
 
 

 

Investigating Novel Inhibitors of Epithelial - Mesenchymal Transition (EMT) 

and Cancer Stem Cells (CSCs) in Pancreatic Cancer 

By 

© 2020 

 

Ruochen Dong 

Bachelor of Medicine., Xi’an Jiaotong University, 2012 

Submitted to the graduate degree program in Pharmacology and the Graduate Faculty of the 

University of Kansas in partial fulfillment of the requirements  

for the degree of Doctor of Philosophy. 

 

 

 

 

 

____________________________________ 

Committee Chair: Qi Chen, PhD 
 

 

_______________________________________ 

Dan A. Dixon, PhD 

 

 

_______________________________________ 

Bruno Hagenbuch, PhD 

 

 

_______________________________________ 

Wen-Xing Ding, PhD 

 

 

_______________________________________ 

Udayan Apte, PhD 

 

 

Date Defended: 02/05/2020 

 



ii 
 

 

The dissertation committee for Ruochen Dong certifies that this is 

the approved version of the following dissertation: 

Investigating Novel Inhibitors of Epithelial - Mesenchymal Transition (EMT) 

and Cancer Stem Cells (CSCs) in Pancreatic Cancer 

 

 

 

 

____________________________________ 

Chair: Qi Chen, PhD 
 

 

 

           

_______________________________________ 

Graduate Director: Bruno Hagenbuch, PhD 

 
 

 

 

            

 

 

 

 

 

 

 

 

Date Approved: 4/27/2020  



iii 
 

Abstract 

Pancreatic cancer is the 4th leading cause of cancer-related death in the U.S. in 2019. The five-

year survival rate for all stages combined is only 9%, which is the lowest among all types of 

cancer. The current chemotherapeutic regimens for pancreatic cancer, including gemcitabine, 

FOLFIRNOX, and nab-paclitaxel, only provide limited benefits to the patients, due to low 

response rate and/or intolerable toxicities. Pancreatic cancer is enriched with cancer stem cells 

(CSCs), which contribute to its high metastatic tendency and resistance to treatments. The 

formation of CSCs is highly associated with cancer cell epithelial-mesenchymal transition 

(EMT), which contributes to the plasticity of cancer cells and comprises an initial step for 

metastasis. Inhibiting EMT and CSCs in pancreatic cancer could potentially inhibit pancreatic 

cancer progression, metastasis, and drug resistance.  

Various efforts have been made to develop anti-tumor agents through modulation of important 

signaling pathways involved in EMT and CSCs. However, there has not been a clinical success 

in a specific inhibitor to CSCs, or the EMT process. Extracts from medicinal plants have been 

rich sources for compounds possessing activities to attenuate CSC characteristics. These 

compounds contribute to the suppression of tumor progression and aggressiveness in various 

degrees. A great amount of synthetized small molecules have also been studied in targeting 

regulating factors of EMT and CSCs. Recent studies revealed that RNA binding proteins have 

the potential to serve as a therapeutic target in cancer management. The role of RNA binding 

proteins in EMT and CSCs is a research topic of increasing interests. The overall goal of this 

dissertation is to develop several approaches to discover and investigate novel EMT and CSC 

inhibitors for pancreatic cancer. 
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We first investigated extracts of two traditional medicinal plants, Pao Pereira extract (Pao) and 

Rauwolfia vomitoria extract (Rau) for their anti-pancreatic CSC activities. Data demonstrated 

that Pao and Rau preferentially inhibited the viability of pancreatic CSC population, compared 

with the whole cancer cell population. Consistently, the expression of CSC-related genes, 

DPPA4, ESRRB and TCL1A, and β-catenin target genes, BCL2L2 and COX2 were significantly 

suppressed with Pao and Rau treatment. The tumorigenicity was also inhibited by Pao and Rau in 

subcutaneous pancreatic cancer xenograft mouse models. Pao and Rau demonstrated potent anti-

pancreatic CSC effect in vitro and in vivo and are worth further investigation. (Chapter 4 and 

Chapter 5) 

Next, we investigated the role of an RNA binding protein, HuR, in pancreatic cancer EMT and 

CSCs. Our data showed that knockdown of HuR in pancreatic cancer cells significantly inhibited 

cell migration, invasion, and stem-like features. Consistently, knockdown of HuR led to the 

inhibition of EMT by upregulating epithelium marker Claudin-1 and downregulating 

mesenchymal marker Vimentin and Snail. Restoration of HuR in HuR deleted (KO) pancreatic 

cancer cells enhanced migration and enriched CSC population. RNP-IP assay and dual-luciferase 

reporter assay identified that SNAI1 mRNA directly bound to HuR through an AU-rich elements 

(AREs) dependent way. The data demonstrated that inhibition of HuR destabilized SNAI1 

mRNA, and subsequently reduced Snail protein levels, resulting in the EMT and CSCs inhibition 

in pancreatic cancer cells. (Chapter 6) 

We then developed a small molecule inhibitor of HuR, KH-3, and evaluated the activities of KH-

3 on pancreatic cancer EMT and CSCs. Our data showed that KH-3 directly bound to HuR and 

interfered the binding of HuR with its target mRNAs. As an HuR/mRNA disruptor, KH-3 

treatment successfully mimicked the effects of HuR knockdown in pancreatic cancer cell lines: 
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KH-3 significantly inhibited pancreatic cancer cell migration, invasion, tumor sphere formation 

and EMT. In an orthotopic pancreatic cancer mouse model, KH-3 significantly inhibited tumor 

growth and metastasis. Importantly, loss of target analyses showed that KH-3 exerted its anti-

pancreatic cancer effect in an HuR dependent way in vitro and in vivo. In conclusion, KH-3 

serves as a potent and specific HuR/mRNA disruptor and inhibits pancreatic cancer EMT and 

CSCs in vitro and in vivo. As the first of its class, KH-3 can serve as a drug-lead for developing 

agents that comprehensively inhibit pancreatic cancer growth, metastasis, and treatment 

resistance. (Chapter 7) 

Overall, studies in this dissertation resulted in the identification of three novel EMT and CSC 

inhibitors, which can be further investigated in pre-clinical and clinical studies for their anti-

tumor efficacy. These three EMT and CSC inhibitors each have their own merits and 

shortcomings. Natural plant extracts, Pao and Rau, have potent anti-pancreatic CSC activities 

with limited toxicity, thus hold the potential to combine with conventional chemotherapy agents. 

However, as compounds mixtures, Pao and Rau need future purification and isolation for clinical 

applications. The compound KH-3 was identified as a novel HuR inhibitor and provided a novel 

drug-lead for pancreatic cancer management. More studies on the pharmacokinetics, 

pharmacodynamics, and the combination of KH-3 with conventional chemotherapeutic agents 

are worth investigation. We hope that the work we have accomplished in this dissertation could 

add to our knowledge of a new mechanism on EMT and CSC regulation and contribute towards 

discovery of new drugs for pancreatic cancer. 
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Chapter 1. Introduction 
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1.1. Pancreatic cancer 

Pancreatic cancer is the 4th leading cause of cancer-related death in the United States and is 

expected to be the second by 2030 [1]. The latest estimation from American Cancer Society 

demonstrated that 56,770 people (men=29,940, women=26,830) will be diagnosed with 

pancreatic cancer in 2020 and 45,750 (men=23,800, women=21,950) will die from it [2]. 

Currently, there are no efficient early detection methods for pancreatic cancer since most early 

stage patients do not have specific or recognizable symptoms. For the small percentage of 

patients (about 9%) diagnosed with local disease, the 5-year survival is only 26%. For about 53% 

of the patients diagnosed at an advanced stage, the 5-year survival is only 2%, which is the 

lowest among all types and stages of malignancies [2]. 

 

1.1.1. Histology of pancreatic cancer 

The pancreas is an organ of both digestive (exocrine) and endocrine functions in vertebrates. The 

exocrine pancreas comprises more than 95% of the pancreatic mass and consists of acinar cells, 

ductal epithelium cells, and associated connective tissues, vessels, and nerves. As an exocrine 

organ, the acinar cells in the pancreas secrete pancreatic juice, which contains a variety of 

digestive enzymes, into the duodenum through the pancreatic duct. As an endocrine gland, the 

pancreas secretes a variety of hormones, including glucagon, insulin, and somatostatin, into the 

blood vessel. The islets of Langerhans are the functional units of the endocrine pancreas, which 

are consisted of alpha cells, beta cells, delta cells, epsilon cells, and PP cells. Thus, pancreatic 

cancer, theoretically, may refer to neoplasms originated from any of the cells of the pancreas. 

Among all the neoplasms originated from the pancreas, pancreatic ductal adenocarcinoma 

(PDAC) is the most common type (> 90%), and thus the term "pancreatic cancer" usually refers 
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to this type only [3]. PDAC can arise in any location in the pancreas, though it is most often 

(60%-70%) found in the head of the pancreas [4]. Three types of precursor lesions are associated 

with PDAC: pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous 

neoplasm (IPMN), and mucinous cystic neoplasm (MCN) [5]. (Fig. 1.1)  

As the most well studied pancreatic cancer precursor, PanIN can be graded into four stages, 

PanIN-1A, PanIN-1B, PanIN-2, and PanIN-3, based on the histological and cytological atypia. 

PanIN-1A is characterized by tall columnar cells with basally located nuclei and abundant 

supranuclear mucin. The nuclei shape is usually slightly atypia. The epithelial lesions of PanIN-

1B are similar to PanIN-1A and are usually in a papillary, micropapillary, or basally 

pseudostratified structure. PanIN-2 is characterized by flat or papillary mucinous epithelial 

lesions with nuclear abnormalities, such as loss of polarity, nuclear crowding, and enlarged 

nuclei. PanIN-3 is characterized by papillary or micropapillary lesions, true cribriforming 

luminal necrosis, and cytologic abnormalities. Histologically, PanIN-3 can be diagnosed with the 

budding off of small clusters of epithelial cells into the lumen and luminal necrosis. 

Cytologically, PanIN-3 lesions are usually characterized by a loss of nuclear polarity and 

dystrophic goblet cells, which have lumen-oriented nuclei and basement membrane-oriented 

mucinous cytoplasm [6-8]. (Figure 1.1) 
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IPMN and MCN are less common precursor lesions. IPMNs are neoplasms that initiate within 

the pancreatic ducts characterized by the production of mucin and papillary proliferation of 

ductal epithelium [9]. Although IPMNs usually have a favorable prognosis, some IPMNs can 

transform from benign tumors to malignant tumors. Based on the histological characteristics, 

IPMNs can be classified into four types: intestinal type (villous dark cell type), gastric type 

(papillary clear cell type), pancreatobiliary type, and oncocytic type (compact cell type) [9]. 

Those four types of IPMNs have critical prognostic significance due to their abilities to develop 

into carcinomas. Studies have shown that the development of carcinomas derived from IPMNs is 

rarely found in gastric type, but frequently found in intestinal type, whereas the oncocytic type 

and pancreatobiliary type will commonly develop into malignancies.  

Figure 1.1 Morphological and genetic progression model of pancreatic carcinogenesis [8]. 

Histology images demonstrate normal pancreatic ducts and three grades of PanINs: PanIN-1, 2, 

and 3, which eventually develop to PDAC. Early genetic alterations, such as KRAS mutations and 

CDKN2A loss, and late genetic alterations, such as TP53 loss and SMAD4 loss, are represented at 

the bottom. 

Reprinted with permission from Iacobuzio-Donahue, C.A., Genetic evolution of pancreatic 

cancer: lessons learnt from the pancreatic cancer genome sequencing project. Gut, 2012. 61(7): p. 

1085-94. 
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MCNs are rare precursor lesions and are developed exclusively (>95%) in women [10]. The 

lesions are usually located in the distal pancreas, and it can also occur in the liver and gallbladder 

[11]. In MCNs, mucin-producing cysts are surrounded by ovarian-like stroma. The unique 

ectopic ovarian-like stroma is thought to be seeded from primordial ovarian cells at an early 

stage of embryonic development [12]. According to the WHO criteria, MCNs are classified as 

MCNs with low grade dysplasia (adenoma), moderate dysplasia (borderline neoplasm), high 

grade dysplasia (carcinoma in situ), and invasive carcinoma [13-15]. MCNs usually have a 

favorable prognosis, unless developing into invasive tumors (~16%). The 5-year disease-specific 

survival for noninvasive MCNs was 100%, and for those with invasive cancer, 26% [13]. (Fig. 

1.2) 

 

 

 

Figure 1.2 Cystic precursors of pancreatic cancer [8]. (A) Low power view of an IPMN. 

(B) Low power view of an MCN. (C) Higher power view of the MCN shown in (B). The 

ovarian-like stroma underlies the mucinous epithelium was demonstrated. 

Reprinted with permission from Iacobuzio-Donahue, C.A., Genetic evolution of pancreatic 

cancer: lessons learnt from the pancreatic cancer genome sequencing project. Gut, 2012. 

61(7): p. 1085-94. 
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1.1.2. Molecular characteristic of pancreatic cancer 

Studies in the past three decades have identified a broad spectrum of genetic variations that are 

involved in pancreatic cancer tumorigenesis, progression, invasion, and metastasis. Here, we 

focus on the gene mutations that are most commonly found in driving PDAC tumorigenesis, 

including mutations in KRAS, p16/CDKN2A, TP53, and SMAD4.  

The KRAS proto-oncogene 

KRAS mutations are found in nearly all PDAC patients, and thus PDAC is thought to be the most 

RAS-addicted cancer [16]. The KRAS gene encodes a 21.6 kDa membrane-localized GTPase 

transforming protein KRAS. KRAS gene was first identified as an oncogene in Kirsten Rat 

Sarcoma virus in 1982 [17]. The KRAS gene belongs to the RAS gene family. The RAS gene 

family includes HRAS, KRAS and NRAS. In mammalian cells, KRAS gene encodes two protein 

variants, KRAS4A and KRAS4B [18]. As the other RAS proteins, KRAS protein comprises two 

domains: the guanosine nucleotides binding G domain, which contains five conserved G1-G5 

motifs that directly bind to GDP/GTP, and a C-terminal membrane targeting region, which 

determines the cell membrane anchoring and regulates post-translational modification [19].  

KRAS protein is a GTPase and serves as a binary ON-OFF molecular switch in regulating a 

variety of cellular pathways involved in cell proliferation, differentiation, and survival. KRAS 

protein is continuously cycling between its active guanosine triphosphate (GTP)-bound state 

(ON) and its inactive guanosine diphosphate (GDP)-bound state (OFF). As an essential 

molecular switch, the KRAS ON-OFF switching is tightly controlled by GTPase-activating 

proteins (GAPs) and guanine nucleotide exchange factors (GEFs) [19]. GAPs activate intrinsic 

GTPase activity of RAS protein to hydrolyze GTP into GDP, and GEFs aid in the exchange of 
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GDP for GTP [20, 21]. In normal cells, KRAS is predominantly in the GDP-bound inactive 

form. Multiple extracellular stimulations, such as growth factors and cytokines, can activate 

KRAS into the KRAS-GTP bound form. On the other hand, mutations in KRAS gene lead to the 

production of constitutively activated KRAS protein. Genetic studies revealed that missense 

mutations that encode single amino acid primarily happened at codon 12 and codon 13 [22, 23]. 

These mutations lead to KRAS protein locked in GTP-bound form and constitutively active, 

resulting in overstimulation of downstream signaling pathways to drive cancer progression.  

KRAS mutation was widely found in pancreatic cancer (90%), colon cancer (50%) and lung 

cancer (~30%), which are the three major types of cancer lead to the cancer-related death in the 

U.S. [24-26]. KRAS mutation serves as an initiating genetic event for PDAC, followed by several 

other genetic mutations to drive the transformation from normal pancreatic tissue to PDAC [27, 

28]. During the transformation progress from pancreatic ductal epithelium to PanIN lesions, 

KRAS mutation frequency was more than 90% [29]. The activation of KRAS engages in various 

downstream effector pathways, which are characterized by a RAS association (RA) domain or 

RAS-binding domain (RBD), including the RACGEF-RAC1 Small GTPase Effector signaling 

network, the RALGEF-RAL small GTPase effector signaling network, the PI3K/AKT/mTOR 

effector signaling network, and the RAF-MEK-ERK singling network. For example, active 

KRAS interacts with the RAF serine threonine kinases, ARAF, BRAF, and CRAF/RAF1, which 

are the three most significant effectors in KRAS signaling axis. The activation of RAF kinases 

initiates a cascade of phosphorylation events, resulting in the phosphorylation and activation of 

MEK1/2 serine/tyrosine/threonine kinases and ERK1/2 serine/threonine kinases. Activated 

MEK1/2 and ERK1/2 then phosphorylate several cytoplasmic and nuclear substrates, many of 

which are transcription factors that regulate the expression of genes involved in cell survival 
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signaling, e.g. MYC, which is required for the maintenance of RAS-driven tumors [30-32]. The 

RAS-RAF-MEK-ERK signaling cascade is a crucial effector in the initiation and maintenance of 

KRAS-driven tumors. In a mouse model, genetic deficiency in MEK1/2 or ERK1/2 blocked non-

small cell lung cancer (NSCLC) progression driven by KrasG12D mutation [33]. An ERK inhibitor, 

SCH772984, significantly inhibited tumor growth in KRAS-mutant pancreatic cancer patient-

derived xenograft (PDX) mouse, in association with MYC suppression [34]. 

The PI3K-AKT-mTOR signaling network also drives oncogenesis in KRAS mutated cells [35]. 

Activated KRAS binds to the RAS-binding domain (RBD) of the p110 subunit of PI3K. The 

binding phosphorylates phosphotidylinositol-4,5-bisphosphate (PIP2), resulting in the formation 

of plasma membrane-associated phosphotidylinositol-3,4,5-bisphosphate (PIP3). PIP3 then 

activates a variety of downstream proteins, including PDK1 and AKT [36]. The activated AKT 

phosphorylates many other proteins that can further promote cell growth. Therefore, the 

inhibition of PI3K signaling suppresses KRAS-driven oncogenesis in pancreatic cancer. For 

example, the pancreas-specific disruption of PI3K p110α gene prevented the transformation and 

development of PDAC in KrasG12D/+, Ptf1aCre/+ mice [37].  

Although KRAS mutations is the predominant mutation in pancreatic cancer, the KRAS mutation 

alone is not sufficient to drive the progression from PanIN to PDAC. Pdx1-Cre; LSL-

KrasG12D mice developed PanIN by 26 weeks but did not progressed into metastatic tumors [38]. 

Several other genetic mutations are required in PDAC progression. 

The P16/CDKN2A tumor suppressor gene  

The P16 gene, also known as cyclin-dependent kinase Inhibitor 2A (CDKN2A), is a tumor 

suppressor gene located on chromosome 9p21 [39]. By binding to cyclin-dependent kinase 4 
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(CDK4), the p16 protein inhibits phosphorylation of various growth factors and regulatory 

factors in the G1 phase of the cell cycle. P16 is one of the most frequently mutated and 

inactivated tumor suppressor genes in all types of cancer, especially in pancreatic cancer. The 

mutation frequency in sporadic pancreatic cancer is about 95% [24, 25, 40]. P16 gene 

inactivation happens with different types of mutation, such as the loss of heterozygosity, 

homozygous deletion, or promoter silencing. It has been shown that loss of function in 

P16/CDKN2A cooperates with activation in KRAS to drive the PanIN transformation and PDAC 

progression. The p16−/−; LSL- KrasG12D; Pdx1-Cre mice and p16flox/flox; LSL- KrasG12D; Pdx1-

Cre mice developed PDAC and had significantly reduced median survival (15.5± 3.8 weeks, 

n=36, and 25.5± 8.9 weeks, n=16, respectively) compared with p16+/+; LSL- KrasG12D; Pdx1-

Cre mice, which has significantly longer median survival (~15 months) [41]. Moreover, re-

expression of p16 in MIA PaCA-2 cells significantly reduced the primary xenograft growth, 

angiogenesis, and lymphatic metastasis in an orthotopic mouse model [42]. Clinical studies have 

found that the loss of P16 expression in PDAC patients was highly correlated with lymph node 

metastasis (p=0.040) and advanced stages (p=0.015) [43].  

The TP53 tumor suppressor gene 

The TP53 gene is one of the most frequently mutated genes in all types of cancer and is mutated 

in ~75% of pancreatic cancers [24, 28]. As a tumor suppressor protein, p53 transcriptionally 

activates target genes, e.g. p21, in response to cellular stress and thus induces apoptosis or cell 

growth arrest. The mutation of TP53 frequently results in the expression of p53R175H protein, 

rather than loss of protein expression [44]. TP53 mutation usually appears in the later stage of 

PanINs that have already acquired significant features of dysplasia. Given that most KrasG12D-

expressing pancreatic cells are selectively lost from the pancreas, the mutation of KRAS alone is 
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not sufficient to drive PDAC transformation. The loss or mutation of TP53 allows the retention 

of KrasG12D-expressing cells and thus drives the PDAC progression. PDAC formation was 

compared between two lines of transgenic mouse models. The Pdx1-Cre-GFP, LSL-KrasG12D/+, 

LSL-Trp53R172P/+ (KPp21C) mice have mutant KRAS and mutant TP53 but still induce p21 and 

cell cycle arrest. The Pdx1-Cre-GFP, LSL-KrasG12D/+, LSL-Trp53R172H/+ (KPC) mice have KRAS 

mutation and a complete loss of function of TP53. Data showed that the KPp21C mice did not 

form PDAC (0/9), and the KPC mice had PDAC (7/9) (P = 0.01). The Pdx1-Cre-GFP, LSL-

KrasG12D/+, LSL-Trp53loxP/+ (KPflC) mice, which had KRAS mutation and heterozygous loss of 

TP53, was also used to compare with the KPC mice. The KPflC mice formed PDAC but did not 

form liver metastatic lesions (0%), whereas 65% of the KPC mice had liver metastasis (P<0.001) 

[44]. These results indicated that the loss function of TP53 in P21 activation, combined with 

mutant KRAS drives PDAC transformation, progression, and metastasis.  

The SMAD4 tumor suppressor gene 

SMAD4, also known as MADH4 (Mothers against decapentaplegic homolog 4,) or DPC4 

(deleted in pancreatic cancer-4), is a tumor suppressor protein encoded by SMAD4 gene. 

SMAD4 exerts its tumor suppressor function by acting as a transcriptional factor, in association 

with SMAD2/SMAD3. The heterotrimeric SMAD2/SMAD3-SMAD4 complex is translocated 

into the nucleus in response to the activation of TGF-β signaling pathways, resulting in the 

activation of genes involved in cell growth inhibition, such as P21 and P27 [45, 46]. The loss or 

inactivation of SMAD4 occurs in ~50% of pancreatic cancers and is associated with poor 

prognosis [47]. However, Pdx1-Cre, Smad4lox/lox mice is not able to initiate PanIN or PDAC, 

indicating that SMAD4 loss alone is not sufficient for the transformation. Activation of KRAS is 

required, as the Pdx1-Cre, KrasG12D/+, Smad4lox/lox mice showed significantly accelerated 
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progression of PanIN and PDAC [48, 49]. SMAD4 loss has also been shown to associate with the 

metastasis of KRAS-driven PDAC [50, 51]. A study in 89 PDAC patients demonstrated that 

SMAD4 mutations were significantly associated with poor overall survival (11.5 months vs. 14.2 

months, p = 0.006) [47]. 

 

1.1.3. The clinical management of pancreatic cancer 

Diagnosis and staging 

Early and precise detection and diagnosis are critical challenges for pancreatic cancer 

management. Usually, the tests and procedures to detect, diagnose, and stage pancreatic cancer 

are done at the same time. The general tests and procedures include physical examination, 

medical history, blood chemistry, CA 19-9 Radioimmunoassay (RIA), medical imaging-related 

technics (CT scan, PET scan, Ultrasound, and MRI), and biopsy [52, 53]. Unfortunately, 

pancreatic cancer may not cause noticeable signs or symptoms in the early stages. While 

presenting, the signs or symptoms are not specific, which include jaundice, pain in the upper or 

middle abdomen and back, loss of appetite, feeling tired, and weight loss for unknown reasons. 

These signs and symptoms are highly like the signs and symptoms of many other illnesses, for 

example, liver illness and gallbladder illness. Thus, pancreatic cancer is tough to be detected and 

diagnosed at early stages. Most pancreatic cancer patients are diagnosed as advanced stages with 

limited treatment options and unsatisfied prognosis.  

Pancreatic cancer can be categorized into five stages (stage 0-IV) based on tumor size, lymphatic 

invasion, and/or distant metastasis. Stage 0 pancreatic cancer (carcinoma in situ) is the stage that 

only abnormal cells, rather than solid tumors, can be found in the pancreas. In stage I pancreatic 
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cancer, the solid tumor is formed but limited in the pancreas. Base on the size of the tumor, stage 

I pancreatic cancer can be further divided into stage IA (tumor size < 2 cm) and stage IB (2 

cm<tumor size <4 cm). When tumor size is larger than 4 cm, it is classified as stage II, with 

stage IIA does not have lymphatic invasion. In stage IIB and above, the tumor starts to 

demonstrate invasiveness and aggressiveness to local lymph nodes and distant organs. The major 

criterion for stage IIB pancreatic cancer is that the tumor invades into one to three adjacent 

lymph nodes. Stage III and stage IV pancreatic cancer are characterized by either more than four 

adjacent lymph nodes invasion or major adjacent blood vessels invasion (Stage III), or distant 

organ metastasis (Stage IV).  

Treatment – surgery and radiotherapy 

The treatment options and the prognosis for pancreatic cancer are dependent on the stages. 

Surgical removal is the only curative therapy but is only for ~10 % of patients with a respectable 

tumor, typically Stage I and Stage II. Whipple procedure (pancreaticoduodenectomy) is the most 

common surgical procedure when the tumor is limited to the head of the pancreas, which is 

commonly found in PDAC patients (60–70%) [54]. This procedure removes the head of the 

pancreas containing the solid tumor, along with the gallbladder, part of the intestine, part of the 

stomach, and bile duct. The remaining body and tail of the pancreas will be left to exert the 

physiological digestive and endocrine function of the pancreas. Distal pancreatectomy and total 

pancreatectomy are operations for tumor in the tail of the pancreas. However, these surgeries are 

less common due to the increased risk of infection and severe side effects [55-57]. When 

pancreatic cancer is progressed into invasive and metastatic stages (Stage III and IV), a surgical 

removal could be considered as a palliative operation to relieve the symptoms of the patients. 
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Considering the aggressiveness of pancreatic cancer, patients with all stages usually need 

additional chemotherapy and radiation therapy to achieve a favorable prognosis. 

The role of radiation therapy (RT) in the adjuvant settings for locally advanced resectable 

pancreatic cancer is controversial. Early trials did not suggest a role of adjuvant RT in pancreatic 

cancer, until in 1985, the Gastrointestinal Tumor Study Group (GITSG) conducted a trial that 

laid the foundation of chemoradiation therapy (CRT) for pancreatic cancer in the United States 

[58]. In this trial, 43 patients underwent curative resection of PDAC without evidence of 

intraperitoneal diseases were enrolled. The radiotherapy was administered in a split-course way, 

with a total dose of 40 Gy and a 2-week treatment break. Fluorouracil (5-FU) was administrated 

as the chemotherapy agent during the first 3 days of each RT course, followed by a weekly 

administration for 2 years or until tumor recurrence was noted. The survival benefits were 

observed in CRT patients: the median disease-free survival (DFS) was 11 months in CRT 

patients, compared with the 9 months DFS of surgery-alone patients; the median survival (MS) 

was 20 months in CRT patients, compared with 11 months of surgery-alone patients. The GITSG 

trial demonstrated a benefit of CRT in adjuvant settings, which then became standard adjuvant 

therapy of pancreatic cancer, particularly in the United States. In 1998, the European 

Organization for Research and Treatment of Cancer (EORTC) conducted another trial involving 

218 PDAC patients [59]. RT was delivered in a similar way as in the GITSG trial, while the 

chemotherapy (CT) was administrated only during the RT. Long-term follow-up demonstrated 

no significance in 5-year overall survival (OS) with CRT (25% (CRT) vs. 22% (surgery alone)) 

and 10-year OS with CRT (17% (CRT) vs. 18% (surgery alone)) [60]. Another trail, which 

involved 289 PDAC patients, was designed by European Study Group for Pancreatic Cancer 

(ESPAC) in 2004, also showed that CRT did not have survival benefits with a 5-year survival 
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rate of 10%, compared with a 5-year survival rate of 20% in patients who did not receive CRT 

[61]. Thus, there are still debates on the effect of RT as an adjuvant setting in pancreatic cancer 

treatment. More recent trials reported that neoadjuvant CRT might have the potential to improve 

survival in early stage pancreatic cancer patients. In the phase-III PREOPANC-1 trial by the 

Dutch Pancreatic Cancer Group, 246 resectable or borderline-resectable pancreatic cancer 

patients were involved [62]. The preoperative neoadjuvant CRT regimen consisted of 15 

fractions of radiation at 2.4 Gy in addition with gemcitabine. Both neoadjuvant CRT arm and 

control arm were followed by a cycle of adjuvant gemcitabine treatment. The results 

demonstrated that the neoadjuvant CRT patients have longer overall survival (17.1 months vs. 

13.5, p=0.047), compared with the non-neoadjuvant resection patients [63].  

Treatment - chemotherapy 

Chemotherapy was commonly used as an adjuvant or neoadjuvant regimen in both resectable 

and unresectable pancreatic cancer patients. Gemcitabine, 5-fluorouracil (5-FU), oxaliplatin, 

albumin-bound paclitaxel, cisplatin, and irinotecan are widely used in pancreatic cancer 

chemotherapy, with gemcitabine the most commonly used. Gemcitabine (2', 2'-difluoro-2'-

Deoxycytidine; dFdC) was patented in 1983 and was approved for medical use in 1995 [64], 

Since then, gemcitabine has been applied to various carcinomas, including pancreatic cancer, 

lung cancer, breast cancer, and ovarian cancer [29, 65-67]. Gemcitabine is transported into cells 

via a variety of transporters, such as SLC29A1, SLC28A1, and SLC28A3 [68]. The cytoplasmic 

gemcitabine is phosphorylated by deoxycytidine kinase (DCK) to gemcitabine triphosphate 

(2',2'-difluorodeoxycytidine 5'-triphosphate; dFdCTP), which is the pharmacological active form. 

The structural similarity of dFdCTP to deoxycytidine triphosphate (dCTP) makes gemcitabine to 

act as a nucleoside analog [69]. The incorporation of gemcitabine into the DNA leads to the 
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masked chain termination in DNA prolongation, thus inhibits DNA synthesis. Gemcitabine also 

inhibits ribonucleotide reductase (RNR). The metabolite gemcitabine diphosphate (2',2'-

difluorodeoxycytidine 5'-diphosphate; dFdCDP) inhibits RNR and depletes the dCTP pool for 

DNA synthesis, resulting in cell death [70].  

