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Abstract

Pancreatic cancer is a devastating disease with a current overall 5-year survival rate of only 10%,
making it the deadliest cancer. The dismal treatment outcome of pancreatic cancer is largely
attributed to its highly metastatic and chemo-resistant nature. Cancer cell epithelial to
mesenchymal transition (EMT) contributes importantly to cell invasion, metastasis, and drug
resistance in pancreatic cancer. In addition, pancreatic cancer cells exhibit an elevated basal level
of unfolded protein response (UPR) signaling for survival, due to increased cellular endoplasmic
reticulum (ER) stress under hypoxia. Inhibiting EMT and aggravating ER stress both pose as
promising approaches to improve pancreatic cancer treatment. However, the relationship
between ER stress and cancer cell EMT has not yet been fully understood. We previously
reported a high throughput screening (HTS) study aiming to find small molecule inhibitors for
EMT in pancreatic cancer cells. This dissertation documents our investigation on the top hit
compound (namely C150) for its activities and mechanisms in inhibiting pancreatic cancer cell
EMT, suppressing cell invasion, inducing ER stress, and reducing tumor growth in mice. These

studies also discovered a mechanistic link between ER stress and pancreatic cancer cell EMT.

We investigated the activities of C150 in inhibiting pancreatic cancer cell invasion and the
mechanism of EMT inhibition (Chapter 4). C150 exhibited well-separated cytotoxicity between
pancreatic cancer cells and non-cancerous cells. The ICso values were 1~2.5 uM in multiple
pancreatic cancer cell lines and >12.5 uM in non-cancerous pancreatic epithelial cells. C150
significantly inhibited pancreatic cancer cell migration and invasion in both 3-dimensional (3D)
cell invasion assays and 2-dimensional (2D) wound scratching assays and Boyden chamber

trans-well migration-invasion assays. Moreover, C150 treatment decreased matrix



metallopeptidase-2 (MMP-2) and matrix metallopeptidase-9 (MMP-9) gene expressions in
pancreatic cancer cells and reduced MMP-2 activity. In an orthotopic mouse model of pancreatic
cancer, C150 significantly reduced tumor growth at the dose regimen of 15 mg/kg by
intraperitoneal (IP) injection 3x weekly for 6 weeks. Mechanistically, C150 enhanced
proteasome-mediated degradation of Snail protein, an important EMT-promoting transcription
factor, and decreased the mesenchymal marker N-cadherin, while it increased the epithelial
markers ZO-1 and Claudin-1. Findings from this first part of the study suggested that C150 is a

novel EMT inhibitor with the potential of inhibiting pancreatic cancer growth and metastasis.

The enhanced proteasome-mediated degradation of Snail by C150 intrigued our investigation
into the mechanisms by which this occurred (Chapter 5). Further studies found that 3-catenin,
Sox-2, and TP53 protein levels were also decreased by C150 treatment. Data revealed that C150
increased proteasome activity by inducing ER stress and triggering UPR. The increased
proteasome activity was due to enhanced proteasome assembly but not upregulation of subunits’
expressions. The increased proteasome assembly enhanced the degradation of transcription
factors involved in EMT, as shown in Chapter 4. Moreover, as a cellular response to the ER
stress, C150 treatment resulted in cell autophagy and decreased general translation in pancreatic
cancer cells. The C150-induced ER stress eventually resulted in G2/M cell cycle arrest and
cellular senescence. These stresses on pancreatic cancer cells greatly synergized with
gemcitabine in inducing cytotoxicity in pancreatic cancer cells. In an orthotopic syngeneic
mouse model, C150 treatment significantly reduced tumor growth and ascites occurrence, and
improved survival of tumor-bearing mice. The elevated ER stress and senescence were

confirmed in tumor tissues of C150-treated mice.



Taken together, studies in this dissertation introduced a potential drug candidate for pancreatic
cancer treatment (summarized and discussed in Chapter 6). C150 induced ER stress in
pancreatic cancer cells, causing cell cycle arrest and senescence. It significantly suppressed
tumor growth and improved survival in mouse xenograft models. Furthermore, as a response to
C150-induced ER stress, pancreatic cancer cells increased proteasome activity, which enhanced
the protein degradation of Snail, along with other EMT or stem cell-related transcription factors,
leading to EMT inhibition and reduced cell invasion. An additional consequence is that C150
greatly sensitized PANC-1 cells to gemcitabine treatment, implying the compound’s value to
overcome drug resistance in pancreatic cancer treatment. As C150 is the first of its class, work
from this dissertation provides a preclinical basis to further explore C150 and its analogs as
potential therapeutic agents for pancreatic cancer. Future studies are warranted in target
identification, pharmacokinetics/pharmacodynamics, and more thorough in vivo mechanism
examinations to eventually uncover the therapeutic value of C150 and shed more light on our
understandings on inhibiting cancer cell EMT and enhancing ER stress to comprehensively

inhibit pancreatic cancer.
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Chapter 1. Introduction



1.1 Pancreatic cancer

1.1.1 Basics of pancreatic cancer

The pancreas is biologically made up of exocrine and endocrine components. The exocrine
component mainly consists of acinar cells (digestive enzyme secreting cells) and ductal cells
(epithelial cells making up the pancreatic ducts), while the endocrine component is made up of
hormone-secreting cells located in the islet of Langerhans [1] (Fig 1.1). Tumors derived from the
endocrine component are called pancreatic neuroendocrine tumors (PNET). The specific type of
PNET depends on the hormone the tumor cells produce. For instance, insulinomas are tumors
derived from insulin-making cells (beta-cells). PNET are relatively rare, accounting for only
about 7% of all cancers in the pancreas. The majority of malignant neoplasms in the pancreas are
derived from the exocrine components. These tumors, called adenocarcinomas, account for the
remaining 93% of all pancreatic cancer cases. Among the exocrine tumors, pancreatic ductal
adenocarcinoma (PDAC) is the most common type, making up for 95% of exocrine pancreatic
cancers and 90% of all pancreatic cancers [2]. Thus, PDAC is commonly referred to as
pancreatic cancer [3]. In this document, the term PDAC and pancreatic cancer will be used

interchangeably.



Pancroas

Figure 1.1 Pancreas anatomy [1]. a. gross anatomy of human pancreas. b. Pancreatic ducts and
pancreatic acini of the exocrine components. c. Acinar cells make up a single acinus unit, which
forms a small sac at the end of pancreatic ducts. d. Endocrine cells in the islet of Langerhans
surrounded by acini. PP cells: pancreatic polypeptide secreting cells.

