1)–VPS34 complex activated by ULK1 kinase prepares the 

membrane for curvature through the formation of phosphatidylinositol 3-phosphate 

(PI3P) on membranes most commonly from the endoplasmic reticulum (ER) (Behrends 

et al., 2010). 

 

Step3: LC3 Family Conjugation Cascade 

Step 3 involves the binding of WIPI2B to PI3P, which is required to recruit and 

assemble two unique protein conjugation systems essential for AV formation (Dooley 

et al., 2014). Once the WIPI2B scaffold is available, complexes of LC3 family 

members (ATG7–ATG3 and ATG5–ATG12–ATG6L1 complex) conjugate to the lipid 

phosphatidylethanolamine (PE), which is enriched in AV membranes (Ravikumar et al., 

2010; Walczak & Martens, 2013). Once LC3 is conjugated to lipid, it becomes inserted 

on the surface of the emerging AV (Ichimura et al., 2000). The ratio of lapidated to free 

LC3 to serve as an approximation of the number of AVs forming at any given time. A 

series of protein-to-lipid conjugation cascades attach a protein, an LC3 family member, 

to AV membrane lipid, which both identifies the vesicle as an AV and facilitates the 

receipt of cargo. 

 

Step 4: Cargo Loading through Autophagy Cargo Adaptors 

LC3 acts as a docking site for a growing list of autophagy cargo receptors that brings 

autophagic cargo to the AVs. Cargo receptors such as SQSTM1 (p62) and neighbor of 

BRCA1 (NBR1) bind to proteins and organelles marked for autophagic degradation 

through ubiquitin marks (Lamark et al., 2009a). 
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Step 5: AV Maturation 

The additional membrane derived from mitochondria, plasma membrane, Golgi, or the 

endoplasmic reticulum is delivered to the forming AVs by ATG9 to close the vesicle 

(Orsi et al., 2012; Shibutani & Yoshimori, 2014; Young, 2006). Once the isolation 

membrane is enclosed with trapped cargo, it is called the AV. 

 

Step 6: AV-Lysosome Fusion 

This step is regulated by Rab GTPases, membrane-tethering complexes (HOPS 

complex, VPS genes) and soluble N-ethylmaleimide-sensitive factor attachment 

protein receptors (Nakamura & Yoshimori, 2017). 

 

Step 7: Lysosomal Degradation and Recycling of AV Cargo 

Autophagic cargo is degraded by lysosomal enzymes, and recycled contents exit via 

nutrient transporters fueling the growth of the cell (Kimmelman & White, 2017). 

 

1.3.2 The bipolarity of autophagy in cancer 

The complex and inexplicable role of autophagy in regulating both cancer initiation 

and evolution as well as response to therapy has been extensively studied. The 

autophagy of tumor cell resolves the cancer type, stage, and genetic background 

(Eisenberg-Lerner & Kimchi, 2009). Autophagy is a basic physiological control 

process, it removes structurally wrong proteins, injured organelles, and reactive oxygen 

species (ROS), further protecting cellular and limiting the genomic devastation that 

leads to disease-associated mutations and ultimately cancer. In this regard, the decrease 
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in autophagy level may be one of the factors that induce cancer, which leads to the 

aggregation of oncogenes and ROS. However, as cancer continues to develop, the 

signal strength of the autophagy pathway is generally upregulated. Tumor cells hijack 

the pressure-relieving capacity of autophagy to meet their survival and sufficient 

energy (such as hypoxia and metastasis) for rapid proliferation when stressed (White, 

2012; Yang et al., 2011). Besides, the increase in autophagy is closely related to the 

survival of cancer cells in the course of anti-cancer treatment and the acquisition of 

drug resistance. Therefore, these mechanisms are worth exploring and they may reveal 

new ways to regulate cancer growth. 

 

1.3.2.1 Tumor-suppressive role of autophagy 

Autophagy was considered to be a process suppressed malignant transformation 

during early tumorigenesis. The direct evidence comes from the changes in the 

expression of multiple critical autophagy genes in different cancers such as lung cancer, 

breast cancer, leukemia, bladder cancer, and pancreatic cancer (Eissa et al., 2017). 

Genetic studies on the mechanism of autophagy have shown that, including Atg7, Atg5 

and Beclin-1, the occurrence of tumors is increased due to autophagy-impaired in mice 

(Qu, 2003; Takamura et al., 2011; Yue et al., 2003). By knocking out Beclin-1 gene in 

mice, the importance of the function of Beclin-1 is verified, the heterozygotes are more 

likely to develop multiple cancers (Qu, 2003; Yue et al., 2003). For instance, the breast 

tissue of Beclin-1+/- mice developed benign hyperproliferative tumors, whereas the 

reintroduction of breast cancer MCF-7 cells expressing Beclin-1 inhibited 

tumorigenesis  (Liang et al., 1999b; Qu, 2003). These alterations also found about Atg4 

in melanomas ovarian cancer and breast cancer with the regulation of their stem 
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properties and uterine cancers. (Wolf et al., 2013, Liao et al., 2014, Han et al., 2010). 

Besides, the KRASG12D-driven pre-malignant pancreatic lesions were increased due to 

the knockout of Atg5 or Atg7 (Rosenfeldt et al., 2013; Yang et al., 2014).  

The downregulation of mitophagy can increase the ROS level, which used for the 

autophagic removal of dysfunctional mitochondria (Frank et al., 2012; Klionsky et al., 

2007; Lemasters, 2005). Knockout essential autophagy genes (such as ATG5, ATG7, 

ATG12 and FIP200) to destroy mitochondria, which is consistent with mitochondrial 

defects and elevated ROS levels (Ho et al., 2017; Komatsu et al., 2005; Liang et al., 

2010; Stephenson et al., 2009). This oxidative stress process has been associated with 

cancer evolution (Liou & Storz, 2010; Liou & Storz, 2010; Stanicka et al., 2015; 

Remmen et al., 2003; Lamark et al., 2009b). Expression of SQSTM1/p62 is 

significantly increased in human tumor tissue specimens including lung, prostate, 

pancreas, and liver cancers (Duran et al., 2008; Todoric et al., 2017; Umemura et al., 

2016). Furthermore, p62 deficiency suppresses tumorigenesis in GEMMs for 

KRASG12D-driven lung cancer (Duran et al., 2008). Conversely, overexpression of p62 

in hepatocytes is sufficient to drive carcinogenesis (Umemura et al., 2016). Studies 

have shown that due to the weakening of autophagy, the accumulation of p62 

aggregates plays an important role in promoting tumorigenesis (Mathew et al., 2009). 

Indirect evidence also indicates alterations of autophagy-associated oncogene and 

tumor suppressor gene in human malignancy. Amplifications of PI3K, Bcl-2 or 

downregulation of AKT or PTEN lead to the inhibition of autophagy (Kimmelman, 

2011; Maiuri et al., 2009; Maiuri et al., 2007; Wei et al., 2008). Besides, Nuclear p53 

was determined to activate autophagy while cytoplasmic p53 inhibited that 
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(Kenzelmann et al., 2013; Tang et al., 2015). Alterations of genes that may cause human 

malignancy are summarized in Table 1.4.  

Table 1.4 The alterations of autophagy-associated genes during early tumorigenesis 

Gene name Effect on autophagy Alteration in cancer 

Beclin-1 Activate Decrease 

ATG4 Activate Increase 

ATG5 Activate Increase 

ATG7 Activate Increase 

ATG12 Activate Increase 

Ras Activate Activate  

FIP200 Activate Increase 

p62/SQSTM1 Inhibit Decrease 

p53 Inhibit Decrease 

PI3K/AKT Inhibit Activate 

Bcl2 Inhibit Increase  

PTEN Inhibit Decrease  

ATG: autophagy-related genes; FIP200: family interacting protein of 200 kD; PI3K: 

Phosphoinositide 3-kinase; Bcl2: B-cell lymphoma 2;  PTEN: Phosphatase and tensin 

homolog.  

 

1.3.2.2 Tumor-promoting role of autophagy 

With respect to its tumor suppressor function, autophagy is often downregulated in 

cancer. However, in other cases, there is also clear evidence to suggest that autophagy 
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is required for cancer cell maintenance. In fact, various types of cancer have been 

reported (such as AML, CML, melanoma, and RAS-driven cancers) increased 

autophagy flux or dependence on functional autophagy (Altman et al., 2011; Folkerts 

et al., 2017; Guo et al., 2011; Lazova et al., 2012a; Wang et al., 2012). For example, in 

some solid cancers including breast cancer and melanoma, a positive correlation exists 

between the increase in LC3 puncta and the more aggressive phenotype (Lazova et al., 

2012a). Furthermore, autophagic flux will favour cancer cell survival during cellular 

and microenvironmental stress situations, e.g. hypoxia and starvation (Degenhardt et 

al., 2006; Karantza-Wadsworth et al., 2007; Rouschop et al., 2010). Also, autophagy 

has also been determined to promote chemotherapeutic drug resistance of cancer cells. 

 

1) Autophagy in cancer maintenance 

In established cancers, some known important oncogenes that affect cancer 

maintenance, have been shown to induce an increase in autophagy levels, further 

contributing to cancer maintenance. It has been observed in various tumors including 

colon cancer, lung cancer and pancreatic cancer that driven by oncogenic RAS 

mutations revealed heavily dependent on functional autophagy. And the basal levels of 

autophagy were escalated in RAS‐transformed cancer cells even existed in a nutrient‐

rich environment(Degenhardt et al., 2006). Furthermore, in human mammary epithelial 

cells, the overexpression of both mutant HRAS and KRAS induced a strong increased 

in basal autophagy (Lock et al., 2011). In cells overexpressing mutant RAS, genetic 

reduction of autophagy crippled glycolysis and inhibited proliferation (Lock et al., 

2011). Similarly, in KRAS‐driven lung cancer cells ATG7 knockout increased ROS 
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levels and prompted a prominent depletion of the nucleotide pool, which was reversed 

through glutamine supplementation (Guo et al., 2016). In RAS overexpressing mouse 

cells, the ATG5 or ATG7 knockdown triggered the accumulation of dysfunctional 

mitochondria and reduced cancer growth (Guo et al., 2011, 2013a). Thus, RAS‐driven 

cancer cells utilize strong autophagy, then such cancers may point as targets of 

autophagy inhibition.  

The degradation products of excess organelles and proteins by autophagy can be 

reused in various metabolic pathways. Thus, in cancer, the downregulation of 

metabolic enzymes necessary for autophagy may affect many aspects of central 

metabolism. Debnath and colleagues (Degenhardt et al., 2006) have shown that 

autophagy inhibition induced by Ras-transformation downregulated glucose 

metabolism in mouse embryonic fibroblasts. Also, Fip200 loss induced autophagy 

inhibition in mammary tumors decreased the glycolysis (Wei et al., 2011). 

Autophagy is also an important regulatory pathway for cancer cells to adapt to 

special environments. For example, autophagy plays an important role in the regulation 

of hypoxic stress of bone marrow hypoxia environment or solid cancer hypoxia area 

caused by AML infiltration. In fact, autophagy was related to hypoxic tumor regions in 

xenograft models of the human head and neck cancer (Rouschop et al., 2010). In 

hypoxic environments, such as using cisplatin to treat lung cancer, stabilization of 

hypoxia‐inducible factor 1α (HIF1α) was tested, leading to accumulated Beclin‐1, 

enhanced LC3‐II/LC3‐I ratio and degradation of p62 (Wu et al., 2015). Likewise, the 

hypoxia mimetic CoCl2 stabilized HIF1α and caused autophagy in adenoid cystic 

carcinoma (Wu et al., 2015). HIF1α upregulates expression of BNIP3 and BNIP3L, it 
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can initiate autophagy by inducing the balance of the regulatory Beclin-1 hub to 

autophagy (Bellot et al., 2009; Mazure & Pouysségur, 2009; Wu et al., 2015). In 

glioblastomas, hypoxia‐associated growth was associated with increased expression of 

BNIP3 or ATG9A. This process could be obstructed in vivo by HCQ (Rahim et al., 

2017; Hu et al., 2012). Tumor cells under hypoxic condition have been proven to be 

particularly more sensitive to HCQ (Rouschop et al., 2010). In a panel of cancer cell 

lines, knockdown of Beclin‐1 or ATG7 promoted hypoxia‐induced cell death as well 

as the inhibition of tumor growth in vivo due to autophagy‐deficient (Tan et al., 2016). 

Taken together, in various cancer types, activation of autophagy promotes cancer cell 

survival under hypoxic conditions. 

 

2) Autophagy and therapeutic drug resistance 

Due to the response to stress, autophagy induction was considered to participant in 

the therapeutic drug resistance. Accumulating evidence has shown the activation of 

autophagy during the treatment of cytotoxic chemotherapeutics including cisplatin, 

doxorubicin, temozolomide, and etoposide (Amaravadi et al., 2007). The dysregulation 

of upstream autophagy-associated genes AMPK can stimulate ULK1 and inhibit 

mTOR signaling resulting in increased autophagy. This effect on the induction of 

autophagy was determined in the treatment of colorectal cancer cells using salidroside 

alone or in combination with other antitumor drugs (Li & Chen, 2017). In contrast, 

suppression of autophagy using AMPK inhibitor synergistically contributed to the 

cytotoxic effects of salidroside and chemotherapy treatment (Li & Chen, 2017). 

Alternatively, MAPK is also involved in autophagy‐mediated resistance to 
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chemotherapy, with activation of cytoprotective autophagy induced with increased 

MEK and ERK activity (Tong et al., 2015). 

 

3) The role of autophagy in the tumor microenvironment 

Various cell types in the tumor microenvironment have involved autophagy in 

different levels of cellular functioning of cancer cells. There is evidence that inhibition 

of autophagy would impair hematopoiesis and/or systemic immunity. For instance, 

there is a steady decrease in the level of autophagy in aging T lymphocytes (Phadwal 

et al., 2012). Autophagy maintains hematopoietic stem cells, and the survival of 

memory T cells is also reliant on autophagy (Mortensen et al., 2011; Watson et al., 

2015). In the myeloid compartment, autophagy provides free fatty acids to 

differentiating neutrophils (Riffelmacher et al., 2017) and promotes self-renewal in B1 

cells (Clarke et al., 2018). Autophagy is important for priming of tumor-specific CD8+ 

T cells (Uhl et al., 2009). Also, autophagy is essential in effector and memory T-cell 

activation (Xu et al., 2014). Finally, autophagy has been shown to dictate the 

immunogenicity of cell death in certain tumors under chemotherapy treatment 

(Galluzzi et al., 2015), although these phenotypes appear to be highly context 

dependent. On the contrary, some other recent works however, have suggested that 

autophagy inhibition does not impair T-cell function in preclinical models of melanoma 

and breast cancer, including the condition under chemotherapy (Starobinets et al., 

2016). Many groups have demonstrated that autophagy may play a tumor-protective 

role in tumor immunity. Autophagy promotes degradation of the cytolytic granules 

produced by CD8+ T cells and natural killer (NK) cells (Baginska et al., 2013; Noman 

et al., 2011). In melanoma, the hypoxic tumor microenvironment upregulates 
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autophagy in tumor cells, limiting cell death induced by immune effectors. Treatment 

with HCQ enhanced T-cell killing in the context of hypoxia (Noman et al., 2011). A 

recent report demonstrated that in melanoma, lysosomes were responsible for limiting 

the anticancer efficacy of CD8+ T cells (Khazen et al., 2016). Certain subsets of 

suppressor immune cells may be more or less susceptible to autophagy inhibition. A 

recent report indicated that immunosuppressive Treg are critically dependent on 

autophagy (Wei et al., 2016). Work from DeVorkin and colleagues showed that the 

deletion of Atg5 or Atg7 in T cells produced a striking rejection of tumor implants in 

syngeneic mouse tumor models (DeVorkin et al., 2019). The works of Mgrditchian and 

colleagues have shown that genetic inhibition of BECN1 augments the infiltration of T 

cells into the immune microenvironment (Mgrditchian et al., 2017). Furthermore, 

recent studies have demonstrated that treatment with lysosomal inhibitors such as 

chloroquine derivatives can augment antitumor immunity by eliciting an M2 to M1 

macrophage polarization switch, which in turn enables tumor cell killing by cytotoxic 

T cells (Chen et al., 2018; Frazier et al., 2017). Also, the previously mentioned 

dominant-negative Atg4b mouse model was used to demonstrate that the antitumor 

effects of inhibiting autophagy in pancreas tumors were, in part, mediated by the 

immune system. In particular, there was an influx of antitumor macrophages that was 

critical for these effects (Yang et al., 2018). Putting together the information about 

autophagy’s role in tumor-host interactions and tumor immunity, there is an emerging 

attention to the impact of autophagy inhibition on many other cell types other than 

cancer cells, but further works are needed. 