Randomized clinical trials proved that gemcitabine increased the overall survival of pancreatic 

cancer patients. A phase II trial in 1994 demonstrated that partial response was observed in five 

of the enrolled patients (11% of total), with a median duration of 13 months and improved 

performance status [71]. In 1997, 126 advanced, unresectable stage pancreatic cancer patients 

were enrolled in a randomized trial to evaluate the effectiveness of gemcitabine versus 5-FU 

[72]. This study showed that patients with gemcitabine treatment experience better clinical 

benefits, including less analgesic consumption and pain intensity and better Karnofsky 

performance status, comparted with 5-FU treated patients (23.8 % vs. 4.8%). The median 

survival and 1-year survival rate in gemcitabine-treated patients were also improved compared 

with 5-FU treated patients (5.65 months vs. 4.41 months; and 18% vs. 2%, respectively). Despite 

the low response rate (approximate 10%) and multiple side effects, gemcitabine has been used as 

the first-line chemotherapeutic agent for pancreatic cancer in the past two decades. Besides the 

benefit gained in advanced stage patients, gemcitabine was also shown to improve the overall 

survival in pancreatic cancer patients with surgically resectable diseases, especially in 

neoadjuvant settings [73-75]. As the Charite Onkologie (CONKO) trial demonstrated, the 

median survival of patients with surgery and adjuvant gemcitabine treatment improved to 22.8 

months, compared with 20.2 months in the observation patients who did not receive specific 

anticancer treatment [76]. The 5-year survival also improved to 21% with gemcitabine adjuvant 

therapy, compared to 9% without.  
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Nab-paclitaxel, also known as nanoparticle albumin-bound paclitaxel or Abraxane®, is recently 

approved as a first-line chemotherapeutic agent for pancreatic cancer. Paclitaxel exerts its effect 

as a microtubule disruptor, leading to the defects in mitotic spindle assembly and cell division 

[77]. Paclitaxel was first evaluated in a phase II clinical trial to treat unresectable and metastatic 

PDAC as a single agent in 1997 [78]. However, only minimal activity was observed in patients, 

with an 8% response rate, a 5 months median survival and a moderate toxicity. The major 

limitation of paclitaxel is its low water solubility (~0.4 μg/mL); thus, it is usually formulated in 

polyoxyethylated castor oil (Cremophor EL) and dehydrated ethanol (50/50, v/v) [79]. However, 

Cremophor EL has serious side effects, which limit its usage in pancreatic cancer patients [80]. 

Despite many positive in vitro and in vivo data, early clinical studies did not show benefit of 

paclitaxel in treating pancreatic cancer. Advanced stage PDAC patients hardly responded to 

paclitaxel treatment as a single agent or had limited response rate (~10%) to the combination of 

paclitaxel with other chemotherapy agents, including 5-FU, bryostatin, and granulocyte colony-

stimulating factor (G-CSF), with limited improvement of median survival (~6 month) [78, 81-

86]. The nano-delivered system was applied to improve solubility with generally low toxicity. In 

2005, the FDA approved nab-paclitaxel for the treatment of metastatic breast cancer [87]. 

Clinical studies demonstrated that advanced PDAC patients had an improved response to nab-

paclitaxel (~32%), with a median survival of 7.3 months [88]. The combination of nab-paclitaxel 

and gemcitabine also showed favorable effects on advanced PDAC patients in a large-scale 

phase III trial involved in 842 patients, with a response rate of ~23% and a median survival of 

~8.5 months, compare with gemcitabine alone treatment patients [89, 90]. Now, nab-paclitaxel 

has been considered as a first-line chemotherapeutic agent in PDAC patients when combined 

with gemcitabine. The effect of nab-paclitaxel in PDAC is still under investigation. More than 
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100 clinical studies are undergoing to evaluating nab-paclitaxel in PDAC patients in combination 

with more than 50 novel agents (www.clinicatrials.gov). 

Other chemotherapeutic agents used in treatment of pancreatic cancer include fluorouracil (5-

FU), cisplatin, and irinotecan. 5-FU has a long history as a chemotherapeutic agent against 

varieties of carcinomas [91]. As a pyrimidine analog and a pro-drug, the metabolites of 5-FU can 

induce cell death in rapidly dividing cells by either inhibiting the thymidylate synthase or 

incorporating into DNAs and RNAs, resulting in the termination of DNA and RNA synthesis. 5-

FU and other fluoropyrimidines-based drugs, such as capecitabine and tegafur, have been widely 

used in pancreatic cancer chemotherapy [92]. Cisplatin and irinotecan are other conventional 

chemotherapy drugs that are used to improve the survival of pancreatic cancer patients by acting 

as a DNA adducting/damaging agent and a topoisomerase inhibitor, respectively. 

As mono-regimen chemotherapy has only limited benefits on the overall survival of pancreatic 

cancer patients, combination chemotherapy is sought. Theoretically, combination chemotherapy 

can reduce the chance of drug resistance and can target multiple therapeutic targets to achieve 

synergistic effects. For these purposes, numerous efforts had been made to develop gemcitabine-

based combination therapy in pancreatic cancer management. Except for the recent success in 

nab-paclitaxel, most of the efforts had failed. Randomized controlled clinical trials in the past 

two decades showed modest improvements in the overall survival with additional toxicity by 

combining other agents to gemcitabine [93-100]. However, success was achieved with a non-

gemcitabine regimen, FOLFIRINOX, which is a combination of oxaliplatin, irinotecan, 

fluorouracil, and folinic acid. A randomized controlled clinical trial demonstrated that the overall 

responses, median overall survival and 1-year survival in FOLFIRINOX treated patients were 

significantly improved, compared with gemcitabine treated patients (54/171 vs. 16/171; 11.1 
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months vs. 6.8 months; 48.4% vs. 20.6%; respectively) [101]. However, the incidence of grade 3 

and grade 4 adverse effects was significantly increased, including neutropenia, 

thrombocytopenia, anemia, diarrhea, and sensory neuropathy, which limited the use of 

FLOFIRINOX in patients with poor conditions. 

Taken together, PDAC is one of the most lethal types among all carcinomas, with various gene 

mutations and high heterogenicity. Chemotherapy is commonly used as an adjuvant or 

neoadjuvant setting in both resectable and unresectable pancreatic cancer patients. For many 

patients with advanced stages of disease, chemotherapy is the only option applicable. However, 

current chemotherapeutic agents only provide limited benefits to PDAC patients, with low 

response rate and significant toxicity. The development of better agents for PDAC management 

is an urgent and unmet need. 
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1.2. Epithelial – mesenchymal transition (EMT) 

1.2.1. Basics of EMT 

Epithelial-mesenchymal transition (EMT) is a crucial cellular program involved in both 

physiological and pathological progress. Based on the context in which EMT occurs, EMT can 

be categorized into three types [102]. Type I EMT occurs during embryonic development, while 

type II EMT occurs during tissue regeneration and wound healing, and type III EMT occurs 

during a variety type of carcinoma progressions. 

In the physiological aspect, EMT plays an essential role in embryogenesis, tissue morphogenesis, 

and wound healing. On the other hand, EMT has been shown to be one of the initial steps for 

carcinoma cells to overcome original cell adherents and turn into a more metastatic, malignant 

phenotype. During this reversible cellular process, epithelial cells progressively lose their surface 

adhesion molecules and cell polarity, and then transform from the epithelium-state cells into the 

spindle-shaped, mesenchymal morphology, resulting in the increased mobility and invasiveness 

[102, 103]. (Fig. 1.3) 

The lateral cell-cell junctions, including tight junctions, adherent junctions, gap junctions, and 

desmosomes, are the base structures to hold the epithelial cells together. In addition, the cell-

basement membrane adhesion and apical-basal polarity of the epithelial cells are maintained by 

hemidesmosomes. The activation of EMT leads to the downregulation of several specific 

epithelial molecules, among which E-cadherin is one of the most crucial [104]. E-cadherin is a 

transmembrane protein, which contains a C-terminal cytoplasmic tail, including a membrane 

proximal cytoplasmic/conserved domain (MPCD) and a β-catenin binding domain (CBD), a 

transmembrane region and five N-terminal Ca+ dependent extracellular cadherin repeats (EC1-

5). E-cadherin is linked to the cell cytoskeleton by forming the CBD/β-catenin/α-catenin/EPLIN 
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(or vinculin)/F-actin structure. EC1 is the most distal extracellular domain, and have a conserved 

tryptophan 2 (Trp 2) residue and a conserved HAV tripeptide sequence, which are crucial to 

form the E-cadherin homodimers in adjacent cells [105, 106]. The E-cadherin homodimers create 

a firm linkage between the cytoskeleton of adjacent cells. Studies illustrated that loss of E-

Figure 1.3 Schematic diagram of a typical EMT progress [103]. During EMT progression, 

epithelial cells lose cell-cell attachment, cell-basal membrane attachment, and transform into a 

spindle-like mesenchymal phenotype. The expression of several EMT markers are changed, with 

epithelial markers (yellow) decreased and mesenchymal markers (orange) increased. EMT-

related transcriptional factors (gray) regulate the expression of EMT markers. EMT is a 

reversible process. Mesenchymal – Epithelial transition is the reversed process of EMT.  

Reprinted with permission from Dongre, A. and R.A. Weinberg, New insights into the 

mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat Rev Mol Cell 

Biol, 2019. 20(2): p. 69-84. 
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cadherin expression played a central role in the process of EMT in cancer cells. In pancreatic 

cancer, partial or complete loss of E-cadherin was widely observed (~50%) and was associated 

with advanced stage, lymph node metastasis, and poor prognosis [107-109]. 

Other adhesion molecules are also required in the cell-cell adhesion in the epithelial cell layer. 

Claudin family proteins, along with occludin family proteins and junction adhesion molecules 

(JAM), compose the tight junction, which holds cells together and maintains the cell polarity by 

acting as a paracellular barrier [110]. Claudins are 20-34 kDa four-time transmembrane proteins, 

with both C-terminal and N-terminal located in the cytoplasm, and two conserved extracellular 

loops. The large extracellular loop of Claudin-1 can regulate ion selectivity in paracellular 

transport [111]. Two highly conserved cysteine residues within the large loop can form a 

disulfide bond and thus increase the Claudin-1 protein stability. The formation of Claudin dimers 

between adjacent cell membranes relies on the hydrophobic interactions between two shorter 

second extracellular loops. The C-terminal end of Claudins contains a PDZ-binding motif, which 

can interact with several tight junction-associated proteins, such as zonula occludens-1 (ZO-1), 

and PDZ domain containing proteins, such as MUPP1 [112, 113]. The C-terminal can also be 

phosphorylated and affect the localization and functions of Claudins.  

The role of claudins in cancer is controversial. Studies using patient samples showed that 

claudins were down-regulated in various cancers. Claudin-1 has been found to be down-

regulated in breast cancer, colorectal cancer, and prostate cancer [114-117]. Claudin-7 was 

reduced in breast cancer, esophagus cancer, and prostate cancer [117-119]. These reports 

showing loss of claudins in cancers are consistent with the concept that tumorigenesis is 

accompanied by a disruption of tight junctions, a process that may lead to loss of cohesion, gain 

of invasiveness, and lack of differentiation in cancer cells. However, other studies also using 
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patient samples had conflicting findings that claudins were up-regulated in many types of cancer. 

Claudin-1 was found to be upregulated in breast cancer, colorectal cancer, and gastric cancer 

[120-124]. Claudin-7 was also found upregulated in breast cancer, gastric cancer, and ovarian 

cancer [121, 125, 126]. The discrepancy may result from the different patient population, 

specimen collection, and different detection methods. For example, some studies in colorectal 

cancer only evaluated membrane stanning of Claudin-1 [122], whereas other studies considered 

both nuclear and membrane stanning [115, 123]. These controversial data imply that Claudins 

act more than components of the tight junctions in carcinoma. Indeed, the function of Claudin-1 

in carcinoma may rely on its cellular localization and is different in different types of cancer. In 

colorectal cancer, the nuclear localized Claudin-1 has been reported to be an EMT inducer by 

either directly inhibiting E-cadherin transcription or activating β-catenin/TCF/LEF-1 signaling 

pathway, and thus promoted tumor growth and metastasis [123]. In liver cancer, Claudin-1 

induced EMT by activating the c-Abl-Ras-Raf-1/ERK1/2 signaling pathway [127]. 

Paradoxically, several studies demonstrated that Claudin-1 acted as a tumor suppressor in lung 

cancer and gastric cancer [128, 129]. In pancreatic cancer, current studies suggested that 

Claudin-1 served as a suppressor in tumor progression and metastasis. Downregulation of 

Claudin-1 promoted pancreatic cancer cell proliferation by inhibiting the TNF-α induced 

apoptosis [130, 131].  

Several cytoskeleton proteins also contribute to EMT progression. The cytoskeleton is a dynamic 

structure, which is consisted of actin-based microfilaments, tubulin-based microtubules, and 

intermediate filaments [132]. The intermediate filaments contain various proteins depending on 

the cell types. Due to the lack of structural polarity, intermediate filaments function as supporting 

components in the cytoskeleton, rather than cell motility components. Vimentin is a type III 
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intermediate filament and the most widely distributed intermediate filament protein in eukaryotic 

cells. In addition, Vimentin is one of the major cytoskeletal components in mesenchymal cells. 

Thus, it has been used as a mesenchymal marker in EMT progression [133]. The upregulation of 

Vimentin was found to be correlated with the malignancy of various types of cancer, including 

breast cancer, prostate cancer, lung cancer, and pancreatic cancer [134-137]. Studies showed that 

Vimentin not only acted as an EMT marker, but also contributed to EMT progression in cancer 

cells. Vimentin has been proved to induce changes in cell shape, motility, and adhesion during 

EMT [133]. The depletion of Vimentin in breast cancer cells led to reduced cell proliferation and 

migration by inducing cytoskeleton reorganization [138]. Vimentin was also correlated with Slug 

mediated EMT progression in colorectal cancer and breast cancer [139, 140].  

 

1.2.2. EMT-inducing transcription factors (EM-TFs) in EMT progression 

The initiation and progression of EMT are orchestrated by various transcription factors. Of 

importance in pancreatic cancer are Snail/Slug, ZEB1/ZEB2, TWIST1/TWIST2, and β-catenin, 

which are controlled by several EMT related signaling pathways [104] (Fig. 1.4). 
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Snail family transcription factors 

Zinc finger protein SNAI1 (Snail) is a crucial EMT-TF by repressing the expression of adhesion 

molecules, such as E-cadherin and Claudins. Snail homologs have been found in many species. 

There are three Snail family proteins in vertebrates: SNAI1 (Snail), SNAI2 (Slug), and SNAI3 

(Smuc) [141]. The Snail family proteins have similar structures. A conserved C-terminal zinc-

finger DNA binding domain, which contains four to six Cys2His2 type zinc fingers, can bind to 

the E-box motif (5′-CANNTG-3′) in promoters of target genes. The N-terminal contains a 

Figure 1.4 The function and regulation of major EMT-TFs, including Snail, Twist, and 

ZEB2 [104]. Snail, Twist, and ZEB2 were regulated in different mechanisms. As transcriptional 

factors, the target genes of Snail, TWIST, and ZEB2 were also listed. 

Reprinted with permission from Lamouille, S., J. Xu, and R. Derynck, Molecular mechanisms of 

epithelial-mesenchymal transition. Nat Rev Mol Cell Biol, 2014. 15(3): p. 178-96. 
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conserved SNAG (Snail/Gfi) domain, which interacts with several transcriptional co-repressors 

and epigenetic remodeling complexes, such as histone decetylas1/2 (HDAC1/2), Sin3A and 

polycomb repressive complex 2 (PRC2) [142]. The central part of Snail family proteins is 

responsible for protein degradation, stabilization, and transportation. A serine-rich domain 

(SRD) located in the central of Snail family protein can be phosphorylated by various kinases, 

typically glycogen synthase kinase-3β (GSK-3β). The phosphorylation in SRD leads to Snail 

degradation by β-Transducin repeat-Containing Protein (β-TrCP) [143]. Snail can also be 

degraded by several ubiquitin ligases, such as FBXL14 [144]. The nuclear export sequence 

(NES) located in the central of Snail family proteins is responsible for the nuclear export of Snail 

family proteins by interacting with CRM1 [145].  

Snail proteins contain DNA-binding motifs and control target gene expression through 

epigenetic regulation. The conserved SNAG (Snail/Gfi) domain on the N-terminal of Snails 

recruits chromatin remodeling factors, resulting in an epigenetic modification on histones. For 

example, Snail recognizes and binds to the E-box of E-cadherin promoter, and then recruits 

SIN3A-HDAC1/2 complex to deacetylate histone H3 and histone H4, leading to the suppression 

of E-cadherin expression [146]. Similarly, with this epigenetic regulation, Snail proteins regulate 

the expression of several other epithelial-related proteins, including Claudins, Occludins, and 

ZO-1. Downregulation of these epithelial molecules results in EMT progression. On the other 

hand, Snail possess an indirect positive regulatory function by interacting with other 

transcriptional factors. For example, Snail interacted with β-catenin and activated β-catenin/TCF 

or β-catenin/LEF-1 transcription complexes, resulting in the upregulation of mesenchymal 

proteins, such as N-cadherin, Vimentin, and Fibronectin [147-149]. Snail and Slug also increased 

cancer stem cell (CSC) features by enhancing the expression of genes related to stemness [150].   
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The upregulation of Snail and Slug were widely observed in pancreatic cancer cell lines and 

tissues. About 78% of pancreatic cancer cases showed a moderate to strong Snail expression, and 

50% displayed a positive expression of Slug [151]. Using different criteria, Tao Yin et al. 

reported that 20 out of 56 (36%) pancreatic cases were identified as Snail positive phenotype 

[152]. The expression of Snail in pancreatic cancer has a close correlation with lymph node 

invasion and distant metastasis. The overexpression of Snail in pancreatic cancer cells 

demonstrated enhanced metastatic and invasive ability in orthotopic xenograft models [152, 

153]. 

Inhibition of Snail leads to inhibition in tumor progression, metastasis, and tumorigenicity in 

many types of cancer, including breast cancer, lung cancer, colon cancer, and pancreatic cancer 

[154, 155]. Thus, Snail has the potential to serve as a therapeutic target against carcinomas. A 

recently developed Snail inhibitor, GN-25, has been reported to reverse the EMT phenotype and 

EMT markers in KRAS-mutated SNAIL-transduced human mammary epithelial cells (HMLEs) 

[156]. 

As a crucial EMT regulator, the expression of Snail is tightly controlled by various signaling 

pathways, including the canonical WNT signaling pathway, the TGF-β signaling pathway, and 

the Notch signaling pathway, which are discussed in Chapter 1.2.3. 

ZEB family transcription factors (ZEB1/ZEB2) 

Zinc finger E-box-binding (ZEB) family transcription factors are characterized by the presence 

of two zinc finger clusters that account for E-box recognition and DNA binding, and a 

homeodomain in the central. Similar to Snail family proteins, ZEB family proteins contain 

various binding domains for its coactivators or corepressors, including a coactivator histone 
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acetyltransferase p300 (p300) and p300/CBP-associated factor (PCAF) binding domain, a Smad 

interaction domain, and a C-terminal-binding protein (CtBP) interaction domain [157]. ZEB 

family proteins recognize the E-box on target DNA through its zinc finger clusters, and then 

recruit corepressors or coactivators to regulate the expression of target genes. For example, 

ZEB1 directly binds to the E-box of CDH1 promoter, and then recruits the CtBP/HDAC 

transcriptional co-repressors, and/or the switch/sucrose non-fermentable (SWI/SNF) chromatin-

remodeling protein BRG1, leading to the inhibition of CDH1 transcription and decreased 

expression of E-cadherin [158].   

As a pivotal EMT inducer, the dysregulation of ZEB1 expression is observed in various types of 

cancer, including lung cancer, liver cancer, colon cancer, and pancreatic cancer [159-162]. 

Rhodes LV et al. showed that the overexpression of ZEB1 and ZEB2 enhanced the migration, 

invasion, and tumorigenicity in triple-negative breast cancer cells [163]. The activation of TGF-β 

signaling and upregulation of ZEB1 were shown to enhance metastasis in lung cancer and colon 

cancer [164, 165]. In pancreatic cancer, the upregulation of ZEB1 and ZEB2 was correlated with 

advanced stages, enhanced metastasis and poor prognosis [166]. ZEB1 also contributes to 

chemo-resistance in cancer. Inhibition of ZEB1 led to the inhibition of cell proliferation and 

metastatic characteristics and restored chemosensitivity in ovarian cancer, lung cancer, and 

pancreatic cancer [167-169]. Therefore, ZEB1 is also a promising therapeutic target in cancer 

management. Unfortunately, there is no potent and specific ZEB1 inhibitor to date. 

TWIST family transcription factors (TWIST1/TWIST2) 

The twist-related protein (TWIST) family transcription factors belong to the super-family of 

basic helix-loop-helix (bHLH) transcription factor and serve as both activators and repressors of 
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target genes transcription. The N-terminal of the TWIST1 protein is responsible for the protein-

protein interactions with coactivators or corepressors, for example, PCAF, CREB-binding 

protein (CBP), p300, and HDACs [170, 171]. The recruited p300/CBP/PCAF coactivator 

complex activates the transcription of target genes through its intrinsic histone acetyltransferase 

(HAT) activity, whereas the recruitment of HDACs inhibits the transcription of target genes. 

Two nuclear localization signals (NLSs), which are responsible for nuclear transportation and 

localization, are also located in the N-terminal of the TWIST1 protein. An HLH DNA-binding 

domain is localized in the center of TWIST proteins, which can form homo- or heterodimers 

with other E-box binding proteins to recognize and bind to the E-box of target gene promoters 

[170]. The C-terminal of TWIST1 protein contains a TWIST-box domain, which can bind to 

Runt-domain transcription factors (Runx) to exert transcription activation activity. The choice of 

target genes of TWIST1 protein is based on the selection of its bindings patterners, which is 

controlled by the phosphorylation status of TWIST1 [172]. 

TWIST1 and TWIST2 are major EMT regulators in embryonic development, wound healing, 

and carcinogenesis, by upregulating mesenchymal molecules and downregulating epithelial 

molecules. TWIST1 recruits the methyltransferase SET8 to monomethylate H4K20, which is 

associated with the repression of E-cadherin promoters and activation of N-cadherin promoters 

[173]. In PDAC tissues, the expression of TWISTs is weak, but still significantly increased 

compared with IPMN and non-neoplastic pancreas [151]. In pancreatic cancer cell lines, the 

expression of TWISTs is not detectable in MIA PaCa2, PANC-1, BxPC-3, ASPC-1, and 

HS766T cells and is low to moderate in Capan-1, Capan-2, and CFPAC-1 cells [174]. However, 

TWISTs were upregulated in hypoxia conditions [175]. Considering that pancreatic cancers are 

usually undergone hypoxia, TWISTs may play a role in the invasive behavior of pancreatic 
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tumors. Numerous studies have shown that inhibition of TWISTs inhibited the growth, 

metastasis, and tumorigenicity in various types of cancer, including breast cancer, melanoma, 

and pancreatic cancer [176-179]. 

 

1.2.3. Singling pathways in EMT progression 

EMT is orchestrated by a complex network of signaling pathways, including Wnt signaling 

pathways, TGF-β signaling pathways, Notch signaling pathways, and JAK/STAT signaling 

pathways. In the EMT process, activation of these singling pathways ultimately leads to the 

induction of server essential EMT-TFs, such as Snail, Slug, ZEB1/2, and TWIST1/2, resulting in 

suppression of epithelial molecules and upregulation of mesenchymal molecules [103, 104]. 

(Fig. 1.5) 

Wnt signaling pathway 

Three Wnt signaling pathways have been identified in response to the binding of Wnt ligands to 

the Frizzled family cell surface receptors: the canonical Wnt signaling pathway, the non-

canonical Wnt-calcium pathway, and the non-canonical planar cell polarity pathway [180]. 

Among them, the canonical Wnt signaling pathway is extensively studied and is associated with 

EMT progression. 
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The canonical Wnt signaling pathway modulates its signaling transduction thought the regulation 

of β-catenin degradation. As a dual-functional protein, β-catenin serves as an adhesion molecule 

when it is located on the cell membrane, whereas serves as a transcription factor when it is in the 

nucleus. The level of cellular β-catenin is controlled by a β-catenin destruction complex, which 

consists of Axin, adenomatous polyposis coli (APC), glycogen synthase kinase-3β (GSK-3β) and 

casein kinase 1 α (CK1α) [180]. The Axin/APC/GSK-3β/CK1α complex phosphorylates β-

catenin, resulting in β-catenin ubiquitination by β-TrCP, and subsequent proteasomal 

degradation. The degradation of β-catenin prevents cytosolic and nuclear accumulation of β-

Figure 1.5. Singling pathways involved in EMT, including Wnt signaling pathway, Notch 

signaling pathway, TGF-β signaling pathway, NF-kB signaling pathway, JAK/STAT 

signaling pathway [103]. EMT-TFs, such as Snail, ZEB1, and TWIST, are ultimately activated 

with the activation of EMT-related signaling pathways, resulting in EMT progression. 

Reprinted with permission from Dongre, A. and R.A. Weinberg, New insights into the 

mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat Rev Mol Cell 

Biol, 2019. 20(2): p. 69-84. 
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catenin. When the canonical Wnt signaling is initiated by the binding of Wnt ligands to the 

Frizzled-LRP5/6 receptor complex, the dishevelled (Dsh/Dvl) protein is recruited to the 

membrane. The membrane Dsh/Dvl provides docking sites for Axin and GSK-3β, thus leads to 

the dissociation of the Axin/APC/GSK-3β/CK1α complex and the relieving of β-catenin 

degradation. The stabilized β-catenin translocates into the nucleus and serves as a transcriptional 

factor by forming a complex with DNA bound T cell factor/lymphoid enhancer factor 

(TCF/LEF) to activate the transcription of Wnt target genes [181].  

Many EMT-related genes have been identified as direct target genes of β-catenin, including Slug, 

ZEB1, and TWIST [181]. Although Snail is not a direct target gene of β-catenin, the expression 

of Snail is regulated by the canonical Wnt signaling pathway in a different manner. Snail 

contains a β-catenin-like canonical motif, which supports its GSK3β-dependent phosphorylation, 

β-TrCP-directed ubiquitination, and proteasomal degradation [182]. Thus, the activation of 

canonical Wnt signaling suppresses the phosphorylation and degradation of Snail, leading to the 

upregulation of Snail. Moreover, Snail promotes the expression of Wnt target genes by directly 

interacting with β-catenin. Studies have shown that the upregulation of Snail contributed to the 

increased responses to Wnt signaling in cancer cells. Overexpression of Snail in colon cancer led 

to increased expression of Wnt target genes, whereas downregulation of endogenous Snail by 

siRNA reduced Wnt target gene expression [148]. Consistently, pharmacological inhibition of 

canonical Wnt signaling inhibits EMT. PRI-724 is a first-in-class small molecule inhibitor for the 

canonical Wnt signaling pathway by inhibiting the interaction between β-catenin and its 

transcriptional coactivator, CBP. Preclinical studies of PRI-724 in pancreatic cancer suggested 

that this agent promoted differentiation of chemotherapy-insensitive cancer stem cells and 

tumor-initiating cells, inhibited stroma formation, and decreased metastatic potential [183, 184]. 
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A Phase Ib clinical trial (NCT01764477) demonstrated that PRI-724 combined with gemcitabine 

was safe and demonstrated modest clinical activity [185, 186]. Whether the Wnt inhibitor PRI-

724 has clinical effects needs further investigation.  

TGF-β signaling pathway 

The transforming growth factor-β (TGF-β) pathway is one of the most important EMT-

regulation pathways in various types of cancer. The activation of TGF-β pathway is initiated by 

binding of TGF-β ligands, including TGF-β isoforms activins and bone morphogenetic proteins 

(BMPs), to TGF-β family receptors (TβRs), resulting in the phosphorylation of SMAD2 and 

SMAD3/5. The phosphorylated SMAD2 and SMAD3/5 form a trimeric SMAD complex with 

SMAD4, which then translocates into the nucleus and serves as a transcriptional factor to 

regulate the expression of downstream genes involved in cell growth, proliferation, and EMT 

[187]. Transcriptional activation of EMT-TFs, such as Snail, Slug, ZEB1, and TWIST, has been 

shown to be essential for TGF-β mediated EMT induction in different types of cancer [188]. 

The TGF-β pathway activates EMT through several different mechanisms of action. The trimeric 

SMAD complex promotes the transcription of mesenchymal genes, such as VIM and FN1, and 

EMT-TFs, such as SNAI1, SNAI2, ZEB1, and TWIST1 [187]. The upregulation of these EMT-

TFs further inhibits the expression of epithelial proteins, including E-cadherin, Claudins, and 

Occludins, resulting in EMT. The upregulated EMT-TFs also create a positive feedback loop to 

help the cells maintain the EMT status by upregulating the TGF-β ligands [189, 190]. Moreover, 

TGF-β signaling induces EMT through non-canonical pathways (non-SMAD pathways) by 

activating Raf/MEK/ERK signaling pathway, PI3K/AKT/mTOR pathway, JNK/p38 MAPK 

signaling cascades, and Rho-like GTPases signaling pathways [187, 191].  
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The inhibition of TGF-β pathway leads to the inhibition of EMT in many types of cancer and is a 

promising target for pancreatic cancer therapy. Galunisertib (LY2157299) is a small molecule 

TFG-β inhibitor developed by Eli Lilly, and its effects on various types of cancer have been 

evaluated by several phase II/III clinical trials on rectal cancer (NCT02688712), metastatic 

prostate cancer (NCT02452008), and unresectable pancreatic cancer (NCT01373164). The 

combination of galunisertib with gemcitabine has shown favorable effects on the overall survival 

(OS), progression free survival (PFS) and overall response rate (ORR) of unresectable pancreatic 

cancer patients, comparted with the patients receive placebo with gemcitabine (OS: 8.9 months 

vs 7.1 months; PFS: 4.11 months vs 2.86 months; ORR: 10.6% vs 3.8%, respectively) [192].  

Notch signaling pathway 

The Notch signaling pathway is primarily involved in controlling cell differentiation, 

proliferation, and apoptosis. The activation of Notch signaling starts with the binding of Notch 

ligands, such as Delta-like ligands (Delta-like 1, 3, 4) and Jagged family ligands (Jagged-1 and 

2), to the Notch receptors (Notch 1-4). The binding of Notch ligands with Notch receptors 

triggers a proteolytic cleavage by γ-secretase, leading to the generation and releasing of Notch 

intracellular domain (NICD), which is an active fragment of Notch [193]. NICD translocates into 

the nucleus, where it forms a complex with a transcriptional factor, recombination signal binding 

protein for immunoglobulin kappa J region (RBPJ or CPF1), and activators, mastermind-like 

protein 1 (MAML1) and p300, to activate the transcription of Notch target genes involved in cell 

growth, proliferation, and apoptosis, such as CCND1, MYC, TP53, and P21 [194]. 

The activation of Notch signaling has been shown to associate with EMT in several types of 

cancer [195]. Notch singling pathway regulates the transcription of several EMT- TFs, such as 
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Snail and Slug. In pancreatic cancer, upregulation of Notch receptors and Notch ligands 

promoted EMT and tumor progression [196, 197]. Paradoxically, other studies demonstrated a 

tumor-suppressive role of Notch signaling in the development of PanIN [198, 199]. Several 

Notch signaling inhibitors, such as nirogacestat (PF-03084014) and crenigacestat (LY3039478)  

have been developed by targeting γ-secretase and showed favorable effects against the 

progression, metastasis, and chemoresistance of prostate cancer and liver cancer in vitro and in 

vivo [200, 201]. Currently, phase II clinical trials (e.g. NCT01981551; NCT02836600) are on-

going to evaluate the effects of Notch inhibitors on advanced solid tumors. Overall, the 

comprehensive involvement of Notch signaling in cancer progression and EMT is still under 

investigation and could provide valuable information for novel Notch inhibitors in drug 

development. 