Reprinted with permission from Springer Nature; Nature Reviews Cancer; Bardeesy, N. &
DePinho, R. A. Pancreatic cancer biology and genetics. Copyright (2002).
https://doi.org/10.1038/nrc949

Pancreatic cancer is now the fourth leading cause of cancer-related deaths in the United States. It
is estimated that 60,430 new cases of pancreatic cancer will be diagnosed, and more than 48,220
people will die from the disease in the year 2021 [4]. Pancreatic cancer is one of the most
malignant and most lethal cancers with a current overall 5-year survival rate of 10% [4]. The
high mortality rate is largely attributed to its late diagnosis because of the lack of specific

symptoms during the early stages of the disease. Most pancreatic cancer patients exhibit either


https://doi.org/10.1038/nrc949

locally advanced tissue invasion or distant metastases upon diagnosis, for whom the 5-year
survival rate is only 3% [4]. Only 10-20% of patients present with localized and surgically
removable tumors [5]. Even with removable tumors, most patients will ultimately have
recurrence after the initial resection, and the 5-year survival rate for these patients is about 25%
[3, 6]. The most common metastatic sites for pancreatic cancer are the liver, the lung, and the
peritoneum. Because of its aggressive nature and widespread metastasis, the prognosis of

pancreatic cancer remains extremely poor.

Currently, the only potentially curative treatment for pancreatic cancer is the surgical removal of
the tumor [7], which is only feasible in patients without distant metastasis (less than 20%) [5].
For most patients, chemotherapy is the main option of treatment, with or without the
combination of radiation. Gemcitabine has been the standard treatment since 1997 when a
clinical study showed that gemcitabine offered better overall survival than fluorouracil [8]. Since
then, many clinical trials have been conducted to compare other treatment regimens with
gemcitabine, but success was rare. FOLFIRINOX (a cocktail of Leucovorin, Fluorouracil,
Irinotecan, and Oxaliplatin) was found to improve the median overall survival in patients by a
few months when compared to gemcitabine monotreatment, but with significant associated
toxicity [9]. The regimen was only recommended for patients younger than 75 years with overall
good performances [9]. More recently, studies found that albumin-bound paclitaxel (nab-
paclitaxel) plus gemcitabine treatment showed a better treatment response and a 1.8-months
improvement in median overall survival in patients with metastatic pancreatic cancer when
compared to gemcitabine monotherapy [10]. Currently, FOLFIRINOX and gemcitabine plus

nab-paclitaxel are both recommended as first-line choices of chemotherapies for metastatic



pancreatic cancer, but criteria for choosing FOLFIRINOX are more rigorous due to higher

toxicities [11, 12].

1.1.2 Patho-histology of pancreatic cancer

Development of PDAC from pre-cancerous lesions

PDACSs, as the name suggests, are tumors found in the pancreatic ductal system, although the cell
origin of PDAC can stem from both ductal cells and the transformation of acinar cells [13, 14].
The location of the tumor can be found in the head, body, or tail region of the pancreas. Tumors
that arise from the body or tail of the pancreas are usually associated with a worse prognosis than
those that arise from the head region [15, 16]. The development of PDAC undergoes stepwise
stages of progression from precursor lesions to fully invasive tumors. The most common
precursor lesions of PDAC are non-cystic microscopic pancreatic intraepithelial neoplasias
(PanINs) [17]. These non-invasive lesions are categorized into three grades, PanIN-1, PanIN-2,
and PanIN-3, based on their histological and cytological features [18] (Fig 1.2). PanIN-1 lesions
are low-grade dysplasia characterized by the mucinous epithelium with basally located round
nuclei, while PanIN-2 lesions (moderate dysplasia) exhibit loss of mucinous epithelium with the
acquisition of nuclear stratification and crowding [17, 19]. PanIN-3 lesions are associated with
total loss of cell polarity, severe nuclear atypia with abnormal mitotic features, and intraluminal
necrosis [19, 20]. PanIN-1 and PanIN-2 can be found in normal pancreas or chronic pancreatitis
patients without signs of invasive tumors, while PanIN-3 lesions are almost exclusively found in
PDAC:s [21], indicating that PanIN-1 and PanIN-2 have lower risks of developing into PDAC
than PanIN-3. The development of PanINs is accompanied by a stepwise accumulation of

genetic mutations. KRAS mutation is observed in PanIN-1 to PanIN-3 lesions with increasing



frequency (36% in PanIN-1, 44% in PanIN-2 and 87% in PanIN-3) [22]. The mutation of
CDKN2A frequently occurs in PanIN-2 and PanIN-3 following KRAS mutation [23]. Finally,
TP53 and SMAD4 mutations are often found in high-grade PanIN-3 lesions [24]. The stepwise
accumulation of genetic mutations from PanIN-1 to PanIN-3 gradually drives the precursor

lesions into fully invasive PDAC.

Normal PanIN-1 PanIN-2 PanIN-3

Figure 1.2 Histological features of pancreatic intraepithelial neoplasia (PanINs) and
normal pancreatic duct [19]. Arrows in the “Normal” panel denote normal pancreatic ductal
epithelium. Arrows in the “PanIN-2" panel denote the moderate pancreatic ductal dysplasia with
nuclear stratification and crowding in the cell. The arrow in the upper “PanIN-3" panel denotes
intraluminal apoptotic debris. Arrows in the lower “PanIN-3” panel denote the pseudopapillary
formation. Scale bar: 100 um.

Reprinted with permission from Springer Nature; Nature Reviews Cancer; Makohon-Moore, A.
& lacobuzio-Donahue, C. A. Pancreatic cancer biology and genetics from an evolutionary
perspective. Copyright (2016). https://doi.org/10.1038/nrc.2016.66

PDAC stroma
The most typical and characteristic gross histological feature of pancreatic cancer is its rich
stroma, which is called desmoplasia. The stroma, which can sometimes account for up to 80% of

the total tumor mass [25], is composed of a dense fibrous extracellular matrix (ECM) network
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that is made up of collagenous proteins like collagens, laminin, fibronectin, and non-collagenous
proteins like glycoproteins and proteoglycans [26]. The collagen-rich ECM is predominantly
produced by activated pancreatic stellate cells (PSCs) [27]. Pancreatic cancer cells reside in the
stroma alongside PSCs, immune cells, macrophages, endothelial cells, and nerve cells [28]. This
highly interactive microenvironment significantly facilitates pancreatic cancer progression. In the
stroma, the dense ECM network not only provides a physical scaffold for cancer cells and
stromal cells to proliferate and interact, but it also creates a dense barrier and high interstitial
pressure within the tumor mass that restricts blood flow to the area [29]. The restricted blood
flow creates a highly hypoxic environment that further accelerates genome instability and
heterogeneity within cancer cells. Limited blood perfusion also impedes the delivery of
therapeutic agents to the tumor, which may in part explain the poor treatment outcomes of the

disease.