 

4) Autophagy inhibitors for cancer 
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Through the dysfunction of the lysosomes and the inhibition of the formation of 

autolysosome, late-stage inhibitors can block autophagic flux. Acid-protease inhibitors, 

such as Pepstatin A and E64d cause lysosomal dysfunction via the inhibition of 

different cathepsins (Jung et al., 2015). V-ATPase inhibitors such as BafA1 and 

concanamycin disturb the proton pump and disrupt lysosomal homeostasis (Huss & 

Wieczorek, 2009)). The acidification of lysosomes also been blocked by the common 

lysosomotropic agents, such as chloroquine (CQ), HCQ or its derivatives (such as Lys-

05) with their promoted effect on increased pH in the lysosome (Pasquier, 2016). As a 

result, more autophagosomes and dysfunctional lysosomes were formed, which lead to 

cytotoxicity for cancer cells (Button et al., 2017). 

Alternatively, early autophagy inhibitors target the upstream proteins in autophagy 

flux. 3-Methyladenine was the first discovered early inhibitor affecting Class III PI3K, 

which targets VPS34 and suppresses the initiation and expansion stage of autophagy. 

However, it also targets PI3K class I, which induces autophagy (Wu et al., 2010). The 

dual roles on autophagy limits the application of the Pan-PI3K inhibitors. This problem 

was solved by more specific inhibitors of VPS34, such as SAR405 and PIK-III 

developed by Sanofi and Novartis respectively. Both of them showed high selectivity 

for VPS34 (Pasquier, 2016). Another VPS34 inhibitor, SB02024, also showed the 

potential of the tumor growth inhibition in vivo.  

Currently, the only clinically available inhibitors of autophagy are CQ derivatives. 

Because of their long history of use in humans for the treatment of malaria and 

rheumatologic disorders, these agents, most notably HCQ, have been re-positioned in 

numerous clinical trials for the treatment of diverse cancers. However, the lack of 

potency in modulating autophagy and off-target toxicity restricts the therapeutic 
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window of these trials (Malhotra et al., 2018; Wolpin et al., 2014). Therefore, some 

new compounds targeting autophagy were also discovered and showed initial 

promising results (Table 1.5). One of the unanswered conceptual questions of how to 

target autophagy is at what level of the pathway would inhibition be most optimal. For 

example, inhibition of the later steps, such as the lysosome, may have the advantage of 

inhibiting other metabolic scavenging pathways such as macropinocytosis, which has 

also been shown to be critical for tumor metabolism and growth (Commisso et al., 

2013). Furthermore, targeting the distal stages of the autophagy pathway results in an 

accumulation of undigested autophagosomes, which could potentially be toxic to tumor 

cells even by itself. In contrast, inhibition of earlier phases of the process, such as those 

involved in autophagosome biogenesis, would allow for the buildup of toxic protein 

aggregates and damaged mitochondria that would no longer be encompassed by the 

autophagosome and allow the tumor cells to be continuously exposed to these toxic 

insults. Another important concept is whether one needs to target the general 

macroautophagy pathway or whether inhibiting certain selective autophagy pathways 

will be sufficient. Targeting specific cargo adaptors required for the various forms of 

selective autophagy may allow for therapeutic efficacy with decreased potential for 

toxicity. At this point, the optimal inhibition strategy has not been systematically 

studied. Further studies to identify and evaluate more effective autophagy inhibitors 

and to better understand the mechanisms and role of autophagy in cancer are warranted. 

The development of more selective and potent inhibitors of the autophagy/lysosome 

pathway at different levels will allow for the essential preclinical validation studies to 

occur. 
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Table 1.5 Novel autophagy inhibitors for cancer 

Inhibitor target Effect on autophagy & cancer References 

LY294002 Class III PI3K 

inhibitor 

Inhibit the initiation/ maturation 

stage of autophagy 

Sui et al., 

2013a 

Pyrvinium Class III PI3K 

inhibitor 

Inhibit the initiation/ maturation 

stage of autophagy 

Deng et al., 

2013 

SBI-0206965 ULK1 Inhibit the initiation stage of 

autophagy. Induces apoptosis in 

non-small cell lung cancer cell  

by destabilizing Bcl2 and Bcl-xl 

Egan et al., 

2015; Tang 

et al., 2017 

ULK101 ULK1 Inhibit the initiation stage of 

autophagy. Sensitize KRAS-

driven lung cancer cells to 

nutrient restriction 

Martin et 

al., 2018 

SAR405 VPS34 Traffic from late endosomes to 

lysosomes. Dampens 

upregulation of a pro-survival 

autophagy pathway in response 

to chemotherapeutic agents and 

prevents the resistance of renal 

tumor cells. 

Ronan et 

al., 2014 

SB02024 VPS34 Blocks the formation of 

autophagosomes. Reduces 

Dyczynski 

et al., 2018 
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xenograft growth of two breast 

cancer cell lines in vivo. 

NSC185058 ATG4B It blocks the formation of 

autophagosomes and suppresses 

the activation and lipidation of 

LC3. Inhibits growth in mouse 

osteosarcoma xenograft models 

Akin et al., 

2014; 

Huang et 

al., 2017 

S130 ATG4B suppress the recycling of LC3-I. 

arrest the growth of colorectal 

cancer both in vitro and in vivo. 

Fu et al., 

2019 

Lys05 PPT1 cause lysosomal dysfunction by 

deacidifying 

the lysosome to block the late 

stage of autophagy. Have 

significant antitumor activity in 

vivo in multiple tumor models. 

McAfee et 

al., 2012 

DC661 PPT1 Inhibit autophagosome fusion 

with lysosomes and 

autophagosome degradation. 

Inhibited the growth of 

melanoma and colorectal 

cancer. 

Rebecca et 

al., 2019 

Apilimod PIKFYVE disrupt lysosomal homeostasis, Gayle et 
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thereby blocking the late stage 

of autophagy. displays the 

antitumor activity of B-cell 

non-Hodgkin lymphoma. 

al., 2017; 

Sharma et 

al., 2019 

PI3K: Phosphoinositide 3-kinase; ULK1: autophagy activating kinase 1; VPS34: 

vacuolar protein sorting 34; Bcl-xL: B-cell lymphoma-extra large; PPT-1: palmitoyl-

protein thioesterase 1. 

 

1.3.3 A critical role for autophagy in pancreatic cancer 

As discussed above, RAS-driven cancers may be “autophagy addicted” (Guo et al., 

2013). KRAS is mutated in 95% of pancreatic ductal adenocarcinoma (PDAC) and is 

a well-validated driver of PDAC growth and maintenance (Zeitouni et al., 2016). 

Therefore, when compared to other cancer types such as those of the lung and breast, 

a higher basal level of autophagy is observed in pancreatic cancer cells and pancreatic 

cancer tissue, which was determined to correlate with poor patient outcome (Fu et al., 

2008; Yang et al., 2011). It was reported that autophagy is elevated in most pancreatic 

intraepithelial neoplasm-3 (PanIN-3) and nearly all PDAC cell lines, which leads to the 

attenuation of ROS and the mitigation of DNA damage as well as the accumulation of 

tricarboxylic acid cycle intermediates to maintain energy homeostasis (Yang & 

Kimmelman, 2011). All of these contribute to tumor growth. Besides, many pancreatic 

cancer patients showed intense therapeutic resistance to chemotherapies, targeted 

agents, and radiotherapy (Josef & Lawrence, 2008; Li et al., 2004). A growing body of 

literatures have suggested that the activation of autophagy could facilitate the 
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therapeutic resistance in different cancer cell lines. Consistent with this, autophagy was 

determined to have the cytoprotective effect against anticancer drugs such as 5-FU and 

gemcitabine in pancreatic cancer cells (Hashimoto et al., 2014). Therefore, the 

combinations of current therapy with autophagy inhibition, either pharmacologically 

with autophagy inhibitors such as CQ and HCQ or genetically by RNAi to multiple key 

autophagy genes may be a promising therapeutic strategy for pancreatic cancer. It has 

been shown that CQ treatment promotes the antitumor activity of PI3K/mTOR 

inhibitor for PDAC both in vitro and in vivo (Mirzoeva et al., 2011). The combinations 

of HCQ with other therapies are currently being investigated within the context of 

phase I and phase II clinical trials (Table 1.6). However, the clinical application of CQ 

or HCQ was limited due to their ocular toxicities and minimal single-agent anticancer 

efficacy (Sui et al., 2013b). Also, due to the non-targeted effects of CQ or HCQ on 

other cellular processes and compartments, the impairment of tumor metabolism 

induced by the inhibition of autophagy may change the in situ antitumor immune 

response in tumor microenvironments (Townsend et al., 2012). Indeed, CQ and HCQ 

have been reported to decrease inflammatory immune responses by negatively 

impacting antigen presentation and T cell receptor-induced calcium signaling 

(Goldman et al., n.d.; Ziegler & Unanue, 1982). It was reported that a combination of 

HCQ or CQ with rapamycin prevented the formation of memory T cells, which would 

be detrimental to the maintenance of long-term antitumor immunity (Klebanoff et al., 

2011; Wu et al., 2012). Tumor cells with genetic knockdown of Atg5 or Atg7 failed to 

prime CD8+ T cells and were unable to elicit a protective antitumor immune response 

(Michaud et al., 2011). Therefore, new strategies to target autophagy must be included 
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a deeper understanding of the impact on the immune system and enhancing the immune 

responses. 

 

Table 1.6 Overview of pancreatic cancer therapies involving HCQ in clinical trials  

listed on the US website http://Clinicaltrials.gov 

NCT number Treatment Trial 

design 

Current 

state  

Aim/results  

NCT01494155 Drug: 

Capecitabine 

Drug: HCQ 

Radiation: Proton 

or Photon 

Radiation 

Therapy 

Phase 2 Active 

 

Determine if proton 

or photon beam 

radiation in 

combination with 

HCQ and 

capecitabine is 

effective in 

controlling cancer 

growth 

NCT01506973 Drug: HCQ 

Drug: 

Gemcitabine 

Phase 1 

Phase 2 

Active Study the inhibition 

effect on autophagy 

in pancreatic cancer 

NCT04132505 Drug: Binimetinib 

Drug: HCQ 

Phase 1 recruiting Study the best dose of 

HCQ combined with 

binimetinib to treat 

http://clinicaltrials.gov/
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the metastatic stage 

patients with KRAS 

gene mutated 

pancreatic cancer 

NCT03825289 Drug: HCQ 

Drug: Trametinib 

Phase 1 recruiting Study the side effects 

and best dose of HCQ 

combined with 

trametinib in treating 

the metastatic stage 

patients  

NCT01273805 Drug: HCQ Phase 2 Completed In patients with 

previously treated 

metastatic pancreatic 

cancer, HCQ 

monotherapy 

demonstrated 

negligible therapeutic 

efficacy 

NCT01128296 Drug: HCQ 

Drug: 

Gemcitabine 

Phase 1 

Phase 2 

Completed No significant 

differences in 

pretreatment patient 

demographics or 

characteristics 
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NCT01978184 Drug: 

gemcitabine 

Drug: abraxane 

Drug: HCQ 

Phase 2 Completed There were no 

significant 

differences in 

pretreatment patient 

demographics or 

characteristics. 

NCT03344172 Drug: 

Gemcitabine, 

Nab-Paclitaxel, 

HCQ and 

Avelumab 

Drug: 

Gemcitabine,  

Nab-Paclitaxel, 

and HCQ 

Phase 2 Suspended Suspected Grade 5 

SAE(s) related to 

treatment. No Study 

Results Posted on 

ClinicalTrials.gov for 

this study. 

HCQ: hydroxychloroquine. 

 

1.4 Overview of Calycosin 

Radix astragali is the dried root of two plants from the Fabaceae family: Astragalus 

membranaceus (Fisch.) Bunge and Astragalus membranaceus Bunge var. mongholicus 

(Dge.) Hsiao, known as “Huangqi” in China. It has been applied in clinical treatment 

for more than 2000 years as a lead drug in various classical Traditional Chinese 

Medicine (TCM) formulations. Radix astragali is widely used for the treatment of 

hypertension (Zhang et al., 2009), diabetes, cirrhosis (Gui et al., 2006), nephritis, 
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cancer (Hong et al., 2001), and many other disorders (Guo et al., 2012; L. Tang et al., 

2009). Multiple active ingredients in the dry root extract of Radix astragali such as 

saponins (including various astragalosides), polysaccharides and isoflavonoids had 

been identified using modern chemical analysis technology (Qi et al., 2008; Xiao et al., 

2009; Zeng et al., 2012; Zhang et al., 2013). Among these, calycosin (7-hydroxy-3-(3-

hydroxy-4-methoxyphenyl) chromen-4-one) exerts the major functions of the dry root 

extract and has been used as the representative bioactive chemical of Radix astragali. 

The molecular formula of calycosin is C16H12O5 with a molecular weight of 

284.267g/mol. Calycosin belongs to isoflavone class with a phenyl substituent and a 

chromane-type skeleton in the C2 or C3 site of the structure (Fig. 1.7). 

 

 

Figure 1.7 Structure of Calycosin. 

Calycosin has shown multiple pharmacological properties such as anti-tumor, 

neuroprotective, anti-inflammatory and cardiovascular effects due to its role as an 

isoflavonoid and a phytoestrogen (Fig. 1.8). Differential mechanisms are involved in 

treating a variety of diseases. The neuroprotective and neurorestorative roles of 

calycosin are largely involved in the antioxidant mechanism via the upregulation of 
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radical scavenging and reduction of oxidative stress (bottom-right of Fig. 1.8, labeled 

with yellow lines) (Guo et al., 2002; Shirataki et al., 1997; Yu et al., 2005). In terms of 

its anti-inflammatory effects, calycosin suppresses the secretion of pro-inflammatory 

cytokines through inhibition of ERK1/2 and NF-B signaling (bottom-left of Fig 1.8, 

labeled with blue lines) (Guo et al., 2002; Hoo et al., 2010; Kim et al., 2009; Ryu et al., 

2008). Pro-angiogenic effects of calycosin were proven to be beneficial for the 

protection against cardiovascular diseases through induction of the expression of 

vascular endothelial growth factor (VEGF) (upper-right of Fig 1.8, labeled with red 

lines) (Bitto et al., 2010; Fan et al., 2003; Pilšáková et al., 2010; Tang et al., 2010). 

What’s more important, calycosin has demonstrated favorable antitumor properties in 

a variety of malignancies (Table 1.7), mostly involving modulation of estrogen 

receptors and mitogen-activated protein kinase (MAPK) signaling (upper-left of Fig 

1.8, labeled with blue lines) (Gao et al., 2014). Despite this, there is not a single report 

on the effect of calycosin in pancreatic cancer. 
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Figure 1.8 The mechanisms of calycosin (yellow hexagon) in different diseases (Gao 

et al., 2014). 