Other EMT-related signaling pathways 

In addition to the signaling pathways mentioned above, many other signaling pathways have 

been shown involved in EMT progression in cancer, such as NF-Κb pathway and JAK/STAT 

pathway [202, 203]. Similar to TGF-β, Wnt, and Notch pathways, the activation of these 

pathways ultimately leads to the upregulation of EMT-TFs, such as Snail, ZEB1, and TWIST, 

resulting in the decreased epithelial molecules, the increased mesenchymal molecules, and the 

progression of EMT. 

Taken together, EMT is a crucial factor in pancreatic cancer progression and metastasis. The 

inhibition of EMT by targeting EMT-TFs or EMT-related signaling pathways has promise to be 

an efficient strategy in pancreatic cancer management. 
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1.3. Cancer stem cells (CSCs) 

1.3.1. The basic of CSCs 

Tumor cells are heterogeneous in many features, even in the same bulk of a tumor. They are 

heterogeneous in morphology, metabolism, proliferation and metastatic ability, as well as 

harboring different genetic mutations or combinations of mutations [204]. Cancer stem cell 

(CSC) theory states that a hierarchical cellular structure of tumor cells roots the heterogeneity. In 

the bulk of a tumor, three basic functional groups of cancer cells can be identified: the CSCs, the 

cancer progenitor cells, and the mature cancer cells. The CSCs are the minority in the whole cell 

population, with the ability of self-renewal and differentiating towards all other types of cancer 

cells in a tumor. CSCs share many characteristics with normal stem cells. One important 

characteristic is self-renewal. Depending on various micro-environmental signals, a CSC can 

divide and generate two daughter CSCs, or a daughter CSC and a progenitor cancer cell, or two 

progenitor cells. The daughter CSCs do not differentiate and keep all the features of the parent 

CSCs, whereas the progenitor cells will further divide and differentiate. Progenitor cancer cells 

are the fast dividing cancer cells, but they have reduced capacity of self-renewal and have a 

limited number of divisions. Although CSCs are usually in a quiescent state, they have the 

infinity number of divisions throughout the lifespan of the tumor [205].  

As early as in the 1950s, a study found that a certain subpopulation of cancer cells isolated from 

mouse peritoneal fluid showed specific karyotype [206]. In the 1960s and 1970s, more evidence 

revealed that a minor subpopulation of cancer cells demonstrated the characteristics of stem cells 

with self-renewal ability and the ability to differentiate into mature cancer cells [207-209]. The 

concept of CSCs was formed in the 1990s, as Lapidot et al. and Bonnet et al. identified a CD34+ 

CD38- subpopulation of cancer cells in acute myeloid leukemia (AML) and found these cells 
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were responsible for the initiation of derivative leukemia in immune-deficient mice. They also 

found that CD34+CD38+ or CD34- leukemia cells did not have tumor-initiating ability [210, 

211]. Subsequent studies identified CSC activities in almost all types of solid tumors, including 

prostate cancer, colon cancer, lung cancer, breast cancer, liver cancer, and pancreatic cancer 

[212-217]. In 2006, the definition of a CSC was given by American Association for Cancer 

Research (AACR) as “a cell within a tumor that possesses the capacity to self-renew and to cause 

the heterogeneous lineages of cancer cells that comprise the tumor” [218].  

CSCs are mainly characterized by its stemness (self-renewal) features, including the ability to 

form tumor spheres in vitro, to initiate tumor in vivo, and the upregulation of stemness-related 

pathways and molecules (e.g. SHH pathway and Nanog). Moreover, studies have shown that 

CSCs played essential roles in drug resistance, tumor metastasis, and recurrence [219-221]. In 

breast cancer and pancreatic cancer, the CD44+ subpopulation demonstrated enhanced metastatic 

ability [215]. Isolated CD44+/CD24- breast CSCs were able to initiate primary tumors in an 

orthotopic site and subsequently generate lung metastasis [222]. In pancreatic cancer, orthotopic 

implantation of CXCR4+/CD133+ pancreatic CSCs produced distant liver metastasis [223].   

The connection of CSCs and EMT is also shown by the existing of circulating tumor cells 

(CTCs). Studies showed that CTCs is correlated with tumor metastasis and prognosis in a variety 

of solid tumors, including metastatic breast cancer, colon cancer, and prostate cancer [224-226]. 

CTCs have CSC activity and features. Isolated CTCs from melanoma patients were shown to 

initiate metastasis in vivo [227]. CTCs isolated from breast cancer patients also demonstrated 

enriched CD44+CD24- CSC phenotype [228]. It is hypothesized that CSCs in a primary tumor 

can enter the circulation and then become circulating CSCs, which is a critical subset of CTCs. 

However, it is not clear yet whether CTCs directly contribute to the formation of metastatic 



37 
 

lesion or are simply an indicator of tumor progression and metastasis. The relationship of CSCs 

and CTCs remains to be determined.  

The mechanisms by which CSCs become drug resistant are not well understood yet. Mechanisms 

could include upregulation of ATP-binding cassette (ABC) transporters, such as ATP-binding 

cassette super-family G member 2 (ABCG2), or ATP-binding cassette sub-family B member 1 

(ABCB1 or MDR1), which enhance the efflux of chemotherapeutic drugs from the cytosol [229-

231]. The drug resistance may also be due to the quiescent status of the CSCs, as most 

chemotherapy and radiation therapy target fast-dividing cells [232]. Other properties may also 

contribute, such as overexpressed detoxifying enzymes, enhanced DNA repair ability, and 

overexpression of anti-apoptotic proteins [220]. The existing of drug-resistant CSCs in the tumor 

may lead to the failure of chemotherapy and radiation therapy. Investigating the mechanisms of 

drug resistance related to CSCs is necessary and could provide valuable information to design 

novel therapeutic approaches.  

There are still many gaps of knowledge in the origin and biology of CSCs. Currently, there are 

two major hypothetical theories to explain the origin of CSCs. In the “embryonal rest theory”, 

CSCs are thought to be derived from the embryonal resting normal stem cells (NSC). Several 

experiments showed that the genetic nutation in NSCs led to neoplastic growth [233, 234]. It was 

also reported that glioma in a patient receiving fetal neural stem cell transplantation was 

identified as a donor origin rather than host origin, suggesting that dysregulated NSCs can grow 

into tumors [235]. There are also studies in hematological malignancies showing that CSCs 

coming from transformed bone marrow derived cells (BMDCs) [236]. However, emerging 

evidence has shown that CSCs may be derived from the progenitor or differentiated mature 

cancer cells [205, 223, 237, 238]. In the “dedifferentiation theory”, progenitor or mature cancer 
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cells undergo mutations to regain the property of self-renewal [239]. This theory emphasizes the 

plasticity of cancer cells in dedifferentiating into a stem-like status, regulated by signals in the 

microenvironment (niche) and likely through EMT process [240, 241].  

In order to identify and study CSCs, multiple cell markers have been used. There have been no 

universal markers to pinpoint all CSCs in different tumors. Instead, combinations of CSC 

markers have shown the ability to identify a subpopulation of cells with significantly increased 

stemness features. Multiple cell surface antigens have been used as CSC markers. In solid 

tumors, CSCs were first isolated from breast cancer cells. A CD44+ CD24- subpopulation of 

breast cancer cells demonstrated higher tumorigenic ability compared to the rest of the breast 

cancer cells [215]. Thus CD44+CD24- were identified and now commonly used as CSC markers 

for breast cancers. The upregulation of CD44 was then found to be associated with enriched CSC 

population in prostate cancer and pancreatic cancer [212, 217]. Many other cell surface antigens 

have also been identified as CSC markers, such as CD133 (liver cancer, breast cancer, brain 

cancer, lung cancer, pancreatic cancer), CD166 (colon cancer, lung cancer), CXCR4 (pancreatic 

cancer, glioma), and leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5, liver 

cancer, gastric cancer, pancreatic cancer) [242-245]. The embryonic stem cell related Yamanaka 

factors can also be used as CSC markers, including octamer-binding transcription factor 4 

(OCT4), sex determining region Y-box 2 (SOX2), Kruppel-like factor 4 (KLF4), and c-Myc 

[246-248]. Aldehyde dehydrogenase 1 (ALDH1) is another CSC marker normally used in breast 

cancer and leukemia. The increased activity of ALDH1 has been demonstrated to be correlated 

with increased tumorgenicity in chronic myelogenous leukemia (CML) [249]. However, ALDH 

does not seem to be a CSC marker in prostate tumors [250]. Besides these markers, cell-

permeable dyes are able to indicate a side population that exhibits similar characteristics as 
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CSCs, as CSCs have enhanced efflux due to upregulated ABCG2 transporters. Therefore, the 

side population is also used in studies of CSCs. For example, the staining of a cell‐permeable 

DNA binding fluorophore dye, DyeCycle™ Violet (DCV), has been used as an indicator of CSC 

side population (DCV- cells) in A549 and H460 lung cancer cells [251].  

In pancreatic cancer, Li et al demonstrated that the CD44+/CD24+/EpCAM+ subpopulation in 

patient-derived xenograft (PDX) tumor samples consisted less than 1% of whole pancreatic 

cancer cell population and possessed the abilities of self-renewal and producing differentiated 

progenitor cancer cells and had increased expression of the sonic hedgehog signaling [217]. 

There was a 100-fold increase in tumorigenicity of CD44+/CD24+/EpCAM+ pancreatic cancer 

cells compared with the CD44-/CD24-/EpCAM- cells. As few as ~100 of the 

CD44+/CD24+/EpCAM+ cells initiated tumors in nude mice with indistinguishable histological 

features to the original human tumors [215, 217]. Other studies found that a widely used CSC 

marker in different types of cancer, CD133, was also upregulated in pancreatic CSCs, 

accompanied with significantly increased tumorigenicity [252, 253]. Therefore, 

CD44+/CD24+/CD133+/EpCAM+ cell population is a reliable combination of markers to 

identify and isolate pancreatic CSCs [254]. Many studies used CD44+/CD24+/EpCAM+ to 

identify pancreatic CSCs. 

 

1.3.2. CSCs and EMT 

Numerous studies revealed that EMT and CSCs are highly correlated in many ways. Firstly, 

tumors with enriched CSCs show higher metastatic ability with upregulated EMT-TFs and EMT-

related molecules. The inhibition of CSCs led to the inhibition of metastatic ability and EMT 

features [219, 255]. On the other hand, induction of EMT increased the number of CSCs and 
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enhanced tumor initiation ability [241]. Inhibition of EMT-TFs inhibited both EMT and 

stemness features, such as tumor sphere formation ability and tumorigenicity in vivo [256]. 

Furthermore, EMT and CSCs share many regulating signaling pathways, such as Wnt signaling 

pathway and Notch signaling pathway. The suppression of these pathways impairs both EMT 

progression and CSC features in tumors.  

Tumors with enriched CSC population have upregulated EMT-related molecules and have 

increased metastatic abilities. The CD44+CD24-ALDH+ CSC population from head and neck 

cancer patients demonstrated promoted EMT progression with increased expression of Snail and 

Vimentin, and suppressed expression of E-cadherin [257]. Similarly, the CD44+ CSC population 

of H1299 NSCLC cells has increased EMT features with upregulated N-cadherin and Vimentin 

[258]. In pancreatic cancer cells, a study showed that CD133 facilitated EMT progression by 

modulating the expression of Slug and N-cadherin [259]. The PANC-1 tumor spheres were 

reported to have enhanced EMT progression with decreased E-cadherin and increased N-

cadherin [260].  

The Induction of EMT helps maintain the stemness feature in CSCs. The activation of EMT, 

induced by TWIST1, Snail, or TGF-β, induced enrichment of CD44+/CD24- population in 

human mammary epithelial cells HMLER, and increased tumorigenicity of the cells [261, 262]. 

In breast cancer patient tissues, a metaplastic, low Claudin and low E-cadherin “EMTed” 

subtype had an enriched CD44+/CD24- population [263]. The silencing of Snail expression in 

pancreatic cancer cells decreased an ALDH+ side population and impaired the tumorigenicity in 

vivo [264]. The inhibition of EMT by targeting EMT-TFs also leads to the inhibition of CSCs. 

Studies have shown that the inhibition of ZEB1 and Snail led to the inhibition of CSC population 
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and tumorigenicity in several cancer types, including colorectal cancer and pancreatic cancer 

[265-267].  

 

1.3.3. The signaling pathways in CSCs 

Several cellular signaling pathways that drive and maintain the stemness in CSCs have been 

identified, of importance are Wnt signaling pathway, JAK/STAT signaling pathway, Hedgehog 

signaling pathway, and Notch signaling pathway. 

The Wnt signaling pathway and the Notch signaling pathway 

In the canonical Wnt signaling pathway, nuclear β-catenin is the key to regulate the stemness 

feature in CSCs. Studies have shown that increased levels of β-catenin enhanced the tumor 

sphere formation capacity in gastric cancer cells [268]. Activation of the canonical Wnt signaling 

pathway also upregulated the expression and activity of Telomerase, which is a pivotal factor in 

controlling stem cells and cancer progression [269]. The constitutively activated Wnt signaling 

has been shown to be essential to maintain stemness feature, including tumor sphere formation, 

enriched side population in vitro, and tumorigenicity, CSC phenotype (CD44+OCT+) in vivo, in 

gastric cancer cell lines [268].  

Inhibition of Wnt signaling has the potential to inhibit EMT progression and stemness features in 

cancer. Currently, several Wnt signaling inhibitors have been developed and are undergoing 

clinical testing in conjunction with chemotherapies. PRI-724 is a first-in-class small molecule 

inhibitor for the canonical Wnt signaling pathway. Several other small molecule Wnt signaling 

inhibitors, such as SM08502 and CGX1321, has also been identified. Early phase clinical trials 
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are current on going to evaluate the safety and efficacy of SM08502 and CGX1321 on advance 

solid tumors [NCT03355066, NCT03507998, NCT02675946]. 

It has been revealed that pancreatic CSCs expressed higher levels of Notch-1, compare with the 

no-CSC population or the whole cancer cell population [270]. The activation of Notch signaling 

by exogenous Notch ligands induced the enrichment of CSC population and promoted the tumor 

sphere formation in pancreatic cancer cells. Consistently, the inhibition of Notch signaling by 

either γ -secretase inhibitors or Hes1 shRNA led to the inhibition of CSC population and 

tumorgenicity in vitro and in vivo [197]. The upregulated Notch expression was also correlated 

with poor survival and poor prognosis in PDAC patients [271]. As Notch signaling is involved in 

both EMT progression and CSCs, the activation of Notch signaling in pancreatic cancer has been 

shown to promote cell proliferation, migration and tumorigenicity [197, 272]. Currently, the 

Notch signaling inhibitors are mainly targeting γ -secretase. For example, a γ -secretase inhibitor, 

RO4929097, is undergoing multiple clinical trials on pancreatic cancer [NCT01232829], colon 

cancer [NCT01116687], melanoma [NCT01196416] and sarcoma [NCT01154452] for its safety 

and efficacy.  

The JAK/STAT Pathway 

The JAK/STAT signaling pathway contains the Janus kinase (JAK1-3 and TYK2), the signal 

transducer and activator of transcription proteins (STAT1-4, STAT5A, STAT5B, and STAT6) 

and cytokine receptors [273]. In response to the binding of multiple extracellular ligands, such as 

chemicals and cytokines, the cytokine receptors dimerize and bring the receptor-associated JAKs 

into proximity. The receptor-associated JAKs then phosphorylate each other on tyrosine residues 

in their activation loops, leading to the activation of their kinase activity. The activated JAKs 
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phosphorylate tyrosine residues on the cytokine receptors, leading to the generation of docking 

sites for STATs. STATs bind to the phosphorylated tyrosine on the receptor and then are 

phosphorylated by JAKs, resulting in the dissociation of JAKs from the receptor docking sites 

and the hetero- or homodimerization of phosphorylated STATs. Like many other transcription 

factors, dimerized STATs translocate into the nucleus and then serve as transcription factors in 

association with other coactivators, such as CBP/P300 complex and HATs [274, 275]. 

Studies have shown that the activation of JAK/STAT signaling pathway helped maintain the 

stemness features in different types of cancer. In breast cancer cells, the activation of JAK/STAT 

signaling pathway resulted in an enrichment of CD44+CD24- CSC population [276]. The 

activation of JAK/STAT signaling pathway was also detected in the CD133+/CD44+ prostate 

CSC population while they were forming the tumor spheres [277]. On the other hand, CSC 

population exhibited upregulated JAK/STAT activation. The colon CSC (ALDH+/CD133+) 

population exhibited an enhanced expression of STAT3 phosphorylation, compared with both 

ALDH-/CD133-cells population and unsorted whole cell population, indicating the upregulation 

of JAK/STAT signaling pathway in CSCs [278, 279]. Consistently, the inhibition of STATs was 

shown to inhibit the clonogenicity and tumorigenicity in prostate cancer [280]. In pancreatic 

cancer, the inhibition of JAK/STAT pathway led to decreased Mucin 4 expression in Capan1 and 

CD18/HPAF cells, resulting in suppression of cell proliferation and metastasis [281].  

Targeting JAK/STAT pathway is a promising strategy to inhibit CSCs and tumor metastasis. 

Several STAT inhibitors have been developed and tested in pre-clinical and clinical trials. 

Niclosamide is a selective inhibitor on phosphorylation of STAT3 and has no obvious inhibitory 

effects against the activation of other STAT family proteins, such as STAT1 or STAT5. Recent 

studies have demonstrated that niclosamide inhibited proliferation, metastasis, drug resistance, 
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and radioresistance in various types of cancer, including breast cancer, ovarian cancer, lung 

cancer, and hepatocellular cancer [282-288]. Interestingly, the JAK/STAT is a shared signaling 

pathway by EMT, thus the inhibition of JAK/STATS signaling pathway has the potential to 

inhibit both EMT and CSCs. Indeed, niclosamide also reversed EMT in breast cancer cells 

through the suppression of IL-6/STAT3 signaling axis [285]. Currently, multiple phase I/II 

clinical trials are underway to evaluate the effect of niclosamide in colon cancer (NCT02687009) 

and prostate cancer (NCT02532114, NCT03123978, NCT02807805). In addition, clinical trials 

have been conducted with another JAK1/2 inhibitor, Ruxolitinib. Current results only 

demonstrated modest effects of Ruxolitinib on breast cancer, colon cancer, and pancreatic cancer 

(NCT02955940, NCT01423604).  

The hedgehog signaling pathway 

The hedgehog (HH) signaling pathway is crucial in generating specialized cells and maintaining 

the proper cell differentiation during development. Three hedgehog homologs have been 

identified in mammals, including desert hedgehog (DHH), indian hedgehog (IHH) and sonic 

hedgehog (SHH) [289]. The SHH is the best-studied hedgehog homolog in the vertebrates. The 

~45 kDa SHH precursor is autocatalytically processed to produce an ~20 kDa N-terminal 

signaling domain (SHH-N) with signaling activity. The SHH-N is then secreted from its 

producing cell and serves as a paracrine SHH ligand on adjacent cells with the participation of 

protein Dispatched (DISP). The binding of SHH-N with Patched-1 or Patched-2 (PTCH1 or 

PTCH2) receptor relieves the inhibition of cell surface protein Smoothened (SMO), which is 

repressed by the PTCH receptor in the absence of SHH ligands. The relieving of SMO inhibition 

further leads to the activation of SHH transcriptional factors, GLI family zinc finger proteins 

(GLIs), including activators CLI1, GLI2, and repressor GLI3 [290]. Similar to many other 
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transcription factors, the activated GLIs translocate into the nucleus and then regulate the 

transcription of SHH target genes, such as CCND1 and P21, with the assistant of other 

coactivators or corepressors. 

Dysregulation of SHH signaling has been found in most cancers. SHH signaling activates the 

expression of many genes involved in cell proliferation, differentiation, invasion, and survival. 

GLI1 and GLI2 have been proved to directly activate the transcription of NANOG, which is a 

major CSC-related transcription factor, thus enhance the self-renewal and stemness potential in 

medulloblastomas [291]. In highly invasive and aggressive glioblastoma, the stemness genes 

(e.g. OCT4, NANOG, SOX2, and BMI1) were found upregulated with the activation of SHH 

signaling through CLI1 [292]. The activation of SHH signaling in pancreatic CSCs is also 

significantly higher than non-CSC population, indicating that SHH helped maintain the self-

renewal ability in pancreatic CSCs [293].Consistently, the inhibition of SHH signaling leads to 

the inhibition of stemness features in different types of cancer. It has been shown that the 

inhibition of SHH signaling preferentially enhanced the sensitivity of CD133+ glioma cells to 

temozolomide treatment [294]. Pharmacological inhibition of SHH signaling also inhibited the 

CSC population in anaplastic thyroid cancer cells and inhibited the expression of stemness genes, 

such as NANOG, CD44, and OCT4, in colon CSCs [295, 296]. In pancreatic cancer, the 

inhibition of SHH signaling resulted in reduction of stemness features via BMI1 downregulation 

and reduction of chemoresistance by downregulating the expression of ABCG2 [297].  

Inhibitors targeting SHH signaling pathway factors, such as SHH and SMO, were developed and 

tested in several clinical trials. Vismodegib, a SHH inhibitor, was a “first in the class” drug 

approved by FDA for basal cell carcinoma in 2012. Currently, this drug is undergoing several 

clinical trials on prostate cancer (NCT02115828), ovarian cancer (NCT00959647) and pancreatic 
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cancer (NCT01088815, NCT01537107, NCT01195415). The combination of vismodegib with 

gemcitabine inhibited the percentage of CD44+/CD24+/EpCAM+ population from 4.79% to 

3.09% with a 30-days treatment, indicating the suppression of CSCs in the advanced pancreatic 

cancer patients (NCT01195415). Vismodegib and other SHH inhibitors are worth further 

investigation to serve as new therapeutic strategies in pancreatic cancer management. 

In summary, the enriched CSCs in pancreatic cancer contribute to the metastasis and chemo-

resistance, which are major challenges in pancreatic cancer management. The development of 

CSC inhibitors is urgent and necessary. Considering the technical limitations to pinpoint CSCs 

for drug discovery, the development of CSC inhibitors by targeting on EMT-TFs and EMT-

related molecules could be an alternative and effective way. The close relationship between EMT 

and CSCs provide a strategy to inhibit both EMT and CSCs, ultimately leading to the inhibition 

of tumor metastasis and chemo-resistance. 
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1.4. Post-transcriptional regulation in pancreatic cancer EMT and CSCs 

In eukaryote cells, the genetic information usually flows from DNAs to RNAs, then to proteins. 

mRNAs are the major genetic information carriers between DNAs, the primary genetic 

information carrier, and proteins, the ultimate functional units. After transcription, mRNAs 

undergo a series of processes before proteins are translated. The post-transcriptional regulation is 

the regulatory method in mRNA processing, which kicks in between the transcription and 

translation. Post-transcriptional regulation is mainly conducted by RNA binding proteins (RPBs), 

which involved in various steps in mRNA processing, such as alternative splicing, mRNA 

capping, polyadenylation and mRNA turnover. Another important post-transcriptional regulator 

is microRNAs (miRNAs) [298].  

Depending on the genetic cause of regulatory changes, the gene regulation can be categorized 

into two categories. The cis-regulatory elements, including promoters, enhancers, silencers, 

adenylate-uridylate-rich elements (AU-rich elements or AREs), are usually non-coding DNA or 

RNA sequences contained within the genes being regulated. The trans-regulatory elements, 

including transcription factors, miRNAs, RBPs, are usually diffusible molecules that can regulate 

the expression of unlinked genes through binding to the cis-elements. Both miRNAs and RBPs 

are trans-regulatory elements and exert their function by binding to cis-regulatory elements, such 

as AREs. 

Studies have shown that the regulation of EMT and CSCs is controlled at both transcriptional 

level and post-transcriptional level. Several post-transcriptional regulators have been found to be 

correlated with PDAC carcinogenesis, metastasis and prognosis.  
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1.4.1. micro-RNAs in pancreatic cancer EMT and CSCs 

A microRNA (miRNA) is a small non-coding RNA molecule (containing about 22 nucleotides) 

found in plants, animals, and some viruses, which functions in RNA silencing and post-

transcriptional regulation of gene expression. miRNAs regulate the expression of ~ 60% of 

protein coding genes of the human genome [299]. miRNAs function via base-pairing with target 

sequences in the 3’ untranslated region (3’UTR) of mRNAs [300]. In animals, the base-pairing 

between miRNAs and mRNAs are not complete complementary, instead, the base-pairing 

between a highly conserved 6-8 nucleotides “seed” sequence near the 5′ of the miRNAs and the 

3’UTR of mRNAs is required for the specific binding of miRNA with mRNAs [301]. The 

binding then recruits an RNA-induce silencing complex (RISC) to form a microRNA 

ribonucleoprotein complex (miRNP), which containing several proteins, such as RNase III Dicer 

and Argonaute, to exert endonuclease activity [302]. The miRNAs silence the mRNAs by 

translational suppression or inducing mRNA degradation [303, 304].  

miRNAs are conserved and are thought to be a essential component in genetic regulation. Recent 

research shows that miRNAs play important roles in cancer metastasis and EMT [305]. Different 

micro-RNAs can achieve their specific regulatory functions by serving as either onco-miRNAs 

or tumor suppression miRNAs. An important tumor suppression miRNA family involving in 

cancer metastasis regulation is miR-200 family. miR-200 family directly targets ZEB1 and ZEB2 

mRNAs, suppresses their expression, and consequently reliefs their suppression on E-cadherin 

expression [306]. By these mechanism, miR-200 family inhibits EMT and leads to the inhibition 

of tumor metastasis. Upregulation of miR-200 reversed EMT and induced gemcitabine 

sensitivity in gemcitabine-resistant PDAC cells [307]. However, the boundary of onco-

microRNAs and tumor suppressor microRNAs is not absolute. In some circumstances a tumor 



49 
 

suppressor miRNA can become an onco-miRNA. For example, the tumor suppressor miR-200 

has also been shown to promote the last step of metastasis, in which migrating cancer cells 

undergo mesenchymal-epithelial transition (MET) during their colonization at distant organs 

[308, 309]. By using a series of isogenic cell lines from mouse mammary carcinoma, Dykxhoorn 

DM et al. demonstrated that the miR-200 family was highly expressed only in the metastatic 

cells (4T1 cells) but not in the non-metastatic cells, which are unable to colonize (4TO7 cells), 

invasion and intravasation (67NR), and extravasation (168FARN). The overexpression of miR-

200c in both metastatic 4T1 cells and non-metastatic 4TO7 cells promoted MET and 

colonization in both primary site (mammary fat pad) and metastatic site (lung) [308, 310]. 

miRNAs regulate tumor metastasis not only by inhibition of EMT, but also by other 

mechanisms. For example, another tumor suppressor miRNA, miR-34, inhibited the expression 

of Sirtuin 1, leading to an increase in p53 acetylation and increased expression of p21 and p53 

upregulated modulator of apoptosis (PUMA) [311]. Both p21 and PUMA are transcriptional 

targets of p53 and regulate the cell cycle and apoptosis, respectively. Thus, the up-regulation of 

miR-34 induces cancer cells apoptosis and cell cycle arrested, which can also inhibit cancer 

metastasis.  

Taken together, miRNAs are post-transcriptional regulators by modulating mRNA translation 

and degradation. Recent studies also revealed that crosstalk between miRNAs and RBPs are 

important to regulate mRNA biology, which are discussed in Chapter 1.4.2. 
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1.4.2. RNA-binding proteins (RBPs) and ARE binding proteins (AUBP) in pancreatic 

cancer EMT and CSCs 

There are many RBPs with diverse functions. To exert the RNA-binding function, RBPs contain 

one or multiple RNA-recognition and binding domains, including RNA-binding domain (RBD, 

also known as RNA recognition motif, RRM), K-homology (KH) domain, RGG (Arg-Gly-Gly) 

box, SAM domain, zinc finger (ZnF), double stranded RNA-binding domain (dsRBD), cold-

shock domain, and the Piwi/Argonaute/Zwille (PAZ) domain [312, 313]. The large numbers of 

RBPs in eukaryotes enable a highly specific post-transcriptional process to orchestrate gene 

expressions. RBPs exert their function in almost every aspect of RNA biology, including pre-

mRNA splicing, polyadenylation, RNA capping, RNA transporting, RNA localization, RNA 

translation and RNA turnover [314]. In this section, we mainly focus on the RBPs that recognize 

the AREs in the 3’UTR of mRNAs (ARE binding proteins or AUBPs), which mainly regulate 

the RNA turnover. 

In general, AUBPs exert their biological function through binding to the AREs in target mRNAs. 

AREs are typically 50-150 nucleotides present within 3′ UTRs of short-lived mRNAs of 

cytokines, proto-oncogenes, and growth factors. AREs has been identified in ~8% of human 

genes, indicating that AUBPs are crucial in gene regulation and must be tightly regulated [315-

317]. AREs are one of the cis-regulatory elements responsible for rapid degradation of short-life 

mRNAs. Currently, three classes of AREs have been identified. Class I AREs have dispersed 

AUUUA motif in the context of U-rich sequence. Class II AREs have overlapped AUUUA 

motifs in the context of U-rich sequence. Class III AREs are U-rich only without AUUUA 

pentamers [318]. 
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AUBPs function as trans-regulatory elements by recognizing and binding to the cis-regulatory 

elements, usually AREs, of target mRNAs. The binding of AUBPs relies on the RNA-binding 

domains, typically the RRMs. The canonical RRMs fold into an αβ sandwich structure with four 

anti-parallel β-sheets and two α-helix packed against the β-sheets. The RNA binding residues, 

namely RNP 1 and RNP 2, are located in the central strands of the β‐sheet and are highly 

conserved in different RRMs [319, 320]. The β‐sheet surface of an RRM can bind to four to six 

nucleotides; thus, the recognition and binding of a longer mRNA requires the formation of a 

binding pocket by several RRMs [321]. Recent studies revealed that RRMs also involved in 

protein-protein interactions, typically leading to the AUBP homodimerization when bind to 

target mRNAs [322]. 

The AUBPs regulate the expression of target genes by influencing mRNA degradation, 

stabilization and/or translation. Thus, the AUBPs can be further characterized into degradation 

factors, such as AU-binding factor 1 (AUF1), Tristetraprolin (TTP), KH domain-slicing 

regulatory protein (KSRP), stabilization factors, such as human antigen R (HuR), and 

translational control proteins, such as T-cell intracellular antigen 1 (TIA-1) and TIA-1 related 

protein (TIAR). The functional classification is not absolute. For example, the mRNA 

stabilization factor, HuR, can also inhibit translation of target mRNAs by recognizing and 

binding to the internal ribosome entry site (IRES), which mediates the cap-independent 

translation, on the 5’UTR of a small subset of target mRNAs [64]. Here, we mainly focus on one 

of the most studied AUBPs, HuR. 

Human antigen R (HuR)  
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The human antigen R (HuR), also known as embryonic lethal abnormal vision-like protein 1 

(ELAVL1), belongs to the ELAVL/Hu proteins family, which is composed of four highly 

conserved members: the neuron specifically expressed HuB/ELAVL2, HuC/ELAVL3, 

HuD/ELAVL4, and ubiquitously expressed HuR/ELAVL1 [323, 324]. HuR is consisted of three 

highly conserved canonical RRMs, with RRM1 and RRM2 on the N-terminal, and RRM3 on the 

C-terminal. RRM1 and RRM2 are most conserved motifs across Hu family proteins and function 

in tandem to bind to the AREs in the 3’UTR of target mRNAs [324, 325]. The role of RRM3 is 

less clear. Recent studies revealed that the RRM3 is a multifunction domain that involved in 

HuR homodimerization and HuR-mRNA interaction [326]. A 60-residue basic hinge domain is 

located in between of the RRM1/RRM2 and RRM3. The HuR nucleocytoplasmic shutting 

sequence (HNS) within the hinge domain is required for translocation of HuR between nucleus 

and cytoplasm, in cooperating with several transport machinery components, such as exportin-1 

(XPO1, CRM1), transportins, and importins [323, 327]. The cytoplasmic localization is required 

for HuR to exert its mRNA stabilizing ability.  