1.1.3 Genetic landscape of pancreatic cancer

KRAS

Like most cancers, pancreatic cancer is a genetic disease triggered by the accumulation of gene
mutations in the cell. Among the genes mutated in PDAC, KRAS is the most frequently mutated
gene. Mutated KRAS is found in approximately 95% of all cases [19, 30, 31]. KRAS is a small
GTPase that acts as a key switch for cell growth and proliferation by cycling between the GTP-
bound (active) and GDP-bound (inactive) state in the RAS/MAPK pathway [32]. The mutations
of KRAS in PDAC exclusively occur at three locations in the protein, G12, G13, and Q61, with
G12 being the most predominant mutated position (about 98%) [33]. These mutations render the

KRAS protein in a persistent GTP-bound active state, triggering non-stoppable cell growth and



proliferation. KRAS mutations can be observed in all stages of pancreatic cancer development,
from PanIN-1 to PDAC [22]. It is considered a key initiating factor for pancreatic cancer
development [34]. Studies in genetically engineered mouse models of pancreatic cancer have
revealed that mice with KRAS mutations in the pancreas can spontaneously develop invasive
and metastatic pancreatic cancer [35]. PDAC development in KRAS mutated mice was greatly
accelerated when additional mutations were introduced, such as in CDKN2A and TP53 [36, 37],

suggesting the importance of other driver gene mutations in pancreatic cancer progression.

CDKN2A

CDKN2A is the next frequently mutated gene in PDAC, which occurs in 90-95% of all
pancreatic cancer cases [38, 39]. The most common mutation events of CDKN2A in PDAC are
homozygous deletions and hypermethylation-induced gene silencing [38, 40]. The human
CDKNZ2A gene encodes two different tumor suppressors, p16'NK4A and p14ARF (p194RF in mouse)
[411, Mutation of this gene resulted in the loss of function of both proteins [42], although p16'/NK4A
loss was thought to be the primary event in PDAC [43]. The two tumor suppressors work
through different pathways to control cell cycle progression. p16'NK4A functions as an inhibitor of
G1 cyclin-dependent kinases (CDKSs) by preventing the binding of cyclin D to CDK4/6, leading
to the halt of cell cycle at G1/S phase [44, 45]. p14ARF functions in a CDK-independent manner.
It physically interacts with MDM2 and inhibits MDM2-mediated degradation of tumor
suppressor TP53, whose functions include induction of cell cycle arrest and apoptosis [46, 47].
Loss of CDKN2A function allows pancreatic cancer cells to escape from cell cycle checkpoints,
cellular senescence, and apoptosis under stress conditions, leading to hyperactive cell division

and proliferation.



TP53

TP53 is one of the most frequently mutated genes in all cancers. Roughly, 50%-60% of all
cancers harbor mutations in this gene [48]. In PDAC, the frequency of TP53 mutation is about
85% [40]. Wildtype TP53 encodes the protein p53, a tumor suppressor, that functions as cell
cycle checkpoint regulator and apoptosis inducer, thus preventing wrongful cell cycle
progression under genotoxic or replicative stress [49]. Mutation of TP53 often occurs as
missense mutations within its DNA binding domain, causing the protein to lose its transcriptional
activity as a tumor suppressor [49]. In pancreatic cancer, up to 66% of TP53 mutations are
missense mutations, although intragenic deletions and frameshift mutations were also observed
[19, 40]. Importantly, it is now clear that mutated TP53 not only just loses its tumor suppressor
function, it gains oncogenic properties that promote tumor development [50, 51]. Mutant TP53
acts as a co-transcription factor that modulates the expression of many oncogenic genes to
promote cancer development in many cancers [50, 52]. In PDAC, the oncogenic function of
mutant TP53 has been well documented. Mutant TP53 enhances proliferation and metastasis
when compared to simple deletion of the protein [53-55]. The loss of tumor-suppressing function
combined with the gain of oncogenic function in TP53 mutations collectively aggravates PDAC

progression.

SMAD4

SMADA4 is a key downstream factor in the TGF-f signaling pathway and a tumor growth
suppressor in pancreatic cancer [56, 57]. TGF- signaling negatively controls cell growth and
proliferation to maintain tissue homeostasis in normal tissues [58]. Upon TGF-f activation,

SAMD4 forms a complex with SMAD2/3 and translocates to the nucleus, transcribing genes



involved in inducing cell cycle arrest and apoptosis [59]. Mutations of SMAD4 occur in
approximately 55% of pancreatic cancer cases, with 30% by homozygous deletion and 25% by
intragenic mutation [19], leading to the loss of its tumor-suppressing function. Clinically, PDAC
patients with a SMAD4 mutation have a worse prognosis than those without the mutation [60].
Studies in genetically engineered mice have shown that SMAD4 inactivation alone could not
initiate pancreatic cancer formation, but rapidly promoted tumor development and metastasis
when combined with a KRAS mutation [61-63]. In agreement with these findings are the clinical
observations showing that a SMAD4 mutation is often detected in invasive PanIN-3 lesions and
PDAC, but not in pre-invasive PanIN-1 and PanIN-2 lesions [17, 64], suggesting that SMAD4

inactivation is a promoting factor rather than an initiating factor in PDAC development.

Many other less frequent genetic alterations are also found in PDAC. On average, pancreatic
cancer contains > 60 genetic alterations, involving core signaling pathways associated with cell
growth, proliferation, invasion, apoptosis, senescence, and immune evasion [65]. This represents
a highly complicated signaling network that promotes pancreatic carcinogenesis. Approaches
have been developed to target mutant KRAS and TP53 to control pancreatic cancer progression
[66, 67]. However, loss-of-function mutations in tumor suppressors such as those in CDKN2A
and SMAD4 are hard to target, and their normal functions hard to restore pharmacologically. As
our understanding of the oncogenic signaling network of PDAC has grown, challenges remain
because targeting only one of the mutations/pathways may not stop all the oncogenic signaling.
In addition to the complexity caused by genetic alterations in tumor cells, the dynamic and

immune-suppressive tumor microenvironment further complicates the treatment of the disease.
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Comprehensive understanding and innovative approaches need to be developed and tested with

an open mind, including but not limited to PDAC tumor microenvironment and immunology.