 

Table 1.7 Antitumor effects of calycosin 

Cancer type Cell line Anticancer 

effect 

Pathway/targets Reference 

Breast cancer 

 

MCF-7 

 

Impair 

proliferation and 

Increase: ERβ, 

PARP-1 

Chen et 

al., 2013 
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trigger apoptosis cleavage 

Decrease: IGF-

1R, miR-375 

ERβ-Dependent 

Regulation of 

IGF-1R, p38 

MAPK and 

PI3K/Akt 

Pathways 

Increase: ERβ, 

PARP-1 

cleavage,p-p38 

Decrease: IGF-

1R, pAKT 

Chen et 

al., 2014 

HOTAIR/p-Akt 

Signaling 

Pathway 

Increase: 

Decrease: p-Akt 

and its 

downstream 

target, HOTAIR 

Chen, et 

al., 2015 

Mitochondrial Tian et al., 
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apoptotic 

pathway 

increase: 

RASD1, Bax 

decrease: Bcl-2 

2013 

Colorectal 

cancer 

HCT116 Induce apoptosis, 

and inhibit 

proliferation & 

invasiveness of 

HCT-116 cells 

Induce apoptosis 

by the regulation 

of 

ERβ/miR-17 

signaling 

pathway 

Increase: ERβ, 

PTEN 

Decrease: miR-

17 

Chen, et 

al., 2015 

SW480 Inhibit the 

proliferation in 

SW480 and 

induced 

apoptosis 

Through ERβ-

mediated 

regulation of the 

IGF-1R, 

PI3K/Akt 

signaling 

pathways and of 

miR-95 

Zhao et 

al., 2016 
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expression 

increase: ERβ 

decrease: p-Akt, 

ERα, IGF-1R, 

miR-95 

Osteosarcoma Osteosarcoma 

cell (143B) 

Induce apoptosis Increase: Apaf-1, 

cleaved 

caspase3,  

Decrease: Bcl-2, 

mRNA IκBα, 

NF-κB p65 and 

cyclin D1 

Qiu et al., 

2014 

Ovarian 

cancer 

SKOV3 Exert anti-growth 

and induce 

apoptosis activity 

against ovarian 

cancer SKOV3 

cells 

Activate 

caspases and 

Bcl-2 family 

proteins 

increase: 

Bax/Bcl-2, 

cleaved caspase 

3, cleaved 

caspase9 

Zhou et 

al., 2015 

Lung cancer A549 cell Inhibit 

proliferation, 

Suppress 

PKC‑α/ERK1/2 

Cheng et 

al., 2015 
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invasion and 

migration of 

A549 cells 

Signaling 

pathway 

increase: E-cad 

decrease: PKC-

α, PERK1/2, 

MMP-2, MMP-

9, integrin β1 

Glioblastomas U87 and 

U251 cells 

inhibits migration 

and invasion 

downregulation 

of N-cadherin, 

snail, Vimentin, 

MMP-2, MMP-

9, TGF-β 

Nie et al., 

2016 

Hepatocellular 

Carcinoma 

BEL-7402 Cell cycle arrest 

at G1 phase 

Downregulation 

of TFDP-1, 

SKP2, and 

CDKN2D and 

upregulated 

expression of 

CDC2, CDK7, 

and 

CCNB1 

Zhang et 

al., 2013 

ER: Estrogen Receptor, PARP-1: poly (ADP-ribose) polymerase 1, IGF-1R: insulin-

like growth factor 1 receptor, MAPK: mitogen-activated protein kinase, PI3K: 
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phosphatidylinositol 3-kinase, HOTAIR: HOX transcript antisense RNA, PTEN: 

phosphatase and tensin homolog deleted on chromosome ten, NF-B: nuclear factor-κ 

B, PKC: protein kinase C, E‑cad: E‑cadherin, ERK1/2: extracellular signal‑regulated 

kinase 1/2, MMP: matrix metalloproteinase, TGF-β: transforming growth factor-beta. 

 

1.5 Overview of Isoliquiritigenin (ISL) 

Isoliquiritigenin (2',4',4-trihydroxychalcone, ISL) is one of the bioactive 

ingredients isolated from the roots of plants including Glycyrrhiza uralensis, 

Mongolian glycyrrhiza, Glycyrrhiza glabra, with their ground root extract collectively 

called licorice, which is known as “Gan Cao” in China as traditional Chinese herbs. 

ISL is a flavonoid-like chalcone with the molecular formula of C15H12O4 and a 

molecular weight of 256.3. The structure is shown in Fig. 1.9. ISL can be acting as a 

precursor in the chemical synthetic pathway of calycosin (Pan et al., 2007).  

 

Figure 1.9 Structure of ISL. 
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ISL exhibited numerous pharmacological properties, such as anti-inflammatory, 

anti-microbial, anti-oxidative, anticancer, immunoregulatory, hepatoprotective, and 

cardioprotective effects (Peng et al., 2015). Research reports on the anticancer potential 

of ISL on diverse cancer types such as breast cancer, lung cancer, glioma, melanoma, 

bladder cancer, ovarian cancer, prostate cancer have been summarized in Table 1.8. Our 

previous research has also shown that ISL inhibited the growth of colon cancer cells 

through the induction of G2 phase cycle arrest and the promotion of apoptosis through 

the activation of the caspase pathway and the NAG-1 overexpression (Auyeung & Ko, 

2010a). However, there is not a single report on the effect of ISL in pancreatic cancer. 

 

Table 1.8 Antitumor effects of ISL 

Cancer type Cell line Anticancer effect Pathway/targets Reference 

Bladder 

cancer 

T24 cells Decrease 

proliferation and 

increase apoptosis, 

attenuate cisplatin-

induced toxicity in  

non-tumor cells  

Upregulation of 

CDK2 activity HO-1 

expression and Nrf2 

nuclear 

translocation,  

induction of 

mitochondrial 

apoptosis,  

Moreno-

Londoño 

et al., 

2017; Si 

et al., 

2017 

Breast 

Cancer 

MCF-7, 

MDAMB-

Induce apoptosis, Suppress 

VEGF/VEGFR-2, 

PI3K/Akt, NF-B 

Lee et al., 

2015; Liu 
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231, 4T1, 

BT474, 

MCF-10A 

and 293 T  

Inhibits growth, 

angiogenesis, and 

lung metastasis 

 

and miR374a/ 

PTEN-Akt axis 

et al., 

2015; 

Peng et 

al., 2017; 

Wang et 

al., 2013 

Wang et 

al., 2013) 

Cervical 

cancer 

HeLa, 

CaSki, 

SiHa and 

C-33A 

cells 

Induce apoptosis, 

arrests cell cycle 

progression, 

 

Increase 

intracellular ROS 

levels, induction of 

ATM/p53, 

Downregulation of 

HPV16 E6 

expression 

Hirchaud 

et al., 

2013; 

Yuan et 

al., 2012a 

Colon cancer HT29,  

HCT116 

and 

Colon 26 

Induces apoptosis, 

overcome 

resistance to 

TRAIL, decreases 

AOM/DSS-

induced CAC, 

Up-regulates DR5 

expression, 

modulation of the 

intestinal 

microbiota, 

blocks M2 

macrophage 

polarization through 

Auyeung 

& Ko, 

2010b; 

Wu et al., 

2016; 

Zhao et 

al., 2014 
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inhibits colitis-

associated 

tumorigenesi, 

induces G2 cell 

cycle arrest 

downregulation of 

PGE2 and IL-6 

signaling, 

induces NAG-1 

overexpression 

Gastric 

cancer 

MKN28 

and 

MGC-803 

Inhibit 

proliferation and 

metastasis, 

induces apoptosis, 

Suppress 

PI3K/AKT/mTOR 

signaling pathway, 

increases 

intracellular Ca2+ 

concentration, 

reduces the 

mitochondrial 

transmembrane 

potential, 

Ma et al., 

2001; 

Zhang et 

al., 2018 

Glioblastoma U87 and 

SHG44  

Inhibit 

proliferation, 

induces apoptosis, 

induces 

differentiation of 

glioma stem cells  

Suppress the Notch1 

signaling pathway, 

promotes 

expressions of 

p21/WAF1 and p27 

Lin et al., 

2017; 

Zhou et 

al., 2013 

Hepatoma 

cancer 

HepG2 Enhance 

radiosensitivity 

Disturbance of 

redox status, inhibit 

Sun et al., 

2013 
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 Nrf2-antioxidant 

pathway 

 

Leukemia HL-60 Induce monocytic 

differentiation, 

 

Decrease 

intracellular ROS, 

upregulation of the 

Nrf2/ARE pathway 

 

Chen et 

al., 2013; 

Li et al., 

2009; 

Youns et 

al., 2010 

Lung cancer A549, 

HCC827, 

H1650, 

H1975, 

293T, 

H1299 

and 

NIH3T3 

Inhibit 

proliferation, 

migration and 

tumorigenesis, 

induce G2/M cell 

cycle arrest and 

apoptosis 

 

Enhance p53 and 

Fas/FasL apoptotic 

system, 

increase expression 

of p21CIP1/WAF1, 

suppress EGFR, 

PI3K/AKT and Src 

signaling pathway 

Chen et 

al., 2018; 

Hsu et al., 

2004; Ii et 

al., 2004; 

Tian et 

al., 2018 

Melanoma B16F0, 

A375 and 

A2058 

Inhibit 

proliferation， 

induce 

differentiation and 

apoptosis， 

 

Alleviate hypoxia,  

reduces glycolysis, 

suppress mTORC2-

AKT-GSK3β and 

miR-301b/LRIG1 

signaling 

Chen et 

al., 2016; 

Chen et 

al., 2017; 

Wang et 

al., 2016; 
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Xiang et 

al., 2018 

Oral cancer SG, SAS, 

and 

OECM-1 

Induce G2/M cell 

cycle phase arrest 

and apoptosis,  

inhibit OSCC-

CSCs 

characteristics, 

potentiates 

chemotherapy 

Suppress GRP78 

signaling and ATM 

expression 

Hu et al., 

2017 

Ovarian 

cancer 

SKOV3, 

OVCAR3 

and ES-2 

Inhibit 

proliferation and 

invasion, 

induce G2/M cell 

cycle arrest, 

apoptosis and 

autophagy 

Suppress the 

PI3K/Akt/mTOR 

pathway 

 

Chen et 

al., 2017; 

Li et al., 

2018 

Prostate 

cancer 

PC-3, 

22RV1, 

C4-2, 

IEC-6, 

DU145 

Induce S and 

G2/M cell cycle 

arrest and 

apoptosis, 

inhibit 

proliferation, 

Downregulation of 

cyclin B1–CDK1,  

depolarizes 

mitochondrial 

membranes, 

Kanazawa 

et al., 

2003; 

Kwon et 

al., 2009; 
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and 

LNCaP 

migration and 

invasion 

suppress 

AMPK/ERK, 

JNK/AP-1 signaling, 

enhance expression 

of GADD153 

 

Zhang et 

al., 2018 

CDK2: Cyclin-dependent kinase 2, HO-1: heme oxygenase 1, Nrf2: nuclear erythroid-

related factor 2, VEGF: vascular endothelial growth factor, VEGFR: vascular 

endothelial growth factor receptor, NF-B: nuclear factor-κ B, ROS: reactive oxygen 

species, ATM: ataxia telangiectasia-mutated, TRAIL: tumor necrosis factor-related 

apoptosis-inducing ligand, DR5: dearth receptor 5, AOM: azoxymethane, DSS: dextran 

sulphate sodium, CAC: colitis-associated colorectal cancer, PGE2: prostaglandin E2, 

IL-6: interleukin-6, NAG-1: NSAID-activated gene, ARE: antioxidant responsive 

element, LRIG1: immunoglobulin-like domains 1, OSCC-CSCs: oral squamous cell 

carcinomas- oral cancer stem cells, GRP78: glucose-regulated protein, ATM: ataxia-

telangiectasia mutated. 

 

1.6 Hypothesis and objectives 

As discussed above, targeting autophagy has become an important research direction 

in the treatment of pancreatic cancer. However, many experimental works and clinical 

trials on this have not achieved desirable results, which may be related to insufficient 

consideration of the involvement of the host’s immune system and in particular the 

tumor microenvironment. Therefore, we hypothesize that autophagy and tumor 
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microenvironment are important targets in the antitumor activities against pancreatic 

cancer development, which should be studied together when exploring effective 

neoadjuvant therapeutic strategies. 

 

To address this hypothesis, we aimed to:  

1) Investigate the anticancer activities of calycosin and ISL in pancreatic cancer both 

in vitro and in vivo 

2) Determine the involvement of autophagy in the anticancer mechanism of the drugs 

3) Explore the differential drug effects on the tumor microenvironment  
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CHAPTER 2 Materials and Methods 

2.1 Materials 

Dulbecco's modified eagle medium (DMEM), trypsin-EDTA (0.25%), phosphate 

buffered saline (PBS), penicillin-streptomycin-neomycin (PSN) antibiotic mixture and 

fetal bovine serum (FBS) were bought from Thermo-Fisher Scientific (Waltham, MA). 

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay kit 

was purchased from Amresco (Solon, OH, USA). Dimethyl sulfoxide (DMSO), bovine 

serum albumins (BSA) and IL4 purchased from Sigma-Aldrich, St. Louis, MO). The 

Total Reactive Oxygen Species (ROS) Assay Kit was purchased from Thermo-Fisher 

Scientific (Rockford, IL, USA). EnVision DuoFLEX Systems for 

immunohistochemistry staining were bought from Daco (Carpinteria, CA, USA). 

Annexin V-FITC Apoptosis Detection Kit was bought from BD Biosciences (San Jose, 

CA, USA). FxCycle TM PI / RNase staining solution and TRIzol® Reagent were 

purchased from Invitrogen (Carlsbad, CA, USA). Reverse transcription kit for qPCR 

was obtained from Takara (Otsu, Shiga, Japan.). qPCR/Real-Time PCR Reagents, 

solutions for Western blot assay and Western blot protein ladders were purchased from 

Bio-Rad Laboratories (Philadelphia, PA, USA). Transwell® with 8.0μm Pore 

Polycarbonate Membrane Insert was obtained from Corning (NY, USA). All Enzyme-

linked immunosorbent assay (ELISA) kits purchased from Excell (Shanghai, China). 

The primary antibodies used in western immunoblotting were listed in Table 2.1. The 

secondary antibodies, goat anti-rabbit IgG and goat anti-mouse IgG were bought from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

 



70 

 

Table 2.1 Primary antibodies used in western immunoblotting 

Antibodies Dilution Manufacturer 

PARP 1:1000 CST 

caspase-3 1:1000 CST 

caspase-9 1:1000 CST 

Bax 1:1000 CST 

Bcl-2 1:1000 CST 

CDK-2 1:1000 CST 

cyclin A1  1:1000 CST 

 p21Waf1/Cip1  1:1000 CST 

Snail  1:1000 CST 

Vimentin 1:1000 CST 

MMP-2 1:1000 CST 

MMP-9 1:1000 CST 

TGF-β 1:1000 CST 

TGF-β receptor I 1:1000 CST 

p-MEK1/2 1:1000 CST 

MEK1/2 1:1000 CST 

p-ERK1/2 1:1000 CST 

ERK1/2 1:1000 CST 

Lc3II 1:1000 CST 

p62 1:1000 CST 

STAT1 1:1000 CST 



71 

 

p-STAT1 1:1000 CST 

Atg5-Atg12 1:1000 CST 

Beclin-1 1:1000 CST 

AMPKα 1:1000 CST 

 p-AMPKα 1:500 CST 

mTOR 1:1000 CST 

ɣH2AX 1:200 CST 

CD206 1:200 Thermo-Fisher Scientific 

caspase-8 1:500 Millipore 

CST: Cell Signaling Technology. 

 

2.2 Cell lines and cell culture 

Human pancreatic ductal adenocarcinoma (PDAC) cell lines PANC1 and MIA 

PaCa-2, as well as the BALB/c-derived murine macrophage cell line RAW 264.7, were 

obtained from American Type Culture Collection (ATCC; Manassas, VA), whereas 

the murine PDAC cell line Pan02 was kindly provided by Prof. C.H. Cho, Emeritus 

Professor of the Chinese University of Hong Kong. All cells were grown in DMEM 

supplemented with 10% FBS plus 1% PSN antibiotic mixture. Cells were incubated at 

37 0C with 5% CO2. 

In the co-culture system of MIA PaCa-2, the conditional medium was obtained as 

following procedures: RAW 264.7 cells were treated with 50 µM calycosin in growth 

medium for 24h, and then they were cultured in serum-free medium for another 24h 

after being washed with PBS. The conditional medium was obtained through 

centrifugation and collection of the supernatant. The conditional medium from 
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calycosin-treated RAW264.7 cells was designated as M0 + calycosin and that from the 

untreated control cells as M0. 

 

2.3 Assessment of cell viability by MTT assay 

Cell viability was measured by using the MTT assay to assess the growth-inhibitory 

effect of drugs in pancreatic cancer cells. The drug was dissolved in 0.01% DMSO. 

PANC1 (3×103/well), MIA PaCa-2 (6×103/well) or Pan02 cells (3×103/well) were 

seeded in 96-well dishes and allowed to adhere overnight. Following treatment with 

different concentrations of drug or DMSO vehicle control (0 µM) for 24-72 h, cancer 

cells were incubated with 2.5% MTT solution (5 mg/ml) for another 3 h at 37oC. DMSO 

was then used to dissolve the formazan product for spectrophotometric analysis at 570 

nm (absorbance) and 650 nm (reference). The percentage of cell viability was 

calculated as the percentage change in the absorbance of drug-treated cells divided by 

the absorbance of DMSO-treated cells (100% viable). This also performed in the co-

culture system of MIA PaCa-2 cells with conditional medium after co-culture for 48h. 

Three independent tests were performed in each in vitro experiment (n=3) with 

replicates.  

 

2.4 Assessment of apoptosis 

After drug treatment for 24 h, pancreatic cancer cells were harvested by trypsin 

digestion, washed by PBS and stained with Annexin V-fluorescein isothiocyanate 

(FITC) and propidium iodide (PI) according to the manufacturer’s instructions. 

Samples were analyzed in a flow cytometer (FACS Canto™, Beckton Dickinson 
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Biosciences, San Jose, CA). Early apoptotic cells are Annexin V-FITC positive and PI 

negative, while late-phase apoptotic cells (undergoing necrosis) are Annexin V-FITC 

and PI double-positive. 