HuR is usually considered as an mRNA stabilizer by protecting a large numbers of target 

mRNAs from degradation, which encode proteins involved in various pathologies, especially 

inflammation and cancer [328] (Fig. 1.6). For example, HuR has been proved to directly bind to 

the mRNAs of CCND1, CDKN1A, TGFB1, VEGFA, COX2, and MMP9 [329-333]. Interestingly, 

HUR mRNA has been proved to be stabilized by HuR protein itself via the binding of HuR with 
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the AREs in HUR mRNA, indicating a positive feedback loop of HuR expression when cells are 

attempt to survival under stimulation conditions [334, 335].  

 

Figure 1.6 The various functions of HuR in cancer-related events [329]. HuR exerts its 

function by regulating the stability or translation of target mRNAs involved in cancer-related 

events. Up arrows demonstrate that the proteins were upregulated, or the drugs were sensitized 

with increased HuR, vice versa. 

Reprinted from an open access article (CC BY-NC-SA 3.0) without adaptions: Wang, J., et al., 

Multiple functions of the RNA-binding protein HuR in cancer progression, treatment responses 

and prognosis. Int J Mol Sci, 2013. 14(5): p. 10015-41 

Creative Commons License https://creativecommons.org/licenses/by-nc-sa/3.0/ 

 

https://creativecommons.org/licenses/by-nc-sa/3.0/
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The exact mechanisms by which HuR protects its target mRNAs from rapid degradation are not 

well understood yet. The competitive binding of HuR against other AUBPs, especially RNA 

decay AUBPs, to the same AREs may be an explanation. RNA decay AUBPs, e.g. tristetraprolin 

(TTP), exert the mRNA decay function thought the recruitment of deadenylation complexes. In 

mammalian cells, three major deadenylation complexes has been identified: the Ccr4/Caf1/Not 

(Caf1) complex, the poly A-specific ribonuclease (PARN) complex, and the Pan2/Pan3 complex 

[336, 337]. TTP recruits the Caf1 deadenylation complexes when binds to target AREs, and then 

conducts a 3’-5’ RNA decay in the exosomes or a 5’-3’ Xrn1-dependent RNA decay in the 

processing-bodies (P-bodies) [338, 339]. The binding of HuR to target mRNAs blocks the 

binding of RNA decay factors, such as TTP, AUF-1, or microRNAs, disrupting the recruitment 

of mRNA degradation complexes, such as exosomes, p-bodies, or RISCs [335, 340].  

HuR also serves as a translational promoter or suppressor. HuR has been shown to promote the 

translation of hypoxia-inducible factor-1α (HIF-1α), X-linked inhibitor of apoptosis protein 

(XIAP), and B-cell lymphoma 2 (BCL-2) [341-343]. The mechanisms of this promoted 

translation by HuR are not clear yet, and apparently independent of mRNA stabilization. Several 

studies indicated that the HuR-associated inhibition of other translational repressors, such as 

TIA-1 and microRNA/RISCs, may cause the translational upregulation of target mRNAs [344, 

345]. Less commonly, HuR can also serve as a translational suppressor. In these circumstances, 

HuR binds to the 5’UTR, instead of the 3’UTR, of a mall subset of target mRNAs, such as 

CDKN1B, THBD, and IGF1R mRNA, by recognizing the IRES sequence. The binding of HuR 

with IRES inhibits the assembly and initiation of both cap-dependent and cap-independent 

translation machinery, resulting in the translationally repression of target mRNAs [346-349]. 

HuR can also bind to the 3’UTR and recruit a let-7/RISC complex to inhibit mRNA translation 
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[350]. In summary, HuR exerts its trans-regulatory element effects in several ways, usually 

leading to the stabilization of target mRNAs, which encode proteins involved in cancer and other 

pathological events.  

The abundance and localization of HuR in cells are tightly controlled. As a pivotal factor in 

response to stimulations, the abundance of HuR is regulated on transcriptional level, post-

transcriptional level, translational level and post-translational level. Studies have shown that the 

activation of PI3K/AKT signaling pathway or the overexpression of Smad1 protein promoted the 

transcription of HUR mRNA [351, 352]. On the post-transcriptional level, several miRNAs, such 

as miRNA-570-3p, miRNA-519, and miRNA-125a, have been proved to inhibit HuR expression 

through the nucleotides specific binding and the recruitment of RISCs [353-355]. The 

degradation of HuR was mediated by ubiquitination at residue lysine-182 followed by 

proteasome-mediated proteolysis. This heat shock induced ubiquitination process was 

antagonized by the phosphorylation of HuR by checkpoint kinase 2 (CHK2) [356].  

HuR is predominantly in the nucleus (>90%), however, the nuclear function of HuR is largely 

unknow, except for a proposed function in pre-RNA splicing [357, 358]. The cytoplasmic 

localization is necessary for HuR to modulate the expression of target mRNAs [324, 359]. In 

general, the post-translational modifications, usually phosphorylation, of residues within the 

HNS determine the intracellular localization of HuR. For example, phosphorylation of HuR at 

serine-158 and serine-221 by protein kinase c-α (PKC-α) promoted the cytoplasmic translocation 

of HuR and enhanced the binding affinity of HuR to COX2 mRNA in response of ATP treatment 

[360]. On the contrary, the phosphorylation of HuR by cyclin-dependent kinase 1 (CDK1) at 

serine-202 induced nuclear HuR accumulation during cell cycle phase G2 [361]. The 

phosphorylation in the residues within RRMs impairs the RNA binding and regulatory abilities 
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of HuR. For instance, the phosphorylation of HuR by CHK2 at serine-88, serine-100, and 

threonine-118, which are all located within RRM1/RRM2, impaired the binding affinity of HuR 

to SIRT1 mRNA in response to oxidative stress [362]. Taken together, the expression and 

localization of HuR is orchestrated by multiple factors, indicating the vital role of HuR in post-

transcriptional regulation.  

HuR has been found to be abundant and primarily located in the cytoplasm in pancreatic cancer 

patients [363]. The overexpression and cytoplasmic localization of HuR were thought to be a 

response of PDAC to microenvironmental stressors, such as chemotherapy, hypoxia, and nutrient 

deprivation [364, 365]. PDAC has high level of hypoxia, which is one of the reasons for 

chemoresistance. Recent studies showed that HuR regulated the hypoxia-induced 

chemoresistance by stabilizing the mRNA of proto-oncogene PIM1 in pancreatic cancer cells. In 

chronic hypoxia condition, HuR translocated from the nucleus into the cytoplasm and bound to 

the 3’ UTR of PIM1 mRNA, which is a prominent chemoresistant factor by phosphorylating and 

inactivating apoptotic factors, such as bcl-2-associated death promoter (BAD). Inhibition of HuR 

significantly sensitized pancreatic cancer cells to oxaliplatin and 5-FU under physiologic low 

oxygen conditions [366]. In addition, HuR protected PDAC against nutrient deprivation and 

gemcitabine treatment by stabilizing isocitrate dehydrogenase 1 (IDH1), which is a nicotinamide 

adenine dinucleotide phosphate (NAPDH)-generating enzyme. The increased IDH1 minimized 

intracellular ROS, resulting in PDAC cell survival and chemoresistance [367]. However, an early 

study showed that overexpression of HuR sensitized pancreatic cancer cells to gemcitabine 

treatment by stabilizing deoxycytidine kinase (dCK), which is the key enzyme for gemcitabine 

metabolism and activation [363]. Several subsequent studies indicated that cytoplasmic 

localization of HuR also sensitized PDAC and breast cancer to 5-FU treatment through 
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stabilizing FOXO1 or dCK [368-370]. Even pancreatic cancer patients with high expression 

level of HuR may have better response to gemcitabine/5-FU treatment, there is no evidence that 

the overexpression of HuR can benefit pancreatic cancer patients. In fact, HuR level is associated 

with metastasis and poor prognosis. 

Cytoplasmic abundance of HuR has the potential to serve as a predictive marker for prognosis. In 

invasive ductal breast cancer patients, the abundance of cytoplasmic HuR was highly correlated 

with the high TNM grades, tumor size, and poor prognosis [371-373]. However, the prognostic 

role of HuR in pancreatic cancer is controversial. Early studies have shown that high cytoplasmic 

HuR level was correlated with advanced T stages, but was a favorable marker for the 

gemcitabine response and overall survival with gemcitabine treatment [363, 374]. Later, a large 

scale phase III clinical trial by the same group demonstrated that the disease-free survival (DFS) 

and overall survival (OS) of gemcitabine treated patients was not associated with cytoplasmic 

HuR expression [370]. Further studies are needed to validate HuR as a predictive and prognostic 

marker in pancreatic cancer. 

Numerous studies have revealed that the dysregulation of HuR is correlated with invasiveness, 

metastasis, EMT, and CSC features in various types of cancer. Cytoplasmic accumulation of 

HuR was significantly increased in tumors with lymphatic/vascular invasion compare with 

tumors without lymphatic/vascular invasion in bladder cancer, breast cancer, and colon cancer 

[375-377]. In osteosarcoma, knockdown of HuR repressed osteosarcoma cell migration, 

invasion, chemoresistance, and stemness (indicated by suppressed sphere formation and 

decreased OCT4 and Nanog), through the suppression of yes-associated protein 1 (YAP) 

activation [378]. In breast cancer cells, a β-catenin/HuR post-transcriptional machinery has been 

found to promote tumor growth and CSC phenotype in response to hypoxia, by stabilizing SNAI2 
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and CA9 mRNAs [379]. In pancreatic cancer, a study found that HuR silencing significantly 

impaired the malignant characteristics of PDAC cells, including migration, invasion, and sphere 

formation abilities [380]. However, the direct targets of HuR in PDAC malignance was not 

identified and validated in this study. In summary, HuR is considered to be a stress response 

factor of PDAC to conquer harsh tumor microenvironment, such as hypoxia, nutrient 

deprivation, and chemotherapy, resulting in the adaptive survival of PDAC cells. The inhibition 

of HuR holds the potential to inhibite PDAC proliferation, chemoresistance, invasion, and 

metastasis. 

Considering the importance of HuR in carcinogenesis, to date, many efforts has been made on 

the development of small molecule HuR inhibitors. MS-444 is the first in class HuR inhibitor, 

which mainly inhibit the HuR homodimerization. MS-444 was isolated from the culture broth of 

a bacterial strain KY7123 and was initially discovered as a myosin light chain kinase inhibitor 

[381]. MS-444 inhibits HuR homodimerization before RNA binding, and thus leads to the 

interruption of HuR trafficking and suppression of HuR cytoplasmic localization. MS-444 

exhibits activities in inhibiting tumor progression, tumorigenicity, and chemoresistance in 

several types of cancer. Blanco FF et al. found that MS-444 inhibited colon cancer cell 

proliferation in vitro and tumorigenicity in vivo by inhibiting HuR trafficking and cytoplasmic 

localization [382]. In malignant glioma, MS-444 inhibited the proliferation and invasion of 

highly chemoresistant brain tumor initiating cells (BTICs) [383]. In pancreatic cancer, MS-444 

inhibited an hypoxia-induced protein, PIM1, and significantly enhanced the sensitivity of PDAC 

cells to oxaliplatin and 5-FU treatment [366]. Several other HuR inhibitors have different 

mechanisms of action. Dihydrotanshinone-I (DHTS), which is a natural compound extracted 

form salvia miltiorrhiza, bound to the inter-domain region between RRM1 and RRM2 of HuR, 
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thus disrupted the binding of HuR with target mRNAs [384]. In colon cancer, DHTS inhibited 

the tumor sphere formation and tumor growth in an HuR dependent manner [385]. However, 

DHTS has paradoxical effects on HuR inhibition. DHTS only interrupted the HuR/mRNA 

complex with low AU-rich density mRNAs, whereas promoted the binding of HuR to high AU-

rich density mRNAs. Pyrvinium pamoate, an FDA-approved anthelminthic drug, is recently 

identified as a novel HuR inhibitor. Pyrvinium pamoate activated the AMP-activated 

kinase/importin α1 cascade, and thus inhibited CDK1 dependent HuR cytoplasmic localization 

[386].  

A recent fluorescence polarization assay based high-throughput screening of ~6000 compound 

was carried out by our collaborators, and successfully identified a cluster of potential HuR 

disruptors. In this study, Wu X et al. screened ~6000 compounds from an FDA-approved drug 

library and a KU Chemical Methodologies and Library Development Center (CMLD) compound 

library (www.cmld.ku.edu). The screen yields 38 positive hits. Among them, CMLD-2 was the 

most potent in HuR/mRNA disrupting. CMLD-2 also demonstrated cytotoxicity effects on colon 

cancer cells and pancreatic cancer cells. The IC50 of CMLD-2 on normal cells, WI-38, was 

significantly lower than it was in colon cancer and pancreatic cancer cells, indicating the 

potential of CMLD-2 to serve as a therapeutic agent against colon cancer and pancreatic cancer. 

Numerous other HuR disruptors, such as tanshinone mimics, quercetin and b-40, 

dehydromutactin, and okicenone are currently under investigation [387-390].   

Taken together, HuR has been considered as a novel and promising therapeutic target in cancer 

managements. However, there are still gaps of knowledge on how HuR is involved in the 

invasiveness and stemness features of PDAC. In addition, there is no success in HuR inhibitors 

in clinical trials for their anti-tumor effects. There is a need in developing novel HuR inhibitors 
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that directly interrupt the binding of HuR with its target mRNAs. The comprehensive 

investigation on the role of HuR in PDAC also benefits the development of HuR inhibitors for 

PDAC management. 
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Chapter 2. Statement of Purpose 
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The purpose of this study is to develop and investigate anti-tumor agents, including natural 

sourced products and synthetic small molecule compounds, on inhibiting pancreatic cancer EMT 

and CSCs in vitro and in vivo. We hypothesized that: 1) the inhibition of pancreatic cancer EMT 

and CSCs could inhibit pancreatic cancer metastasis and tumorgenicity; 2) The inhibition of the 

RNA binding protein HuR could contribute to the inhibition of pancreatic cancer EMT and 

CSCs. To test our hypothesis, we performed studies by focusing on the following specific aims. 

2.1. Specific aim 1: To investigate the anti-tumor effects of medical plant extracts on 

pancreatic CSCs in vitro and in vivo. (Chapter 4 and 5) 

Extracts of two traditional medical plants, Pao Pereira (Pao) and Rauwolfia vomitoria (Rau), 

were tested for their activities against pancreatic cancer cells. Their activities in inhibiting the 

CSC population were examined using in vitro and in vivo models.   

MTT assay was used to test the cytotoxicity of the two natural products on a panel of pancreatic 

cancer cell lines, including PANC-1, MIA PaCa2, AsPc-1, BxPc-3, and HPAF-2, and compared 

with immortalized normal fibroblast cells, MRC5. Tumor sphere formation assay and pancreatic 

CSC surface markers (CD24+CD44+EpCAM+) analysis were performed to test the effects of 

Pao and Rau on inhibiting pancreatic CSC population. A DCV staining-based flow cytometry 

cell sorting was developed to isolate a side population with enriched pancreatic CSCs (DCV- 

cells) from the whole cell population. The cytotoxicity of Pao and Rau on unsorted cells, non-

CSC-like cells (DCV+), and CSC-like cells (DCV-) was examined with MTT assay and tumor 

sphere formation assay. Western blot was utilized to examine the level of Nanog and nuclear β-

catenin as stem feature related proteins. Moreover, the expression of β-catenin downstream target 

genes and CSC-related genes was examined with RT-qPCR. In vivo tumorigenicity of pancreatic 
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cancer cells with the treatment of Pao or Rau was examined with a subcutaneous pancreatic 

cancer xenograft mouse model. 

2.2. Specific aim 2: To investigate the function of the RNA binding protein HuR in 

pancreatic cancer EMT and CSCs. (Chapter 6) 

Our working hypothesis is that HuR stabilizes the mRNAs of EMT and CSC-related genes, thus 

promotes pancreatic cancer EMT and CSCs. A loss-of-function model and a gain-of-function 

model were used to test our hypothesis. 

siRNA based HuR knockdown and CRISPR/Cas 9 HuR gene deletion were both performed as an 

in vitro model for a loss-of-function analysis. With this model, we tested cell migration, 

invasion, stemness features, and the level of EMT markers and EMT-TFs with following assays: 

wound healing assay and boyden chamber invasion assay were performed to test cell mobility, 

migration, and invasion. Tumor sphere formation assay was utilized to examine the stemness 

features. The level of EMT markers and EMT-TFs, including Claudin-1, Vimentin, ZO-1, and 

Snail was examined by using western blot and immunofluorescence staining.  

The restoration of HuR in HuR KO MIA PaCa2 cells was performed for a gain-of-function 

analysis. With this model, we tested cell migration ability, the level of EMT markers and EMT-

TFs by using wound healing assay and western blot.  

Ribonucleoprotein immunoprecipitation (RNP-IP) and RNA decay assay were then performed to 

examine the binding of HuR with target mRNAs. The binding motifs of target mRNAs were then 

examined with dual luciferase reporter assay. Nude mice with subcutaneously inoculated HuR 

KO MIA PaCa2 cells were utilized as an in vivo loss-of-function model. Tumorigenicity was 

then tested by evaluating tumor formation rate and tumor growth in this model.  
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2.3. Specific aim 3: To investigate the activity of a novel HuR inhibitor against pancreatic 

cancer EMT and CSCs. (Chapter 7) 

The working hypothesis is that pharmacological inhibition of HuR inhibits pancreatic cancer 

EMT and CSCs. We utilized a novel small molecule, namely KH-3, as a pharmacological 

inhibitor of HuR, to test our hypothesis.  

Given that KH-3 had a source coming from HDAC inhibitor structural derivatives, western blot 

was first used to test the residue HDAC inhibition effect of KH-3, compare with SAHA and MS-

175. Fluorescence polarization assay, alpha assay, and surface plasmon resonance assay were 

used to verify that KH-3 is an HuR inhibitor by directly binding to HuR and disrupting 

HuR/mRNA complex. The cytotoxicity of KH-3 on different pancreatic cancer cell lines, 

including PANC-1, MIA PaCa2, and BxPc-3, as well as an immortalized normal pancreatic 

ductal cell line, hTERT-HPNE was examined with MTT assay. Wound healing assay, boyden 

chamber invasion assay, and tumor sphere formation assay were utilized to test cell migration, 

invasion, and stemness features with KH-3 treatment. Western blot and immunofluorescence 

staining were applied to detect the expression of EMT signature proteins with KH-3 treatment. 

RNP-IP assay, RNA-decay assay, and dual-luciferase reporter assay were performed to test the 

disruption of HuR/mRNA binding with KH-3 treatment. In addition, a loss-of-target analysis was 

performed with wound healing assay as an in vitro model and subcutaneous xenograft mice as an 

in vivo model. The effects of KH-3 on pancreatic cancer progression and metastasis was tested in 

an orthotropic xenograft mouse model. 
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Chapter 3. Materials and Methods 
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3.1. Cell culture and cell viability assay  

Pancreatic cancer cell lines (PANC-1, MIA PaCA2, AsPC-1, HPAF-II, and BxPc-3) were from 

the American Type Culture Collection (Manassas, VA). An immortalized human pancreatic 

ductal epithelial cells line (hTERT-HPNE) was donated by Dr. Shrikant Anant at the University 

of Kansas Medical Center. An immortalized human lung epithelial cell line (MRC-5) were 

provided by Dr. Sitta Sittampalam at the National Center for Advancing Translational Sciences, 

NIH. All cells were sub-cultured in our lab in recommended media supplemented with 10% fetal 

bovine serum (FBS) (Sigma Aldrich, St. Louis, MO), 100 units/ml penicillin/streptomycin 

(Sigma Aldrich, St. Louis, MO) at 37 °C in a humidified 5% CO2 atmosphere.  

MTT assay was used for cell viability detection. Cells were plated into 96 well plates at a starting 

density of 3000 cells/well (for 72 hours treatment) or 5000 cells/well (for 48 hours treatment). At 

the end of treatment, the media was replaced with 120 µL/well fresh media containing 0.5 mg/ml 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma Aldrich, St. Louis, 

MO). The plates were incubated for 4 more hours at 37°C in a humidified 5% CO2 atmosphere. 

Formazan crystals were then dissolved by 100 µL/well DMSO. Cell viability was obtained by 

measuring the purple color at an absorbance wavelength of 570 nm on a micro-plate reader 

(BioTek, Winooski, VT).  

3.2. Wound healing assay (Scratch assay) 

Cells were seeded into 24-well plate and cultured to reach >90% confluence. Scratch was made 

by scraping a straight line in the central of cell monolayer with a 100 µL sterile pipette tip. Cells 

were washed immediately with sterile PBS to remove debris. Photographs were captured at 0 

hours of treatment, and multiple time points during the treatment, with 20x magnification. The 
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extent of wound healing was calculated by 100% - [(area of the remaining scratch at specific 

time point ÷ areas of original scratch at 0 hours) x 100%]. 

3.3. Matrigel invasion assay  

Cells were seeded into the boyden chambers (BD Biosciences, San Jose, CA) that were either 

pre-coated or not coated with 1 mg/ml matrigel (BD Bioscience, San Jose, CA), at 1 x 104 cells 

per chamber in 0.5% FBS containing media. Boyden chambers were then inserted into 24 well 

plates, with 10% FBS containing media outside the chamber as a chemo-attractor. At the 

indicated time points in each experiment, the remaining cells inside the chamber were carefully 

removed using cotton swab. Cells that invaded to the bottom-side of the chamber were washed 

twice with cold PBS and fixed with 100% ice cold methanol for 10 minutes on ice. Fixed cells 

were then stained with 0.05% crystal violet for 10 minutes at room temperature and 

photographed with 10x magnification for cell counting. At least 3 fields per boyden chamber 

were imaged. Cell number in each image was measured using image J.  

3.4. RNA isolation, cDNA synthesis, and real-time PCR  

Total RNA was extracted from cells or tissue samples using TRIZOL reagent according to the 

manufacturer’s protocol (Invitrogen, Grand Island, NY). cDNA synthesis was performed with 1 

µg of total RNA using Omniscript RT kit according to manufacturer’s protocol (Qiagen, 

Valencia, CA). cDNA was then diluted 1:4 in DEPC treated nanopure water and used for further 

analysis. Real-time PCR was performed using Bio-Rad iQ iCycler detection system with iQ 

SYBR green supermix (Bio-Rad Laboratories Ltd, Hercules, CA). Reactions were performed in 

a total volume of 10 µL, including 5 µL of 2x iQ SYBR green supermix, 1µL of primers at 20 

pmol/µL, and 1 µL of cDNA template. All reactions were carried out in at least triplicates for 

each sample. GAPDH or 18S rRNA was used as housekeeping gene for normalization. Gene 
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expression quantification used the ΔΔCT method and 2(- ΔΔCT) was used as the relative expression 

changes for each gene. RT-qPCR primers were synthetized by Integrated DNA Technologies 

(Coralville, IA) and were listed in Table 3.1. RT-qPCR conditions were listed in Table 3.2. 

Table 3.1. RT-qPCR primers used in RT-qPCR analysis. 
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3.5. HuR knockdown/overexpression   

Recombinant pcDNA3.1 HuR-flag Plasmid (p-HuR) was provided by Dr. Dixon at the 

University of Kansas, and the empty vector pcDNA3.1+ (p-Vec) were purchased from Addgene 

(Cambridge, MA). HuR siRNA was synthetized by Integrated DNA Technologies (Coralville, 

IA), (Sense: 5’-rGrArGrGrCrArArUrUrArCrCrArGrUrUrUrCrATT-3’; Antisense: 5’-

rUrGrArArArCrUrGrGrUrArArUrUrGrCrCrUrCTT-3’). Allstars negative control siRNA was 

purchased from Qiagen (Qiagen, Germantown, MD). Plasmids were transfected with 

lipofectamineTM 3000 reagent (Invitrogen, Grand Island, NY), and siRNAs were transfected with 

lipofectamineTM RNAiMAX reagent (Invitrogen, Grand Island, NY), according to the 

manufacturer’s protocol. The transfection time was 24 hours for siRNAs and 48 hours for 

plasmid in all the experiments. HuR protein level was detected by western blot. 

3.6. CRISPR/Cas9 knockout of HuR gene 

The lentiCRISPRV2 vector was purchased from AddGene (Watertown, MA) and the control 

single guide RNAs (sgRNAs) and HuR sgRNAs were cloned into the vector following published 

Table 3.2. RT-qPCR conditions used in RT-qPCR analysis. 
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procedures [391, 392]. The HuR lentiviral sgRNA or control sgRNA were co-transfected into 

HEK293FT cells with the packaging plasmids pMD2.G and psPAX2 (both from AddGene). 

MIA PaCa-2 cells were infected with virus medium and then selected with 1.0 µg/mL 

puromycin. Single clones were generated by limited dilution. 

3.7. Ribonucleoprotein immunoprecipitation (RNP-IP) Assay 

Total lysate of MIA PaCa-2 HuR wide-type (WT) cells, MIA-PaCa-2 HuR knockout (KO) cells, 

and KH-3 treated MIA PaCa-2 HuR WT cells (KH-3 2 µM, 24 hours) were prepared and then 

immunoprecipitated with anti-HuR or normal rabbit IgG (Cell Signaling Technology, Beverly, 

MA) using the immunoprecipitation kit (protein G) according to the manufacturer’s protocol 

(Roche, Basel, Switzerland). RNaseOUT™ Recombinant Ribonuclease Inhibitor (Invitrogen, 

Grand Island, NY) was supplemented in all steps at the concentration of 100 U/mL to prevent 

RNA degradation. In the KH-3 treated cells, KH-3 was supplemented in all steps at the 

concentration of 2 µM. Total RNA was then extracted from the immunoprecipitation products by 

using TRIZOL reagent according to the manufacturer’s protocol (Invitrogen, Grand Island, NY), 

and RT-qPCR was used for analysis of interested mRNAs.   

3.8. Dual luciferase reporter construction and Dual-Glo luciferase reporter assay 

The full-length 3’-UTR of Snail mRNA (full length) was synthesized by Genewiz (South 

Plainfield, NJ). The two truncated 3’- UTRs of Snail mRNA (ΔAREs, and AREs) were cloned 

from total RNA of MIA PaCa-2 cells using the PCR primers and PCR conditions described in 

Table 3.3. The ΔAREs sequence does not containing any AU-rich HuR binding elements, 

whereas the AREs sequence contains the major part of the AU-rich elements in the 3’-UTR of 

Snail mRNA as demonstrated in Fig 6.12 A. A Sanger sequencing was then performed by 

Genewiz (South Plainfield, NJ) to verify the fidelity of ΔARE and AREs. Full length, ΔAREs, 
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and AREs were digested with SalI (5’) / XbaI (3’) and then ligated into pmiGLO dual luciferase 

reporter plasmid (Promega, Madison, WI), respectively, using T4 DNA Ligase (Promega, 

Madison, WI). The transformation of JM109 competent cells (Promega, Madison, WI) with the 

re-constructed plasmids were then performed for plasmids cloning. Re-constructed plasmids 

were then extracted by using PureYield™ Plasmid Miniprep System (Promega, Madison, WI).  

In Dual-Glo luciferase reporter assay, MIA PaCA-2 HuR KO cells were co-transfected with 

pmirGLO dual luciferase reporter plasmid with or without the constructions (either full length, 

ΔAREs, AREs, or empty reporter) (Promega, Madison, WI) and pCDNA-3.1+-HuR (or empty 

vector) by using Lipofectamine 3000 reagent (Invitrogen, Grand Island, NY). KH-3 was added at 

24 hours, and the dual-glo luciferase reporter assay was performed at 48 hours using Dual-Glo® 

Luciferase Assay System (Promega, Madison, WI).  

 

 

 

Table 3.3. PCR primers and other conditions used in the construction of dual-luciferase 

plasmid in luciferase reporter assay. 
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3.9. SDS PAGE and western blot  

Cells were lysed with RIPA buffer containing protease inhibitors and phosphatase inhibitors 

(Sigma Al), followed by sonication for 10 seconds. BCA method was used for protein 

quantification (Pierce BCA protein assay kit, Waltham, MA). SDS-PAGE and Western blot was 

performed as routine: 10 µg total protein (2 µg protein for nuclear and cytoplasmic proteins) was 

run on a 10% SDS-PAGE gel, and then transferred to PVDF membrane (ED Millipore, 

Burlington, MA) overnight at 4 °C. Membrane was then blocked with 5% blocking grade 

blocker (Bio-Rad, Hercules, CA) in 1xTBS-T (Tween-20, 0.1%) for 2 hours at room temperature 

with constant shaking. Primary and secondary antibodies were from Cell Signaling Technology 

Inc. (Danvers, MA): rabbit anti-clauidn-1 (1:250), rabbit anti-vimentin (1:1000), rabbit anti-snail 

(1:500), rabbit anti-β-catenin (1:1,000), rabbit anti-vinculin (1:1,000), rabbit anti-Histone H3 

(1:2,000), rabbit anti-Nanog (1:2,000), mouse anti-β-actin (1:2,000), goat anti-rabbit or anti-

mouse IgG (1:5,000); or Millipore (Burlington, MA): rabbit anti-HuR (1:1000). Primary 

antibodies were incubated overnight at 4 °C and secondary antibodies were incubated at room 

temperature for 2 hours. Blots were established using a chemiluminescence detection kit (Pierce 

ECL western blotting substrate/Pierce ELC+ western blotting substrate, Thermo Scientific, 

Rockford, IL).  

3.10. Immunofluorescence and immunohistochemistry 

Cells grown on 8-well chamber slide were treated and then fixed in 4% paraformaldehyde and 

blocked in blocking buffer (1x PBS + 5% Goat serum + 0.3%Triton X-100) at room temperature 

for 1 hour. Rabbit anti-clauind-1 primary antibody (1:200, Cell Signaling Technology, Beverly, 

MA) was incubated overnight at 4 °C. Anti-rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 

488 Conjugate) secondary antibody (1:500, Cell Signaling Technology, Beverly, MA) was 
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incubated at room temperature for 2 hours. Nucleus were then stained overnight with a DAPI-

containing ProLong® Gold Antifade Reagent (Cell Signaling Technology, Beverly, MA). 

Paraffin-embedded tumor sections (5 µM thick) were deparaffinized and then rehydrated by 

serial incubation in xylene, 100% ethanol, 95% ethanol, and distilled deionized water. 

Endogenous peroxide was blocked by hydrogen peroxide blocking buffer provided in mouse and 

rabbit specific HRP/DAB (ABC) detection IHC kit (Abcam, Cambridge, UK) at room 

temperature for 10 minutes. Antigen retrieval was performed in boiling citrate buffer for 

5 minutes followed by sub-boiling temperature for 20 minutes. Mouse anti-HuR primary 

antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) was incubated overnight at 4 °C. 

Biotinylated goat anti-polyvalent antibody and DAB were provided in mouse and rabbit specific 

HRP/DAB (ABC) detection IHC kit (Abcam, Cambridge, UK) and were used to develop the 

tumor sections. All the sections were then counterstained with hematoxylin. 

3.11. mRNA stability assay 

MIA PaCa-2 HuR WT and MIA PaCa-2 HuR KO cells were treated with actinomycin D at the 

concentration of 5 μg/mL to block transcription. Cells were collected for total RNA extraction at 

0 hours, 0.5 hours, 1 hour, 2 hours, and 3 hours after actinomycin D treatment.  