1.2 Epithelial-mesenchymal transition (EMT) in pancreatic cancer

1.2.1 Basics of EMT

Epithelial-mesenchymal transition (EMT) is a cellular program through which the apical-to-basal
polarized epithelial cells are converted to front-to-back polarized mesenchymal cells [68].
During EMT, epithelial cells lose their cell-cell adhesions and change into fibroblast-shaped
mesenchymal cells, switching their epithelial marker proteins to mesenchymal markers. The
process is also accompanied by functional changes of the cell, such as increased invasiveness
and mobility. Some major distinctions between epithelial and mesenchymal cells are summarized
in Table 1.1.

Table 1.1 Major distinctions between epithelial and mesenchymal cells.

Morpholo Cobble stone-like Spindle-shaped
rphology (Cuboidal/Columnar) (Fibroblast-like)
Mobility Non-mobile Mobile
Polarity Apical-to-basal Front-to back
E-Cadherin N-Cadherin
Z0-1 Vimentin
Typical cellular markers Claudins Zeb-1
Cytokeratins Snail
Fibronectin

Strong adhesion to adjacent Focal contacts with
epithelial cells through adhesion  extracellular matrix

junctions and tight junctions, (ECM), loss of
Eel e Rebnttio strong adhesion to basal lamina via  cell-cell adhesion
hemidesmosomes.

The program of EMT is fundamentally required for embryonic development. For instance,

during gastrulation, multiple waves of EMT are required for the formation of the mesoderm layer
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of the developing embryo [69]. EMT also plays a critical role in organ repair, wound healing,
and tissue fibrosis [70]. Over the past two decades, it has become more and more evident that
carcinoma cells can hijack the EMT program to maintain the intrinsic plasticity between the
epithelial and mesenchymal states [70-72]. The induction of EMT in cancer cells is conveyed by
many different signaling pathways, such as TGF-B, WNT/B-catenin signaling, Notch signaling,
and various receptor kinase signaling pathways [73-76] (Fig 1.3). In response to these signals,

cells upregulate the expression of multiple EMT promoting factors to execute the EMT program.

{ e E - pd b
L Snail/Slug L . L Snail/Slug L i L
ZEB1/2 Snail ZEBA1/2 Snail Snail

Twist Twist

Figure 1.3 Major signaling pathways that induce EMT [76]. Activation of TGF-B, WNT/p-
Catenin, Notch, Sonic Hedgehog (SHH), and STAT3 induces EMT by upregulating gene
expressions of EMT promoting transcription factors (EMT-TFs), such as Snail, Slug, Zeb-1,
Zeb2, and Twist.

Reprinted from an open access article without adaptations: Du, B. & Shim, J. S. Targeting
Epithelial-Mesenchymal Transition (EMT) to Overcome Drug Resistance in Cancer. Molecules
(Basel, Switzerland) 21, (2016). https://doi.org/10.3390/molecules21070965

Creative Commons Attribution (CC-BY) license: http://creativecommons.org/licenses/by/4.0/
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1.2.2 EMT promoting transcription factors (EMT-TFs)

The different cellular signaling pathways stimulating EMT (Fig1.3) all lead to the expression of
EMT-transcription factors (EMT-TFs). These EMT-TFs work independently or in combination
to repress epithelial gene expressions while promoting mesenchymal gene expressions [77], and
therefore control the EMT program in the cell. Different EMT-TFs are reported to induce EMT
under different conditions with five of them considered the major players in cancers: Snail, Slug,

Zebl, Zeb2, and Twistl [78].

Snail and Slug

Snail and Slug are zinc-finger transcription factors in the Snail protein family with similar
structures [79, 80]. Snail and Slug bind to the E-box motif sequence through their C-terminal
DNA binding domains, repressing gene expression of epithelial markers, such as E-cadherin,
claudins, and occludins, while promoting expression of mesenchymal markers, such as
fibronectin, MMPs, and vimentin [81]. The transcriptional activities of Snail and Slug depend on
the recruitment of histone modification complexes. Upon binding to the E-box motif, Snail
recruits the PRC2 complex, modifying histones around the proximal promoter region through

methylation and acetylation [82].

Snail gene expression is regulated by a variety of signaling pathways, such as TGF-, WNT,
Notch, PI3K-AKT, IGF (insulin-like growth factor), and NF-xB [82-87]. Activation of these
pathways leads to elevated Snail gene expression, thus promoting EMT. Aside from extracellular
signaling pathways, some microRNAs (miRNAS) also control Snail gene expression.

MicroRNAs are small single-stranded RNA molecules that complementarily bind to their target

13



regions in mMRNAs and inhibit mMRNA translation [88]. For instance, miR-29b and miR-30a
directly target Snail mMRNA to reduce its translation [89, 90], and miR-1 and miR200b directly
repress Slug expression [91]. Therefore, these miRNAs are potential EMT inhibitors for
silencing the family of Snail proteins. In addition to transcriptional control, Snail protein levels
are also tightly controlled post-translationally through phosphorylation and the ubiquitin-
proteasome degradation system (UPS) [80]. Many kinases have been reported to control Snail
protein stability. Kinase GSK3p and PDK1 phosphorylate Snail to promote its nuclear
exportation and subsequent ubiquitination and proteasomal degradation [92, 93], while
phosphorylation by LAST2 and PAK1 increased Snail protein stability by retaining its nuclear

localization [94, 95].

The correlation between Snail expression and pancreatic cancer progression has been well
documented. Studies using patient tissue samples of pancreatic cancer revealed that Snail was
highly expressed at the invasive front of the tumor, and its expression level was positively related
to distant metastasis and lymph node invasion [96], suggesting its function in promoting
pancreatic cancer tissue invasion. In addition, overexpression of Snail in pancreatic cancer cell
lines resulted in more aggressive tumor development and increased metastasis in mouse

xenografts [97].

Zebl and Zeb2
The vertebrate ZEB family of proteins are zinc-finger transcription factors that include Zebl
(also known as TCF-8 and 8EF1) and Zeb2 (also known as SIP1) [98]. Both proteins contain two

zinc-finger cluster domains that bind to the regulatory region of E-box elements and repress the

14



expression of genes of multiple epithelial markers [98]. The transcription repression by Zeb1l
often involves the recruitment of co-repressors, such as CtBP and BRG1 [99, 100]. Like Snail
family proteins, ZEB proteins also promote mesenchymal gene expressions [98]. The
transcription activation of mesenchymal genes by Zeb1 depends on its interaction with
transcription activators p300 and P/CAF [101]. Through repressing the expression of epithelial
genes while promoting the expression of mesenchymal genes, the ZEB proteins define EMT

features in many different types of cancer.