 

2.5 Cell cycle analysis 

After drug treatment for 24 h, harvested MIA PaCa-2 cells were fixed with ice-cold 

70% ethanol at -20°C overnight. FxCycle™ PI/RNase was used for DNA staining 

according to the manufacturer’s instructions. Samples were analyzed by flow 

cytometry to compute the percentage of cells at different phases of the cell cycle using 

the ModFit LT version 3.0 software.   

 

2.6 Immunofluorescence assay for autophagy 

After drug treatment for 24h, PANC1 and MIA PaCa-2 cells were washed with PBS 

and fixed in 4% paraformaldehyde. Following permeabilization with 0.5% Triton X-

100 and blocking in 5% BSA, cells were incubated with primary antibodies of LC3Ⅰ/Ⅱ 

overnight at 4 °C then incubated with fluorescence-conjugated secondary antibodies at 

room temperature for 1 h. The nuclei were stained with 4′, 6-diamidino-2-phenylindole 

(DAPI) for 5 min. Images were captured using a Zeiss Instruments confocal 

microscope. 

 

2.7 Transmission Electron Microscopy 

The autophagy was directly observed using transmission electronmicroscopy (TEM). 

Cells were grown on glass coverslips overnight followed drug treatment for another 
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24h. The cells were fixed with solution of 3% glutaraldehyde plus 2% 

paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3, for 1 hour after PBS washing. 

Samples would be postfixed in 1% OsO4 in the same buffer for 1 hour before electron 

microscopic analysis. Representative areas were chosen for ultrathin sectioning and 

viewed with a JEM 1010 transmission electron microscope at an accelerating voltage 

of 80 kV. Digital images were obtained with an AMT imaging system. 

 

2.8 Measurement of intracellular ROS 

After treatment with corresponding agents for 24h, PANC1 and MIA PaCa-2 cells 

were harvested by trypsin digestion and collected by centrifugation. The level of 

intracellular ROS was measured using the ROS Assay Kit according to the 

manufacturer’s instructions. 

 

2.9 Wound healing cell migration assay 

Pancreatic cancer cells were seeded and cultured in 6-well plates. Until 90% 

confluence, a straight and thick scratch was made by a sterile pipette tip to generate a 

wound. Drug in 2% FBS medium was added. Microphotographic images were captured 

at different time points (0, 24, 48, 72 h) showing the rate of wound closure by 

measuring the distance between wound margins. After cultured in the conditional 

medium for 48h, the migration of MIA PaCa-2 cells was also test in this method. 

 

2.10 Transwell matrigel invasion assay 

After drug treatment for 24 h, the PANC1 cell suspensions (2x104) were placed to 
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the upper chambers in DMEM containing 1% FBS. Simultaneously, DMEM containing 

10% FBS was added in the lower chambers. The Matrigel invasion chamber was 

incubated for 48 h.  Non-invading cells on the upper surface were removed by using a 

wet cotton swab. Invading cells were fixed and stained with crystal violet. 

Microphotographic images were captured and invasion ability was determined by 

counting the number of stained cells. To explore the effect of reduced M2-polarized 

macrophage on the progression of pancreatic cancer, similar cell invasion assay was 

performed in the co-culture system with ISL-treated RAW264.7 cells in lower 

chambers and PANC1 cells in the upper chambers. 

 

2.11 Real-time polymerase chain reaction (RT-PCR) analysis   

Cells were lysed in Trizol reagent and treated with DNAase 1 to extract total cellular 

RNA. Single-stranded cDNA was synthesized from 2 μg of total RNA using M-MLV 

reverse transcriptase. Real-time PCR was performed using the SYBR green reaction 

mixture in an ABI 7500 fast real-time PCR system (Applied Biosystem, Waltham, MA). 

Gene expression data were normalized to the endogenous control β-actin. The relative 

expression levels of genes were measured according to the formula 2-ΔCt, where ΔCt 

is the difference in threshold cycle values between gene targets and β-actin. Primer 

sequences used for RT-PCR are listed in Table 2.2. All primers were tailor-made by 

Bio-Dream Technology Co., Ltd. (Shenzhen, Guangdong, China). 
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Table 2.2 Primers used for real-time PCR 

Gene Primer Sequence 

TGF-β1 

Human  

Forward GCCCTGGACACCAACTATTG 

Reverse CGTGTCCAGGCTCCAAATG 

p21Waf1/Cip1 

Human  

Forward GCAGACCAGCATGACAGATTT 

Reverse GATGTAGAGCGGGCC-TTTGA 

Snail 

Human 

Forward TTCTCACTGCCATGGAATTCC 

Reverse GCAGAGGAC-ACAGAACCAGAAA 

MMP-2 

Human 

Forward TTTCCATTCCGCTTC-CAGGGCACAT 

Reverse TCGCACACCACATCTTTCCGT-CACT 

MMP-9 

Human 

Forward GCCTTTGGACACGCACGA 

Reverse CCACCTCCACTCCTCCCTTT 

Vimentin 

Human 

Forward AATGGCTCGTCACCTTCGT 

Reverse CAGATTAGTTTCCCTCAGGTTCA 

β-actin 

Human 

Forward TGGCACCCAGCACAATGAA 

Reverse CTAAGTCATAGTCCGCCTAGAAGCA 

 

2.12 Western immunoblotting 

Cells were seeded at a density of 3.5 x 105 in 60-mm dishes. After drug treatment at 

various time points, cells were harvested by scraping in cold PBS containing 137 mM 

NaCl, 2.68 mM KCl and 1.47 mM KHPO4, followed by centrifugation at 1000 x g for 

5 min at 4oC. After washing with cold PBS twice, the cell pellets were collected and 

stored at -80oC. Cells were then lysed in RIPA buffer containing 50 mM Tris, 150 mM 
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NaCl, 0.5% deoxycholate, 0.1% SDS, 2 mM EDTA, 0.1% Triton X-100, 10% glycerol, 

1 mM phenylmethylsulfonyl fluoride and 10 µg/ml aprotinin. After the insoluble 

materials were removed by centrifugation at 14,000 x g for 10 min at 4oC, Coomassie 

Plus Protein Assay Reagent kit was used to quantify the protein in the cell lysate. Total 

cellular proteins in the cell lysate were separated by 8-15% SDS polyacrylamide gel 

electrophoresis and transferred onto nitrocellulose membranes. After conjugation with 

respective primary and secondary antibodies, target protein bands were visualized by 

adding the chemiluminescence substrate. The relative density of each band was 

quantified by using the Image J software and normalized by the housekeeping proteins.  

 

2.13 Orthotopic tumor xenograft of pancreatic cancer cells 

All the experimental works on laboratory animals had been approved by the 

“Committee on the Use of Human and Animal Subjects in Teaching and Research” of 

the Hong Kong Baptist University (HASC/16-17/0108) under the “Animals (Control 

of Experiments) Ordinance Chapter 340” of the Department of Health, Hong Kong 

SAR, China. All experimental procedures were carried out in accordance with the EU 

Directive 2010/63/EU and associated guidelines. Six-week-old male C57/BL6 mice 

were acquired from the Laboratory Animal Services Centre of The Chinese University 

of Hong Kong. The animals were reared in the School of Chinese Medicine Animal 

House of our institution under a controlled environment (252C, 50-65% humidity, 

06:00-18:00 light-dark cycle with free access of irradiated food and water). Pan02 

murine PDAC cells derived from the same mice species were orthotopically implanted 

as reported previously (Partecke et al., 2011) with slight modifications. Pan02 cells 
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(2.5×105) in 50 µl of ice-cold PBS with Matrigel were slowly inoculated into the 

parenchyma pancreatic head of mice (under 60 mg/kg, i.p. ketamine anesthesia). 

Control mice were injected with the same amount of ice-cold Matrigel in PBS. To relief 

possible post-surgical pain during the course, buprenorphine hydrochloride (0.1 mg/kg; 

Sigma-Aldrich, St. Louis, MO, USA) was subcutaneously injected. Twelve days after 

tumor implantation, mice were divided into 4 groups (n=8) based on their body weights:  

vehicle (5% DMSO/30% PEG-400/5% Tween-80) control; calycosin 15 mg/kg (diluted 

in 5% DMSO/30% PEG-400/5% Tween-80 solution); calycosin 30 mg/kg (diluted in 

5% DMSO/30% PEG-400/5% Tween-80 solution); gemcitabine (50 mg/kg) was used 

as positive control since it remains the gold standard in contemporary pancreatic cancer 

chemotherapy (Springfeld et al., 2019). Mice began received various drug treatments 

by daily intraperitoneal injection (gemcitabine was given every 3 days) for 14 days. 

Body weights of all animals were recorded weekly as an assessment of possible drug 

toxicity. All animals were euthanized on day 26 by injecting an overdose (100 mg/kg, 

i.p.) of ketamine, followed by cervical dislocation – the approved procedure of 

euthanasia by the Department of Health of the Hong Kong SAR Government, with 

their serum collected and tumor tissues excised for subsequent assessment. 

 

2.14 Subcutaneous tumor xenograft model of pancreatic cancer cells 

Six-week-old male C57/BL6 mice were purchased from the Laboratory Animal 

Services Centre, The Chinese University of Hong Kong. The tumor model was 

established by subcutaneous inoculation of Pan02 cells (1x106 cells per mouse) into 

the right flank of mice. Then, 6 days after inoculation, mice were randomly divided 
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into four groups (n=6) as follows: Control group (C, i.p.), positive drug group of 

gemcitabine 50‑mg/kg group (i.p.), low-dose drug treatment group (i.p.) and high-dose 

drug treatment group (i.p.). All mice received drug treatments every three days. The 

body weights and tumor diameters were measured every three days and the tumor 

volume was calculated using the formula (short diameter) 2 × (long diameter) × 0.5. At 

the end of the experiments, peripheral blood was collected from the orbital plexus for 

the detection of white blood cells and hematocrit. Tumors were then dissected and 

weighed. For the histological study, excised tumor specimens were fixed in 10% 

formalin and embedded in paraffin. Cryogegnic sections of the tumor samples were ten 

used for TUNEL assay and immunohistochemical (IHC) analysis. All the experimental 

protocols were carried out with the approval of the Committee on Use of Human and 

Animal Subjects in Teaching and Research of Hong Kong Baptist University and 

according to the Regulations of the Department of Health, Hong Kong SAR, China. 

 

2.15 Immunohistochemical (IHC) analysis of animal tissues  

The excised tumor samples were embedded and fixed. Cryogenic tumor sections (5 

µM) were prepared and stained with hematoxylin and eosin (H&E; Sigma-Aldrich, St. 

Louis, MO). IHC analysis for Snail, MMP-2, MMP-9, TGF-β, CD31, CD206, LC3II 

and p62 was also performed. Representative areas were viewed under light microscopy 

(Nikon 90i, Tokyo, Japan) and photographed at a magnification of 20× for H&E and 

40× for IHC, respectively. 
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2.16 Immunofluorescence of animal tissues 

Paraffin-embedded tissue sections from the leg bone, spleen and tumor tissues were 

used for immunofluorescence as previously described (Matthew et al., 2012). For co-

localization of MDSCs, CD4+ and CD8+ T cells, antibodies of CD11b, Gr-1, CD3, CD4 

and CD8 were used. All of them were purchased from BD Biosciences (San Jose, CA). 

 

2.17 Flow cytometric analysis of peripheral blood 

Peripheral blood samples were collected in vacuum tubes containing EDTA (BD 

Biosciences; San Jose, CA). Red cells were lysed using lysing Buffer (BD Biosciences). 

Cell surface staining was performed on PBMC isolated by Ficoll-density centrifugation 

using monoclonal antibodies for CD3, CD4, CD8, CD11b and LY-6G according to the 

manufacturer’s instructions. The analysis was immediately performed by using flow 

cytometry. All antibodies in this part were bought from BD Biosciences (San Jose, CA, 

USA).  

 

2.18 Enzyme-linked immunosorbent assay (ELISA)  

After drug treatment, the supernatant of the pancreatic cancer cells was collected 

after centrifugation (10,000 RPM for 5 minutes at 4°C). Mature tumors from drug-

treated and control mice were flash-frozen using liquid nitrogen. Then the sample was 

harvested after homogenization in a saline solution containing a protease inhibitor and 

centrifugation (10,000 RPM for 5 minutes at 4°C). Samples were analyzed for MMP-

2 using ELISA kit (Excell, Shanghai, China) according to the manufacturer’s directions.   
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2.19 Statistical analysis 

Numerical data are expressed as mean ± standard deviation (SD). Statistical 

significance of at least p<0.05 was determined by one-way analysis of variance 

(ANOVA) using GraphPad Prism 5.0 software, followed by the Dunnett post-hoc test. 

For statistical power analysis in the animal study, the sample size was calculated based 

on pilot data in a small scale, according to the following formula: N=2[(Uα+Uβ) S/δ]2 

(S=SD; δ=inter-group difference of the mean values). 
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CHAPTER 3 The dual roles of calycosin in growth 

inhibition and metastatic progression during pancreatic 

cancer development: A “TGF-β paradox” 

 

Part of the results in this chapter have been included in the following published paper, 

of which the permission for reuse in this thesis has been granted. 

ZHANG Z., AUYEUNG K.K., SZE S.C., ZHANG S., YUNG K.K. & KO, J.K. 

(2020) The dual roles of calycosin in growth inhibition and metastatic 

progression during pancreatic cancer development: A “TGF- paradox”. 

Phytomedicine 68, 153177. (doi: 10.1016/j.phymed.2020.153177) 

 

3.1 Results 

3.1.1 Calycosin inhibited pancreatic cancer cell growth 

We determined the effects of calycosin on pancreatic cancer cells using MTT assay. 

Results show that calycosin significantly reduced the viability of MIA PaCa-2 cells in 

a concentration-dependent manner (25-200 µM) (Fig. 3.1A), with similar results in 

PANC1 cells (Fig. 3.1B). These growth-inhibitory effects were comparable to that 

caused by gemcitabine (Awasthi et al., 2013). MIA PaCa-2 cells displayed better 

linearity in its growth-inhibitory response to calycosin than PANC1 cells, thus the 

former cell type was selected for subsequent mechanistic studies using 50 and 100 µM 

of calycosin (IC50 and IC75). Besides, the effect of calycosin on mouse Pan02 cell 

viability was also determined with comparable results (Fig. 3.1C). 
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Figure 3.1 Effect of calycosin on the viability of pancreatic cancer cells. (A) Human 

MIA PaCa-2, (B) human PANC1 and (C) mouse Pan02 cells were treated with various 

concentrations of calycosin (25-200 M) for 24, 48 or 72 h before cell viability was 

determined by MTT assay. Gemcitabine was used as positive chemotherapeutic drug 

control. Data are presented as mean ± SD of three independent experiments each in 

triplicate, * p < 0.05, ** p < 0.01 vs. control (0 M). 
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3.1.2 Calycosin induced apoptosis in MIA PaCa-2 cells 

To investigate whether the growth-inhibitory effects of calycosin on MIA PaCa-2 

cells involve the promotion of apoptosis, FITC Annexin V/PI staining was performed. 

Fig. 3.2A shows that calycosin caused a concentration-dependent increase in both early 

apoptosis (from 17.8 ± 1.6% to 26.3 ± 1.0%) and late-phase apoptosis/necrosis (from 

4.4 ± 0.9% to 14 ± 0.4%) in MIA PaCa-2 cells. To further confirm the proapoptotic 

effects of calycosin, the protein expression of caspase-3 and its substrate was 

determined. Results in Fig. 3.2B indicates increased cleavage of PARP (>2-fold higher 

expression level by calycosin at a concentration of 100 µM), with the corresponding 

activation of both caspase-3 and caspase-9 (Fig. 3.2C and 3.2D). These were associated 

with increased expression of the proapoptotic protein Bax and downregulation of the 

anti-apoptotic protein Bcl-2 (Fig. 3.2D). Calycosin at the concentration of 100 µM 

significantly increased the expression ratio of Bax/Bcl-2 and caspase-9 cleavage by 

1.80 and 1.85 folds, respectively, which implicates that calycosin could induce 

apoptosis by triggering the mitochondrial pathway. Furthermore, a similar increase in 

caspase-8 activation (by 2.92 folds) using 100 µM of calycosin (Fig. 3.2E) also 

suggests that the extrinsic apoptotic pathway may also contribute to the growth-

inhibitory activity of calycosin. 
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Figure 3.2 Calycosin induced the apoptosis in human MIA PaCa-2 pancreatic cancer 

cells. (A) Apoptosis of MIA PaCa-2 was performed under flow cytometry. The protein 

expression of (B) PARP, (C) caspase-3, (D) Bax, Bcl-2 and caspase-9 as well as (E) 

caspase 8 in MIA PaCa-2 cells was detected by Western immunoblotting after treatment 

with calycosin (50 or 100 μM) for 24 h. Cells treated with DMSO were used as a 

negative control. Three independent experiments were performed each in triplicate. 