In KH-3 treated MIA PaCa-2 WT group, cells were treated with actinomycin D for 30 minutes at 

the concentration of 5 μg/mL, followed by adding KH-3 at the concentration of 2 μM. Cells were 

collected for total RNA extraction at 0 hours, 0.5 hours, 1 hour, 2 hours and 3 hours after KH-3 

treatment. Gene expression was analyzed by using RT-qPCR and normalized to 18S rRNA.  
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3.12. Tumor sphere formation assay  

Single cell suspension was planted into 96 well ultra-low attachment plates (Corning Inc., 

Corning, NY) at a density of 100 cells/well in stem cell media and incubated at 37°C in a 

humidified atmosphere of 95% air and 5% CO2. The stem cell media consist of DMEM (Corning 

Inc., Corning, NY) supplemented with 1x B-27 supplement, 20 ng/mL human basic fibroblast 

growth factor, 20 ng/mL epidermal growth factor, 100 units/mL penicillin/streptomycin 

(Invitrogen, Grand Island, NY), and 4 g/mL heparin calcium salt (Fisher Scientific, Pittsburg, 

PA). Tumor spheres were counted after 14 days under the microscope. Size of the spheres was 

measured using Image J software.   

3.13. Flow cytometry in pancreatic CSCs detection  

Cells were exposed to various concentrations of the plant extract Pao or Rau for 24 hours or 48 

hours. Cells were then washed three times in PBS and re-suspended in binding buffer (PBS 

supplemented with 0.1% bovine serum albumin) for 15 minutes. PE conjugated anti-CD24 

antibody, PE-Cy7 conjugated anti-CD44 antibody, and APC conjugated anti-EpCam antibody 

(Biolegend, San Diego, CA) were added into Pao-treated cell suspension and incubated for 15 

minutes according to the manufacturer’s protocol. Cells were then washed three times in PBS 

before flow cytometry analysis with BD LSR II flow cytometer (BD Biosciences, San Jose, CA). 

Data was normalized to cell death (normalized CSC population = original CSC population 

detected with flow cytometry x % cell viability detected with MTT assay). 

The plant extract Rau has strong auto-fluorescence in 2 ranges of emission wavelength: 400 nm - 

600 nm and 800 nm - 900 nm, which overlap the emission wavelength of many fluorescent 

labeling molecules. Therefore, we used PE-Cy7 conjugated CD24 and APC conjugated EpCam 
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antibodies as indicative markers for pancreatic CSCs (CD24+EpCam+) to avoid overlapping 

with Rau auto-fluorescence.  

3.14. Flow cytometry in pancreatic cancer side population cell sorting  

Dye Cycel Violet (DCV) (Invitrogen, Grand Island, NY) was used for staining of the non-CSC 

population. Cells that efficiently exclude DVC from cytoplasm are considered CSC-like 

population (DCV negative cells). MIA PaCa-2 cells were suspended at a density of 1x106 

cells/ml in DMEM supplemented with 10% FBS and 10 mM HEPES. DCV (10 µM) were added 

and incubated for 30 minutes at room temperature. Cells were then washed twice in PBS and re-

suspend in DMEM supplemented with 10% FBS and 10mM HEPES for 1 hour. Cells were 

transferred to ice-cold HBSS/2%FBS/10mM HEPES buffer right before flow cytometry sorting. 

The DCV negative and positive cells were separately collected for further analysis. Gate setting 

was performed by using cells treated with a pump inhibitor Verapamil (200 µM) prior to DCV 

staining. 

3.15. Fluorescence polarization (FP) assay  

pTBSG-HuR and pTBSG-RRM1/2 plasmids encoding full-length human antigen R (HuR) and 

the RNA recognition motifs 1 and 2 (RRM1/2, residues G18-N186) of HuR, respectively, were 

constructed by KU COBRE-PSF Protein Purification Group. Musashi1 (MSi1) RNA oligo (5ʹ- 

GCUUUUAUUUAUUUUG-3ʹ with 3 ʹ fluorescein or 3 ʹ biotin) was purchased from Dharmacon 

(Thermo Scientific, Lafayette, CO). RNAs were pretreated by heating at 95°C for 5 minutes and 

immediately cooling on ice for 5 minutes. In the fluorescence polarization assay, experiments 

were performed in 96-well black plates (Corning, Corning, NY) with a final volume of 100 µl 

using the BioTek Synergy H4 plate reader (Biotek, Winooski, VT). 25 nM full-length HuR and 2 

nM fluorescein labeled Msi1 RNA oligo were added to the assay buffer (20 mM HEPES pH 7.4, 
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150 mM NaCl, 1 mM DTT and 0.05% (v/v) pluronic F-68) with a final volume of 100 μL and 

incubated at room temperature for 30 minutes. Compounds with five doses (2 nM-20 µM) were 

added to the wells prior to the protein-RNA complex. Anisotropy measurements were taken after 

incubation at room temperature for 2 hours. IC50 was calculated via sigmoid fitting of dose 

response curve using Prism 5.0. Ki was calculated using free online software. 

(http://sw16.im.med.umich.edu/software/calcki/).  

3.16. Amplified Luminescent Proximity Homogeneous Assay (Alpha assay) 

Experiments were performed in 96-well white 1/2 area plate (Perkin Elmer, Waltham, MA) with 

a final volume of 50 µL. Multiple doses of compounds were added to the wells first, followed by 

pre-formed RRM1/2-Msi1 complex (100 nM RRM1/2 protein and 25 nM Msi1 RNA), donor 

beads and acceptor beads (Perkin Elmer, 20 µg/mL final concentration). Measurements were 

taken after incubation at room temperature for 2 hours. IC50 and Ki were determined as 

described in FP assay. 

3.17. Surface Plasmon Resonance (SPR) assay  

The SPR experiments were performed using a BIACORE 3000 (GE Healthcare) at 20 °C and 

used to study the binding interaction of KH-3 with either full length HuR or RRM1/2 of HuR. 

The ligands, HuR or RRM1/2 were immobilized using the standard primary amine coupling 

reaction and followed by standard procedures. The sensor chip surface was initially activated 

with a 1:1 mixture of N-hydroxysuccinimide (NHS, 115 mg/mL) and N-(3- dimethyl-

aminopropyl)-N'-ethyl-carbodiimide-hydrochloride (EDC, 750 mg/mL) for 7 minutes each with 

a flow rate of 5 µL/minute. Full-length HuR protein or RRM1/2 protein was then applied to the 

flow cells in 10 mM sodium acetate, pH 4.5, and immobilized to a density of 7200 RU and 3800 

RU (response units), respectively. An adjacent flow cell was left blank to serve as a reference 

http://sw16.im.med.umich.edu/software/calcki/
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surface. The activated carboxylic acid groups were quenched with a 7-minute injection of 

ethanolamine (1 M, pH 8.5). To collect kinetic binding data, compound KH-3 in 20 mM HEPES 

pH7.4, 150 mM NaCl, 3 mM EDTA, 0.05% p20 (v/v), 5% DMSO (v/v), were injected over the 

flow cells at the indicated concentrations at a flow rate of 60 μL/minute and at 20 °C. The 

complex was allowed to associate for 4 minutes and dissociate for 3 minutes. Considerable care 

was taken to prevent contamination. Samples were carefully injected to avoid carryover effects 

and the system was carefully washed before injection of each new sample. The sample flow rate 

was set at 60 μL/minute to determine the kinetic and equilibrium constant. The equipment 

surfaces were washed extensively with buffer solution to restore the surfaces before each binding 

experiment. Data analysis was performed using BIA evaluation software. Data analysis and 

sensor grams were automatic corrected for nonspecific bulk refractive index effects. Standard 

procedures for the 1:1 Langmuir binding fit model were used for the kinetic analysis of ligand 

binding to the protein. 

3.18. Pancreatic cancer xenograft mouse model for Pao or Rau treatment 

All animal studies followed a protocol approved by the Institutional Animal Care and Use 

Committee of the University of Kansas Medical Center #2015-2247. One-time treatment and 

repeated treatment were used for measurement of tumorigenicity. In the one-time treatment 

model, pancreatic cancer cells, PANC-1, were used for tumor inoculation at 3 different numbers: 

2x104 cells per injection, 2x105 cells per injection, or 1 x106 cells per injection. PANC-1 cells 

were suspended in PBS as single cell suspension and then mixed with either 200 mg/mL Pao, 

Rau or PBS. At each cell injection number, cells mixed with Pao or Rau were injected 

subcutaneously into the left flank of female Ncr nu/nu mouse, and cells mixed with PBS into the 
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right flank of the same mouse. Ten mice were used for each cell number. Tumor formation and 

tumor size were monitored and measured daily with a caliper.  

In the repeated treatment model, single cell suspension of PANC-1 cells were mixed with 200 

mg/mL Pao or Rau and then inoculated into both left and right flanks of 10 female Ncr nu/nu 

mice at 2 x 105 cells per injection. Treatment started the next day with oral gavage of 20 mg/kg 

Pao or Rau respectively, 5x per week for 3 weeks. Control group (10 mice) was inoculated with 

the same number of cells in PBS and was gavaged with equivalent volume of saline solution. 

Tumor formation and tumor size were monitored and measured daily with a caliper.  

3.19. Pancreatic cancer xenograft mouse model for KH-3 treatment 

All animal procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Kansas Medical Center under the protocol #2015-2247. Dose of KH-3 was pre-

determined by a dose finding pilot experiment to be 100 mg/kg body weight, intraperitoneal 

injection (IP), 3x weekly. All treatment concerning KH-3 used this dose regimen. A 5-FU 

treatment group with 50 mg/kg, intraperitoneal injection (IP), 2x weekly was included as a 

chemo-treatment positive control. Control mice were intraperitoneally injected with the vehicle 

solution for KH-3 (5% Tween-80, 5% ethanol) and at the same volume as KH-3 treated mice. 

A subcutaneous tumor model was used to determine tumor formation rate. MIA PaCa-2 HuR 

WT cells or MIA-PaCa-2 HuR KO cells were inoculated into the flank of female Ncr nu/nu 

mouse at the number of 2x106 cells in PBS. Tumor formation was closely monitored daily, and 

tumor size was measured 3 times/week using a digital caliper. 

An orthotopic pancreatic tumor model was used to determine treatment effects of KH-3. 

Luciferase-expressing PANC-1 cells (PANC-1–Luc, multi-clones) were established by the 
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Preclinical Proof of Concept Core Laboratory (University of Kansas Medical Center, Kansas 

City, KS). At the inoculation, female Ncr nu/nu mice (donor mice, n=5) was put under anesthesia 

by inhalation of 2-5% isoflurane, and a small subcostal laparotomy was performed. The pancreas 

was carefully identified and lifted with tweezers, and 2 × 105 PANC-1-Luc cells in 50 µL PBS 

were injected into the tail of pancreas. After 11 days, the solid tumors inside the pancreas of 

these donor mice were resected. Normal pancreatic tissues surrounding the tumor bulk were 

carefully removed. The tumor tissues were minced into small pieces of 1 mm3 cube and 

implanted into the recipient nude mice (n=30). At the implantation, a tissue pocket was created 

in the pancreas of the recipient nude mice with eye scissors, and one tumor tissue cube was 

implanted into the tissue pocket. The peritoneum and skin were closed using wound clips. After 

11 days, wound clips were removed and the recipient mice were scanned for xenograft formation 

using an IVIS imaging system (Waltham, MA) upon intraperitoneal injection of 150 mg/kg D-

luciferin. Mice were grouped into control group (n=9), KH-3 treatment group (n=10), and 5-FU 

treatment group (n=10) based on tumor burden. Treatment commenced as described, with 

weekly follow-up imaging. Treatment lasted for 5 weeks, and gross necropsy was performed at 

the end of treatment.  

3.20. Data analysis  

Statistical analysis was performed using SPSS software. Student’s t-test was utilized when 

compare the means between two independent samples in normal distribution. One-way ANOVA 

with Tukey’s test was utilized when compare the means between more than two independent 

samples in normal distribution. Mann-Whitney’s U test was utilized when compare the means 

between two independent samples in abnormal distribution. A difference was considered 

significant at the p < 0.05 level. Correlation was analyzed by Pearson Test.  
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Chapter 4. Extract of the Medicinal Plant Pao Pereira Inhibits Pancreatic 

CSCs In Vitro and In Vivo 

 

This chapter has previously been published as an open access article (CC BY-NC) and is 
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Natural products have been a rich resource for bioactive anticancer agents. They are used in folk 

medicines all over the world and have been used by oncologic patients and integrative medicine 

practitioners for many years. Pao Pereira (Geissospermum vellosii) is an Amazonian tree in the 

Apocynaceae family. This family of plants have been used as a folk medicine in South American 

to treat a variety of health-related conditions, including cancer [393]. A number of compounds 

isolated from this family of plants were reported to have antiplasmodial [394], antiviral [395], 

and antiparasitic [396] bioactivities. The extract of the bark of Pao Pereira (Pao) has long been 

used in complementary and alternative medicine on cancer patients, and has been reported 

recently to have tumor inhibitory effect toward prostate, ovarian and pancreatic cancers [393, 

397-399]. We previously reported that Pao induced pancreatic cancer cells apoptosis, and 

inhibited pancreatic tumor growth in mice [398]. The combination of Pao and gemcitabine 

showed synergistic antitumor effects [398]. Here, we investigated the activities of Pao in 

inhibiting pancreatic CSCs both in vitro and in vivo.  

 

4.1. Results 

4.1.1. Pao inhibited pancreatic tumor spheroids formation in vitro 

Five different human pancreatic cancer cell lines (PANC-1, MIA PaCa-2, AsPC-1, HPAF-II, and 

BxPC-3) and an immortalized epithelial cell line (MRC-5) were treated with Pao, and cell 

viability was detected after 48 hours. Pao inhibited proliferation of all five cancer cells (Fig. 4.1. 

A), with IC50 values ranging from 125 to 325 μg/mL. The noncancerous epithelial cell MRC-5 

was less affected, with a higher IC50 value of 547 μg/mL (Fig. 4.1. B). These results are 

consistent with our previous studies that Pao inhibited the overall proliferation of pancreatic 

cancer cells [398].   
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To investigate inhibition in CSCs, tumor spheroid formation was detected. The ability to form 

tumor spheroids is an indication of CSCs’ self-renewal and tumorigenic capacity in vitro. When 

cancer cells are cultured in serum-free, nonadherent conditions, the non-CSC population dies by 

anoikis, whereas CSCs overcome anoikis and go through division leading to formation of tumor 

spheroids [400, 401]. At the concentration of 50 μg/mL, Pao significantly reduced the number of 

the PANC-1 tumor spheroids (Fig. 4.2. A, B). At the concentration of 100 μg/mL and above, Pao 

completely eliminated the PANC-1 tumor spheroids (Fig. 4.2. A, B). The estimated IC50 value 

for PANC-1 spheroids inhibition is 27 µg/mL. In comparison, the IC50 value of Pao to the bulk 

of PANC-1 cells is about 300 μg/mL (Fig. 4.1. A). In the bulk PANC-1 cell population, 100 

μg/mL of Pao inhibited the overall proliferation by 20%, whereas 100% tumor spheroids were 

Figure 4.1. Inhibition of the proliferation of pancreatic cancer cells by Pao. (A) Dose-

response curves. Human pancreatic cancer cells PANC-1, AsPC-1, HPAF-II, BxPC-3, and MIA 

PaCa-2 were exposed to serial concentrations of Pao for 48 hours. Cell viability was detected by 

MTT assay. An immortalized noncancerous epithelial cell line, MCR-5, was subjected to the 

same treatment. (B) IC50 values of Pao in pancreatic cancer cells and MRC-5 cells. ***p < .001 

compared with the IC50 of MRC5 cells by one-way ANOVA-Tukey’s test. All values are 

expressed as means ± SD of three independent experiments, each done in triplicates. 
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inhibited at this concentration (Fig. 4.2. A). MIA PaCa-2 pancreatic cancer cells were also 

subjected to Pao treatment for detection of tumor spheroids. Similar results were obtained. Pao 

reduced the number of the MIA PaCa-2 spheroids at 50 μg/mL, and completely inhibited 

spheroid formation at 100 μg/mL and above (Fig. 4.2. C, D). The estimated IC50 value is 35 

µg/mL (Fig. 4.2. D), which is much lower than the IC50 value to the bulk MIA PaCa-2 cells (Fig. 

4.1. A).  

The side population of cells that exclude dyes is indicative of CSCs [402, 403]. MIA PaCa-2 

cells were sorted by flow cytometry to separate CSC-like side populations by DCV staining. 

Both DCV− cells (CSC-like) and DCV+ (non-CSC-like) cells were collected and treated with 

Pao. Cell viability was examined by MTT assay. Pao inhibited viability in all unsorted, DCV+ 

and DCV− cells, with preference in inhibiting DCV− cells (Fig. 4.2. E). The estimated IC50s 

were 147 μg/mL in unsorted cells, 145 μg/mL in DCV+ cells, and 84 μg/mL in DCV− cells. This 

suggests that Pao preferentially inhibits CSC-like cells.   

DCV− cells formed large spheroids as expected. While some cell spheroids were also formed in 

DCV+ cell culture, they were significantly smaller (Fig. 4.2. F). The spheroid formation in 

DCV+ cells may be due to the DCV staining, and the sorting method is not an exclusive method 

to pin-point CSCs, as to date there is no efficient way to pinpoint pancreatic CSCs. The DCV 

staining and sorting, rather, provided us a side population enriched with “stemness.” Pao at 50 

μg/mL inhibited spheroids from both DCV− and DCV+ populations (Fig. 4.2. F), a result 

consistent with those in unsorted cells.   
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4.1.2. Pao reduced number of pancreatic cancer stem-like cells in vitro 

The CSC population can be identified by specific cell surface markers. In pancreatic cancer, a 

subpopulation of cells with high expression of surface markers CD44, CD24, and EpCAM 

(CD44+ CD24+ EpCAM+ cells) were reported to possess strong self-renewal ability and the 

ability to produce differentiated progeny and to generate new tumors in mice that were 

histologically identical to parent tumors [404]. Here, we use these markers as indicative markers 

for pancreatic CSCs and detected changes in these markers with Pao treatment. PANC-1 cells 

were treated with Pao for 24 or 48 hours at 50, 100 or 200 μg/mL. CD44, CD24, and EpCAM 

were examined by immune staining and flow cytometry analysis. Pao reduced the CD44+ 

CD24+ EpCam+ population at both 24- and 48-hour treatment (Fig. 4.3. A, B). In the control 

group, CD44+ CD24+ EpCam+ cells constituted 7.5% to 9% of the whole population. At the 

concentration of 200 μg/mL, Pao significantly reduced CD44+ CD24+ EpCam+ cells to 3.05% 

at 24-hour treatment (Fig. 4.3. A), and to 0.37% at 48 hours (Fig. 4.3. B). At a lower 

concentration of 100 μg/mL, Pao reduced the triple positive cells to 2.31% at 48-hour treatment 

(Fig. 4.3. B), which was still a significant reduction compared with control (Fig. 4.3. B). We 

Figure 4.2. Inhibition of pancreatic tumor spheroids by Pao. (A) Representative images of 

the PANC-1 spheroids with and without Pao treatment. PANC-1 single-cell suspension was 

plated into 24-well ultra-low attachment plates at a density of 5000 cells/well in stem cell media. 

Tumor spheroids were counted after four weeks. (B) Number of PANC-1 spheroids (means ± SD 

of three independent experiments). (C) Representative images of the MIA PaCa-2 spheroids with 

and without Pao treatment. MIA PaCa-2 single-cell suspension was plated into 96-well ultra-low 

attachment plates at a density of 100 cells/well in stem cell media. Tumor spheroids were 

counted after two weeks. (D) Number of MIA PaCa-2 spheroids (means ± SD of three 

independent experiments). (E) Cell proliferation of unsorted cells, DCV+ cells (non CSCs-like) 

and DCV− cells (CSC-like) with Pao treatment for 48 hours (means ± SD of three independent 

experiments). (F) Representative images of the MIA PaCa-2 spheroids from unsorted cells, 

DCV+ cells and DCV− cells with and without Pao treatment. Number and size of MIA PaCa-2 

spheroids are shown in bar graph. *p < 0.05; **p < 0.01; ***p < 0.001, compared with untreated 

control by one-way ANOVA-Tukey’s test. 
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estimated that the IC50 value at 24-hour treatment was 152.97 ± 41.68 µg/mL, and at 48-hour 

treatment it was 99.53 ± 6.95 µg/mL (Fig. 4.3. A, B).  

 

Figure 4.3. Inhibition of CSC population by Pao. PANC-1 cells were treated with Pao for 24 

hours (A) and 48 hours (B) at indicated concentrations. Cells were then stained with fluorescent 

conjugated antibodies for CD24, CD44, and EpCam, followed by flow cytometry analysis. Left 

panels show EpCam (APC) and CD44 (PE-Cy7) positive cells under CD24 (PE) positive gate. 

The percentages of CD24+ CD44+ EpCam+ cells were quantified and shown in the bar graph 

(mean ± SD of three experiments). The data were normalized to cell death. **p < 0.01; ***p < 

0.001 compared with untreated group by one-way ANOVA-Tukey’s test. 
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4.1.3. Pao inhabited CSCs relate gene expression in vitro 

Canonical Wnt/β-catenin signaling pathway plays an important role in maintaining the self-

renewal and spheroid formation capacities of CSCs [405, 406]. Accumulation of β-catenin in the 

nucleus as a transcriptional factor is a hallmark of Wnt/β-catenin pathway activation [181]. Here, 

the cytoplasmic and nuclear fractions of the PANC-1 cells were each examined for β-catenin 

levels with or without Pao treatment. Pao 100 µg/mL at 24 and 48 hours reduced the level of β-

catenin in both nucleus and cytoplasm, with more severe reduction in nucleus (Fig. 4.4. A). A 

panel of β-catenin downstream target genes, including BCL2L2, COX-2, MMP14, and MYC, 

were examined by RT-qPCR (Fig. 4.4. C). None of these genes were changed at 24-hour 

treatment. However, at 48-hour treatment, the expression of BCL2L2 and COX-2 was 

significantly decreased, consistent with Wnt/β-catenin signaling pathway inhibition. 

Studies have shown that a stem cell related gene Nanog can induce β-catenin phosphorylation 

and therefore enhance its degradation, and consequently inhibit Wnt signaling pathway [407]. 

We therefore examined the expression of Nanog by Western blot. Nanog was increased at 24 

hours of Pao treatment but was decreased at 48 hours of Pao treatment (Fig. 4.4. B). We 

postulate that increase in Nanog at the earlier time point suppressed nuclear β-catenin levels, and 

then the feedback from decreasing β-catenin levels caused inhibition in Nanog expression at a 

later time point [408, 409]. As a result, both Nanog and the Wnt signaling pathway were 

inhibited by Pao. A panel of other CSC-related genes were also examined by RT-qPCR, which 

are reported to be important for CSC initiation and maintenance [410]. Data showed that the 

expressions of DPPA4, ESRRB, and TCL1 were inhibited with 48-hour Pao treatment (Fig. 4.4. 

D).  
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Taken together, Pao treatment has an early effect in increasing Nanog expression, which leads to 

β-catenin phosphorylation and degradation, thereby repressing nuclear β-catenin level. The 

decreasing nuclear β-catenin level negatively influences Nanog expression. Pao treatment may 

also directly inhibit β-catenin nuclear accumulation. Both can result in an overall suppression of 

both Nanog and nuclear β-catenin levels (Fig. 4.4. E). The full mechanism of Pao-induced CSC 

inhibition is worth further investigation.  
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4.1.4. Pao inhibited pancreatic CSCs in vivo 

Tumorigenicity was examined in immunocompromised mice to evaluate the inhibitory activity 

of Pao against pancreatic CSCs in vivo. A one-time treatment was performed first using 

inoculation of different numbers of PANC-1 cells at limited dilutions. Respectively, 2×104 cells, 

2×105 cells, and 1×106 cells were mixed with 200 µg/mL Pao and injected subcutaneously into 

the left flanks of nude mice (N = 10). As control, the same number of cells were mixed with PBS 

and inoculated into the right flanks of the same mouse. At all three numbers of cell injections, 

neither a delay nor a reduction of rate in tumor formation was found (Fig. 4.5. A, C, E). The 

one-time Pao treatment tended to reduce the size of tumors at the 2×104 and 2×105 cells groups, 

but there was no significant difference compared with control groups (Fig. 4.5. B, D, F).  

Figure 4.4. Decreased expression of CSC-related genes and proteins by Pao. PANC-1 cells 

were treated with Pao at 100 µg/mL for 24 and 48 hours. (A) β-Catenin levels in cytoplasmic and 

nuclear fractions, detected by Western blot. Vinculin was a loading control for cytoplasmic 

proteins, and histone H3 was a loading control for nuclear fraction. Bar graph shows band 

density normalized to loading control and compared to untreated cells. (B) The expression of 

Nanog, detected by Western blots. Bar graph shows band density normalized to loading control 

and compared to untreated cells. (C) The expression of β-catenin downstream target genes at 48 

hours of Pao treatment, detected by RT-qPCR. (D) The expression of CSC-related genes after 48 

hours Pao treatment, detected by RT-qPCR. (E) Postulated mechanism of Pao inhibiting Nanog 

and nuclear β-catenin. Pao treatment has an early effect in increasing Nanog expression, which 

leads to β-catenin phosphorylation and degradation, therefore represses nuclear β-catenin level. 

The decreasing nuclear β-catenin level negatively influences Nanog expression. Pao treatment 

may also directly inhibit β-catenin nuclear accumulation. Both can result in an overall 

suppression of Nanog and nuclear β-catenin levels. Pao also inhibited the RNA level of CSC-

related genes, such as DPPA4, ESRRB and TCL1. *p < 0.05; **p < 0.01; ***p < 0.001 compared 

with the untreated control group by Student’s t-test. 
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Figure 4.5. Effects of one-time Pao treatment on PANC-1 tumor formation in nude mice. 

(A, B) 2 × 104 PANC-1 cells, (C, D) 2 × 105 PANC-1 cells, and (E, F) 1 × 106 PANC-1 cells 

were mixed with 200 µg/mL Pao, and then inoculated into the left flank of each mouse. The 

same number of PANC-1 cells were mixed with phosphate buffered saline (PBS) and inoculated 

into the right flank of each mouse. A total of 10 mice were used for each cell number. The tumor 

formation rate (A, C, E) was defined as the number of tumors observed at a specific day / 10 × 

100%. Tumor size (B, D, F) was measured by caliper, and the tumor volume was calculated 

using the formulation: tumor volume = width × width × length/2. 
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As the one-time Pao treatment failed to reduce the rate of tumor formation, we conducted 

repeated treatment with oral administration of Pao. The cell number was selected to be 2×105 per 

injection. Mice (N = 10) were injected subcutaneously at both left and right flanks with PANC-1 

cells mixed with 200 µg/mL of Pao. Treatment started the next day and lasted for 3 weeks with 

oral gavage of 20 mg/kg Pao, 5 times per week. Control mice (N = 10) were inoculated with the 

same number of cells mixed with PBS and were gavaged with equivalent volumes of saline.  

Both the rate and time of tumor formation were significantly reduced by Pao treatment (Fig. 4.6. 

A). At day 6, tumor formation rate in control group reached 80%, while in Pao-treated group it 

was only 10%. At day 20, when the treatment stopped, all mice in control group were bearing 

tumors on both flanks (100% tumor formation), while the Pao-treated group only had 30% tumor 

formation. All mice were kept for 2 more months after treatment had stopped. At the end of the 

experiment, the Pao treatment group had a maximum of 65% tumor formation, compared with 

the 100% tumor formation in the control group. These data indicate that Pao administration at 20 

mg/kg orally eliminated CSCs in 35% of the injection sites.   

Growth of the formed tumors was also inhibited by Pao treatment compared with the control 

group (Fig. 4.6. B). A long-term inhibitory effect in tumor growth was observed after treatment 

had stopped (Fig. 4.6. B). Adverse effects were monitored during the treatment and no adverse 

effects were observed. Body weight showed no difference between the treated and the control 

group (Fig. 4.6. C).   
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Figure 4.6. Effects of repeated Pao treatment on PANC-1 tumor formation and tumor 

growth in nude mice. (A) Tumor formation rate. A total of 2 × 105 PANC-1 cells were mixed 

with 200 µg/mL Pao (Pao) or phosphate buffered saline (PBS; control) and inoculated at both 

flanks of nude mice (N = 10 for each group). Treatment started the next day and lasted for three 

weeks with oral gavage of 20 mg/kg Pao (Pao) or saline (control) five times per week. ***p < 

0.001 by log-rank test. (B) Longitudinal tumor growth. Tumor size was measured every three 

days by a caliper. Tumor volume = width × width × length/2. (C) Body weight of mice during 

treatment of three weeks. *p < 0.05; **p < 0.01; ***p < 0.001 compared with untreated control 

group by Student’s t-test.                                                                                    

A B 

C 



94 
 

4.2. Discussion 

In this study, we demonstrated both in vitro and in vivo that the extract of the plant Pao Pereira 

(Pao) inhibited pancreatic CSCs. Previously, we have reported that Pao induces apoptosis in 

pancreatic cancer cells and sensitizes pancreatic cancer cells to gemcitabine treatment [398]. 

Independent of its apoptosis-inducing activity, the CSCs inhibition could be another reason 

contributing to Pao-induced gemcitabine sensitivity. Taken together, the benefits of Pao in 

pancreatic cancer treatment are worth investigation clinically, especially in combination with 

current chemotherapies.  

To date, there has been no efficient method to pinpoint a pancreatic CSC and maintain and 

amplify it for drug development purposes. Functional assays such as tumor spheroid assay and 

tumorigenicity in mice are commonly used [411]. The use of chromosomal dye [402, 403] or 

several cell surface markers are powerful to identify and isolate a subpopulation enriched with 

stem-like features [404]. In our studies here, we did not only rely on CSCs isolated and 

separately treated. First, it is difficult to obtain and maintain a pure CSC population [412]. 

Second, isolated CSCs might lose their natural environment in the bulk population [413]. 

Instead, we treated the bulk of pancreatic cancer cells, and a side population, and examined the 

CSC specific outcomes. The inhibitory results from our studies are not likely due to the general 

cytotoxicity of Pao to the bulk of cancer cells, because Pao has an IC50 value of 300 µg/mL in 48 

hours of treatment toward the bulk of PANC-1 cells and has a much lower IC50 value of 153 

µg/mL for the reduction of CD44+ CD24+ EpCam+ cells at a shorter treatment time of 24 hours, 

and 99.53 µg/mL at 48 hours. Furthermore, in the tumor spheroid formation assay, Pao has an 

IC50 of 27 µg/mL in inhibiting the number of spheroids. These data suggest that Pao has a 

preferential inhibitory activity toward pancreatic CSCs.  
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The mechanism(s) by which Pao induces CSC inhibition needs to be further investigated. Our 

study showed that Pao reduced both Nanog and nuclear β-catenin level of PANC-1 cells, which 

are important in stem cell initiation and maintenance. Pao also reduced mRNA levels of several 

CSC-related genes, namely DPPA4, ESRRB, and TCL1. The mechanism through which Pao 

interacts with Nanog, β-catenin singling pathway and/or the other CSC genes needs to be further 

investigated in depth. Moreover, as this plant preparation contains a complex mixture of natural 

compounds, it is possible that Pao affects other molecular targets and pathways that lead to CSC 

inhibition.  