The expression of ZEB family genes is regulated by many signaling pathways, such as TGF-8,
WNT, STAT3, and HIF-1a signaling [102-105]. Notably, Snail expression is able to directly
upregulate Zebl mRNA expression and enhance Zeb1 protein stability [106, 107]. Zebl and
Zeb?2 are also regulated post-transcriptionally by the miR-200 family of microRNAs and by miR-
205, which repress Zebl and Zeb2 mRNA translation by binding to the 3°UTR regions of the
MRNASs [108]. The function of ZEB proteins is also modulated by post-translation modifications.
SUMOylation, which is the addition of small ubiquitin-like modifiers (SUMO) to protein lysine
residues, by polycomb protein Pc2, inhibited Zebl and Zeb?2 transcriptional activities by
reducing the recruitment of co-repressor CtBP [109]. Phosphorylation of Zeb1 by PKC and
ERK1/2 reduced the binding of Zebl to its target DNA sequence, thus attenuated its
transcriptional activity [110]. Although SUMOylation and phosphorylation affected the function
of ZEB proteins, the studies did not show any effects on the stability of ZEB proteins by these
modifications. A more recent study showed that caspase-8-associated protein 2 (CASP8AP2 or

FLASH) was able to increase Zeb1 protein stability by preventing its proteasomal degradation
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[111]. Additionally, another study found that Zeb1 protein was destabilized by the ubiquitin E3

ligase SIAH1/2 and stabilized by deubiquitylase USP51 [112].

A high expression level of Zeb1l is associated with poor survival in various solid tumors,
including pancreatic cancer [113]. Patient tissue samples of pancreatic cancer have high
expression levels of Zeb1 and Zeb2 in cancer cells with mesenchymal phenotypes and low
expression levels in cells with epithelial phenotypes, suggesting a prominent role of ZEB
proteins in promoting EMT in pancreatic cancer [114]. In addition, depletion of Zebl largely
decreased invasion and metastasis in a genetically engineered mouse model of pancreatic cancer

[115].

Twistl

Twistl is a member of the basic helix-loop-helix (bHLH) family of transcription factors. The
bHLH family of proteins includes additional members, such as Twist2, E12, E47, and the
inhibitor of differentiation (ID) protein. Among these members, Twistl is the most studied in
EMT [78]. Twistl strongly promotes EMT in many cells by repressing E-cadherin while
promoting N-cadherin expression [82]. Unlike Snail or ZEB that bind to a single E-box promoter
region, Twistl preferably forms a dimmer with E47 and binds to a double E-box motif region to
activate gene transcription [116]. The transcriptional activity of Twistl often requires histone
modifications around its target gene region. For instance, Twistl recruits methyltransferase
SET8, which modifies histones by H4K20 methylation at the promoter regions responsible for E-

cadherin repression and N-cadherin activation in breast cancer cells [117].
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Twistl gene expression is upregulated by many factors, such as STAT3, NF-«B, IFN, and HIF-
1o [118]. Among these factors, HIF-1a. is a direct upstream factor that promotes Twistl gene
expression [119]. HIF-1a binds to the hypoxia response element (HRE) in the Twistl proximal
promoter region and directly promotes Twistl gene expression in different types of human
cancer cells [119]. By analyzing the 3’UTR sequence of Twistl mRNA, one study identified
three microRNAs, miR-145a-5p, miR-151-5p, and miR-337-3p, that repressed Twist1 translation
[120]. Subsequently, more miRNASs have been reported to inhibit Twistl expression in human
cancer cells, such as miRNA-106b, miRNA-543, and miRNA-33 [121-123]. Similar to the Snail
protein, the function and stability of Twistl are tightly regulated by phosphorylation.
Phosphorylation of Twistl on S123/T148/S184 by AURKA, on S18/S20 by CK2, and on S68 by
MAPKSs increases the protein stability of Twistl, and therefore enhances its transcriptional
activity in promoting EMT [124-126]. Phosphorylation on S42/T121/S123 by AKT1 and on

T125/S127 by IKKp, primes Twistl for ubiquitination and proteasomal degradation [127, 128].

A study showed that, of fifteen established human pancreatic cancer cell lines, 9 showed
detectable Twistl mMRNA expressions, and the expression levels were inversely correlated with
E-cadherin expressions [129]. In the non-Twistl expressing pancreatic cell lines, Twistl
expression was strongly activated upon induction of hypoxia [96]. Additionally, Twistl protein
expression was higher in pancreatic cancer tissues than that in normal tissue by
immunohistochemistry staining [130]. The higher expression of Twistl is associated with a
poorer prognosis [130]. Studies have also shown that overexpression of Twistl or induction of

hypoxia efficiently induced EMT and promoted pancreatic cancer progression in mouse
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xenografts [130, 131]. These reports suggest that Twistl is a potent EMT promoter in pancreatic

cancer, especially in a hypoxic microenvironment.

1.2.3 EMT in promoting pancreatic cancer progression

EMT and pancreatic cancer metastasis

The role of EMT in promoting cancer metastasis has been extensively studied [132-134]. It is
now believed that primary carcinoma cells receive EMT-promoting signals from the tumor
microenvironment and are forced to initiate EMT [72]. Once the carcinoma cells undergo EMT,
they shed off their epithelial properties, lose cell-cell adhesion, and acquire a more invasive
mesenchymal phenotype. The mesenchymal cancer cells then disseminate from the primary
tumor bulk, invade through the extracellular matrix, intravasate into the blood circulation, and
eventually form new metastatic lesions at distant organs [72]. In clinical PDAC samples, cells
with a mesenchymal phenotype that have lost E-cadherin are mainly found at the invasive front
[96]. Furthermore, expression of EMT-TFs, such as Snail, Zeb-1, and Twist1, was upregulated in
PDAC tissues [96, 114, 130]. In a genetically engineered mouse model that recapitulates the
multi-step development of PDAC from PanINs, it was demonstrated that EMT happened in the
very early stage of tumor formation and was associated with cancer cell dissemination and
invasion before/in parallel to primary pancreatic tumor formation [135]. This study suggested
that cell invasion and metastasis in pancreatic cancer could occur very early on during PDAC
development, and EMT played an essential role in the early cell dissemination and invasion. In
addition, depletion of Zeb-1 greatly reduced distant metastases in a similar transgenic mouse

model [115]. Overexpression of Snail in human pancreatic cancer cell lines also exhibited
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enhanced metastatic abilities in mouse xenografts [97]. These studies strongly supported the

contributing role of EMT in pancreatic cancer metastasis.