Representative protein bands were shown for comparison. Non-arbitrary data on 

relative band density (with respect to that of the housekeeping protein β-actin) are 

presented as mean ± SD, * p < 0.05, ** p < 0.01 vs. control (0 μM). 
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3.1.3 Calycosin induced S-phase cell cycle arrest in MIA PaCa-2 cells 

As induction of apoptosis is often preceded by changes in cell cycle kinetics, we also 

examined cell cycle alterations in MIA PaCa-2 cells by graded concentrations of 

calycosin. Fig. 3.3A shows that calycosin treatment in MIA PaCa-2 cells for 24 h 

increased the percentage of cells in the S phase from 17.33 ± 1.54% (control) to 30.58 

± 2.36% (50 µM) and 42.43 ± 1.52% (100 µM), respectively, with the corresponding 

reduction of the cell population in the G1 phase. To evaluate the biochemical events 

occurred during the transition from G1 to S phase, we examined the change in cycle-

specific regulatory protein levels following calycosin treatment. Our results showed 

that calycosin significantly decreased the expression levels of cyclin A1 (Fig. 3.3B) 

and the corresponding cyclin-dependent kinase CDK2 (Fig. 3.3C). As a cyclin-

dependent kinase inhibitor, p21 regulates cell cycle progression at the G1-S phase. It 

was found that calycosin could increase p21 gene expression in a concentration-

dependent manner by 2 folds (50 µM) and 3.6 folds (100 µM), respectively (Fig. 3.3D), 

with corresponding upregulation of the respective protein expression (Fig. 3.3E). 
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Figure 3.3 Calycosin induced cell cycle arrest in human MIA PaCa-2 pancreatic cancer 

cells. (A) After MIA PaCa-2 cells were treated with calycosin with PI staining for 24 

h, the cell cycle was analyzed under flow cytometry. Data are presented as mean ± SD, 

** p < 0.01 vs. control (0 M) value in S phase, ## p < 0.01 vs. control (0 M) value 

in G1 phase.  The protein expression of (B) cyclin A1, (C) CDK2 as well as p21 mRNA 

(D) and protein expression (E) in MIA PaCa-2 cells treated with calycosin for 24 h 

were determined by using Western immunoblotting and qRT-PCR, respectively. Three 

independent experiments were performed each in triplicate. Non-arbitrary data on 

relative band density (with respect to that of the housekeeping protein -actin) are 

presented as mean ± SD, ** p< 0.01 vs. control (0 M). 
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3.1.4 Calycosin promoted the migration of MIA PaCa-2 cells 

Excessive cell migratory activity is one of the hallmarks of malignant tumors. In the 

wound healing assay, the wound area following 48 h of calycosin treatment was 

reduced to 52.06 ± 2.61% (50 µM) and 37.27 ± 2.25% (100 µM) from 60.95 ± 2.30% 

in the control group (Fig. 3.4A). Protein expression of the epithelial cell marker E-

cadherin was also significantly reduced upon calycosin treatment (Fig. 3.4B). To 

further explore the drug effect on major determinants of the EMT, both mRNA and 

protein expression of the EMT transcription factor Snail was measured. Results in Fig. 

3.4C and 3.4D show that calycosin promoted the gene expression of Snail by 1.56 folds 

(50 µM) and 2.08 folds (100 µM), respectively, with an even more profound 

upregulation of the Snail protein. Moreover, the gene and protein expression of MMP-

2 and MMP-9, as downstream players of Snail, were determined to be increased 

following calycosin treatment (Fig. 3.4E-G). Taken together, calycosin was found to 

provoke the migration and EMT of MIA PaCa-2 cells, implicated that it may promote 

metastasis of pancreatic cancer. 
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Figure 3.4 Effect of calycosin on the migration of MIA PaCa-2 cells. (A) A wound-

healing assay was conducted in MIA PaCa-2 cells treated with calycosin for 24 or 48 

h. Protein expression of E-cadherin(B), Snail (C and D), MMP-2 (E and G)  and 

MMP-9 (F and G) were determined using qRT-PCR and Western immunoblotting, 

respectively. Three independent experiments were performed each in triplicate. 

Representative protein bands were shown for comparison. Non-arbitrary data on 

relative band density (with respect to that of the housekeeping protein -actin) are 

presented as mean ± SD, ** p< 0.01 vs. control (0 M). 
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3.1.5 Calycosin increased tissue expression of pro-metastatic biomarkers in 

tumor sections from mice orthotopically-xenografted with pancreatic 

cancer cells 

In a previous subcutaneous tumor xenograft model of human PANC-1 cells in 

athymic nude mice, we have demonstrated that 30 mg/kg of calycosin caused more 

than 60% tumor growth inhibition (Fig. 3.5). Since subcutaneous inoculation has the 

limitation to represent many features of human tumors such as their invasive and 

metastatic behavior as well as the interaction with the tumor microenvironment, here, 

we employed an orthotopic murine tumor model of C57/BL6 mice origin. No 

significant drop in body weight or mortality was found in the calycosin treatment 

groups, indicating that the drug did not induce systemic toxicity. Nonetheless, it is to 

our surprise from the H&E staining results (Fig. 3.6A) that in the calycosin (15 or 30 

mg/kg) treatment groups, there was an expanse of dense stromal reaction between the 

tumor and normal tissues (indicated by the black arrows), comprising extracellular 

matrix (ECM) with immune cell infiltrates near the margin. Besides, increased tumor 

tissue expression of Snail (Fig. 3.6B), MMP-2 (Fig. 3.6C) and MMP-9 (Fig. 3.6D) was 

also perceived following calycosin treatment, indicating a trend for promotion of EMT 

and increased invasiveness. A similar upregulation in the number of CD31-labelled 

cells was also observed in the tumor tissues of the calycosin-treated group (Fig. 3.6E), 

indicating increased angiogenic drive. 
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Figure 3.5 Calycosin exerted significant anti-tumor effect in PANC-1-xenografted nude 

mice (30 mg/kg, i.p. once daily for 14 days, with drug treatment commenced 10 days 

after subcutaneous tumor inoculation near the right flank), causing more than 60% 

reduction in tumor mass. 
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Figure 3.6 Pro-metastatic potential of calycosin on pancreatic cancer development in a 

murine orthotopic tumor model. (A) H&E staining of tumor tissues in C57/BL6 mice 

orthotopically xenografted with Pan02 pancreatic cancer cells. IHC analysis of the 

tumor tissues for (B) Snail, (C) MMP-2, (D) MMP-9 and (E) CD31 following treatment 

of 15 or 30 mg/kg of calycosin (i.p.) for 14 days after orthotopic tumor inoculation 

(magnification x400). 
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3.1.6 Calycosin activated the TGF-β1-induced Raf/MEK/ERK pathway during 

EMT promotion 

Results show that calycosin at 100 µM increased TGF-β1 expression by 3.6 folds at 

the mRNA level (Fig. 3.7A) and 1.5 folds at the protein level (Fig. 3.7B) in MIA PaCa-

2 cell culture. In Pan02-xenografted tumor tissues, we could confirm the increased 

expression of TGF-β1 by calycosin (Fig. 3.7C). Other than this, TGF-β receptor І was 

also increased by 1.26-1.62 folds with the drug treatment (Fig. 3.7D). It was suggested 

that TGF-β could contribute to EMT through either Smad or non-Smad signaling. Our 

study shows that calycosin does not affect Smad (data not shown), but at 100 µM, it 

increased the protein expression of Raf and p-MEK1/2 (Fig. 3.7E-F). It is known that 

ERK1/2 is essential for some non-Smad pathways. Protein expression of p-ERK1/2 

was upregulated profoundly by 2.28 and 3.39 folds, respectively following the 

treatment of calycosin at the concentrations of 50 and 100 µM (Fig. 3.7G). These 

results suggest that calycosin may promote the metastasis of pancreatic cancer through 

the activation of an autocrine TGF-β1-induced Raf/MEK/ERK pathway. 
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Figure 3.7 Calycosin activated TGF-β1 regulated Raf/MEK/ERK signaling. The gene 

(A) and protein (B) expression of TGF-β1 in MIA PaCa-2 cells after calycosin 

treatment were measured by using qRT-PCR and Western immunoblotting, respectively. 

(C) IHC analysis of TGF-β1 expression in tumor tissues from calycosin-treated (15 or 

30 mg/kg) mice with orthotopic Pan02 cell xenograft (magnification x400). Protein 

expression of (D) TGF-β receptor I, (E) Raf, (F) MEK1/2 and (G) ERK1/2 was 

determined in MIA PaCa-2 cells after treatment with calycosin for 48 h. Three 

independent experiments were performed each in triplicate. Non-arbitrary data on 

relative band density (with respect to that of the housekeeping protein -actin) are 

presented as mean ± SD, *p < 0.05, ** p< 0.01 vs. control (0 M). 
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3.1.7 Calycosin promoted polarization of M2 macrophages in the tumor 

microenvironment 

Macrophages can be activated according to two distinctive subsets, the classically- 

activated M1 and alternatively-activated M2 macrophages. In the tumor 

microenvironment, TAM is considered to possess an M2 phenotype that facilitates 

tumor progression and represents poor prognosis. To study the impact of calycosin on 

the polarization of macrophages in the tumor microenvironment, we had determined 

the drug effect on RAW264.7 cell viability using sub-threshold concentrations that did 

not cause growth inhibition (at concentrations less than 75 µM) (Fig. 3.8A). Thus, a 

concentration of 50 µM had been chosen for subsequent study of calycosin on 

macrophage polarization. CD206 is a marker of M2-polarized TAM; its activation by 

IL-4 stimulation in RAW264.7 cells was used as the positive control.  After calycosin 

treatment, expression of CD206 in RAW264.7 cells was increased, although not as 

strong as that induced by IL-4 (Fig. 3.8B). Being consistent with the in vitro findings, 

tumor tissue expression of CD206 was also significantly enhanced by graded doses of 

calycosin (Fig. 3.8C). Following treatment of the conditional medium M0 + calycosin, 

the growth of MIA PaCa-2 cells was improved about 28% compared cells treated with 

the conditional medium of M0 (Fig. 3.8D). And the promoted effects of the conditional 

medium M0 + calycosin were also found on the migration of MIA PaCa-2 cell (Fig. 

8E). Therefore, calycosin possesses the potential to induce polarization of M2 

macrophages in the tumor microenvironment, which could explain its tendency to 

provoke metastasis in pancreatic cancer.
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Figure 3.8 Calycosin promoted polarization of M2 tumor-associated macrophage 

(TAM) in the tumor microenvironment. (A) Effect of calycosin on the viability of 

RAW264.7 macrophages. (B) Analysis of the protein expression of CD206 in 

RAW264.7 cells after treatment with calycosin for 48 h. Non-arbitrary data on relative 

band density (with respect to that of the housekeeping protein -actin) are presented as 

mean ± SD, *p < 0.05, ** p< 0.01 vs. control (0 M). (C) IHC analysis of CD206 

expression in tumor tissues (magnification x400). (D) Cell viability of MIA PaCa-2 

cells cultured with the conditional medium of M0 and M0 + calycosin for 48h. Data 

are presented as mean ± SD of three independent experiments each in triplicate, # p < 

0.05 vs. control (M0). (E) The wound-healing assay of MIA PaCa-2 cells cultured with 

the conditional medium of M0 and M0 + calycosin for 48h. 
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3.2 Discussion and summary 

Early systemic dissemination and extraordinary local tumor progression are the 

major characteristics of pancreatic cancer. Once cancer metastasizes, there is currently 

not much effective chemotherapeutic option for patients especially in non-resectable 

cases. In the past decade, we have conducted a comprehensive investigation on the anti-

tumorigenic actions of total saponins (named AST) obtained from Radix Astragali, 

which can be used as an adjuvant in combination with orthodox chemotherapeutic 

drugs to reduce the side effects of the latter compounds and exert anti-carcinogenic 

effects against colon, liver and gastric cancers through diversified mechanisms 

(Auyeung et al., 2016). In this study, we further evaluated the anti-cancer potential of 

the Astragalus isoflavone calycosin against pancreatic cancer both in vitro and in vivo. 

Results in the present study indicate that calycosin could inhibit the growth of 

pancreatic cancer cells through the induction of phase-specific cycle arrest and 

promotion of apoptosis. And the growth inhibition effect was more significant on ER-

positive pancreatic cancer cells Mia PaCa-2 than that in ER-negative pancreatic cancer 

cells PANC1, which is consistent with another previous study about breast cancer 

(Chen et al., 2014b). However, calycosin also facilitated the migration of MIA PaCa-2 

cells and induced tissue expression of pro-metastatic biomarkers in orthotopically-

implanted pancreatic tumors. Based on past studies, the concentration of calycosin is 

considered to be crucial for determining its role in cancer cell growth in vitro. 

Based on our findings, we propose that the paradoxical effects of calycosin on 

growth inhibition and metastatic progression in pancreatic cancer may be related to a 

crucial involvement of TGF-β signaling. TGF-β1 is the most abundant and universally 
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expressed isoform of TGF-β, a cytokine being secreted by epithelial, endothelial, 

hematopoietic and mesenchymal cells, which has been suggested to play dual roles as 

both tumor suppressor and tumor promoter in pancreatic cancer (Akhurst & Derynck, 

2001). The biphasic effects of TGF-β depend on the tumor type and the stage of tumor 

progression as well as changes in the tumor microenvironment. In early-stage, the TGF-

β pathway shows its tumor-suppressive effect by promoting cell cycle arrest and 

apoptosis (Neuzillet et al., 2015). It was reported that TGF-β could inhibit tumor 

growth through the induction of the CDK inhibitor p21Waf1/Cip1 as a regulator of the cell 

cycle (Datto et al., 1995). In addition to its contribution to cell proliferation, the 

apoptosis-promoting capacity of TGF-β has also been revealed in many cell types. 

Different components of the TGF-β motif could determine the modes of pro- and anti-

apoptotic Bcl-2 proteins and the state of caspase activation during TGF-β-induced 

apoptosis (Tobin et al., n.d.). Nevertheless, during the advanced stage of pancreatic 

cancer progression, the accumulation of genetic alterations may shut down the initial 

tumor-suppressive effect of TGF-β signaling. Tumor cells that have initially been 

spared from TGF-evoked growth constraint might be switched to overproduce this 

cytokine to create a local immunosuppressive environment that fosters tumor growth 

and exacerbates their invasive and metastatic behavior (Siegel & Massagué, 2003). 

TGF-β has been found to promote EMT through both Smad and non-Smad signaling 

pathways. We have previously revealed that calycosin exerted no effect on Smad while 

significantly increased the expression of TGF-β receptor І, which is required for 

recruitment of Raf, a MAP kinase kinase kinase (MAP3K), to the plasma membrane 

(Lee et al., 2007). The activation of Raf has been suggested to contribute largely to the 

subsequent activation of ERK through MEK1 (Yan et al., 1994). Activation of ERK is 
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regarded as one of the most important non-Smad pathways for disruption of cell 

adherent junctions and induction of cell motility in TGF-β-mediated EMT (Davies et 

al., 2005). Our findings implicate that calycosin could promote the expression of Raf 

and increase phosphorylation of MEK1/2 and ERK1/2 in MIA PaCa-2 cells. Hence, 

the promotion of metastasis in pancreatic cancer is likely to be associated with the TGF-

β-driven Raf/MEK/ERK pathway. Recently, there has been a single report that 

calycosin could protect against acute pancreatitis through its anti-inflammatory and 

anti-oxidative effects by activating the p38 MAPK and NF-B signaling pathways (Ma 

et al., 2018), which also indicated increased phosphorylation of ERK in the pancreatic 

tissues of mice. However, a recent study showed that calycosin inhibited cellular 

metastasis of osteosarcoma both in vitro and in vivo through suppressing metastasis-

associated IκBα/ECT2 molecular pathway (Qiu et al., 2019). Except for the different 

targeting pathways in various cancer types, the regulations of calycosin on tumor 

microenvironment may also lead to the opposite results. 