Previous studies on the extract of Pao showed the inhibitory effect on proliferation on pancreatic, 

ovarian and prostate cancers [393, 397-399]. Our animal data here showed promising effects of 

Pao in inhibiting tumorigenicity and tumor growth, at a dose and administration route that can be 

easily translated into clinical use. No toxic side effects were observed in mice at this dosage. The 

inhibition in tumorigenicity implies a possible role of Pao in the prevention of cancer, in addition 

to data indicating a treatment role. Given that the extracts of Pao Pereira are consumed by the 

American public as a health supplement, the safety, toxicity, and effects of Pao as an anticancer 

agent should be further investigated clinically.   
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Chapter 5. Inhibition of Pancreatic Cancer Stem Cells by Rauwolfia vomitoria 

Extract 

 

This chapter has previously been published as an open access article (CC BY-NC-ND). The 

result section and discussion section are reprinted here without adaptations. Dong, R., Chen, P., 

Chen, Q. Inhibition of pancreatic cancer stem cells by Rauwolfia vomitoria extract. Oncology 
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Herbal preparations of Rauwolfia vomitoria (Rau), a tropical shrub in the family Apocynaceae, is 

a traditional folk medicine in Africa used to treat a variety of conditions, including hypertension 

[414, 415], fever [416, 417] , gastrointestinal diseases [418], liver diseases [419], and cancer 

[420]. The extract as a whole mixture is widely used as a health supplement. Extracts from the 

root bark of this plant are enriched with β-carboline alkaloids and indole alkaloids [421]. β-

carboline alkaloids have been reported to have several bioactivities, including antitumor effects 

[422, 423]. In our previous study, it was reported that an extract of Rau, with its hypotensive 

component reserpine removed, induced pancreatic cancer cell apoptosis, and inhibited pancreatic 

tumor growth in mice [424]. The combination of Rau and gemcitabine showed synergistic 

antitumor effects [424]. In the present study, the activities of the same extract on inhibiting 

pancreatic CSCs in vitro and in vivo were investigated. 

 

5.1. Results 

5.1.1. Inhibition of pancreatic cancer tumor spheroid formation in vitro.  

Five human pancreatic cancer cell lines (PANC-1, MIA PaCa-2, AsPC-1, HPAF-II and BxPC-3) 

and an immortalized epithelial cell line (MRC-5) were treated with various concentrations of 

Rau, and cell viability was detected 48 hours later. Rau inhibited the proliferation of all five 

cancer cells (Fig. 5.1. A), with IC50 values ranging between 140 and 317 µg/ml. The non-

cancerous MRC-5 epithelial cell line was less affected by Rau treatment, with a higher IC50 value 

of 567 µg/ml (Fig. 5.1. B). These results are consistent with our previous findings that Rau 

inhibited the overall proliferation of pancreatic cancer cells [424].   
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To investigate the inhibitory effect of Rau in CSCs, a tumor spheroid formation assay was 

performed. The ability to form tumor spheroids is an in vitro indication of the tumorigenic 

capacity and self-renew ability of CSCs. When cancer cells are cultured in non-adherent, serum-

free conditions, non-CSC populations die by anoikis, whereas CSCs overcome anoikis and go 

through division leading to the formation of tumor spheroids [400, 401]. Single cell suspensions 

were treated with Rau and tumor spheroids were counted 4 weeks later. Data showed that Rau 

significantly reduced the number of the PANC-1 tumor spheroids at the concentrations of 50 and 

100 µg/ml, and completely eliminated the tumor spheroids at 200 µg/ml (Fig. 5.2. A, B). The 

estimated IC50 value for tumor spheroids inhibition is 39.44 µg/ml. By contrast, the IC50 value 

Figure 5.1. Inhibition of the proliferation of pancreatic cancer cells by Rau. (A) Dose-

response curves. Human PANC-1, AsPC-1, HPAF-II, BxPC-3 and MiA PaCa-2 pancreatic 

cancer cells were exposed to serial concentrations of Rau for 48 hours. Cell viability was 

detected using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay. An 

immortalized non-cancerous MCR-5 epithelial cell line was subjected to the same treatment. (B) 

IC50 values of Rau in pancreatic cancer cells and MRC-5 cells. ***P<0.001, compared with the 

IC50 of MRC-5 cells. All values are expressed as the mean ± standard deviation of three 

independent experiments each performed in triplicate. Rau, Rauwolfia vomitoria; IC50, 50% 

inhibitory concentration. 
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of Rau to the bulk of PANC-1 cells was 317 µg/ml (Fig. 5.1. B). The MIA PaCa-2 pancreatic 

cancer cells were also treated by Rau for the detection of tumor spheroids. Similar results were 

obtained. Rau reduced the number of the MIA PaCa-2 spheroids at 50 µg/ml, and completely 

inhibited spheroid formation at ≥100 µg/ml (Fig. 5.2. C, D). The estimated IC50 value of 34 

µg/ml (Fig. 5.2. D) was lower than the IC50 value for the bulk of the MIA PaCa-2 cells (Fig. 5.1. 

A).  

Cells with stemness features are reported to exclude dyes as side populations [402, 403]. In order 

to separate the CSC-like population, MIA PaCa-2 cells were sorted using flow cytometry with 

DCV staining. The DCV− cells (CSC-like) and DCV+ (non CSC-like) cells were collected and 

treated with Rau. Rau inhibited the viability in all unsorted, DCV+ and DCV− cells, 

preferentially inhibiting DCV− cells (Fig. 5.3. A). The estimated IC50 values were 162 µg/ml in 

unsorted cells, 177 µg/ml in DCV+ cells and 122 µg/ml in DCV− cells. This result suggested 

that Rau preferentially inhibited CSC-like cells.  

Tumor spheroid formation was detected. Although cell spheroids were also formed in the 

DCV+ cell culture, they were significantly smaller (Fig. 5.3. B). By contrast, DCV− cells formed 

large spheroids, as expected. As there is currently no exclusive way to pin-point pancreatic 

CSCs, the formation of spheroids in DCV+ cells may due to the remaining CSC-like cells in the 

DCV+ population. However, the DCV staining and sorting provided a side population enriched 

with ‘stemness’. Rau at 50 µg/ml inhibited spheroids in the DCV− and DCV+ populations (Fig. 

5.3. B), a result consistent with those in unsorted cells. 
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Figure 5.2. Inhibition of pancreatic tumor spheroids by Rau. (A) Representative images of 

the spheroids with and without Rau treatment (magnification, ×10). A PANC-1 single-cell 

suspension was plated into 24-well ultra-low attachment plates at a density of 5,000 cells/well in 

stem cell media. Tumor spheroids were counted 4 weeks later. (B) Number of PANC-1 spheroids 

(mean ± standard deviation of three independent experiments). *P<0.05, **P<0.01 and 

***P<0.001, compared with the untreated control. (C) Representative images of the MIA PaCa-2 

spheroids with and without Rau treatment. MIA PaCa-2 single-cell suspension was plated into 

96-well ultra-low attachment plates at a density of 100 cells/well in stem cell media. Tumor 

spheroids were counted 2 weeks later. (D) Number of MIA PaCa-2 spheroids (mean ± standard 

deviation of three independent experiments). Rau, Rauwolfia vomitoria; IC50, 50% inhibitory 

concentration. 
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Figure 5.3. Inhibition of pancreatic CSC-like subpopulations by Rau. (A) Cell proliferation 

of unsorted cells, DCV+ cells (non-CSC-like) and DCV− cells (CSC-like) with Rau treatment 

for 48 hours (mean ± standard deviation of three independent experiments). (B) Representative 

images of the MIA PaCa-2 spheroids from unsorted cells, DCV+ cells and DCV− cells with and 

without Rau treatment (magnification, ×10). The number and size of MIA PaCa-2 spheroids are 

shown in bar graph. *P<0.05; **P<0.01 and ***P<0.001. CSC, cancer stem cell; Rau, Rauwolfia 

vomitoria; DCV, Dye Cycle Violet; IC50, 50% inhibitory concentration. 

A 

B 



102 
 

5.1.2. Reduction of the CSC marker-positive cell population. 

The effects of Rau on CSCs in a shorter time period were also examined. The PANC-1 cells 

were treated with Rau for 24 or 48 hours at concentrations of 50, 100 or 200 µg/ml. The 

pancreatic CSC markers CD24 and EpCAM were examined by immune staining followed by 

flow cytometric analysis. Rau reduced the CD24+EpCam+ cell population following 24 and 48 

hours treatment (Fig. 5.4. A, B). In the control groups, CD24+EpCam+ cells consisted of 6.50–

10.72% of the whole population. At the concentration of 200 µg/ml, Rau significantly reduced 

CD24+EpCam+ cells to 2.52–2.95% following 24 and 48 hours of treatment (Fig. 5.4. A, B). At 

a lower concentration of 100 µg/ml, Rau also significantly reduced the CD24+EpCam+ cells to 

2.99–5.22% following 24 and 48 hours of treatment (Fig. 5.4. B). It was estimated that the 

IC50 value at 24-h treatment was 142.04±12.40 µg/ml, and at 48 hours treatment was 

126.09±12.51 µg/ml (Fig. 5.4. A, B), and these values were lower than the IC50 values for the 

bulk tumor cells. These data are consistent with the results above showing that Rau preferentially 

inhibited pancreatic CSCs. 
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Figure 5.4. Inhibition of CSC populations by Rau. PANC-1 cells were treated with Rau for 

(A) 24 and (B) 48 hours at the indicated concentrations. Cells were then stained with fluorescent 

conjugated antibodies for CD24 and EpCam, followed by flow cytometric analysis. Left panels 

show the EpCam (APC) and CD24 (PE) positive cells. The percentages of CD24+EpCam+ cells 

were quantified and shown in the bar graph (mean ± standard deviation of three experiments). 

The data were normalized to cell death. *P<0.05; **P<0.01; ***P<0.001, compared with the 

untreated group. CSC, cancer stem cell; Rau, Rauwolfia vomitoria; IC50, 50% inhibitory 

concentration. 

A 
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5.1.3. Inhibition of CSCs relate gene expression in vitro. 

One of the essential pathways in maintaining the self-renewal and spheroid formation capacities 

of CSCs is activation of the canonical Wnt/β-catenin signaling pathway [405, 406]. When there 

is active Wnt signaling, the β-catenin degradation complex in the cytosol dissociates, and β-

catenin accumulates in the nucleus and functions as a transcriptional factor to upregulate genes 

that promote CSC stemness, including Nanog [181]. In the present study, the cytoplasmic and 

nuclear fractions of the PANC-1 cells were each examined for β-catenin levels with or without 

Rau treatment. Treatment with Rau (100 µg/ml) for 24 and 48 hours reduced the levels of β-

catenin in the nucleus (Fig. 5.5. A), whereas the cytoplasmic β-catenin levels were not changed 

(Fig. 5.5. A). A panel of β-catenin downstream target genes, including B-cell lymphoma 2-like 2 

(BCL2L2), cyclooxygenase-2 (COX-2), matrix metalloproteinase (MMP)14 and MYC, were 

examined by RT-qPCR analysis (Fig. 5.5. B). Following treatment for 48 hours, the expression 

of MYC was significantly decreased by Rau treatment, which is consistent with Wnt/β-catenin 

signaling pathway inhibition. Studies have shown that the stem cell-related gene Nanog has the 

ability to induce β-catenin phosphorylation and enhances its degradation [407]. Therefore, the 

present study examined the expression of Nanog by western blot analysis. Nanog was increased 

following 24 hours of Rau treatment, and was then decreased following 48 hours of Rau 

treatment (Fig. 5.5. C). It was hypothesized that the increase in Nanog at the earlier time point 

enhanced β-catenin degradation and therefore suppressed nuclear levels of β-catenin. The 

suppressed β-catenin levels subsequently resulted in inhibition of the expression of Nanog at a 

later time-point [408, 409]. As a result, the Nanog and Wnt signaling pathway was suppressed by 

Rau.  
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A panel of other CSC-related genes were also examined by RT-qPCR analysis [410]. Data 

showed that the expression levels of developmental pluripotency associated 4 (DPPA4), estrogen 

related receptor β (ESRRB) and SRY-box 2 (SOX2) were inhibited following 48 hours of Rau 

treatment (Fig 5.5. D).  

Taken together, Rau treatment had an early effect in increasing the expression of Nanog, which 

led to the phosphorylation and degradation of β-catenin and repressed the nuclear level of β-

catenin. The decreasing level of nuclear β-catenin negatively affected the expression of Nanog. 

Rau treatment also appeared to directly inhibit the nuclear accumulation of β-catenin and other 

CSC-related genes, including MYC, resulting in the overall suppression of Nanog and nuclear β-

catenin (Fig. 5.5. E). The full mechanism of Rau-induced CSC inhibition warrants further 

investigation. 
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Figure 5.5. Decrease of nuclear β-catenin by Rau. PANC-1 cells were treated with Rau at 

100 µg/ml for 24 and 48 hours. (A) Expression of β-catenin was detected by western blot 

analysis in cytoplasmic and nuclear fractions. Vinculin was a loading control for cytoplasmic 

proteins, and histone H3 was a loading control indicative for the nuclear fraction. (B) Expression 

of β-catenin downstream target genes at 48 hours of Rau treatment, detected by RT-qPCR 

analysis. (C) Expression of Nanog was detected by western blot analysis. (D) Expression of 

CSC-related genes following 48 hours of Rau treatment, detected by RT-qPCR analysis. (E) 

Suggested mechanism of Rau inhibiting Nanog and nuclear β-catenin. Rau treatment has an 

early effect in increasing the expression of Nanog, which leads to the phosphorylation and 

degradation of β-catenin, which represses nuclear β-catenin. The decreasing level of nuclear β-

catenin negatively influenced the expression of Nanog. Rau treatment also appeared to directly  

A B 

C 
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5.1.4. Inhibition of pancreatic CSCs in vivo. 

The inhibitory effects of Rau against pancreatic CSCs were examined in vivo by tumorigenicity 

in immunocompromised mice. Single treatment was performed first using inoculation of 

different numbers of PANC-1 cells at limited dilutions. The cells (2×104, 2×105 and 1×106) were 

mixed with 200 µg/ml Rau and injected subcutaneously into the left flanks of nude mice (n=10), 

respectively. For the control, the same number of cells were mixed with PBS and inoculated into 

the right flanks of the same mouse. The results are shown in Fig. 5.6. A-F. At the lowest 

inoculation number (2×104 cells), the tumor formation rate was low and no difference was 

observed between the treated and untreated groups. At the highest inoculation number 

(1×106 cells per injection), the untreated group reached a maximum of 90% tumor formation and 

the treated group reached 80%, with no significant difference between the two. There was also 

no difference in the growth of the formed tumors between the treated and untreated groups. At 

2×105 cells per injection, the single Rau treatment significantly inhibited the tumor formation 

rate. The growth of the formed tumors was also inhibited. 

As single Rau treatment showed limited effect on the inhibition of tumor formation rate and 

tumor size, repeated treatment was performed with oral administration of Rau. The optimal cell 

number for injection was selected as 2×105 per injection. The mice (n=10) were injected 

subcutaneously in the left and right flanks with PANC-1 cells mixed with 200 mg/ml of Rau. 

inhibit β-catenin nuclear accumulation. Both can result in overall suppression of levels of Nanog 

and nuclear β-catenin. Rau also inhibited the RNA level of CSC-related genes, including Dppa4 

and Esrrb. *P<0.05; **P<0.01; ***P<0.001, compared with the untreated control group. Rau, 

Rauwolfia vomitoria; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; 

BCL2L2, B-cell lymphoma 2-like 2, COX-2, cyclooxygenase-2, MMP14, matrix 

metalloproteinase 14; Dppa4, developmental pluripotency associated 4, Esrrb, estrogen related 

receptor β; Oct4, octamer-binding transcription factor 4; Tbx3, T-box 3; Tcl1, T cell leukemia 1. 
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Treatment started the following day and lasted for 3 weeks with oral gavage of 20 mg/kg Rau, 

five times per week. The control mice (n=10) were inoculated with the same number of cells 

mixed with PBS and were administered with equivalent volumes of saline.  

The rate of tumor formation and time of tumor formation were significantly different between 

the control and treated groups (Fig. 5.7. A). At day 6, the tumor formation rate in the control 

group reached 80%, whereas that in the Rau-treated group was only 35%. At day 20 when the 

treatment had stopped, all mice in the control group were bearing tumors on both flanks (100% 

tumor formation), whereas the Rau-treated group only had 65% tumor formation. All mice were 

kept for 2 months following the end of treatment. At the end of the experiment, the Rau-treated 

group had a maximum of 85% tumor formation, compared with 100% tumor formation in the 

control group. These data indicated that Rau administration at 20 mg/kg orally eliminated CSCs 

in 15% of the injection sites.   

The growth of the formed tumors was not significantly inhibited by Rau treatment compared 

with the control group, which indicated the lack of a long-term inhibitory effect on tumor growth 

following the end of treatment (Fig. 5.7. B). No adverse effects were observed in either group 

during the treatment (Fig. 5.7. C). 
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Figure 5.6. Effects of single Rau treatment on PANC-1 tumor formation in nude mice. (A) 

Tumor formation rate and (B) tumor size at 2×104 PANC-1 cells; (C) Tumor formation rate and 

(D) tumor size at 2×105 PANC-1 cells; (E) Tumor formation rate and (F) tumor size at 1×106 

PANC-1 cells. PANC-1 cells were mixed with 200 µg/ml Rau, and then inoculated into the left 

flank of each mouse. The same density of PANC-1 cells were mixed with PBS, and inoculated 

into the right flank of each mouse. A total of 10 mice were used for each cell number. The tumor 

formation rate was determined as: Number of tumors observed on a specific day/10 × 100%. 

Tumor size was monitored weekly using calipers and tumor volume was calculated using the 

following formula: Tumor volume = width × width × length/2. *P<0.05; **P<0.01. Rau, 

Rauwolfia vomitoria. 
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Figure 5.7. Effects of repeated Rau treatment on PANC-1 tumor formation and tumor 

growth in nude mice. (A) Tumor formation rate. 2×105 PANC-1 cells were mixed with 200 

mg/ml Rau or PBS (control), and inoculated at both flanks of nude mice (n=10 for each group). 

Treatment started the next day and lasted for 3 weeks with oral gavage of 20 mg/kg Rau or saline 

(control) five times per week. **P<0.01 by log-rank test. (B) Longitudinal tumor growth. Tumor 

size was measured weekly using calipers. Tumor volume = width × width × length/2. (C) Body 

weight of mice during treatment for 3 weeks. Rau, Rauwolfia vomitoria. 
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5.2. Discussion 

Targeting CSCs has been an attractive strategy for developing novel treatments with the aim of 

eliminating the entire cancer cell population. However, targeting CSCs has been challenging. 

First, as CSCs are only a small population in the bulk of cancer cells, anticancer agents that have 

cytotoxicity to the bulk of cancer cells do not necessarily inhibit CSCs [425, 426]. CSCs possess 

self-renewal ability and are able to give rise to new tumors [413]. CSCs are also found to be drug 

resistant [220, 229]. The mechanism by which CSCs become drug resistant remains to be fully 

elucidated. A partial reason is the quiescent status of CSCs in a growing tumor. Other potential 

mechanism are the upregulated expression of the ABCG2 transporter, which facilitates the efflux 

of chemotherapeutic drugs from the cytosol [229], overexpression of detoxifying enzymes, 

enhanced DNA repair ability, and overexpression of anti-apoptotic proteins [220]. Given the 

roles of CSC in tumor generation, metastasis and drug resistance, the identification and 

development of novel drugs that can inhibit CSCs may lead to a promising outcome in the 

comprehensive inhibition of tumor growth, metastasis and recurrence, and overcoming drug 

resistance. In the present study, it was demonstrated that the Rau extract inhibited pancreatic 

CSCs in vitro and in vivo. Previously, it was reported that the same Rau extract induced the 

apoptosis of pancreatic cancer cells and sensitized pancreatic cancer cells to gemcitabine 

treatment [424]. The inhibition of CSCs may be another factor contributing to Rau-induced 

gemcitabine sensitivity in addition to its apoptosis-inducing activity. The data suggested that Rau 

had preferential inhibitory effects towards pancreatic CSCs and also inhibited the bulk of cancer 

cells. This may be advantageous in cancer therapy as one treatment inhibits CSC and non-CSCs. 

The overall inhibitory effect in non-CSC and CSCs results in the inhibition of tumor growth, 

whereas the inhibition in CSCs is likely also to reduce metastasis and chemotherapy resistance. 
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Given the lack of treatment options for pancreatic cancer, the benefits of Rau in pancreatic 

cancer treatment warrant further investigation, particularly in combination with current 

chemotherapies. 

Dye exclusion and CSC surface markers are used in CSC isolation and provide consistent data 

for the enrichment of pancreatic CSCs. However, there has not been an efficient method to 

definitively identify and isolated a pure pancreatic CSCs and maintain/amplify them for drug 

development purposes [404]. Functional assays, including tumor spheroid assays and 

tumorigenicity in mice are commonly used [411]. Due to the difficulties in obtaining and 

maintaining a pure CSC population [412], the isolated CSCs may lose their natural environment 

in the bulk population [413]. In the present study, the bulk of pancreatic cancer cells were 

treated, in addition to a dye-excluding side population, and the CSC-specific outcomes were 

examined. The inhibition of CSCs was shown and was not likely due to the general cytotoxicity 

of Rau to the bulk of cancer cells. The data showed that Rau had an IC50 value of 317 µg/ml 

over 48 hours of treatment towards the bulk of PANC-1 cells, and had markedly lower 

IC50 values of 126.9–142.04 µg/ml for the reduction of CD24+EpCam+ cells at a shorter 

treatment time of 24–48 h. Furthermore, in the tumor spheroid formation assay, Rau had an 

IC50 value of 39.44 µg/ml in inhibiting the number of spheroids. These data suggested that Rau 

had a preferential inhibitory activity towards pancreatic CSCs. 

The data obtained in the present study showed that Rau reduced protein levels of nuclear β-

catenin and Nanog in PANC-1 cells, which are important in stem cell initiation and maintenance. 

Rau also reduced the mRNA levels of several CSC-related genes, namely DPPA4, ESRRB and 

SOX2. The in-depth mechanism underlying how Rau interacts with Nanog and/or the β-catenin 

signaling pathway requires further investigation. In addition, as plant extracts contain a complex 
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mixture of natural compounds, it is possible that Rau also affects other molecular targets and 

pathways that lead to its CSC inhibitory effect.  

Previous studies on extracts of Rau showed inhibitory effects on the proliferation on pancreatic, 

ovarian and prostate cancer [420, 424, 427]. The data from animal experiments in the present 

study revealed the promising effects of Rau in inhibiting tumorigenicity, at a dose and 

administration route that can be easily translated into clinical use. No toxic side-effects were 

observed in mice at this dosage. The inhibition of tumorigenicity indicated the possible role of 

Rau in the prevention of cancer, in addition to data indicating a treatment role. As extracts 

of Rauwolfia vomitoria are consumed by the American public as a health supplement, the safety, 

toxicity and effects of Rau as an anticancer agent require further investigation clinically. 
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Chapter 6. Downregulation of HuR Suppresses Pancreatic Cancer EMT, 

Metastasis and CSCs 
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The RNA binding protein, HuR, is highly expressed in pancreatic cancer compared with normal 

tissues [363]. Elevated HuR nuclear and cytoplasmic levels are correlated with advanced stages 

in pancreatic cancer, and influence patient prognosis and survival rate. Downstream HuR targets 

include mRNAs that encode proteins involved in almost every hallmark characteristics of cancer. 

HuR is a putative target for cancer treatment.  

How HuR regulates cancer cell EMT and CSCs is not well understood. Understanding the 

involvement of HuR in cancer cell EMT and CSCs will not only add to our knowledge of the 

regulation of EMT and CSCs, but also provide a novel approach for design of drugs targeting 

EMT and CSCs. In this chapter, we aim to fill the gap in understanding the role of HuR in 

pancreatic cancer cell EMT and CSCs. 

 

6.1. Results  

6.1.1. Suppression of HuR inhibited pancreatic cancer EMT 

To study the role of HuR in pancreatic cancer cell EMT, we inhibited the expression of HuR in 

pancreatic cancer cell lines by either transfecting siRNAs targeting HuR mRNA (si-HuR) or 

performing a CRISPR/Cas9 based HuR gene deletion. Si-HuR transfection was performed in 

both PANC-1 and Mia PaCa2 cells for 24 hours. Cell morphology of the transfected cells 

changed to a more epithelium-like state, characterized by decreased spindle-like appearance, 

decreased cell length/width ratio, and/or enlarged cell diameter (Fig. 6.1.). The expression of 

EMT markers was then examined using western blot. Consistent with the morphological 

changes, the expressions of signature EMT markers in both PANC-1 and MIA PaCa2 cells were 

altered. The epithelial marker Claudin-1 was significantly upregulated, the mesenchymal marker 

Vimentin was downregulated, and the EMT-TFs Snail was significantly decreased (Fig. 6.2. A). 
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The expression of Claudin-1 was further confirmed by immunofluorescence staining. Results 

clearly showed an increased expression of Claudin-1 (Fig. 6.2. B). 

Permanent deletion of HuR gene in MIA PaCa2 cells was performed by using a CRISPR/Cas-9 

method. The deletion caused a depletion of HuR protein in MIA PaCa2 cells as we expected. 

Similar to the observations in the Si-HuR cells, the morphology of HuR-deleted cells (HuR KO) 

showed a more epithelium-like state compared with the control cells (HuR WT) (Fig. 6.1.). The 

expression of EMT markers was also altered, with an increase in Claudin-1, and a decrease in 

Vimentin and Snail, which were consistent with the protein expression profiles in si-HuR 

knockdown cells (Fig. 6.2.).  

We then re-expressed HuR in the HuR KO MIA PaCa2 cells and expected that the EMT markers 

would be restored. MIA PaCa2 HuR KO cells were transfected with pCDNA 3.1-HuR plasmid to 

achieve the HuR restoration, with parallel pCDNA 3.1 empty plasmid transfected HuR KO cells 

as control. HuR re-expression in MIA PaCa2 HuR KO cells decreased the epithelial markers 

Claudin-1 and ZO-1, and increased the mesenchymal marker Vimentin, and Snail (Fig. 6.3.).  
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Figure 6.1. Morphological characteristics of PANC-1 and MIA PaCa-2 cells with and 

without HuR knockdown or deletion. Si-HuR were cells transfected with si-RNA targeting 

HuR mRNA for 24 hours, and Si-Ctrl were cells transfected with scramble si-RNA for 24 hours. 

Images were obtained at 24 hours after transfection. HuR KO were MIA PaCa2 cells with HuR 

gene deletion using CRISPR/Cas9. HuR WT were MIA PaCa-2 cells transfected with control 

sgRNA. Cell diameter and/or length/width ratio was measure using Image J software with 10 

cells per sample. **p < 0.01; ***p < 0.001 by Student’s t-test. 
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Figure 6.2. The suppression of HuR decreased expression of mesenchymal markers and 

promoted expression of epithelial markers in pancreatic cancer cells. (A) Western blot of 

HuR and EMT markers using cell extracts of MIA PaCa-2 and PANC-1 cells. β-actin was used 

as a loading control. Cells were transfected with either Si-Ctrl or Si-HuR for 24 hours or used 

untransfected (Ctrl). HuR KO were cells with HuR gene deletion by CRISPR/Cas9. HuR WT 

were cells transfected with control sgRNA. (B) Representative images of immunofluorescence 

staining of Clauind-1 (green) performed 24 hours after transfection. Cell nuclei were DAPI 

(blue) stained. 
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Figure 6.3. Re-expression of HuR inhibited expression of epithelial markers and promoted 

expression of mesenchymal markers in pancreatic cancer cells. Western blot of HuR and 

EMT markers using cell extracts of MIA PaCa-2 cells after transfection. β-actin was used as a 

loading control. Cells were transfected with either an empty vector (pVec) or pCDNA3.1-HuR 

(pHuR)for 48 hours. 
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6.1.2. Suppression of HuR inhibited pancreatic cancer cell migration and invasion in vitro 

As EMT promotes cancer cells migration and invasion, we expected HuR knockdown in 

pancreatic cancer cells would inhibit migration and invasion. We performed wound healing 

assay and the Boyden Chamber invasion assay to evaluate the migration and invasion abilities of 

PANC-1 and MIA PaCa2 cells following HuR knockdown. In the wound healing assay, 

migration in both PANC-1 and MIA PaCa2 cells was significantly inhibited following si-HuR 

transfection (Fig. 6.4.). Consistently, HuR KO MIA PaCa-2 cells also had decreased ability to 

migrate (Fig. 6.4.). 

Migration and invasion were further assessed by using either matrigel uncoated (for migration) 

or coated (for invasion) boyden chambers. Data show that siRNA-mediated inhibition of HuR 

(si-HuR) significantly inhibited migration of MIA PaCa2 cells, however, the invasion ability was 

not impaired. The transient nature of si-RNA mediated HuR knockdown may contribute to this 

result. In PANC-1 cells, si-HuR transfection was strong enough to inhibit both migration and 

invasion. HuR gene deletion in MIA PaCa2 cells significantly inhibited both migration and 

invasion compared with wild-type cells (Fig 6.5.). MIA PaCa2 HuR KO cells barely migrated at 

48 hours and 60 hours, compared with both MIA PaCa2 WT cells and MIA PaCa2 si-HuR cells.  

Because HuR also regulates cell proliferation, there is a possibility that the inhibition in 

migration/invasion detected here was due to inhibition in proliferation. To address this question, 

we examined the proliferation of si-HuR and HuR KO cells. Si-HuR MIA PaCa-2 cells had the 

same growth rate as the si-Ctrl cells and untreated cells (Ctrl) up to 72 hours (Fig 6.6. A), 

suggesting the inhibition in migration/invasion was independent of cell proliferation.  There was 

a ~40% growth inhibition at 60 hours with HuR KO MIA PaCa-2 cells compared to wild type 

cells (Fig 6.6. B), and could contribute to the inhibition of gap-closing detected in the HuR KO 
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cells. Considering HuR KO cells were permanently and completely deleted with HuR, while si-

HuR was temporary and not a 100% inhibition, it is likely that inhibition of HuR may first 

influence EMT and migration/invasion in the tested cells, and when the depletion of HuR is more 

severe, growth/proliferation were affected. 

Considering that HuR re-expression in MIA PaCa2 HuR KO cells enhanced the expression of 

EMT markers, we examined migration and invasion in these cells. Data demonstrated that the 

restoration of HuR in MIA PaCa2 HuR KO cells significantly enhanced migration in wound 

healing assay compared with HuR KO cells (Fig 6.7.). 
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Figure 6.4. Suppression of HuR inhibited pancreatic cancer cell migration in wound 

healing assay. PANC-1 and MIA PaCa2 cells were transfected with either Si-Ctrl or Si-HuR for 

24 hours, and then plated into 24-well plates to form confluent monolayer. Scratch was made on 

confluent monolayer cells with a 10µl pipette tip (0 hours). Cell migration was measured after 48 

hours and 60 hours. Bar graph shows what percentage was covered by the cells. Bar graphs 

represent Mean ± SEM of ≥ 3 repeats. **p < 0.01; ***p < 0.001 by one-way ANOVA-

Tukey’s test. 