EMT and pancreatic cancer stem cells

Cancer stem cells (CSCs) are a small fraction of stem cell-like neoplastic cells within the cancer
cell population, defined by their capabilities of self-renewal, tumorigenicity, and differentiation
[136]. These distinct cells bear the capacity to either divide symmetrically and generate the same
daughter cells with the same stem-cell properties, or asymmetrically generate progenitor cells
that differentiate into cancer cells, thus fueling tumor growth [136]. These self-renewable cells
are highly tumorigenic and capable of initiating new tumors starting from very few cells [137].
In pancreatic cancer, CSCs were first identified as cells that are triple positive for surface
markers CD44, CD24, and EpiCAM [138]. Subsequently, more CSC markers, such as CD133,
CXCR4, and ALDH have also been reported in pancreatic cancer [139, 140]. Pancreatic CSCs
can be 100-fold more potent in forming a new tumor compared to the general PDAC cell
population [138]. This strong ability to form new tumors also grants them the ability to colonize
at metastatic sites [141]. Depletion of CD133*CXCR4* CSCs significantly impeded pancreatic
cancer metastasis [139]. In addition, pancreatic CSCs are highly resistant to chemotherapeutic
agents, which may partially explain the high relapse rate of pancreatic cancer after treatment

[142].

The correlation between EMT and CSCs was first discovered by studies in breast cancer, which

found that induction of EMT generated cells with stem characteristics [143]. Later, similar

studies in pancreatic cancer showed that acquisition of EMT in pancreatic cancer cells was also
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associated with increased stemness [144]. Murine pancreatic cancer cells that underwent EMT
also exhibited strong stem-cell traits [135]. Overexpression of Zeb-1 promoted tumorigenicity

while deletion of Zeb-1 reduced stemness and colonization abilities [115, 145]. A similar study
showed that Snail was highly expressed in the pancreatic CSCs population, and silencing Snail
resulted in reduced tumor formation in mice [146]. These findings strongly indicate that

activation of EMT in pancreatic cancer cells promotes the generation of pancreatic CSCs.

EMT and chemo-resistance in pancreatic cancer

In addition to promoting cancer metastasis and the generation of cancer stem cells, studies have
also demonstrated that EMT contributes significantly to cancer drug resistance [144, 147]. The
exact mechanisms of EMT-induced drug resistance are not yet fully understood [76]. Two major
pathways are proposed. First, cancer cells that underwent EMT may acquire resistance to drug-
induced apoptosis, mediated by the up-regulation of EMT-TFs that interfere with apoptosis and
DNA-damage response pathways [76]. For example, in non-small cell lung cancer (NSCLC)
cells, increased expression of Slug contributed to the resistance of gefitinib-induced apoptosis by
suppressing Bim expression [148]. Overexpression of Snail in breast cancer cells promoted cell
resistance to genotoxic stress [149]. Another potentially important factor, perhaps the more
dominant factor, of EMT-induced drug resistance is its ability to promote cancer stem cell
generation [150, 151]. CSCs are well-known to be resistant to many chemotherapeutic agents,
due to their quiescent status, overexpression of drug efflux transport proteins, and altered DNA
damage response [150, 152]. In fact, gemcitabine-resistant pancreatic cancer cells are usually

highly enriched with CSCs markers [153, 154].
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1.2.4 Strategies for targeting EMT in pancreatic cancer

Given the significant roles of EMT in promoting cancer metastasis, drug resistance, and CSCs
generation in pancreatic cancer, it could be of great value to target EMT for pancreatic cancer
therapy. Many efforts have been made to pharmacologically intervene with the EMT process for
cancer treatment. These interventions can be categorized into three groups: 1) inhibiting
signaling pathways that induce EMT; 2) targeting the transcription factors of EMT, and 3)

targeting the EMT mesenchymal phenotype [155].

1) Inhibition of EMT signaling receptors

EMT is initiated upon receiving extracellular signals. Typical EMT-inducing pathways are
summarized in (Fig 1.3) [76]. The extracellular inducers are at the very upstream of the EMT
process. Thus, inhibition of these pathways holds great potential to inhibit EMT at an early stage.
Among these pathways, TGF-f signaling is the most studied in many different types of cancers
including pancreatic cancer. The TGF-f3 receptor is a heteromeric complex of two type I and two
type II transmembrane kinase receptors. Upon binding their ligands, type II receptors
phosphorylate type I receptors, activating the signaling pathway through SMAD proteins [156].
The activated TGF- pathway promotes EMT by upregulating the expression of many EMT-
TFs, such as Snail, Twist, and ZEB-1 [83]. Developing TGF- receptor inhibitors to prevent
EMT has been carried out by many groups. The TGF-f receptor kinase inhibitor SB-431542 was
reported by Halder et al. (2005) to be able to block TGF-f induced EMT in pancreatic cancer
cells [157]. Since then, many other small molecule inhibitors of the TGF-f receptor have been
identified in different cancer types [158, 159]. More recently, a small molecule inhibitor of the

TGF-p receptor, LY2157299, was shown to improve the overall survival in pancreatic cancer
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patients when combined with gemcitabine in a phase 2 clinical trial (NCT01373164) [160].
Other inhibitors of EMT-inducing signaling pathways have also been reported, such as the
STAT3 inhibitor S31-201 [161] and the WNT inhibitor LGK974 [162]. LGK974 is currently
tested in a phase I clinical trial for multiple types of cancer, including pancreatic cancer
(NCT01351103), while no clinical trial records have been found for the STAT3 inhibitor S3I-

201.

2) Targeting EMT-TFs

Another way to pharmacologically intervene EMT is to target the transcription factors that
regulate EMT process. This strategy might be, in fact, more plausible for EMT inhibition
because different signaling pathways induce EMT all by increasing the expression of the EMT-
TFs. In MDCK-II kidney epithelial cells that overexpressed Snail, silencing Snail expression
reduced cell invasiveness and completely reverted the mesenchymal phenotype caused by Snail
overexpression [163]. Similar studies also showed that Twistl inhibition reduced invasiveness
and metastasis in breast cancer and oral squamous cell carcinoma [164, 165]. Probably due to the
short half-lives of EMT-TFs, small molecules directly inhibiting these TFs have not been
successfully developed [155]. Alternatively, EMT inhibition has been achieved by targeting the
upstream regulators of these TFs. For instance, a cyclin-dependent kinase inhibitor was identified
to down-regulate Zeb-1 and Slug expression and reduced invasiveness of breast cancer cells
[166]. A natural product Thymoquinone was reported to down-regulate Twistl expression and
inhibit EMT in breast cancer by increasing DNA methylation in the Twist promoter region [167].

Another study found that 2'-Hydroxycinnamaldehyde inhibited EMT by decreasing the nuclear
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localization of Snail [168]. These findings indicate that pharmacological interventions of the

expression of EMT-TFs could be an effective way to block EMT in cancer cells.