Besides ERK signaling, TGF-β regulation has also been implicated to remodel a 

favorable microenvironment for tumor initiation, growth, and metastasis during the 

carcinogenic process. The tumor microenvironment is a complex entity comprising 

tumor cells, endothelial cells, and their precursors, TAM, carcinoma-associated 

fibroblasts, inflammatory and immune cells, extracellular components including ECM, 

as well as other soluble factors. Experimental data have demonstrated the promoting 

effect of TAM on the progression of pancreatic cancer. It was reported that EMT in 

pancreatic cancer cells was promoted by M2-polarized TAM through the TLR4/IL-10 

signaling pathway (Liu et al., 2013b). There is an increasing body of thought that TGF-
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β promotes M2-polarized macrophages with pro-tumoral activities (Achyut & Yang, 

2011a). Our results here indicate that calycosin could induce polarization of M2-

macrophages whereas immunohistochemical staining data from the orthotopic tumor 

xenograft further prove the aggravating effect of calycosin on TAM in the tumor 

microenvironment, designating its pro-metastatic property in pancreatic cancer 

progression. However, whether the effect of calycosin on M2 polarization was solely 

regulated through the TGF-β pathway requires further investigation. In isolated cell 

culture system or subcutaneously-xenografted tumor in athymic nude mice where 

immune system reprogramming is absent, the effects of calycosin on PDAC appeared 

to be purely growth-inhibitory and tumor-suppressive. Following the addition of 

conditioned medium obtained from calycosin-induced macrophages, the growth and 

migratory activity of MIA PaCa-2 cells were extensively provoked, of which the pro-

invasive and pro-angiogenic tendency could also be exhibited in the orthotopic tumor 

xenograft of drug-treated mice with an intact immune system. Modulation of the tumor 

microenvironment by calycosin may have provided the explanation to how the drug 

response in pancreatic cancer cells reverted from growth-inhibitory to growth-

promoting. Repression of such immunoregulation could theoretically be able to reverse 

the process and restore the growth-inhibitory property of the drug. 

In summary, we report for the first time that calycosin may act as a “double-edge 

sword” on the growth and progression of pancreatic cancer. The interesting findings 

that calycosin could induce cell cycle arrest and apoptosis while potentially promote 

EMT and subsequent invasiveness of pancreatic cancer cells is indeed innovative. The 

paradoxical effects of calycosin on pancreatic cancer may be related to the phenomenon 
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that TGF-β plays dual roles as tumor suppressor and tumor promoter in cancer cells 

and its surrounding microenvironment. It has been proposed that mucin 1 (MUC1), a 

transmembrane glycoprotein overexpressed in >80% of PDAC is a key factor that 

switches the function of TGF-β from a tumor suppressor to a tumor promoter (Grover 

et al, 2018), which possibly explains our results here. By modulation of the appropriate 

regulator that facilitates metastatic phenotype, it is feasible to retain the tumor-

suppressive activity of calycosin while inhibiting its tumor-promoting potential. Taken 

together, findings from this study provide us with a new insight in the potential 

application of calycosin in treating pancreatic cancer. 
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CHAPTER 4 Isoliquiritigenin inhibited the progression of 

pancreatic cancer through the block of autophagy and 

enhancing of anticancer immunity 

 

4.1 Results 

4.1.1 ISL inhibited the growth of pancreatic cancer cells 

To confirm the inhibitory effect of ISL on pancreatic cancer cell growth, two 

human PDAC cell lines PANC1 and MIA PaCa-2 were treated with different 

concentrations of ISL (3.125-100 µM) for 24, 48 and 72 h. MTT assay was then 

performed to determine cell viability. Fig. 4.1A shows that ISL significantly inhibited 

the growth of PANC1 cells in a concentration- and time-dependent manner, with 

similar results in MIA PaCa-2 cells and mouse Pan02 cells (Fig. 4.1B and Fig. 4.1C). 

Based on the IC50 and IC75 of the viability test, the ISL concentrations of 12.5 and 25 

µM were selected for subsequent studies.  
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Figure 4.1. Effect of ISL on the viability of pancreatic cancer cells. (A) Human PANC1, 

(B) human MIA PaCa-2 and (C) mouse Pan02 cells were treated with various 

concentrations of ISL (3.125-100 M) for 24, 48 or 72 h before cell viability was 

determined by MTT assay. Cells treated with DMSO were used as a negative control, 

while all drug treatment groups were normalized with the control group. Data are 

presented as mean ± SD of three independent experiments each in triplicate, * p < 0.05, 

** p < 0.01 vs. control (0 M). 
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4.1.2 ISL increased the formation of autophagosomes 

To evaluate the effects of ISL on autophagy, LC3Ⅰ/II level in pancreatic cancer 

cells was assessed using immunofluorescence microscopy after treatment of ISL for 

24h. Results have shown that ISL increased the formation of puncta in PANC1 (Fig. 

4.2A) and MIA PaCa-2 cells (Fig. 4.2B), respectively, indicating increased formation 

of autophagosomes. Following this, the protein expression of LC3II were determined 

using western immunoblotting. Results from Fig. 4.2C show that ISL at the 

concentration of 25 µM increased the expression level of LC3II by about 4 folds in 

PANC1 cells and by 3 folds in MIA PaCa-2 cells (Fig. 4.2D). A direct observation of 

increased formation of autophagosomes in ISL-treated PANC1 and MIA PaCa-2 cells 

was also obtained from transmission electronic microscopy (Fig. 4.2E and Fig. 4.2F). 
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Figure 4.2 ISL increased the formation of autophagosomes in human pancreatic cancer 

cells. LC3 levels in PANC1 (A) and MIA PaCa-2 (B) cells were determined using 

immunofluorescence microscopy following the treatment of ISL for 24 h. The protein 

expression of LC3Ⅱ in PANC1 (C) and MIA PaCa-2 (D) cells was detected by Western 

immunoblotting after treatment with ISL (12.5 or 25 M) for 24 h. Cells treated with 

DMSO were used as a negative control. Three independent experiments were 

performed each in triplicate. Representative protein bands were shown for comparison. 

Non-arbitrary data on relative band density (with respect to that of the housekeeping 

protein -actin) are presented as mean ± SD, * p < 0.05, ** p < 0.01 vs. control (0 M). 
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4.1.3 ISL blocked autophagy flux in pancreatic cancer cells 

Overexpression of LC3II could be due to either increased activation or a block in the 

later steps of autophagy. In order to elucidate the actual cause, we further determined 

the expression of p62, a cargo protein, which is usually incorporated into the completed 

autophagosome and degraded in autolysosomes. According to this, increased 

expression of p62/SQSTM1 is associated with the inhibition or blockade of autophagy, 

whereas decreased expression of p62/SQSTM1 could correlate with autophagy 

activation (Bartlett et al., 2011). Results in Fig. 4.3A and 4.3B have shown that ISL 

increased the protein expression of p62 in both PANC1and MIA PaCa-2 cells. In order 

to further determine whether the observed modulation of autophagic activity may lead 

to inhibition or activation of autophagy, we measured autophagic flux. This was 

accomplished by measuring the level of LC3-II protein in the presence and absence of 

pharmacological inhibition of autophagy using CQ, an inhibitor of autolysosome. In 

general, if autophagy is facilitated, the amount of LC3ІІ in the drug-CQ combined 

treatment group should be higher than that in the cells receiving inhibitor treatment 

alone (Tanida et al., 2005a). The results showed that expression of LC3II in PANC1 

cells with combined treatment of ISL and CQ was not significantly higher than that in 

the cells with single treatment of CQ (Fig. 4.3C). Alternatively, in MIA PaCa-2 cells, 

the expression of LC3II in the combined treatment group was significantly lower than 

that in the CQ treatment group (Fig. 4.3D). Taken together, ISL blocked autophagy 

flux both in PANC1 and MIA PaCa-2 cells. 
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Figure 4.3 ISL treatment blocked autophagy in human pancreatic cancer cells. The 

protein expression of p62 in PANC1 (A) and MIA PaCa-2 (B) cells was detected by 

Western immunoblotting after treatment with ISL (12.5 or 25 M) for 48 h. LC3Ⅱ 

expression in PANC1 (C) and MIA PaCa-2 (D) cells treated with ISL in the presence 

and absence of autophagy inhibitor (10 M CQ) for 24h was determined using Western 

immunoblotting. Cells treated with DMSO were used as a negative control. Three 

independent experiments were performed each in triplicate. Representative protein 

bands were shown for comparison. Non-arbitrary data on relative band density (with 

respect to that of the housekeeping protein -actin) are presented as mean ± SD, * p < 

0.05, ** p < 0.01 vs. control (0 M). 
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4.1.4 ISL promoted intracellular ROS production due by blockade of autophagy 

It was reported that pancreatic cancer cells accumulated more ROS than normal 

cells (Ma, 2011). Therefore, we determined the effect of ISL on ROS generation using 

flow cytometry. Results showed that ISL (25 µM) treatment caused a 2.8-fold and 2.2-

fold increase of ROS production in PANC1 (Fig. 4.4A) and MIA PaCa-2 cells (Fig. 

4.4B), respectively. To explore whether the increased ROS production is related to the 

block of autophagy, we measured ROS in the presence or absence of autophagy 

inhibitor CQ and inducer rapamycin (Rap). Results in Fig. 4.4C showed that in PANC1 

cells, CQ increased ROS production significantly, while Rap decreased that. Compared 

to ROS levels in ISL treatment cells, ROS in the cells treated of ISL combining with 

CQ was significantly increased, of which it was significantly decreased in cells treated 

with ISL plus Rap. Similar results were obtained in MIA PaCa-2 cells (Fig. 4.4D) after 

treatment with CQ. It is interesting to note that in MIA PaCa-2 cells, Rap treatment 

increased ROS levels instead, which is deviated from the finding in PANC1 cells. 

Besides, there was no significant change of ROS production in MIA PaCa-2 cells 

treated with ISL in the presence or absence of Rap.  
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Figure 4.4 ISL increased intracellular ROS production in pancreatic cancer cells. After 

PANC1 (A) and MIA PaCa-2 (B) cells were treated with ISL for 24h, ROS production 

was measured by using flow cytometry. Fold change in intracellular ROS production 

was calculated relative to untreated samples. ROS production in PANC1 (C) and MIA 

PaCa-2 (D) cells treated with ISL in the presence or absence of autophagy inhibitor 

(CQ, 10 µM ) and inducer rapamycin (Rap, 50 nM) was also determined (* p < 0.05, 

** p < 0.01 vs. ISL (12.5 µM); # p < 0.05 vs. CQ (10 µM) ). 



111 

 

4.1.5 ISL promoted apoptosis in pancreatic cancer cells due to increased ROS 

production 

Excessive ROS production was reported to promote cytochrome c release into the 

cytoplasm and would subsequently trigger programmed cell death (Fruehauf & 

Meyskens, 2007). Our results showed that ISL increased apoptosis in PANC1 (Fig. 

4.5A) and MIA PaCa-2 cells (Fig. 4.5B) from 7.3% to 13.2% and 5.9% to 13.7%, 

respectively. Further confirmation was accomplished with the observation of increased 

PARP cleavage in PANC1 (Fig. 4.5C) and MIA PaCa-2 (Fig. 4.5D) cells. To determine 

whether the increased apoptosis was induced by elevated ROS production, we added 

the ROS scavenger N-acetyl cysteine (NAC) to the ISL-treated cells. Results showed 

that the induced PARP cleavage by ISL was inverted in both PANC1 (Fig. 4.5E) and 

MIA PaCa-2 (Fig. 4.5F) cells. Taken together, the ISL-induced blockade of autophagy 

results in increased ROS production, which eventually promotes apoptosis in 

pancreatic cancer cells. 
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Figure 4.5 ISL increased apoptosis in pancreatic cancer cells. Apoptosis in PANC1 (A) 

and MIA PaCa-2 (B) cells were determined by using flow cytometry after treatment 

with ISL (12.5 or 25 µM) for 48 h (* p < 0.05, ** p < 0.01 vs. control (0 µM)). Cleavage 

of the downstream apoptotic substrate PARP was determined by using Western 

immunoblotting in PANC1 (C) and MIA PaCa-2 (D) cells. Non-arbitrary data on 

relative band density (with respect to that of the housekeeping protein β-actin) are 

presented as mean ± SD, * p < 0.05, ** p < 0.01 vs. control (0 µM). The expression of 

cleaved PARP was measured in PANC1 (E) and MIA PaCa-2 (F) cells treated with ISL 

in the presence or absence of ROS scavenger NAC. Non-arbitrary data on relative band 

density (with respect to that of the housekeeping protein β-actin) are presented as mean 

± SD, ** p < 0.01 vs. ISL (25 µM). 
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4.1.6 ISL synergistically enhanced cell growth inhibition by 5-FU 

To evaluate whether the blockade of autophagy by ISL could improve the anticancer 

efficiency of conventional chemotherapeutic drugs, we assessed the impact of ISL in 

combination with 5-FU or gemcitabine on growth inhibition of pancreatic cancer cells. 

Results in Fig. 4.6A showed that the combination of ISL and 5-FU increased the growth 

inhibition brought forth by 5-FU alone. Similar results were also found in MIA PaCa-

2 cells (Fig. 4.6C). Combination indexes (CIs) of ISL and anticancer drugs were 

analyzed by the CompuSyn software. Results in Fig. 4.6B showed that the CIs of ISL 

and 5-FU on the PANC1 cells were less than 1, which indicated that ISL synergistically 

enhanced the growth inhibition of 5-FU in PANC1 cells. Results in Fig. 4.6D showed 

that when the growth inhibition was less than 70%, the CIs of ISL and 5-FU on the 

MIA PaCa-2 cells were less than 1. However, the enhancement of ISL on the growth- 

inhibitory effect of gemcitabine in pancreatic cancer cells was not as high as that of 5-

FU and the CIs were not less than 1 (Fig. 4.7), implicating that this drug combination 

may not have synergistic relationship, but rather working in an additive manner. Taken 

together, these results suggest that combination of anticancer drugs with ISL could 

produce additive to synergistic effects depending on the cell types and adjuvant agents 

being used. 
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Figure 4.6 Enhanced growth inhibition of ISL in combination with 5-FU. (A) PANC1 

cells were treated with different concentrations of ISL (3.125, 6.25, 12.5 µM), 5-FU 

(3.125, 6.25, 12.5 µM), or combinations of both. After treatment for 24h, cell viability 

was measured by MTT assay. (B) Combination indexes (CIs) of ISL and 5-FU on 

PANC1 cells were analyzed by the CompuSyn software. (C) MIA PaCa-2 cells were 

treated with different concentrations of ISL (3.125, 6.25, 12.5 µM), 5-FU (3.125, 6.25, 

12.5 µM), or combinations of both. After treatment for 24h, cell viability was measured 

by MTT assay. (D) Combination indexes (CIs) of ISL and 5-FU on MIA PaCa-2 cells 

were analyzed by the CompuSyn software. CI<1 indicates synergism. 
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Figure 4.7 Enhanced growth inhibition of ISL in combination with Gem. (A) PANC1 

cells were treated with different concentrations of ISL (3.125, 6.25, 12.5 µM), Gem 

(3.125, 6.25, 12.5 nM), or combinations of both. After treatment for 24h, cell viability 

was measured by MTT assay. (B) Combination indexes (CIs) of ISL and Gem on 

PANC1 cells were analyzed by the CompuSyn software. (C) MIA PaCa-2 cells were 

treated with different concentrations of ISL (3.125, 6.25, 12.5 µM), Gem (3.125, 6.25, 

12.5 nM), or combinations of both. After treatment for 24h, cell viability was measured 

by MTT assay. (D) Combination indexes (CIs) of ISL and Gem on MIA PaCa-2 cells 

were analyzed by the CompuSyn software. CI<1 indicates synergism. 
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4.1.7 ISL inhibited the migration and invasion of pancreatic cancer cells 

Migration and invasion of pancreatic cancer cells are early events of metastasis. 