123 
 

 

 

Figure 6.5. Suppression of HuR inhibited pancreatic cancer cell migration and invasion in 

boyden chamber invasion assay. PANC-1 and MIA PaCa2 cells were transfected with either 

Si-Ctrl or Si-HuR for 24 hours, and then plated into the boyden chambers. Cell migration 

(matrigel-) and invasion (matrigel+) were detected at 24 hours for PANC-1 cells and 48 hours 

for MIA PaCa-2 cells. Bar graphs show the Mean ± SEM of migrated/invaded cells per field of > 

3 fields per experiment for 3 experiments. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way 

ANOVA-Tukey’s test. 
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Figure 6.7. Re-expression of HuR in MIA PaCa2 HuR KO cells enhanced cell migration in 

wound healing assay. MIA PaCa2 HuR KO cells were transfected with either pVec or pHuR for 

48 hours, and then plated into 24 well plates to form confluent monolayer. Scratch was made on 

confluent monolayer cells with a 10µl pipette tip (0 hour). Cell migration was measured after 

120 hours. Bar graph shows what percentage was covered by the cells. Bar graphs represent 

Mean ± SEM of ≥ 3 repeats. *, p<0.05 by one-way ANOVA-Tukey’s test. 

Figure 6.6. Growth curves of MIA PaCa-2 cells with HuR knockdown or deletion. (A) Si-

HuR, cells transfected with si-RNA targeting HuR mRNA; Si-Ctrl, cells transfected with 

scramble si-RNA; Ctrl, cells not transfected. (B) HuR KO, cells deleted of HuR gene by 

CRISPR/Cas9 procedure; HuR WT, cells transfected with control sgRNA. All cells were plated 

in 96-well plates at the density of 3,000 cell/ well. Cell viabilities were detected by MTT assay at 

0, 24, 48, and 72 hours. Data represents Mean ± SD of 4 experiments each done in 8 repeats. 

***, p<0.001 with Student’s t-test. 

A B 
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6.1.3. Suppression of HuR inhibited pancreatic CSCs in vitro and in vivo 

As EMT is associated with the presence of CSCs, we examined the pancreatic CSCs first using 

tumor sphere formation assay. In both PANC-1 and MIA PaCa2 cells, the number and the size of 

tumor spheres were significantly decreased with si-RNA mediated HuR inhibition, indicating the 

inhibition of CSC population. HuR KO MIA PaCa2 cells had decreased number of spheres but 

the sizes of the spheres formed were not influenced (Fig. 6.8.).   

As expected, the re-expression of HuR in MIA PaCa2 HuR KO cells increased the number of 

tumor spheres, with a moderate decrease in the size of tumor spheres formed (Fig. 6.9.). The 

increased number of tumor spheres indicated an increase in the number of CSCs. It is also 

possible that the loss of adhesion molecules in the tumor spheres contribute to the dissociation of 

tumor spheres, resulting in increased tumor sphere number.   

As the CSC population is responsible for tumorigenicity in vivo, we compared the tumor 

formation rate of MIA PaCa2 HuR KO cells with that of the CRISPR/Cas9-control cells (HuR 

WT cells) in nude mice. HuR WT cells yielded 100% (16/16) tumor formation in 8 days after 

subcutaneous inoculation of 2 x 106 cells (day 8). Inoculation of the same number of HuR KO 

cells resulted in tumor formation rate of 25% (4/16) at day 8, which increased only to a final 

tumor formation rate of 37.5% (6/16) at day 21 (Fig. 6.10. A). These data indicate that 

tumorigenicity of MIA PaCa2 cells was impaired with HuR gene deletion. We performed 

immunohistochemical staining to confirm the expression of HuR in MIA PaCa2 HuR WT 

tumors and MIA PaCa2 HuR KO tumors. As expected, HuR was not expressed in the HuR KO 

tumor cells (Fig. 6.10. A). The tumor growth was also inhibited by HuR gene deletion. The HuR 

KO tumors grew significantly slower than the HuR WT tumors (Fig. 6.10. B).   
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Figure 6.8. Suppression of HuR inhibited pancreatic CSCs in tumor sphere formation 

assay. PANC-1 and MIA PaCa2 cells were transfected with either Si-Ctrl or Si-HuR for 24 

hours, and then seeded into the ultra-low attachment 96-well plates. The number and size of 

tumor spheres were measured at 14 days. Bar graphs show Mean ± SEM of 36 repeats. *p < 

0.05; **p < 0.01; ***p < 0.001 by Student’s t-test. 
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Figure 6.9. Re-expression of HuR promoted pancreatic CSCs in tumor sphere formation 

assay. PANC-1 and MIA PaCa2 cells were transfected with either Si-Ctrl or Si-HuR for 24 

hours, and then seeded into the ultra-low attachment 96-well plates. The number and size of 

tumor spheres were measured at 14 days. Bar graphs show Mean ± SEM of 36 repeats. *p < 

0.05; **p < 0.01 by Student’s t-test. 

 A B 

Figure 6.10. Suppression of HuR inhibited pancreatic cancer tumor formation and growth 

in vivo. (A) MIA PaCa-2 HuR WT cells and HuR KO cells were subcutaneously inoculated at 

the rate of 2x106 cells per injection into the flank of nude mice (n=16 per group). ***p < 0.001 

by Log-rank test. Immunohistochemistry staining was performed on paraffin embedded slides of 

collected tumors for HuR expression examination. (B) Tumor volume was measure with caliper. 

Each circle or triangle represents a tumor. The short bars show the mean tumor volume of each 

group. *p < 0.05 by Mann-Whitney U test. 
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6.1.4. HuR promoted EMT in pancreatic cancer by enhancing Snail 

HuR typically regulates its target mRNAs by direct binding to the AU-rich elements (AREs) 

located in the 3’UTR of the target mRNAs, and thus protects the target mRNAs from 

degradation, resulting in increased expression.  

We examined whether HuR bound to the mRNAs of important regulators of EMT and CSCs, 

using RNP-IP assay. Immunoprecipitation was performed in MIA PaCa2 total cell lysate with 

either anti-HuR antibody or IgG. The total RNA was extracted from the pull-down products, and 

then examined by RT-qPCR. mRNAs of a panel of EMT/CSC regulators showed strong 

association with HuR protein, including Snail, Slug, ZEB1, and β-catenin, as well as the mRNAs 

of the known HuR targets Msi1 and HuR (Fig. 6.11. A). The binding of HuR with these mRNAs 

were specific, since the expression of these mRNAs was hardly detected by a 40 cycle RT-qPCR 

amplification in the IgG pull-down products. As a comparison, MIA PaCa2 HuR KO cells were 

also used in the RNP-IP assay. As expected, due to the lack of HuR protein in the HuR KO cells, 

all these mRNAs were only detected at a background level in the pull-down products (Fig. 6.11. 

A). These data indicated that HuR bound to the mRNAs of a panel of EMT/CSC regulators in a 

cell-free system. Whether the binding of HuR to these putative target mRNAs is functionally 

important need to be further studied. 

We hypothesized that the binding of HuR to these putative target mRNAs could protect these 

mRNAs from degradation. Both HuR WT and HuR KO MIA PaCa2 cells were treated with 

actinomycin D to block transcription, and then the stability of these mRNAs was detected in a 4-

hour duration. We observed significantly enhanced degradation of Snail mRNA in HuR KO cells 

(Fig. 6.11. B). However, the stabilities of Slug, ZEB1, and β-catenin mRNAs were not altered 

with HuR KO (Fig. 6.12. A), despite the fact that they were bound to HuR in the cell-free 
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system. Consistently, the protein level of Snail was decreased with HuR knockdown (Fig. 6.2.), 

whereas the protein levels of Slug, Zeb1 and β-catenin were minimally influenced (Fig. 6.12. B). 

As Snail is a primary EMT-TF, the data illustrated that HuR regulated EMT progression by 

direct binding to Snail mRNA. 

The direct interaction of HuR with the 3’UTR of Snail mRNA was then examined with a 

luciferase reporter assay. The full length 3’UTR and two truncated Snail mRNA 3’UTRs 

(ΔAREs, and AREs) were each constructed into the pmirGLO vector, which contains a firefly 

luciferase gene under the PGK promoter (Fig. 6.13. A). The sequence of ΔAREs did not contain 

the AREs, whereas the sequence of AREs contained a major cluster of the AREs in the 3’UTR of 

Snail mRNA. MIA PaCa2 HuR KO cells were then co-transfected with pHuR or pVec, and the 

pmirGLO plasmid containing each of the constructed 3’UTRs of Snail mRNA. Our data clearly 

show that HuR over-expression enhances the luminescence signal only with the presence of the 

AREs in the 3’UTR of Snail mRNA (Full length construct and AREs construct). When the AREs 

in the 3’UTR of Snail mRNA were absent (ΔAREs), the luminescence signal did not change 

with HuR over-expression (Fig. 6.13. B). 

To further determine the functional importance of Snail in the HuR regulated EMT and 

migration, we over-expressed Snail in HuR KO MIA PaCa2 cells. The migration ability of the 

cells was then examined. Data showed that the restoration of Snail significantly increased 

migration of the HuR KO MIA PaCa2 cells (Fig. 6.14.).    

Taken together, data here demonstrated that HuR directly bound to the AREs in the 3’UTR of 

Snail mRNA, and thus stabilized Snail mRNA from degradation, resulting in EMT progression 

and increased cell migration/invasion in pancreatic cancer cells. 
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Figure 6.11. HuR bound to the mRNAs of EMT regulators. (A) RNP-IP detection of HuR 

binding mRNAs of EMT-related genes. Data for each individual mRNA was normalized to the 

IgG pull-down product of that mRNA. Bar graphs show Mean ± SEM of 9 repeats. (B) Stability 

of Snail mRNA in MIA PaCa-2 HuR WT and HuR KO cells. Transcription was blocked by 

actinomycin D (5 µg/ml) treatment 30 minutes before the first sample was collected (0 hours). 

Data shows Mean ± SEM of 9 repeats. *p < 0.05 by Student’s t-test. 

A 

B 
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Figure 6.12. HuR suppression did not influence the mRNA stabilities and protein levels of 

ZEB1, β-catenin and Slug. (A) mRNA stability was detected by RT-qPCR. MIA PaCa2 cells 

were transfected with either Si-Ctrl (Ctrl) or Si-HuR (HuR KD) for 24 hours. Transcription was 

then blocked by actinomycin D (5 µg/ml) treatment 4 hours before the first sample was collected 

(0 h). (B) Protein levels were detected by western blot. β-actin was a loading control. 
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Figure 6.13. HuR direct bound to AREs in the 3’UTR of Snail mRNA. (A) Schematic 

diagram showing the constructions of dual-luciferase reporter (pmirGLO) with the full length 

and two truncations of the 3’UTR of Snail mRNA. (B) Dual-luciferase reporter assay. MIA 

PaCa-2 HuR KO cells were co-transfected with pHuR or pVec, and pmirGLO plasmid 

containing each of the constructed 3’UTRs of Snail mRNA (either the full length, AREs or 

ΔAREs, or empty reporter). **p < 0.01 by one-way ANOVA-Tukey’s test. 
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Figure 6.14. Re-expression of Snail in MIA PaCa2 HuR KO cells promoted cell migration 

in wound healing assay. Cells were transfected with empty vector (pVec) or pCDNA3.1-Snail 

plasmid (pSnail) for 48 hours. The level of Snail was examined by western-blot, using β-catenin 

as a loading control. Cells were then plated into 24-well plates to form confluent monolayer. 

Scratch was made on confluent monolayer cells with a 10µl pipette tip (0 hour). Cell migration 

was measured after 48 hours. Bar graph shows what percentage was covered by cells. Bar graphs 

represent Mean ± SEM of ≥ 3 repeats. *p < 0.05 by Student’s t-test. 
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6.2. Discussion 

In pancreatic cancer, higher HuR level is associated with higher tumor T stage in patients [374]. 

HuR is unlikely to be a tumor initiator in pancreas by itself, but rather facilitates tumor 

development [428]. Pancreas specific transgenic HuR mouse did not form spontaneous tumor, 

instead, the elevated intra-pancreas HuR level promoted a pancreatitis-like inflammatory 

microenvironment that could facilitate tumor development [428]. Specific silencing or knockout 

of HuR inhibited pancreatic cancer cell proliferation, migration, invasion, and disabled in vivo 

xenograft formation [429]. We hypothesized that HuR plays an important role in regulating 

pancreatic cancer cell EMT and stemness, and this regulation underlines the aggressiveness of 

the tumor in terms of invasion, metastasis, drug resistance and new tumor generation. Data here 

reveal that HuR enhances pancreatic cancer cell EMT, mainly by stabilizing Snail mRNAs and 

enhancing its protein expression. This enhancement in EMT promotes pancreatic cancer cell 

migration and invasion. The enhancement of EMT process by HuR also has implications in 

pancreatic CSC formation and maintenance. Inhibition of HuR dampened the ability of 

pancreatic cancer cell to migrate and invade, and inhibited tumor initiation in mice. These data 

add to our knowledge of the role that HuR is playing in tumor metastasis and cancer stem cells, 

which was not well understood before. 

HuR is more and more recognized as a responder in the cells to various stresses and is involved 

in many physiological and pathological processes. Apparently, its function and the downstream 

genes regulated are different in different tissues and under different conditions. For example, 

under hypoxia HuR enhances VEGF and HIF-1α expression [430], whereas under oxidative 

stress HuR enhances expression of cyclins and sirtuins [431]. HuR is also shown to causally 

linked to the onset of inflammation in kidney disease [432], and contributes to liver fibrosis 
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[433], as well as many other pathological processes related to inflammation. In adipose tissue 

HuR protects against diet-induced obesity and insulin resistance [430]. The oncologic 

microenvironment and the cancer cell itself might provide a “stress” condition that upregulates 

and activates HuR, with mechanisms not yet understood. Data here show that HuR was 

differentially expressed in cancerous and normal pancreatic cells and mouse tissues, consistent 

with clinical reports of the association between HuR levels and pancreatic cancer. The results 

here showed that in pancreatic cancer cells, HuR bound to a panel of mRNAs of regulator genes 

in the process of cancer cell EMT, but apparently the binding did not influence protein 

expressions of all the bound mRNAs. Here, only Snail mRNA was stabilized and protein 

expression increased. The mechanism of this selectivity remains to be understood. Another 

unexplored area in this study is the potential interaction and crosstalk between the tumor 

microenvironment and HuR expression and function in the cancer cells and in the surrounding 

cells such as pancreatic stellate cells, immune cells, and fibroblasts.        

In this study, we mainly focused on the relationship of HuR with pancreatic cancer EMT and 

CSCs. As a post-transcriptional regulator with a wide spectrum of downstream targets, it is 

undeniable that HuR may also regulates other biological events in pancreatic cancer, such as 

cancer cell proliferation, angiogenesis, and inflammation. Indeed, our data show that MIA PaCa2 

HuR KO cells have an increased doubling time compared to the MIA PaCa2 HuR WT cells. The 

tumor growth of MIA PaCa2 HuR KO cells was also impaired in vivo, compared to the MIA 

PaCa2 HuR WT cells. It is possible that the inhibition of cell migration and invasion we detected 

in MIA PaCa2 HuR KO cells could be a combination of cell proliferation inhibition and 

migration/invasion inhibition. Interestingly, there was no difference between the doubling time 

of MIA PaCa2 si-Ctrl cells and MIA PaCa2 si-HuR cells, or PANC-1 si-Ctrl cells and PANC-1 
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si-HuR cells. Given that si-HuR is only a partial and transient suppression of HuR compared 

with gene deletion, and si-HuR in both MIA PaCa2 and PANC-1 cells inhibited migration and 

invasion, it is likely that HuR has more significant effects on cell migration/invasion than 

proliferation in the tested cells. Taken together, our studies illustrated that the inhibition of HuR 

in pancreatic cancer cells primarily inhibited the migration and invasion.  

In summary, studies included in this chapter show that the suppression of HuR inhibited 

pancreatic cancer cell EMT and consequently inhibited migration, invasion, and CSCs through 

inhibition of the EMT-TF Snail. HuR directly binds to the AREs in the 3’UTR of Snail mRNA, 

resulting in the stabilization of Snail mRNA, increased level of Snail, and progression of EMT. 

Suppression of HuR enhances Snail mRNA degradation and Snail protein downregulation. 
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Chapter 7. A Novel HuR Inhibitor, KH-3, Inhibits Pancreatic Cancer EMT, 

Metastasis and CSCs In Vitro and In Vivo 
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In chapter 6, we demonstrated that the knockdown of HuR inhibited pancreatic cancer EMT, 

migration, invasion, and CSCs. Given that HuR has different levels in cancer cells versus normal 

cells, and given its function in tumor progression, targeting HuR has the potential to inhibit 

tumor growth, metastasis, and avoid drug resistance and tumor recurrence. Therefore, HuR is an 

attractive target for the development of novel drugs for pancreatic cancer management. 

Efforts in developing small molecule inhibitors of HuR have not been successful so far. 

Especially, there is a lack of small molecules that directly interrupt HuR-mRNA binding. In this 

chapter, we identified a novel HuR inhibitor that directly binds to HuR and interrupts HuR-

mRNA binding. We investigated its effects on pancreatic cancer progression, metastasis, and 

tumorigenesis in vitro and in vivo.  

 

7.1. Results  

7.1.1. Screening for inhibitors of pancreatic cancer EMT 

In an effort to discover new inhibitors for pancreatic cancer EMT, Dr. Liang Xu’s group at the 

University of Kansas developed a high throughput screening (HTS) assay to identify HuR 

inhibitors. A screening of about 6000 compounds, including 28 structural derivatives to the 

HDAC inhibitors SAHA and MS-275, found that compound KH-3 (Fig. 7.1. A) was one of the 

top hits. KH-3 is a structural derivative to SAHA and MS-275. Our study found that KH-3 

reduced the viability of pancreatic cancer cell lines PANC-1 and BxPc-3 more potently than its 

parent compounds SAHA and MS-275 (Fig. 7.1. B, C). KH-3 had IC50 values of 21 µM for 

PANC-1 and 6.25 µM for BxPC-3 cells, while SAHA had IC50 values of >40 µM for PANC-1 

and 16 µM for BxPC-3. MS-275 had IC50 values of >40 µM for PANC-1 and > 50 µM for 

BxPC-3 (Fig. 7.1. D). Neither KH-3 nor the parent compounds significantly affected the viability 
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of the normal pancreatic ductal epithelial cells hTERT-HPNE even at a concentration of 40 µM 

(Fig. 7.1. D).   

We then examined the HDAC inhibition activity of KH-3 using SAHA and MS-275 as positive 

controls. As expected, both SAHA and MS-275 showed potent HDAC inhibition activity by 

increasing the acetylation of all four histones (H2A, H2B, H3, and H4). Surprisingly, KH-3 

hardly showed any HDAC inhibiting activities, as it minimally increased the acetylation of the 

histones (H3 and H4) as compared to the control (Fig. 7.2.). The data indicate that KH-3 is not 

an HDAC inhibitor. Considering that KH-3 had the lowest IC50 values for pancreatic cancer cell 

proliferation, it should have other mechanism(s) of action than HDAC inhibition.  
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Figure 7.1. KH-3 reduced the cell viability of pancreatic cancer cell lines with limited effect 

on normal pancreatic ductal cells. (A) Structure of compound KH-3. (B) Structure of HDAC 

inhibitor SAHA. (C) Structure of HDAC inhibitor MS-275. (D) PANC-1, BxPc-3 and hTERT-

HPNE cells were treated with increasing concentrations of either SAHA, MS-275 or KH-3. Cell 

viability was then measured by MTT assay after 48 hours for PANC-1 and hTERT-HPNE cells, 

and after 24 hours for BxPc-3 cells. *p < 0.05 versus MS-275; #p < 0.05 versus SAHA by 

Student’s t-test. 
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Figure 7.2. KH-3 lost HDAC inhibitory activity compared with parent compound SAHA 

and HDAC inhibitor MS-275. PANC-1 and BxPc-3 cells were treated with SAHA, MS-275, 

KH-3 or vehicle control (DMSO) for 24 hours. Acetylation of histones and α-tubulin was 

detected by western blot. Actin was used as a loading control. 
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7.1.2. A novel HuR inhibitor KH-3 disrupted HuR-mRNA interaction and inhibited 

pancreatic cancer cell viability depending on endogenous HuR level.   

As KH-3 was identified as one of the top hits in the screening assay for HuR inhibitors, it is 

reasonable to examine the HuR binding infinity of KH-3. Direct binding of KH-3 with HuR was 

then examined by Surface Plasmon Resonance (SPR), a label-free technique to measure 

biomolecular interactions in real-time. The RNA recognition motifs (RRM1/2) of the human 

recombinant HuR protein were immobilized on the surface of the sensor chip. The data show that 

KH-3 bound to RRM1/2, resulting in an increase in the refractive index which change the 

measured resonance angle. The increase in resonance (RU) corresponded to the KH-3 

concentration (Fig. 7.3. A). Through its binding, KH-3 disrupted HuR interaction with its known 

target mRNA, the Msi1 mRNA, with Ki values in nM range, as shown in the Fluorescence 

Polarization Assay (FPA) using the full-length HuR protein (Fig. 7.3. B), and in an Amplified 

Luminescent Proximity Homogeneous Assay (Alpha assay) using the RNA binding motifs 

RRM1/2 (Fig. 7.3. C). KH-1, which is a negative hit in the screening assay for HuR inhibitors, 

was used as a negative control. KH-1 did not disrupte HuR interactions with its known target 

mRNA, the Msi1 mRNA. 

Endogenous HuR levels in PANC-1, MIA PaCa2, BxPc-3 and hTERT-HPNE Cells were 

quantified by western blot. The resulting expression levels correlated negatively with the 

IC50 values of KH-3 for the respective cell lines (Fig 7.4.). MIA PaCa2 cells had the highest 

HuR protein abundance among the four tested cell lines and were the most sensitive to HuR 

treatment (IC50 = 5 µM). PANC-1 cells had the lowest HuR expression level and were the most 

resistant among the three cell lines (IC50 = 25 µM). BxPC-3 cells had an intermediate HuR 

expression level and the IC50 of KH-3 was in the middle (10 µM). The human pancreatic ductal 
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epithelial cell line, hTERT-HPEN, had the lowest abundance of HuR protein compared with 

the cancer cells, and the IC50 was the highest (IC50 >> 40 µM). The correlation between IC50 

values and endogenous HuR level was tested by Pearson correlation coefficient method and a 

correlation coefficient value of -0.71 was found, indicating a strong inverse correlation. This 

inverse correlation of HuR expression levels and sensitivity to KH-3 treatment in the four tested 

cell lines suggested that KH-3 exerts its anti-pancreatic cancer activity through HuR (Fig. 7.4.)  
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Figure 7.3. KH-3 was identified as an HuR inhibitor that directly binds to HuR and can 

disrupt HuR-mRNA interactions. (A) Surface plasmon resonance (SPR) assay showing direct 

binding of KH-3 to immobilized HuR-RRM1/2. (B) Fluorescence polarization (FP) assay 

showing interruption of KH-3 to the binding of MSI1 mRNA with HuR protein. A synthetic 

HDAC inhbitor KH-1 was used as negative control. Twenty-five nM full-length human HuR and 

2 nM FITC-labeled 16-nt MSI1 RNA sequence was used. (C) Amplified Luminescent Proximity 

Homogeneous Assay (Alpha assay) showing KH-3 inhibited the binding of MSI1 mRNA to 

HuR-RRM1/2. 100 nM His-tagged HuR RRM1/2 fragment and 25 nM biotinylated 16-nt MSI1 

mRNA sequence were used. KH-1 did not inhibit the binding of MSI1 mRNA to HuR-RRM1/2. 

Labeled scramble 16-nt RNA was used as control. Ki values were calculated based on the Kd 

and the dose-response curves. 
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Figure 7.4. HuR protein amount negatively correlates with cell viability of different 

pancreatic cancer lines in the presence of KH-3. (A) PANC-1, MIA PaCa2, BxPc-3, and 

hTERT-HPNE cells were treated with increasing concentrations of KH-3. Cell viability was then 

measured by MTT assay after 48 hours. (B) Upper: Western blot showing endogenous HuR 

levels of the tested cell lines. Lower: Correlation of HuR levels and sensitivity of cells to KH-3 

treatment. Bars show relative band density of HuR normalized to GAPDH, and the line shows 

IC50 values of KH-3. 
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7.1.3. KH-3 inhibited pancreatic cancer EMT, migration, invasion, and CSCs in vitro by 

inhibiting HuR functions 

In chapter 6, we have demonstrated that the inhibition of HuR by either si-HuR or CRISPR/Cas9 

based HuR gene deletion led to the inhibition of pancreatic cancer EMT, migration, invasion, 

and CSCs. As an HuR inhibitor, KH-3 was expected to mimic the effects of HuR downregulation 

on pancreatic cancer EMT, migration, invasion, and CSCs. 

In order to investigate the effect of KH-3 on pancreatic cancer, the levels of EMT signature 

proteins were first examined by western blot. KH-3 treatment in both MIA PaCa2 and PANC-1 

cells decreased Vimentin and Snail, two mesenchymal markers, and increased the epithelial 

marker Claudin-1 (Fig. 7.5.), mimicking HuR knockdown as shown in chapter 6 (Fig. 6.2.). The 

level of HuR was not changed with KH-3 treatment (Fig. 7.5), indicating that KH-3 exerted its 

function through interrupting HuR-mRNA binding rather than altering HuR expression.  

A wound healing assay was then used to examine how cell migration was affected by KH-3 

treatment. In both MIA PaCa2 and PANC-1 cells, KH-3 significantly inhibited cell migration in 

a dose dependent manner (Fig. 7.6., 7.7.). Knockdown of HuR by si-RNA and gene deletion by 

CRISPR/Cas were then used to examine the target specificity of KH-3. Consistent with data in 

Chapter 6 (Fig. 6.4.), in both MIA PaCa2 and PANC-1 cells, si-HuR reduced migration 

compared with the control treatment (Fig. 7.6.), and MIA PaCa2 HuR KO cells had dramatically 

inhibited cell migration (Fig. 7.7.). KH-3 did not show an additional effect on the cell migration 

in cells where HuR expression was suppressed (both si-HuR cells and HuR KO cells), indicating 

a loss-of-target effect for KH-3 (Fig. 7.6., 7.7.). 

We then re-expressed HuR in HuR KO MIA PaCa2 cells by transfecting the cells with an HuR-

expression plasmid (pHuR). After restoring HuR expression, KH-3 partially inhibited cell 
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migration (Fig. 7.8.). These data demonstrate that KH-3 induced inhibition of migration is 

dependent on HuR. 

Cell invasion was further examined by the Boyden Chamber assay. KH-3 significantly inhibited 

both migration and invasion of MIA PaCa2 cells (Fig. 7.9.).  

In addition, tumor sphere formation was also inhibited by KH-3 treatment. In PANC-1 cells, 10 

µM of KH-3 eliminated the tumor spheres, while 4 µM of KH-3 had a similar effect in MIA 

PaCa2 cells. Also, in BxPC-3 cells, 8 µM of KH-3 significantly inhibited both the number and 

the size of tumor spheres (Fig. 7.10.). 

Taken together, as an HuR inhibitor, KH-3 successfully mimicked the effects of HuR 

knockdown and inhibited pancreatic cancer cell EMT, migration, invasion, and CSCs. The 

inhibitory effects of KH-3 on pancreatic cancer was HuR dependent.  
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Figure 7.5. KH-3 inhibited expression of mesenchymal and promoted expression of 

epithelial markers in pancreatic cancer cells. (A) Western blots of MIA PaCa-2 and PANC-1 

cells showing expression of HuR and EMT markers. β-actin was a loading control. MIA PaCa-2 

cells were treated with 2 μM and PANC-1 cells with 5 μM KH-3 for 24 hours, based on their 

IC50 values. (B) Immunofluorescence staining for Claudin-1 in MIA PaCa-2 cells. Cells were 

treated with 2 μM and 4 μM KH-3 for 24 hours, and nuclei were DAPI stained. 
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Figure 7.6. KH-3 inhibition of cell migration in MIA PaCa2 and PaCa2 cells was lost upon 

si-HuR treatment. MIA PaCa2 (A) and PANC-1 (B) cells were transfected with either si-Ctrl or 

si-HuR for 24 hours, and then plated into 24-well plates to form confluent monolayer. Scratches 

were made on confluent monolayers with a 10µL pipette tip (0 hours). MIA PaCa2 cells were 

then exposed to 1 μM and 2μM KH-3. PANC-1 cells were exposed to 2 μM KH-3. Cell 

migration was measured at 48 hours and 60 hours. Bar graph shows what percentage was 

covered by cells after 48 or 60 hours. The results represent mean ± SEM of ≥ 3 repeats. *p < 

0.05 by one-way ANOVA-Tukey’s test (A) or Student’s t-test (B) as compared to control. 
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Figure 7.7. KH-3 inhibition of cell migration in MIA PaCa2 cells was lost after HuR 

knockout. The HuR gene was deleted in MIA PaCa2 cells by CRISPR/Cas9. Cells were plated 

into 24-well plates to form confluent monolayer. A scratch was made on confluent monolayer 

cells with a 10µL pipette tip (0 hour). Cells were then exposed to1 µM and 2µM KH-3 and cell 

migration was measured after 48 and 60 hours. Bar graph shows the percentage covered by cells. 

Bar graphs represent mean ± SEM of ≥ 3 repeats. *p < 0.05; **p < 0.01 by one-way ANOVA-

Tukey’s test as compared to control. 
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Figure 7.8. HuR re-expression in MIA PaCa2 HuR KO cells partially rescued the effect of 

KH-3. MIA PaCa2 HuR KO cells were generated by CRISPR/Cas9. Cells were then transfected 

with empty vector (pVec) or pcDNA3.1-HuR (pHuR) for 48 hours and then plated into 24-well 

plates to form confluent monolayers. A scratch was made on confluent monolayers with a 10µL 

pipette tip (0 hour). Some cells were then exposed to 2μM KH-3. Cell migration was measured 

after 120 hours. Bar graph shows the percentage covered by cells. Bar graphs represent mean ± 

SEM of ≥ 3 repeats. *p < 0.05 by Student’s t-test as compared to control. 
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Figure 7.9. KH-3 inhibited the migration and invasion of MIA PaCa2 cells in the Boyden 

Chamber assay. MIA PaCa2 cells were plated into the Boyden Chamber in the presence of 

either 0, 0.5 or 1 μM KH-3. Cell migration (Matrigel-) and invasion (Matrigel+) were 

determined after 48 hours. Bar graphs show the mean ± SEM of migrated/invaded cells per field.  

Each treatment was triplicated. *p < 0.05; **p < 0.01 by one-way ANOVA-Tukey’s test as 

compared to control. 
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Figure 7.10. KH-3 inhibited pancreatic cancer tumor sphere formation. Cells were seeded at 

100 cells/well in ultra-low attachment 96-well plates. MIA PaCa-2 cells were treated with 4 µM 

of KH-3, PANC-1 cells with 10 µM, and BxPC-3 cells 8 µM. Spheres were imaged and counted 

14 days post seeding. Bar graphs show mean ± SEM of 36 repeats. ***p < 0.001 by one-way 

ANOVA-Tukey’s test as compared to control. 
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7.1.4. KH-3 decreased Snail mRNA stability and protein expression. 

Data in chapter 6 demonstrate that HuR bound to the mRNAs of a panel of EMT regulators (Fig. 

6.10., 6.11., 6.12.). Here we examine the effects of KH-3 on the binding of HuR to its targets. 