3) Targeting mesenchymal phenotype

Once cancer cells underwent EMT, they express characteristic mesenchymal markers, such as N-
cadherin and Vimentin, which makes them molecularly different from their original epithelial
cells. These characteristic markers have made the mesenchymal cells themselves a potential
target for EMT inhibition. Some early efforts have been made to target these markers. An N-
cadherin-blocking peptide was reported to inhibit pancreatic cancer migration and metastasis by
blocking N-cadherin function [169]. A similar study also found that a monoclonal antibody
against N-cadherin reduced prostate cancer metastasis in mice [170]. Another typical
mesenchymal marker, Vimentin, has also been investigated as an EMT inhibition target.
Withaferin-A, a natural product, was reported to inhibit cell migration and metastasis in a breast
cancer mouse model by promoting depolymerization of Vimentin filaments [171]. Since
mesenchymal cells usually share many similar features with cancer stem cell [143], selective
inhibitors for the mesenchymal phenotype may also work as potential cancer stem cell inhibitors

[172].

1.3 ER stress
1.3.1 ER stress and UPR signaling pathway
The endoplasmic reticulum (ER) is a branching tubular organelle that functions as a major

protein processing factory in the cell. Virtually all cell surface proteins and most secreted
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proteins need to be correctly folded and modified in the ER for proper function [173]. Proper ER
processing of proteins, which is assisted by ER chaperones, glycosylation enzymes, and oxido-
reductases, is essential for cell survival [174]. Therefore, the ER is working at a fine-tuned
balance between protein load and folding capacity to ensure proteomic homeostasis in the cell.
Disturbance of this balance results in the accumulation of misfolded/unfolded proteins in the ER,
which causes a stressful cellular condition called ER Stress [173]. ER stress can be induced by a
series of physiological and pathological conditions, such as hypoxia, defects in protein
glycosylation, oxidative stress, cellular Ca** imbalance, protein aggregates due to mutations, and
increasing demand of protein secretion [175]. In response to ER stress, cells activate the
unfolded protein response (UPR) pathway in efforts to restore protein homeostasis. The UPR
signaling cascades trigger the expression of hundreds of genes associated with global protein
homeostasis control, which is executed in three ways: reducing ER protein load by translation
attenuation, increasing protein folding capacity by increasing ER chaperons, and enhancing
misfolded protein removal through ER associated degradation (ERAD) [176, 177]. The UPR
pathway consists of three branches which are activated by three ER-resident proteins, inositol-
requiring enzyme 1 o (IRE1a), protein kinase R (PKR)-like endoplasmic reticulum kinase

(PERK), and activating transcription factor 6 (ATF-6) (Fig 1.4).
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Figure 1.4 Three branches of the unfolded protein response (UPR) pathways [178].

Reprinted with permission from Springer Nature; Nature Reviews Molecular Cell Biology; Hetz,
C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond.
Copyright (2012). https://doi.org/10.1038/nrm3270

IREla

IREla is a transmembrane protein containing an N-terminal stress sensor domain in the ER
lumen and a C-terminal domain in the cytosol [179]. The C-terminal domain of IREla has a
dual-function of kinase activity and endoribonuclease activity [179]. Under normal conditions,
IREla is bound with ER chaperone Bip in the ER lumen to maintain it in an inactive state [180].
Under ER stress, Bip dissociates from IRE1a, leading to IRE1a dimerization and trans-
autophosphorylation through the kinase domains, after which it subsequently elicits its RNase
activity [181, 182]. The activated IRE1a excises a small intron from the mRNA of the unspliced

X-box-binding protein 1 (XBP1u), generating an alternatively spliced form of the mRNA that
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encodes the spliced form of XBP1 protein (XBP1s) [183]. XBP1s is an active transcription factor
that activates the expression of a series of genes associated with protein folding chaperones,
protein secretion, unfolded protein removal via ER associated degradation (ERAD), and lipid
synthesis [184]. In addition, the RNase activity of the activated IRE1a cleaves a subset of
cellular mRNAs and miRNAs with specific sequences and secondary structure, leading to their
degradations, a process called regulated IRE1-dependent decay (RIDD) [185-187]. The

degradation of mMRNA by IRE1a reduces new translations, which lowers protein input to the ER.

PERK

PERK is a type-I transmembrane kinase with its N-terminal domain in the ER lumen and the C-
terminal kinase domain in the cytosol [188]. It is also kept inactive by binding to the ER
chaperone protein Bip through its luminal domain [180, 189]. Under ER stress, the accumulation
of misfolded protein causes Bip to dissociate from PERK, leading to oligomerization and trans-
phosphorylation of PERK [189, 190]. Activated PERK directly phosphorylates the eukaryotic
translation initiation factor 2a (elF2a), resulting in attenuation of global protein synthesis [188].
This limits influx of new protein load to the ER. Although PERK-mediated elF2a.
phosphorylation reduced general mRNA translation, it selectively leads to the translation of
MRNAs with overlapping upstream open reading frames, such as in ATF-4 [191]. Under normal
conditions, these overlapping upstream open reading frames in ATF-4 mRNA prevent its
translation. However, they are effectively bypassed when elF2a is phosphorylated, leading to the
successful translation of ATF-4 [192]. ATF-4 then translocates to the nucleus and transcribes
genes associated with ER chaperones, redox balance, protein synthesis, and autophagy to resolve

the unfolded protein stress in the ER [193]. ATF-4 also regulates gene expression in the
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apoptosis pathway to initiate cell death when ER stress overwhelms the cellular rescuing

capacity [194].

ATF-6

ATF-6 is a type 2 transmembrane protein with its C-terminal in the ER lumen and the N-terminal
which contains a DNA binding domain in the cytosol [195]. Unlike IRE1a and PERK, which are
both kinases, ATF-6 is a “pre-transcription factor” that needs proteolytic processing to its active
form [195]. The full-length ATF-6 is retained in the ER membrane by binding to Bip within its
luminal domain [196]. Dissociation of Bip under ER stress exposes the Golgi localization signal
(GLS) sequence of ATF-6, which is then recognized by coat protein Il vesicles and transported
to the Golgi apparatus [196]. Once in the Golgi, the full-length ATF-6 undergoes two steps of
proteolytic cleavages by Site-1 protease (S1P) and Site-2 protease (S2P), producing the active
fragment of ATF-6 (ATF-6f) [197]. The active ATF-6f translocates to the nucleus, inducing the
expression of genes that are involved in protein folding and ERAD [198, 199]. Interestingly,
activation of the PERK pathway also activates ATF-6 by increasing ATF-6 synthesis and ATF-6
trafficking from ER to Golgi [200]. These findings suggest that the three UPR signaling branches

work collectively rather than independently to restore ER homeostasis.