Due to the higher metastatic potential of PANC1 when compared with MIA PaCa-2 

cells (Deer et al., 2010), we employed PANC1 cells for the following study. To 

investigate whether ISL could inhibit the migration of PANC1 cells, a wound healing 

assay was performed. Microphotographic images of cells were captured at different 

time points (0, 24, 48, 72 h) following ISL treatment. The results showed that ISL 

significantly inhibited the migration of PANC1 cells in a concentration- and time-

dependent manner (Fig. 4.8A). To evaluate the effects of ISL on the invasion of PANC1 

cells, a transwell assay were performed. After ISL treatment for 24 h, PANC1 cells 

were placed on the upper chamber with DMEM containing 1% FBS. Simultaneously, 

DMEM containing 10% FBS was added in the lower chambers. The Matrigel invasion 

chamber was incubated for 48 h. Microphotographic images were captured and 

invasion ability was determined by counting the cells in randomly selected fields. The 

results showed that the invading cells was decreased by about 25% after 12.5 μM ISL 

treatment. And the inhibition in cell invasiveness was about 75% after 25μM ISL 

treatment (Fig. 4.8B). Taken together, ISL inhibited the migration and invasion of 

PANC1 cells, which suggests that ISL may inhibit the EMT of pancreatic cancer since 

migration and invasion are hallmarks of EMT. 
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Figure 4.8 Effect of ISL on the migration and invasion of PANC1 cells. (A) A wound-

healing assay was conducted in PANC1 cells treated with ISL. The migration of the 

cells into the wound was photographed at 24, 48 or 72 h. (B) Transwell matrigel 

invasion assay was conducted after ISL treatment for 24h. Microphotographic images 

were captured and invasion cells were counted in randomly selected fields. Three 

independent experiments were performed each in triplicate. Data are expressed as mean 

± SD, ** p< 0.01 vs. control (0 μM). 
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4.1.8 ISL inhibited the expression of EMT biomarkers 

During the EMT process, vimentin contributes to changes in cell shape, motility, and 

adhesion, while matrix metalloproteinases such as MMP-2 and MMP-9 facilitate 

migration and invasion through degradation of components at the leading edge of 

cancer cells. Our results showed that ISL decreased the protein expressions of vimentin, 

MMP-2 and MMP-9 in a concentration-dependent manner (Fig. 4.9A and B). The gene 

expression of MMP-2 and MMP-9 were also decreased after ISL treatment (Fig. 4.9C). 

The release of MMP-2 was determined using ELISA assay. Fig. 4.9D showed that ISL 

inhibited the release of MMP-2 from PANC1 cells. These results indicated that ISL 

inhibited the EMT in pancreatic cancer cells. 
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Figure 4.9 ISL decreased the expression of different markers related to EMT in 

pancreatic cancer cells. Protein expression of vimentin (A), MMP-2 and MMP-9(B) 

was determined using Western immunoblotting. (C) The gene expression of MMP-2 

and MMP-9 was tested using qRT-PCR. (D) MMP-2 release was determined using 

ELISA assay kit. Three independent experiments were performed each in triplicate. 

Non-arbitrary data on relative band density (with respect to that of the housekeeping 

protein -actin) are presented as mean ± SD, ** p< 0.01 vs. control (0 M). 
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4.1.9 ISL inhibited the expression of EMT-associated transcription factor Snail 

through blockade of autophagy 

As one of the EMT-associated transcription factors, Snail was proven to upregulate 

the expression of vimentin, MMP-2 and MMP-9. Our results indicated that ISL 

decreased the expression of Snail both in the gene (Fig. 4.10A) and protein (Fig. 4.10B) 

levels in a concentration-dependent manner. To explore whether the inhibition of EMT 

correlates with blockade of autophagy, PANC1 cells received combined treatment of 

ISL and the autophagy inducer Rap. Data showed that the ISL-induced inhibition of 

Snail expression was reversed in the presence of Rap (Fig. 4.10C). Taken together, ISL 

inhibited the EMT of pancreatic cancer and this may relate to the blockade of autophagy. 
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Figure 4.10 ISL decreased the expression of Snail through blockade of autophagy. (A) 

The gene (A) and protein (B) expression of Snail were tested using qRT-PCR and 

Western immunoblotting, respectively, after ISL treatment. (C) The expression of Snail 

was measured in the presence and absence of autophagy inducer Rap. Representative 

protein bands were shown for comparison. Non-arbitrary data on relative band density 

(with respect to that of the housekeeping protein -actin) are presented as mean ± SD, 

** p< 0.01 vs. control (0 M); # p < 0.05 vs. ISL (25 µM).  
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4.1.10 ISL inhibited the growth of pancreatic tumor in vivo 

To determine the growth inhibition of ISL in vivo, a subcutaneous tumor xenograft 

model using C57/BL6 mice was employed. Progressive tumor growth was achieved 

progressively in the control group. In mice treated with either the positive control drug 

gemcitabine or ISL, tumor volumes were significantly smaller than those in the control 

group after 15 days of cancer cell inoculation (Fig. 4.11B). By measuring the weight 

of the tumor mass, ISL caused about 41% and 48% tumor growth inhibition at dosage 

of 30 and 60 mg/kg, respectively (Fig. 4.11C). Compared to the first-line control 

chemotherapeutic drug gemcitabine, ISL had produced less side effect as demonstrated 

by a stable body weight and higher number of white blood cells and hematocrit in mice 

(Fig. 4.11A, 4.11D and 4.11E). Taken together, ISL inhibited growth of pancreatic 

tumors in vivo to a similar extent as conventional orthodox chemotherapeutic drug of 

pancreatic cancer with reduced side effects.  
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Figure 4.11 ISL inhibited the growth of pancreatic tumors in vivo. (A) Six-week-old 

male C57/BL6 mice were subcutaneously inoculated with Pan02 cells (1x106 cells per 

mouse) into the right flank of mice. Six days after inoculation, mice were randomly 

divided into four groups (n=6): Control group (i.p.), gemcitabine as positive 

chemotherapeutic drug treatment group (50 mg/kg, i.p.), low dose ISL (30 mg/kg, i.p.) 

and high dose ISL (60 mg/kg, i.p.). All mice received drug treatment every three days. 

The body weight was measured every three days right before drug treatment (* p < 

0.05 vs. control group). (B) The tumor diameters were measured every three days and 

the tumor volume was calculated using the formula (short diameter) 2 × (long diameter) 

× 0.5 (* p < 0.05, ** p < 0.01 vs. control group). (C) The tumor weight of the 4 groups 

was measured at the end of the experiment after the animals were euthanized (* p < 

0.05 vs. control group). Both white blood cell count (D) and haematocrit (E) of 

peripheral blood were also determined (* p < 0.05, ** p < 0.01 vs. gemcitabine group).  
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4.1.11 ISL increased apoptosis and LC3II expression in tumor tissues 

To detect apoptotic cells in the tumors, the TUNEL assay was used. Results showed 

that the number of apoptotic cells increased with increasing doses of ISL (Fig. 4.12A). 

Apoptosis was induced both in the margin and center of the tumor, which indicated 

that ISL-induced apoptosis was a cause of reduced growth of tumors. IHC analysis 

showed that the expression of both LC3II and p62 in the tumor was increased after ISL 

treatment (Fig. 4.12B-C), suggesting that ISL caused blockade of autophagy of in the 

tumor cells. 
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Figure 4.12 ISL increased apoptosis and blocked autophagy in the tumor. (A) TUNEL 

assay was performed in the tumor tissues excised from mice in different treatment 

groups (green fluorescence indicating apoptotic cells while blue fluorescence 

indicating cell nuclei were detected under a fluorescence microscope; scale bar = 100 

µm, x200 magnification). Autophagy in tumor tissues of mice was determined by using 

IHC analysis for LC3Ⅱ (B) and p62 (C) expression in different treatment groups (scale 

bar = 50 µm, x400 magnification). 
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4.1.12 ISL decreased MDSCs in vivo 

MDSCs are upregulated in cancer and accumulate in the spleen and tumor bed 

(stroma) during tumor growth, which could promote tumor-induced 

immunosuppression and host immune evasion by inhibiting lymphocyte activation and 

antigen recognition (Nagaraj et al., 2010; Serafini et al., 2006). In the present study, 

MDSCs in leg bone, spleen and tumor tissues were determined using double 

immunofluorescence analysis. Results showed that the number of MDSCs labeled with 

CD11b+ Cr-1+ were decreased in leg bone, spleen and tumor tissues after treatment 

with ISL (Fig. 4.13A-C). Flow cytometric analysis of peripheral blood samples also 

showed that ISL decreased the percentage of MDSCs from 12.6% to 2.8% and 9.5%, 

respectively at the doses of 30 and 60 mg/kg (Fig. 4.13D). It is noteworthy that the 

lower dose of ISL caused more MDSCs suppression in different body parts when 

compared with the effect in the high-dose treatment group.  
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Figure 4.13 ISL decreased the MDSCs in vivo. Double immunofluorescence analysis 

was used to determine the MDSCs in the leg bone (A), spleen (B) and tumor tissues 

(C) (scale bar = 100 µm, magnification x200.) (D) MDSCs in peripheral blood samples 

were measured using flow cytometry (* p < 0.05, ** p < 0.01 vs. control group). 
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4.1.13 ISL increased CD4+ and CD8+ T cells in vivo 

Both CD4+ and CD8+ T cells are involved in adaptive immunity in pancreatic cancer. 

Double immunofluorescence analysis showed that ISL increased the population of 

CD4+ T cells in a dose-dependent manner both in the spleen and tumor tissues (Fig. 

4.14A and 4.14C). Although CD8+ T cell levels in spleen and tumor tissues were also 

increased, low dose of ISL seemed to be more effective than the high-dose drug 

treatment group (Fig. 4.14B and 4.14D). Results of flow cytometric analysis showed 

that the percentages of CD3+, CD4+ and CD8+ T cells in peripheral blood samples of 

mice treated with ISL were also increased accordingly (Fig. 4.14E). Similarly, the 

percentage of CD8+ T cells in mice treated with a low dose of ISL was higher than that 

in mice in the high-dose drug treatment group.  
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Figure 4.14 ISL increased CD4+ and CD8+ T cells in vivo. Double immunofluorescence 

analysis was used to determine the CD4+ (A) and CD8+ (B) T cells in the spleen as well 

as CD4+ (C) and CD8+ (D) T cells in tumor tissues. Scale bar = 100 µm, x200 

magnification. (E) The CD3+, CD4+ and CD8+ T cells in peripheral blood samples was 

measured using flow cytometry (* p < 0.05, ** p < 0.01 vs. control group). 
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4.1.14 ISL impaired the polarization and autophagy of M2 macrophage 

In the tumor microenvironment, TAMs are considered to possess M2 phenotype that 

facilitates tumor progression and represents poor prognosis. Double 

immunofluorescence analysis showed that ISL decreased the polarization of M2 

macrophage in tumor tissue (Fig. 4.15A). In subsequent study, we determined the drug 

effect on cell viability of RAW264.7 macrophages using sub-threshold concentrations 

that did not cause growth inhibition (Fig. 4.15B). CD206 is a marker of M2-polarized 

TAM activated by IL-4. Our results showed that non-growth-inhibitory concentration 

of ISL (5 µM) decreased IL-4-induced expression of CD206 (Fig. 4.15C). Meanwhile, 

the autophagy activated by IL-4 in RAW264.7 was blocked by ISL with the 

accumulation of p62 and LC3II (Fig. 4.15C). Considering that defective autophagy 

may inhibit M2 macrophage polarization (Liang et al., 2020), these results implicated 

that ISL could inhibit the polarization of M2 macrophage in the tumor 

microenvironment, which may be associated with the inhibition of autophagy in 

macrophages.  

 



134 

 

 

Figure 4.15 ISL inhibited the polarization and autophagy of M2 macrophages. (A) 

Double immunofluorescence analysis was used to determine the M2 macrophage in 

tumor tissues (scale bar = 100 µm, x200 magnification). (B) MTT assay was used to 

explore the growth-inhibitory effect of ISL on RAW264.7 macrophages (* p < 0.05, ** 

p < 0.01 vs. control (0 M)). (C) Western immunoblotting was used to study the effect 

of non-growth-inhibitory concentration of ISL on the polarization and autophagy of 

RAW264.7. Three independent experiments were performed each in triplicate. 
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4.1.15 ISL-inhibitory polarization of M2 macrophage reduced invasion of 

PANC1 cells 

To explore the effect of reduced M2-polarized macrophage on the progression of 

pancreatic cancer, cell invasion assay was performed in the co-culture system having 

RAW264.7 cells in lower well and PANC1 cells in the upper well. The results showed 

that co-cultured with M2 macrophage increased the invasiveness of PANC1 cell, which 

was prevented with ISL treatment (Fig. 4.16A). Protein expression of vimentin and 

Snail in PANC1 cells co-cultured with ISL-treated M2 macrophages had shown 

downregulation when compared with co-cultured cells with M2 macrophage alone 

without drug treatment (Fig. 4.16B). Taken together, ISL-inhibitory polarization of M2 

macrophage could weaken the promotion effect of M2 macrophage on cancer invasion.   
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Figure 4.16 Invasion assay of PANC1 cells co-cultured with ISL-treated M2 

macrophage. (A) PANC1 cells co-cultured with RAW264.7, M2-RAW264.7 and ISL-

treated M2-RAW264.7 in the invasion system. Transwell matrigel invasion assay was 

conducted to measure the chemotaxis and invasion of cells across the membrane. 

Microphotographic images were captured and invasion cells were counted in randomly 

selected fields. Three independent experiments were performed each in triplicate. Data 

are expressed as mean ± SD, ** p< 0.01 vs. control (0 μM). (B) Protein expression of 

vimentin and Snail in co-cultured PANC1 cells were determined in the Western blot. 
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4.2 Discussion and summary 

In most contexts of pancreatic cancer, autophagy was believed to have played a 

prominent role in tumor maintenance and chemoresistance, suggesting its potential as 

a therapeutic target. Given that autophagy is a dynamic process involving multiple 

steps, accurate monitorization of the progression is difficult. The foremost standard 

method of its assessment is conventional electron microscopy (Nagaraj et al., 2010). 

However, the procedure is quite costly and not readily accessible due to the difficulty 

in proper identification of various autophagic structures (Mizushima, 2004). Therefore, 

many researchers choose to detect autophagy-related protein biomarkers. Among these, 

LC3ІІ is the most widely used marker. Upon autophagy induction, LC3I in the 

cytoplasm is converted to its phosphatidylethanolamine-conjugated form LC3II, which 

is then incorporated into the outer and inner surfaces of the autophagosome (Kabeya, 

2000). However, the accumulation of more autophagosomes does not necessarily mean 

more autophagy. Actually, in many cases, increasing formation of LC3ІІ can also be 

resulted by blocking the autophagosome-lysosome fusion step (Yamamoto et al., 1998; 

Yoon et al., 2010). It is worth emphasizing that autophagy is not a static status but a 

process known as autophagy flux including the formation of autophagosome and 

autolysosome, degradation of delivered cargos and the utilization of degradation 

products. Therefore, other tests may need be complemented to determine whether the 

accumulation of autophagosomes is caused by activation or blockade/inhibition of 

autophagy. In our study, we also determined the promotional effect of ISL on the 

expression of p62/SQSTM1, a selective substrate of autophagy. During the autophagy 

process, p62/SQSTM1 usually incorporates into the completed autophagosome and is 
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degraded in autolysosomes, which renders it an index of autophagic degradation under 

certain circumstances. As a matter of fact, downregulation of p62/SQSTM1 may 

correlate with autophagy activation (Bartlett et al., 2011). Thus, the monitoring of 

LC3ІІ level in the absence and presence of autophagy inhibitors such as CQ or 

bafilomycin A1 will become essential to differentiate whether p62 downregulation 

really represents activated autophagy, or due to a block in fusion or degradation instead, 

especially in the case when LC3ІІ was increased. In general, if autophagy is occurring, 

the level of LC3ІІ in combined drug and late-stage inhibitor treatment group should be 

higher than that of the inhibitor alone (Tanida et al., 2005b). If the treatment by drug 

increases LC3ІІ levels but combined drug and late-stage autophagy inhibitor did not 

increase LC3ІІ levels when compared to use of inhibitor alone, this may indicate that 

drug treatment actually induced complete or partial blockade of the autophagic flux 

(Rubinsztein et al., 2009). Taken together, our study is the first one of its kind to report 

that ISL blocked autophagy in pancreatic cancer cells.  

It is a matter of fact that basal level of autophagy is elevated in most human PDAC, 

which is accompanied by the accumulation of ROS during the development and 

progression of pancreatic cancer (Dinnen et al., 2013; Giuliani & Dass, 2013). In turn, the 

loss of autophagy can cause accumulation of damaged mitochondria and the oxidative 

protein folding machinery, which further promotes ROS production. To be consistent with 

that, our results showed that ISL increased ROS through inhibition of autophagy in 

pancreatic cancer cells. It was reported that autophagy in PDAC enables growth by 

preventing the accumulation of genotoxic levels of ROS as well as sustaining oxidative 

phosphorylation by providing bioenergetic intermediates (Yang et al., 2011b). However, 

it is noteworthy to mention that ROS also exhibits paradoxical effects on tumor 
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development, as both induction and inhibition of ROS could promote cell death in cancer 

cells including pancreatic cancer by disrupting the redox balance (Marchi et al., 2012). 