We expected that upon KH-3 treatment, HuR target mRNAs would be less likely to co-

precipitate with HuR. In order to prevent the re-binding of HuR with target mRNAs in a cell-free 

immunoprecipitation procedure, KH-3 was supplied in cell lysate buffer at the concentration of 2 

μM. MIA PaCa2 cells were treated with 2 μM of KH-3 for 24 hours and total cell lysate was 

used for the pulldown assay. KH-3 significantly decreased the amounts of mRNAs of Snail, 

Slug, ZEB1, β-catenin, HuR and Msi1 in the pulled-down products (Fig. 7.11. A), consistent 

with but slightly less efficient than the HuR KO (Fig. 6.10.). Similar to HuR KO, KH-3 

treatment (2 µM) enhanced Snail mRNA degradation (Fig. 7.11. B) and decreased the protein 

level of Snail (Fig. 7.5.).   

As we identified Snail as a direct target of HuR in EMT regulations (Fig. 6.12., 6.13.), the effect 

of KH-3 on the binding of HuR with Snail mRNA was examined with the luciferase reporter 

assay. When pHuR and pmirGLO were co-transfected with the full-length Snail 3’UTR 

construct, or with AREs, KH-3 treatment reduced the luminescence signal (Fig. 7.12.), clearly 

demonstrating the disruption of the interaction of HuR with the 3’UTR of Snail mRNA. In the 

absence of HuR binding elements (ΔAREs), KH-3 had no effect on the luminescence signal (Fig 

7.12.). 
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Figure 7.11. KH-3 disrupted the binding of HuR with the mRNAs of EMT regulators and 

impaired the stability of Snail mRNA. (A) RNP-IP assay. MIA PaCA-2 cells were treated with 

2 µM of KH-3 for 24 hours. KH-3 was supplied in lysate buffer at the concentration of 2 µM. 

Total RNA from pull-down products of whole cell lysate were subjected to RT-qPCR detection. 

Data for each individual mRNA was normalized to the IgG pull-down product of that mRNA. 

Bar graphs show mean ± SEM of 9 repeats. (B) Stability of Snail mRNA in MIA PaCa-2 cells 

treated with KH-3. Transcription was blocked by actinomycin D (5 µg/ml) treatment 30 minutes 

before the cells were exposed to KH-3 (2 µM) (0 h). Data represent mean ± SEM of 9 repeats. 

*p < 0.05; ***p < 0.001 by Student’s t-test as compared to control. 
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Figure 7.12. KH-3 disrupted the binding of HuR with the AREs in the 3’UTR of Snail 

mRNA in a dual-luciferase reporter assay. MIA PaCa-2 HuR KO cells were co-transfected 

with pHuR (or pVec) and the dual-luciferase reporter with Snail 3’UTR constructs (either the 

full length, AREs or ΔAREs, or empty vector). After 24 hours, cells were treated with KH-3 at 

indicated concentrations for an additional 24 hours. Data represent mean ± SEM of 9 repeats. 

***p < 0.001 by one-way ANOVA-Tukey’s as compared to control. 
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7.1.5. KH-3 inhibited HuR positive pancreatic cancer progression and metastasis in vivo. 

The in vivo tumor inhibitory effect of KH-3 was then tested in a highly metastatic orthotopic 

xenograft model of pancreatic cancer outlined in Figure 7.13 A. Briefly, 2 × 105 PANC-1 cells 

were implanted into the pancreatic parenchyma of nude mice. This resulted in a 90% tumor 

formation rate in the pancreas, with ~ 60% of mice having metastasis in the liver and in the 

peritoneal cavity within 5 weeks, based on our previous experiences. For imaging purposes, 

PANC-1 cells were transfected with luciferase. Tumor progression was monitored by weekly 

imaging using an In Vivo Imaging System (IVIS). To avoid peritoneal metastatic lesions 

resulting from leak of injection, 5 mice (donor mice) were injected with the luciferase expressing 

PANC-1 cells (PANC-1-Luc2) and tumors were allowed to form for 4 weeks. Tumors in the 

pancreas of these donor mice were harvested and cut into ~1 mm3 pieces and implanted into the 

pancreatic parenchyma of recipient mice. After 2 weeks, tumor development in the pancreas of 

the recipient mice was detected by imaging. Mice were then grouped, and treatment commenced 

(n = 9 for control group, n = 10 for each of KH-3 group and a positive control group of 5-FU 

treatment).  

A pilot MTD (maximum tolerant dose) experiment was carried out to determine dose regimen to 

be used in treatment. Mice (n=3) were started at 50 mg/kg body weight of KH-3 daily, 

intraperitoneal injection (IP) for 3 consecutive days. No clinical signs of toxicities were 

observed. Dose was then escalated to 75 mg/kg for 3 days and when no signs of toxicities were 

observed, dose was increased to 100 mg/kg for 5 days. On day 5 of 100 mg/kg, reduction in 

activities were observed in mice. Dose was reduced to 3x weekly at 100 mg/kg, by IP injection. 

No clinical signs of toxicities were observed. The 100 mg/kg 3x weekly IP injection was 
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determined as the treatment dose. All treatment concerning KH-3 used this dose regimen. The 

dose regimen for 5-FU was 50 mg/kg based on literature reports [434, 435].  

The treatment continued for 5 weeks when the control tumor bearing mice has poor body 

conditions. All mice were euthanized, and gross necropsy was performed. The data showed that 

KH-3 treatment significantly inhibited tumor growth and reduced tumor burden compared with 

the vehicle treated group (Control) (Fig. 7.13. B, C), while 5-FU did not show significant anti-

tumor effects during the treatment. The final tumor weight in KH-3 treated mice was also 

significantly reduced compared with vehicle treated mice (Fig. 7.13. D). It is notable that 8 out 

of 10 mice in 5-FU group had tumors, whereas 10 out of 10 mice in KH-3 group and 9 out of 9 

mice in control group had tumors. There are several possibilities to explain why these two mice 

in 5-FU group did not have tumor. It is possible that these two mice had better response to 5-FU 

from the beginning of treatment. However, because the other 8 mice in the groups apparently did 

not respond to 5-FU treatment and the final average tumor weight in 5-FU group was not 

reduced compared to untreated controls, it is not likely these 2 mice alone would have such a 

dramatic tumor regression. Another obvious possibility is that the tumor formation is heterogenic 

in individual mice. Our grouping was based on IVIS imaging results, which had a significant 

variation between individual mouse (the total flux ranging from 2.23 x 106 p/s to 1.09 x 109 p/s). 

As a comparison, the negative control mouse, which does not bear tumors, had a total flux of 

6.19 x 105 p/s as the baseline. In addition, the two mice in 5-FU group without tumors had a 

significant lower readout in IVIS imaging during the treatment. Therefore, it is more likely that 

these two mice did not bear tumor and the imaging had false positive results when grouping.  

No clinical signs of toxicity were observed in KH-3 treated mice and 5-FU treated mice during 

the treatment. There is a difference in body weight between control and KH-3 group after 21 
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days of treatment. However, because of tumor growth, it is yet difficult to attribute the changes 

in body weight to toxicity. Histological examination of the livers found no changes in the KH-3 

group (Fig. 7.14.).  

In order to precisely detect whether there were metastatic lesions in the liver, we used a 

bioluminescent assay by soaking the liver tissues in solutions of luciferin (10 mg/ml). A liver 

metastatic lesion gave positive bioluminescent signals which were detected by the IVIS system, 

while soaking the same tissues in PBS gave no signals (Fig. 7.15. A). All mouse livers were then 

collected and soaked in 10 mg/ml of luciferin and bioluminescence was examined. In the vehicle 

treated group (Ctrl), 5 out of 9 mice developed metastatic lesions in the liver (56%). In the 5-FU 

treated group, 4 out of 10 mice had liver metastatic lesions (40%), whereas in the KH-3 treated 

group, only 1 out of 10 mice developed liver metastasis (10%) (Fig. 7.15. B, C).  

At the end of the in vivo study, tumor tissues were examined for EMT alterations by western 

blots. Consistent with in vitro data and the expected EMT inhibition, the epithelial markers 

Claudin-1 and ZO-1 were upregulated in the KH-3 treated mice, and Snail was downregulated 

(Fig. 7.16. A). The upregulated expression of Claudin-1 was further confirmed by 

immunofluorescence staining (Fig. 7.16. B). Immunohistochemistry confirmed the high 

expression level of HuR in the tumor tissues compared with the adjacent normal pancreatic 

tissues. KH-3 treatment did not change the expression level of HuR in the tumor tissues (Fig. 

7.16. C).    

To examine whether the inhibitory effects of KH-3 were dependent on HuR, an in vivo treatment 

was performed using MIA PaCa2 HuR KO tumors. MIA PaCa2 HuR KO cells were inoculated 

into both flanks of nude mice (n=16 in each group). Tumor formation and growth were closely 
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monitored with caliper measurement. The treatment started on the same day the cells were 

inoculated, with either KH-3 (100 mg/kg, IP, three times per week) or vehicle. Data 

demonstrated that KH-3 treatment did not affect either formation (Fig. 7.17. A) or growth (Fig. 

7.17. B) of these HuR KO tumors. These data, together with the data in the orthotopic pancreatic 

cancer mouse model, strongly indicate that the KH-3 effects were dependent on the presence of 

HuR in the tumor. 
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Figure 7.13. KH-3 inhibited growth of a HuR positive pancreatic cancer in an orthotopic 

xenograft mouse model. (A) Schematic diagram shows the workflow of the in vivo assay. (B) 

Upper: bioluminescence images of mice bearing PANC-1-Luc2 tumors treated with KH-3 

(100mg/kg, 3 x weekly, n=10), or vehicle (Ctrl, n=9), or 5-FU (50 mg/kg, 2x weekly). Lower: 

Tumor in mouse pancreas at the end of treatment (Day 36). (C) Average tumor burden measured 

by using an IVIS, quantified as photons/sec/cm2 (mean ± SEM). *p < 0.05 by one-way ANOVA-

Tukey’s test. (D) Average tumor weight at the end of the treatment. *p < 0.05 by one-way 

ANOVA-Tukey’s test. The round dot in 5-FU group represents a statistical outlier tumor sample. 

C 

D 
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Figure 7.14. Body weight and liver histology of mice bearing PANC-1 tumors. KH-3, 100 

mg/kg 3x weekly IP. Ctrl, vehicle control. Average body weight measured by digital scale 

(mean ± SEM). *p < 0.05; **p < 0.01; ***p < 0.001 by Student’s t-test.  
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A C 
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Figure 7.15. KH-3 inhibited metastasis of an HuR positive pancreatic cancer in vivo. (A) A 

visible liver metastatic lesion was soaked in PBS or D-luciferin for 5 minutes and then imaged 

with IVIS spectrum imaging system. (B) Mouse livers were collected and incubated with D-

luciferin for 5 minutes before being imaged with an IVIS. Black arrows indicated positive 

bioluminescence in the liver which was considered as liver metastatic lesions. (C) Bar graph 

showed liver metastasis rate in control mice, KH-3 treated mice, and 5-FU treated mice. Images 

showed visible metastatic lesions. 
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Figure 7.16. KH-3 inhibited the expression of EMT makers in pancreatic tumor tissues. (A) 

Western blot of mouse tumor tissues showing EMT markers. Bar graphs show average band 

intensity of each protein normalized to GAPDH. (B) Immunofluorescence staining showing 

increased Claudin-1 expression in KH-3 treated tumor, compare with vehicle treated tumor. (C) 

Immunohistochemistry showing HuR expression in tumor tissues and adjacent normal pancreatic 

tissues. 
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Figure 7.17. KH-3 did not influence the formation and growth of an HuR negative 

pancreatic tumor. (A) Subcutaneous tumor formation of MIA PaCa-2 HuR KO cells with and 

without KH-3 treatment (n=16 for each group). Log Rank test resulted in no significant 

difference. (B) Volume of the subcutaneous tumors formed in (A). Each circle or triangle 

represents a tumor. The short lines represent average tumor volume of each group. Mann–

Whitney U tests on each day demonstrated no significant differences between treatment and 

control. 
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7.2. Discussion 

Given the importance of HuR in EMT and CSC, along with its roles in other signaling pathways 

involved in cancer progression, it is intriguing to develop pharmacological inhibitors of HuR for 

the treatment of cancer. However, there has been little success with small molecules that inhibit 

HuR functions, partially due to the unclear structure of the RNA interacting pocket in the HuR 

protein [387]. The only small molecule advanced to early phase clinical trial is MS-444, a 

myosin light chain kinase inhibitor, which was found to interfere with nuclear-to-cytoplasmic 

translocation of HuR. However, there are multiple issues regarding specificity and toxicities 

[387]. Our data show that a novel compound, KH-3, works in a different way than MS-444. KH-

3 binds to the RNA recognition motifs (RRM1/2) of the HuR protein and disrupts the HuR-

mRNA interaction. Consequently, KH-3 inhibits pancreatic cancer cell EMT, migration, 

invasion, and CSCs, mimicking the effects of HuR knockdown.  

It is a reasonable concern that KH-3 has residual HDAC inhibitory activity, due to the structure 

similarity to its parent compound, the HDAC inhibitor SAHA. However, our data show that KH-

3 had only minimal HDAC inhibitory activity on the acetylation of histones H3 and H4, and 

even lost HDAC inhibitory activity on histones H2A and H2B. Our study demonstrated that KH-

3 had target specificity to HuR within the effective dose range in vitro and in vivo. Data showed 

that when HuR was knocked down or deleted in MIA PaCa2 cells, KH-3 lost its inhibitory 

activity against cell migration at concentrations of 1 µM and 2 µM. In vivo, KH-3 (100 mg/kg, 

3x week) inhibited the growth and metastasis of a HuR positive tumor but did not inhibit the 

formation and growth of tumors deficient of HuR at the same dose. Thus, the anti-tumor 

activities of KH-3 were unlikely due to the HDAC inhibition. Overall, in this dissertation, KH-3 

demonstrated a good target specificity for HuR inhibition in pancreatic cancer cells. Structure-
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activity relationship analysis could be further utilized to screen for KH-3 analogs with improved 

anti-tumor activities and other drug-like chemical and physical properties. 

Currently, combination chemotherapy is widely used in cancer management and has shown 

favorable effects on a variety of tumors, compared with mono-chemotherapy. The major benefits 

of combination regimens are the synergistic effects of the drugs in targeting heterogenetic tumors 

and drug resistances by inhibiting different signaling pathways in tumor progression and 

metastasis. Here we demonstrated that KH-3 inhibited pancreatic cancer EMT and CSCs. The 

inhibition of EMT and CSCs could potentially increase effects of other anti-cancer drugs, 

because both EMT and CSCs are associated with drug resistance and tumor heterogeneity. Thus, 

investigating combination regimens of KH-3 and conventional chemotherapeutic agents for 

pancreatic cancer, such as gemcitabine, paclitaxel, 5-FU, and other drugs, could provide valuable 

information to conquer drug resistance and result in better efficacy.   

Overall, being the first of its class, KH-3 showed the promise of using target-specific small 

molecules to inhibit HuR function by direct disruption of HuR-mRNA binding. Pharmacological 

inhibition of HuR holds the promise to comprehensively inhibit pancreatic cancer progress, 

metastasis, drug resistance, and tumor recurrence.  

.  
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Chapter 8. Summary and Future Directions 
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Pancreatic cancer is expected to be the second-leading cause of cancer-related death by 2030, 

with 88,000 newly diagnosed patients and 63,000 death in the US [1]. Currently, there are only 

limited options in pancreatic cancer management: surgical removal as a curative method is only 

available to a small population of early stage pancreatic cancer patient; radiation therapy only 

has modest effect in both adjuvant and neoadjuvant settings; conventional chemotherapy has an 

overall low response rate in patients and usually comes along with multiple toxicities. 

Developing novel and effective anti-pancreatic cancer agents is essential. Considering that 

pancreatic cancer is highly metastatic, CSC-enriched, and chemo-resistant, pharmacological 

agents targeting metastasis related molecules and pathways, such as EMT-TFs and CSC-related 

proteins, have the promise to improve pancreatic cancer management. Clinical trials on various 

EMT-TF inhibitors and CSC-related protein/pathway inhibitors are ongoing. This dissertation 

describes efforts in investigating several novel approaches to inhibit pancreatic cancer 

progression and metastasis. Each has its own merits, shortcomings, and mechanisms need to be 

addressed in future development. 

Chapter 4 and 5 demonstrated that two medical plant extracts, Pao and Rau, similarly inhibited 

pancreatic CSCs in vitro and in vivo. Pao and Rau are used as health supplements by the 

American public, and have been shown to have inhibitory effects on cell proliferation and 

apoptosis in ovarian, prostate, and pancreatic cancers [393, 397-399]. Our previous studies also 

showed that Pao and Rau induced apoptosis in pancreatic cancer cells and sensitized pancreatic 

cancer cells to gemcitabine treatment [398, 424]. In this dissertation, we discovered that Pao and 

Rau preferentially inhibited pancreatic CSCs than the general cancer cell population. Pao and 

Rau had a lower IC50 on a CSC enriched side population, and higher IC50s on the non-stem-like 

population and the whole cancer cell population. Pao and Rau decreased the proportions of 
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CD24+CD44+EpCAM+ pancreatic CSC population in vitro. In a subcutaneous xenograft mouse 

model, Pao and Rau significantly inhibited the tumor formation and growth, without obvious 

toxicity. Pao and Rau inhibited the expression of CSC-related protein, Nanog and β-catenin. The 

expression of CSC-related genes, such as DPPA4, ESRRB, SOX2, TCL1, and β -catenin 

downstream target genes, such as BCL2L2, COX2 and MYC, were also suppressed with Pao and 

Rau treatment. Overall, our findings demonstrated that Pao and Rau hold the promise to inhibit 

pancreatic CSCs with limited toxicities. 

Both Pao and Rau are complex mixtures of natural compounds. Applying natural compounds 

mixtures to cancer treatment have advantages and disadvantages. Medicinal plants have been 

proven to be good sources of anti-tumor compounds for clinical usage. Naturally Occurring 

Plant-based Anti-cancer Compound-Activity-Target Database (NPACT, 

http://crdd.osdd.net/raghava/npact/) has recorded approximately 1980 experimentally validated 

plant-derived natural anti-cancer compounds with their compound-target interactions [436, 437]. 

One of the advantages of plant-derived anti-tumor compounds is that they are generally more 

tolerated and non-toxic to normal human cells. Clinically, plant-derived chemotherapeutic drugs, 

such as paclitaxel, docetaxel and vincristine, have been approved by FDA for used in various 

types of cancer. In addition, Pao and Rau are also used as dietary supplements, indicating low 

toxicity. Thus, Pao and Rau are worth future investigation to contribute to clinical cancer 

management. 

There are also some disadvantages using natural extract mixtures such as Pao and Rau in cancer 

treatment. First, the drug target(s) and mechanism(s) are hard to define, as the components could 

each have their own target(s) and/or mechanism(s), and the signaling pathways could crosstalk. 

The impurity can induce non-specificity in mechanism, which may result in increased off-target 
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side-effects. Second, the components in the extract may have different biological activities, 

which may influence the potency of the active intergradient in the mixture. Therefore, it is ideal 

to understand how each ingredient in the mixtures affects cancer cells, as well as oncogenes, 

tumor suppressor genes, and tumor-related regulatory pathways.  

A reasonable next step is to identify the active ingredients in Pao and Rau which possess the 

anti-tumor activities, for future drug development. Recent studies have shown that Pao is 

enriched with β-carboline alkaloid and Rau contains 2,6-dimethoxybenzoquinone [438-440]. 

Both β-carboline alkaloid and 2,6-dimethoxybenzoquinone have been shown to possess the anti-

tumor activities. Column chromatography can be used to make fragments of Pao and Rau, and 

anti-cancer activities can be tracked using cell viability assays. Once the active fragments are 

isolated, UPLC-MS-based methods can be applied to separate and identify pure compounds from 

Pao and Rau, and each of the compounds can be evaluated for their anti-tumor activities. Based 

on the isolated compounds, structure–activity relationship (SAR) analysis could also be deployed 

to develop potent analogs. The identification of active ingredients from Pao and Rau will provide 

potential prototype anti-tumor agents for drug discovery.  

Paradoxically, it is possible that a pure active compound cannot be identified from these 

mixtures. Because in a medicinal plant extract, it is not rare that several ingredients work 

synergistically to exhibit the antitumor activities, and fragmentation will cause decrease or even 

loss of activities. Moreover, some ingredients may work on enhancing pharmacokinetic and 

pharmacodynamic features of the active ingredients, and separation of them could influence the 

absorption, distribution, metabolism and excretion of the active compounds and thus dampen the 

efficacy in vivo. Also, some ingredients may work on reducing side-effects of the active 

compounds, and separation would cause an increase in toxicity. If these scenarios happen, then it 
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is not beneficial to purify Pao and Rau to provide single active compound. Rather, a 

“fingerprint” chromatograph or spectrum could be obtained to mark the chemical characteristics 

of the signature components of Pao and Rau. This fingerprint can be used for quality control, and 

identification of Pao and Rau as therapeutic agents.  

There is also a technical limitation in the studies of Pao and Rau presented in Chapter 4 and 5. 

CSC isolation procedure in this dissertation was not a “clean” method. We used a membrane 

permeable dye, DCV, to separate a side population. This method is efficient to obtain a 

subpopulation enriched with CSCs, but it is not a specific method to isolate CSCs. A more 

specific method is to use immunofluorescent staining of multiple cell surface markers and 

coupled flow cytometry isolation, such as isolation of CD24+/CD44+/EpCAM+ cells as pancreatic 

CSCs. However, Pao and Rau have strong and broad-spectrum auto-fluorescence that interfered 

with the conjugated fluorophores of commonly available antibodies, therefore this method was 

not successful in our efforts. Several other cell surface markers could be used as CSC markers to 

isolated pancreatic CSCs, including CD133, CXCR4 and OCT4 [223].  

EMT markers were not investigated in the metastasis inhibition induced by Pao and Rau due to 

limit of time. We have found that nuclear β-catenin and several downstream targets were 

decreased by Pao and Rau, as well as multiple CSC-related genes. However, EMT-related 

molecules have not been illustrated. Because EMT and CSCs are highly linked, and both 

contribute to pancreatic cancer metastasis, it is worthwhile to examine EMT markers and EMT-

TFs with Pao and Rau treatment.   

The mechanism(s) by which Pao and Rau induced CSC inhibition needs to be further 

investigated. Our study showed that Pao and Rau reduced both Nanog and nuclear β-catenin 
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levels, which are essential regulators in stem cell initiation and maintenance. Whether and how 

Pao and Rau interacted with Nanog and β-catenin signaling and/or other CSC-related genes 

remain unknown. Moreover, as mentioned above, this plant preparation contained a complex 

mixture of natural compounds. It is possible that Pao and Rau impacted other molecular targets 

and pathways that led to CSC inhibition. The direct targets involved in Pao and Rau induced 

pancreatic cancer inhibition are also worth investigation. Proteomic and bioinformatic methods 

could be employed for target identification.  

In chapter 6, we illustrated the role of an RNA binding protein HuR in pancreatic cancer EMT 

and CSCs. By using si-HuR transfected cells and CRISPR/Cas9 HuR KO cells, we demonstrated 

that the knockdown of HuR repressed pancreatic cancer cell EMT, migration, and invasion. 

Restoration of HuR in HuR KO cells promoted EMT and migration. The stemness features, 

including tumor sphere formation ability and tumorigenicity in mice were also inhibited with 

HuR knockdown. RNP-IP identified a panel of EMT-TFs that directly bound to HuR. HuR 

directly bound to the AREs in the 3’UTR of SNAI1 mRNA, leading to the stabilization of SNAI1 

mRNA and increased level of Snail. Taken together, data show that HuR served as an EMT 

promoting factor in pancreatic cancer by directly binding to and stabilizing SNAI1 mRNA. Our 

data provide new insight into the function of HuR in pancreatic cancer metastasis.  

As an AU-rich element binding protein (AUBP), HuR has a broad spectrum of target genes that 

are involved in multiple pathological events. The diverse functions of HuR in cancer 

development and progression include regulating tumor growth, tumorigenesis, angiogenesis, 

tumor inflammation, treatment response, and tumor microenvironment. In this dissertation, we 

mainly focused on the role of HuR in pancreatic cancer EMT, invasion, metastasis, and 

tumorigenicity. Other functions of HuR in pancreatic cancer are also worth studying. For 
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example, recently studies demonstrated that the overexpression of HuR in colon cancer cells 

promote the level of tumor-derived exosomes containing HuR as cargo [441]. The exosomal 

HuR may have functions to regulate nearby and even remote cells, and it also has the potential to 

serve as a serum-based cancer biomarker [441]. Whether these is exosomal HuR in pancreatic 

cancer is of interest. More comprehensive studies of the functions of HuR in pancreatic cancer 

will facilitate full understanding of the therapeutic and prognostic role of HuR in cancer 

management. 

Some pancreatic cancer cells, e.g. MIA PaCa2 cells, lack E-cadherin expression. In our studies, 

Claudin-1, instead of E-cadherin, was found upregulated when HuR was knocked down. Studies 

in colorectal cancer found HuR directly binds to Claudin-1 mRNA and enhanced its expression, 

thus the inhibition of HuR inhibited Claudin-1 expression. This contradiction with our data can 

have at least two explanations. First, the knockdown of HuR destabilizes both SNAI1 mRNA and 

CLDN1 mRNA. Snail suppresses the expression of CLDN1.  The reduction of Snail released the 

repression on Claudin-1 expression, and this overweight the inhibitory effects of HuR 

knockdown on Claudin-1 expression. Second, HuR could function as a translational repressor 

upon binding to CLDN1 mRNA at the 5’UTR instead of 3’UTR, and therefore knockdown of 

HuR would upregulate the level of Claudin-1. By using a computational analysis, we identified 

putative IRESs in the 5’UTR of CLDN1 mRNA, which is important to maintain the level of 

Claudin-1 via cap-independent translation. HuR could bind to the IRESs in the 5’UTR of 

CLDN1 mRNA and suppress Claudin-1 expression. As a future continuation of the study, 

bicistronic luciferase reporter assay and other methods can be utilized to verify the presence of 

IRESs in the 5’UTR of CLDN1 mRNA, and the binding of HuR.  
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Our lab recently developed a 3D invasion model to evaluate pancreatic cancer invasion in vitro, 

and it can be utilized to the study of HuR in migration and invasion in the future. In this model, 

pancreatic cancer cells are cultured as tumor spheres in type I collagen. The solidified collagen 

maintains the pancreatic tumor sphere in a 3D culture condition, and the metastatic cells grow in 

a radiant pattern from the tumor sphere. The 3D culture model provides better data in prediction 

of drug resistance and tumor metastasis because it better represents tumor microenvironments 

than the monolayer culture [442].  

In chapter 7, a novel HuR inhibitor, KH-3, was tested for its HuR inhibition and anti-pancreatic 

cancer activities. KH-3 was identified as an HuR/mRNA disruptor by directly binding to the 

RNA-recognition motifs (RRMs) of HuR. Consistently, KH-3 treatment of pancreatic cancer cell 

lines successfully mimicked the HuR knockdown effects, resulting in the inhibition of pancreatic 

cancer cell migration, invasion, and sphere formation. KH-3 inhibited tumor progression and 

metastasis in an orthotopic pancreatic cancer xenograft mouse model. Importantly, the loss of 

function analysis demonstrated that KH-3 exerted its anti-pancreatic activity in an HuR 

dependent way in vitro and in vivo. Overall, our data showed that KH-3 as a first-of-its-class 

HuR inhibitor, was a potent inhibitor on pancreatic cancer progression and metastasis. Based on 

the central regulatory role of HuR in many oncogenic pathways, the clinical association of HuR 

overexpression with tumor stages, and the differential expression of HuR between normal and 

cancer cells, inhibiting HuR could comprehensively inhibit tumor growth, metastasis, and 

recurrence.   

We demonstrated that KH-3 had a good target specificity on HuR inhibition within the effective 

dose range in vitro (~2 µM in MIA PaCa2 cells and ~10 µM in PANC-1 cells) and in vivo 

(~100mg/kg). A minimal to undetectable HDAC inhibitory activity of KH-3 was found in vitro, 
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because of the partial structure similarity to its parent compound SAHA. The loss of target 

analysis found that the anti-tumor activity of KH-3 was unlikely due to the HDAC inhibition. A 

logical next step is to perform structure-activity relationship analysis to screen KH-3 analogs 

with improved anti-tumor activities and other drug-like chemical and physical properties.  

Based on our current finding, KH-3 is a highly hydrophobic molecule with limited water 

solubility. It is unknown yet how KH-3 is taken up by the cells. It is possible cell membrane 

transporters contributed to the effects of KH-3. Several bioinformatic and in vitro assays could 

be used to identify the cell membrane transporters of KH-3. For example, KH-3 may share the 

same transporters with structure similar compounds, such as HDAC inhibitors SAHA and MS-

275. Furthermore, by using the chemical structure database, the compounds with similar 

structure to KH-3 and known transporters may be found. In addition, KH-3 combined with 

various transporter blockers could be applied to in vitro assays to identify the transporter of KH-

3. The identification of transporters involved in KH-3 uptake can provide critical information in 

pharmacokinetic and pharmacodynamic feature of KH-3, which is important before KH-3 can 

advance to clinical studies. 

Although we demonstrated that KH-3 inhibited pancreatic cancer progression and metastasis 

with an orthotopic pancreatic cancer mouse model, it is still worthwhile to test the efficacy and 

efficient of KH-3 on pancreatic cancer with patient derived xenografts (PDX) mouse models and 

LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre (KPC) genetically engineered mouse models 

(GEMM). The advantages of PDX models are that the tumor maintain histologic and genetic 

features of the original patients and have high clinical relevance and predictive value. KPC mice 

are immunocompetent and are a useful model to study tumor progression with intact immune 
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system. In addition, KPC mice provide spontaneously initiated tumors that mimic human disease 

with better clinically relevance.   

Combination chemotherapy is widely used in pancreatic cancer patients to achieve a favorable 

outcome. Because Pao, Rau and KH-3 all inhibited pancreatic cancer EMT and CSC, and EMT 

and CSC are related to drug resistance, it is putative that Pao, Rau and KH-3 have great values to 

be used in combination with conventional chemotherapeutic agents. Pao and Rau sensitized 

pancreatic cancer cells to gemcitabine treatment [398, 424]. We have preliminary data in PANC-

1 cells demonstrating a synergistic effect of the KH-3/5-FU combination. However, our 

preliminary in vitro data showed an antagonistic effect of KH-3/gemcitabine and KH-

3/paclitaxel combinations (data not shown). Considering that gemcitabine and nab-paclitaxel are 

widely used first-line anti-pancreatic cancer agents, the possible antagonism of KH-3 with 

gemcitabine/paclitaxel may be a concern for its potential clinical development. However, these 

in vitro results have not been confirmed in vivo. Preliminary studies from our collaborators on 

KH-3 demonstrated a synergistic effect of KH-3 with docetaxel, an analog of paclitaxel, on 

breast cancer. As chemo-resistance is one of the major challenges in cancer management, it is 

worthwhile to explore combinations of Pao, Rau, or KH-3 with a wide variety of 

chemotherapeutic agents that are in preclinical and clinical studies to further understand its 

possible synergy and limitations. In addition, tumor recurrence is another major challenge in 

cancer management. Current studies suggested that the existence of CSCs is responsible for the 

tumor recurrence. The effects of Pao, Rau, and KH-3 on cancer recurrence is also worth studied 

in preclinical and clinical studies in the future.  
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Taken together, results of this dissertation provided basis for the development of novel EMT and 

CSC inhibitors, including Pao, Rau, and KH-3. They effectively inhibited pancreatic cancer cell 

migration, invasion, stemness features, which are major challenges in cancer management. We 

hope this work set a basis for future works to develop these and other novel EMT and CSC 

inhibitors for improvement of pancreatic cancer management.  
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