ROS promotes the initiation of carcinogenesis and the malignant transformation of cells 

at mild-to-moderate elevated levels, while excessive ROS evokes irreversible oxidative 

damage and triggers programmed cell death, causing permanent damages in cancer cells 

dramatically. Since it has been reported that pancreatic cancer cells with low levels of 

ROS are more resistant to chemotherapy (Donadelli et al., 2011). Therefore, for 

established pancreatic cancers, theoretically one can simply increase the ROS level to kill 

cancer cells, which is the main mode of action of many chemotherapies, including the 

observed apoptotic effect of ISL on pancreatic cancer in the present study. A similar result 

as the ISL-induced apoptosis resulted from the increasing intracellular ROS level can also 

be found in HeLa and ovarian carcinoma SKOV-3 cells (Yuan et al., 2012b, 2013). Most 

of the orthodox anticancer agents includingg 5-FU and gemcitabine could kill cancer cells 

by promoting apoptosis through induction of ROS generation (Zhang et al., 2016). 

However, prolonged treatment with the same drug reduces ROS level in cancer cells and 

eventually leads to drug resistance. Our results showed that ISL could synergistically 

inhibit the growth of pancreatic cancer with 5-FU, of which similar synergy was not found 

when co-administered with gemcitabine. This may explain why gemcitabine can induce 

accumulation of ROS and meanwhile increase the capacity of antioxidant programs, but 

in turn ending up with dropped level of ROS that leads to intrinsic resistance to treatment 

(Ju et al., 2015). Hence, the most important point to know when establishing anticancer 

strategies through modulation of ROS in pancreatic cancer cells is to confirm the threshold 

level of ROS and the ratio of ROS to antioxidants in the system after chemotherapeutic 

drug treatment. 
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Blockade or inhibition of autophagy would impair tumor metabolism and change the 

compartments in tumor microenvironments, which may alleviate the antitumor immune 

response. Immune system dysfunction is observed in patients with pancreatic cancer 

where the tumor microenvironment becomes immunosuppressive, leading to attenuation 

of the activation or function of immune effector cells (Chen et al., 2005). Among these, T 

cells play important roles in adaptive immunity. CD4+ T cells can kill cancer cells through 

different ways, such as cytolytic mechanisms or indirectly modulation of the tumor 

microenvironment (Gajewski et al., 2013). Moreover, it also could promote thelevels and 

cytotoxic function of CD8+ T cells (Ostroumov et al., 2018). CD8+ T cells are primarily 

cytotoxic effector cells with the ability to kill tumor cells with cytotoxic molecules, such 

as granzymes and perforin. Besides, it also can increase the expression of MHC class I 

antigens by tumor cells through the production of IFNγ, thereby rendering them better 

targets for CD8+ T cells. However, drop of both CD4+ and CD8+ T cell number in 

pancreatic cancer patients when compared with healthy individuals had been reported 

(Bang et al., 2006d). This may be related to the increased MDSCs level in both the 

circulation and the tumor microenvironment of patients with pancreatic cancer to certain 

extent. MDSCs will suppress T-cell activation and inhibit both adaptive and innate 

immunity. In particular, they the capacity to inhibit CD8+ T cell through the productions 

of nitric oxide and ROS (Nagaraj et al., 2007). In the present study, ISL decreased MDSCs 

levels in the circulation, bone marrow, spleen and the tumor microenvironment, while 

concomitantly increased the CD4+ T cells and CD8+ T cells in vivo. The interesting part 

is that low dose of ISL had more profound effect on MDSCs and CD8+ T cells than high 

dose. This is in fact in line with the fact that tumor growth inhibition in mice receiving 
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high-dose ISL treatment did not induce a more significant outcome than the low-dose 

treatment group. 

Numerous studies have shown that autophagy can promote EMT, invasion and 

metastasis (Liu et al., 2015). Our results that ISL inhibited the migration and invasion 

through the blockade of autophagy are in line with the effect of CQ on the migration of 

PANC1 cells through TGF-β-independent pathways (Achyut & Yang, 2011b; Iordanskaia 

& Nawshad, 2011). In in vivo study, the influence by the tumor microenvironment needs 

to be considered. Our data indicated that TAM (M2 macrophage) are the most abundant 

immune-related stromal cells. TAM has been implicated in suppression of anti-

tumorigenic immune responses, promotion of cancer cell proliferation, stimulation of 

tumor angiogenesis and enhancement of tumor invasion and metastasis. ISL treatment 

decreased the polarization of M2 macrophage both in vivo and in vitro, which contributed 

to the inhibition of invasion. Our preliminary data of the drug effect on immune system 

reprogramming have shown that ISL inhibited autophagy during M2 macrophage 

polarization, which is reflected by another study that defective autophagy would inhibit 

M2 macrophage polarization (Achyut & Yang, 2011b; Iordanskaia & Nawshad, 2011). 

In the tumor microenvironment, autophagy could up-regulate and down-regulate the 

immune responses by sustaining homeostasis, activation, and biological functions of 

immune cells (Pan et al., 2016). Autophagy could promote mature T-cell survival through 

degrading essential components of the apoptotic cell death machinery and maintaining 

mitochondrial turnover. Defects in autophagy decreased ATP release by tumor cells, 

which lead to the disruption of the required anti-tumor immune responses due to the 

insufficient recruitment of monocytes, macrophages, dendritic cells (Liu et al., 2017). 

However, we have determined in the present study that not only the blockade of autophagy 
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using ISL contributes to its anti-tumor activity, while reprogramming of the immunity 

also plays a crucial role. Even though we have not deciphered the precise correlation 

between the two entities, our findings on the anti-tumor potential of ISL by targeting 

autophagy and modulation of the tumor microenvironment have unveiled a new avenue 

in pancreatic cancer chemotherapy. 

In summary, we report for the first time that ISL inhibited the growth and EMT of 

pancreatic cancer through blockade of autophagy and enhancement of antitumor 

immunity, which possesses synergistic efficiency with conventional anticancer drugs. 

Such discovery could help us to establish a new avenue in developing a future combined 

adjuvant treatment regimen for pancreatic cancer. 
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CHAPTER 5 Conclusion and future prospect 

5.1 Conclusion 

In contrast to the steady increase in survival rate for many other cancer types, the 5-

year survival rate of pancreatic cancer remains to be only 3% while the mortality rate 

has risen by 0.3% every year in men (Bray et al., 2018). Except for the lack of early 

diagnostic markers, this detrimental outcome is related to insufficient effective 

therapeutic tools in more than 80% of patients who are diagnosed with locally advanced 

or metastatic pancreatic cancer. Gemcitabine is currently the gold standard of 

chemotherapy for advanced and metastatic pancreatic cancers, showing certain 

superiority over the classical drug 5-FU that has been used for more than 2 decades 

(Burris et al., 1997). However, apart from the low response rate, patients may develop 

chemoresistance against gemcitabine with profound systemic toxicity and subsequent 

disease progression. In fact, these side effects may be resulted from the dysfunction of 

autophagy and the tumor microenvironment. Hence, there is an utmost urgency to 

explore effective neoadjuvant chemotherapeutic agents with target-specific 

antineoplastic functions against pancreatic cancer while exerting less toxicity on 

healthy host’s cells. A large amount of data from clinical and experimental studies has 

provided evidence that certain medicinal herbal products used in TCM can exert 

chemopreventive and chemotherapeutic effects in human cancers. In the present study, 

two herbal flavonoids derived from TCM medicinal herbs, calycosin and ISL were used 

to study their antitumor activities in pancreatic cancer. Both calycosin and ISL were 

determined to inhibit the growth of pancreatic cancer both in vitro and in vivo. 

Nonetheless, while sharing similar anticancer potential, the 2 drugs possess certain 



144 

 

differential mechanisms of action. Calycosin has the tendency to promote the EMT in 

pancreatic cancer cells while ISL generally inhibits that. This may be partly related to 

their differential actions in the tumor microenvironment. Calycosin was proven to 

promote the polarization of M2 macrophages in the tumor microenvironment, which 

increased the migration of pancreatic cancer cells in the co-culture system. In contrary, 

ISL reduced the polarization of M2 macrophages and reprogrammed the antitumor 

immune mechanism with decreased MDSCs and increased CD4+/CD8+ T cells both in 

tumor tissues and peripheral blood. The association with different drug targets could 

also confer with different outcomes in tumor development. Calycosin increased 

expression of TGF-β1 at both transcriptional and post-translational levels. TGF-β plays 

dual roles as tumor suppressor and tumor promoter in both cancer cells and their 

surrounding microenvironment. TGF-β could induce cell cycle arrest and promote 

apoptosis in primary solid tumors, while concurrently promoting EMT in cancer cells 

and inducing M2-macrophage polarization that renders its pro-metastatic potential 

(Achyut & Yang, 2011b; Iordanskaia & Nawshad, 2011). In spite of such setback of 

calycosin, as long as its pro-tumorigenic nature due to its strong TGF-β involvement 

could be well tempered, it could still be an important asset in the search for effective 

adjuvant agents in the treatment of pancreatic cancer. Use of MUC-1 inhibitor could 

be one of the options, as high MUC-1 expression in pancreatic tumor tissues has been 

suspected to turn on the pro-tumorgenic characteristics of TGF-β. We are currently 

working on this to confirm such proposition, while preliminary data appears to be 

promising so far. In the case of ISL, it seems to behave more consistently to be anti-

carcinogenic by targeting autophagy, by blocking autophagy in both cancer cells and 

macrophages. These inevitably lead to induction of apoptosis and inhibition of EMT in 
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cancer cells, capable of weakening the pro-invasive tendency of M2 macrophage in 

cancer cells. The first reason why calycosin and ISL were chosen to be the drugs of 

choice to be studied here was mainly because of the promising anticancer activities of 

either themselves or similar compounds being demonstrated in previous findings of our 

research group on other cancer types. It is of great interest to note that even both drugs 

being investigated in the current study are flavonoid phytochemicals, their anticancer 

mechanisms and limitations in actual usage do vary, which had never been revealed in 

treating pancreatic cancer in the past. Experience attained from this study would 

certainly add value in the search of effective chemotherapeutic adjuvant for the 

treatment of the untreatable pancreatic cancer. 

Other than the search for effective anticancer small-molecular drugs, I’d also 

explored the possibility of using functional protein drugs. During my research on the 

effects of ISL, its mode of action was compared with a novel therapeutic peptide called 

LL37. It is the only cathelicidin protein that can be found in humans, which has initially 

demonstrated inhibitory action on autophagy in the early stage of pancreatic cancer 

development. Other than this, LL37 also shared most of the mechanisms of action of 

ISL including promotion of apoptosis and induction of cell cycle arrest following 

increased production of ROS. However, the improvement of anticancer immune 

reprogramming of LL37 is less promising than that caused by ISL. As a result, the in 

vivo tumor growth inhibition efficiency of ISL is much better than that induced by 

LL37. [A paper based on the works on LL37 in its anticancer potential in pancreatic 

cancer has been drafted and is about to be submitted to a SCI journal.] We always bear 

one question on the targeting of autophagy: at which step would inhibition be most 

optimal. Inhibition of earlier phases of the process, such as those involved in 
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autophagosome biogenesis, would allow for the buildup of toxic protein aggregates and 

damaged mitochondria that would no longer be encompassed by the autophagosome 

and allow the tumor cells to be continuously exposed to these toxic insults. However, 

inhibition of the later steps, such as the lysosome, may have the advantage of inhibiting 

other metabolic scavenging pathways such as macropinocytosis, which has also been 

shown to be critical for tumor metabolism and growth (Commisso et al., 2013). Before 

answering this question, if a drug mainly acts by modulating autophagy and 

mechanisms confined to programmed cell death and growth inhibition, the impact may 

not be as strong as those that could also produce pronounced immunomodulating effect. 

Since ISL has exhibited superb action in modulating the tumor microenvironment, it is 

regarded as the first choice to be further developed as a potential neoadjuvant in treating 

pancreatic cancer. The application of LL37 in pancreatic cancer treatment will be 

diverted to the development of anticancer DNA vaccines (another research stream of 

our research group). 
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5.2 Future plans and preliminary findings 

To further understand the antitumor properties of ISL on pancreatic cancer, we are 

undergoing the following prospective research works. 

 

5.2.1 Explore molecular STAT1 signaling pathways involved in the anticancer 

effects of ISL on pancreatic cancer 

STAT1 is one of the seven mammalian members of the STAT family (Copeland et 

al., 1995). STAT1 transduces signals from cytoplasmic domains of transmembrane 

receptors into the nucleus where it regulates gene expression. Thereby it modulates 

diverse cellular processes, such as proliferation, differentiation and cell death. It 

reported that activation of STAT1 in tumor cells led to an immunosuppressive tumor 

microenvironment such as increased infiltration of MDSCs and TAM decreased of T 

cells and NK cells (Bellucci et al., 2015; Hix et al., 2013; Liu et al., 2007; Loke & 

Allison, 2003; Tymoszuk et al., 2014). IFN-induced STAT1 activity was determined 

to activate the autophagy in tumor cells, which contributed to therapy resistance. Also 

increased autophagy facilitated IFN-γ-induced STAT1 activation and cellular 

inflammation (Chang et al., 2010), which may relate to the regulation of the tumor 

microenvironment. Besides, I have already proven that ISL decreased the 

phosphorylation of STAT1 both in PANC1 (Fig. 5.1A) and MIA PaCa-2 cells (Fig. 

5.1B). To explore whether the activation of STAT1 is involved in the regulation of ISL 

on pancreatic cancer, I treated pancreatic cancer cells by combining ISL with IFN-γ, 

the activator of STAT1. The MTT assay results showed that IFN-γ reversed the growth- 

inhibitory effect of ISL on pancreatic cancer cells (Fig. 5.1C and 5.1D). Further study 
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indicated that the autophagy induced by IFN-γ in pancreatic cancer cells was blocked 

by ISL with more expression of LC3II in the combined treatment group than that in the 

ISL treatment group (Fig. 5.1E and 5.1F). To further understand the detailed molecular 

events in the STAT1 signaling pathway, we plan to perform phosphoproteomics 

analysis and RNA-seq in ISL-treated pancreatic cancer cells to discover the involved 

receptor and the upstream of the STAT1 pathway. The plasmid overexpression of 

STAT1 will be transfected into the pancreatic cancer cells. and then the effect of ISL 

on autophagy and progression of pancreatic cancer will be studied. To 

comprehensively understand the anticancer effect of ISL, the determined pathways in 

components of the tumor microenvironment will also be explored.  
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Figure 5.1 ISL inactivated STAT1 signaling in pancreatic cancer. Western blotting 

analysis was performed to determine the inhibition of ISL on the phosphorylation of 

STAT1 both in PANC1 (A) and MIA PaCa-2 cells (B). The growth-inhibitory action of 

ISL combined with the STAT1 activator IFN-γ on PANC1 (C) and MIA PaCa-2 cells 

(D) was tested by using MTT assay (Data are presented as mean ± SD of three 

independent experiments each in triplicate, * p < 0.05, ** p < 0.01 vs.corresponding 

ISL dosage alone). The combined effect of autophagy in PANC1 (E) and MIA PaCa-2 

cells (F) was determined using western blotting. 
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5.2.2 Determine if ISL inhibits pancreatic cancer metastasis in the orthotopic 

xenograft model 

In chapter 4, I have proven that ISL inhibited the migration and invasion of PANC1 

cells, which suggested that ISL inhibited the EMT of pancreatic cancer. However, a 

great body of literature has shown that angiogenesis involved in the progression of 

tumor metastasis. Vasculature supplies oxygen and nutrients for cancer cells during the 

metastatic process. The formation of new blood vessels (angiogenesis) stimulated by 

multiple cellular components secreted by cancer cells and stromal cells facilitate local 

and distant metastasis of tumors (Bergers, 1999). However, a major pathological 

feature of PDAC is the abundant deposition of fibrotic stroma caused by intense 

desmoplasia reaction (Whatcott et al., 2015), which lead to a hypovascular and hypoxic 

microenvironment. Besides, blood vessel compression blocks effective penetration and 

uptake of drugs, resulting in the low efficiency of conventional chemotherapy in PDAC 

treatment  (Provenzano et al., 2012). However, current therapy strategies targeting 

angiogenesis using VEGF signaling inhibitors were limited due to the resistance 

(Jayson et al., 2016; Rivera et al., 2015). ISL was proven to inhibit the angiogenesis 

via suppression of the VEGF/VEGFR-2 pathway in an orthotopic xenograft model of 

breast cancer using nude mice (Wang et al., 2013). Considering the blockage of 

autophagy could relieve the resistance, a combination of ISL with VEGF inhibitor may 

get better results. Therefore, future works will also include the effect of ISL on 

angiogenesis and the in vivo study of metastasis using the orthotopic xenograft model. 

This study will be in line with the development of an anti-angiogenic DNA vaccines to 

be used together with ISL. 
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