1.3.2 ER associated degradation (ERAD)
The fidelity of accurate protein folding in the ER is ensured by a dedicated protein quality
control system. Improperly folded proteins are effectively removed from the ER through ER

associated degradation (ERAD) [201]. There are two proposed types of ERAD in the cell,

27



proteasome-mediated ERAD (type 1) and autophagy-mediated ERAD (type 1) [202]. Type |
ERAD removes misfolded/unfolded soluble proteins through the ubiquitin-proteasome
degradation system, whereas type Il ERAD clears large protein aggregates and damaged
organelles via autophagy-lysosome degradation [203, 204]. Under ER stress, both types of
ERAD could be triggered to enhance the clearance of misfolded/unfolded proteins to reduce ER

stress.

Proteasome-mediated ERAD

Proteasomes are multi-subunit protease complexes that are crucial for maintaining intracellular
protein homeostasis by degrading misfolded proteins, damaged proteins, as well as short-lived
regulatory proteins [205]. Proteasomes are located both in the cytoplasm and in the nuclei of all
eukaryotic cells [206]. The two major forms of proteasomes in the cell are the 20s proteasome
and the 26s proteasome, both of which are large protein complexes made up of many subunits.
The 20s proteasome is made up of two sets of seven different o subunits (a1-7) forming a ring and
two sets of seven different  subunits (B1-7) forming a ring. These rings are arranged as a1-7p1-7p1-
701-7. The 26s proteasome is composed of a 20s proteasome flanked at one or both of its ends by
a 19s regulatory particle (19s RP) [207] (Fig 1.5). The 19s regulatory particle is also a multi-
subunit complex made up of 19 different subunits. Therefore, the assembly of a full 26s
proteasome requires the steps of 20s proteasome assembly, 19s RP assembly, and the docking of
19s RP to the 20s proteasome [208]. The 26s proteasome serves as a major harbor for
intracellular protein degradation in a ubiquitin-dependent manner [209]. Substrate proteins
destined for 26s proteasome destruction are first polyubiquitinated through the addition of

ubiquitin molecules to the lysine residues of the protein, a process assisted by three ubiquitin

28



linking enzymes, ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin ligase (E3) [210]. The polyubiquitinated substrates are then recognized by the 19s RP
and degraded by the 20s core of the 26s proteasome in an ATP-dependent manner [209, 210].
Although the majority of proteasome-mediated protein degradation is carried out by 26s
proteasomes, up to 20% of cellular protein can be degraded by 20s proteasomes [211]. Proteins
degraded by 20s proteasomes are not ubiquitinated, rather they enter the catalytic chamber of the
20s proteasome through their partially unfolded regions [212]. Together, the 26s and 20s

proteasome form a fine-tuned network for intracellular protein degradation.
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Figure 1.5 Diagram of the 26s proteasome [208]. a, the 26s proteasome consists of a catalytic
20s core proteasome and two 19s regulatory particles (19s RP) on both ends of the 20s
proteasome. b, subunit composition of the 20s and 26s proteasome.

Reprinted with permission from Springer Nature; Nature Reviews Molecular Cell Biology;
Murata, S., Yashiroda, H. & Tanaka, K. Molecular mechanisms of proteasome assembly.
Copyright (2009). https://doi.org/10.1038/nrm2630

The ubiquitin-proteasome system serves as a major protein quality control machinery to remove

misfolded/unfolded proteins from ER under both physiological and pathological conditions [201,

29


https://doi.org/10.1038/nrm2630

213]. Proteomics studies revealed that up to 64% of protein degradation under tunicamycin- or
thapsigargin-induced ER stress is carried out through the proteasome system [214]. The
destruction of ER misfolded proteins by proteasomes is a highly dynamic process that involves
substrate recognition, transportation of substrate out of ER, and final proteasomal degradation
[215]. Misfolded protein substrates in the ER are recognized and delivered to the ER membrane-
embedded protein HRD1 by ER chaperones and lectins, such as Bip and EDEM [216, 217]. The
transmembrane domain of the HRD1 protein functions as a channel through which substrate
proteins are exported out of the ER, while the cytosolic domain of HRD1 functions as an E3
ligase that polyubiquitinates the substrate proteins [215, 218, 219]. The ubiquitinated substrates
are then extracted from the channel and transferred to the proteasome by VCP (also known as

p97 and CDC48) for degradation [220].

Because of the critical role of the proteasome in ERAD, proteasome levels often increase under
ER stress. Studies have shown that ER stress often activates the Nrf2 pathway, which is known
to induce gene expressions of multiple proteosome subunits, therefore increasing proteasome
levels [221-223]. Additionally, inducing ER stress also enhances the rate of proteasome
assembly by increasing and stabilizing proteasome assembly chaperones [224, 225]. These
collective efforts to increase proteasome abundance are a rescue response under ER stress to

enhanced misfolded protein removal.

Autophagy-mediated ERAD

Although the ubiquitin-proteasome system is very efficient in removing misfolded proteins from

the ER, large protein aggregates, long-lived proteins, as well as some parts of ER sheets are
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cleared through autophagy [204, 226]. Macro-autophagy (sometimes simply referred to as
autophagy) is a general term for the delivery of cytoplasmic materials to lysosomes for
degradation through the fusion of autophagosomes and lysosomes [227]. Autophagy is highly
conserved in eukaryotes as a pro-survival mechanism under cellular stress by degrading damaged
proteins and organelles for recycling [226]. The process of autophagy involves the nucleation of
the phagophore membrane, membrane expansion and cargo packaging, formation of the
autophagosome, autophagosome fusion with the lysosome, and cargo degradation by lysosomal
hydrolases. The nucleation of the phagophore is initiated by the activation of the ULK1 complex
and the recruitment of the PI3KC3 complex at the phagophore assembly site (PAS) on the ER
membrane [228]. Subsequently, the phagophore membrane expands, sequesters cargo molecules,
and seals to form autophagosomes [228]. During autophagosome expansion, the nascent LC-3
protein (LC-3I) is conjugated with PE (LC-311) and anchored to the phagophore membrane, a
process that is essential for autophagosome maturation and cargo recruitment [229, 230]. The

mature autophagosome then fuses with lysosomes for degradation of its contents.

Autophagy was previously considered as a secondary response for misfolded protein removal
under ER stress, only needed when the proteasome pathway is overwhelmed [226]. However,
more studies have shown that autophagy is induced by all three branches of UPR singling for
clearance of large protein aggregates and damaged ER membranes that could not be removed by
proteasomes [204]. The program of autophagy is tightly controlled by a series of autophagy-
related genes (ATGSs). To sustain the autophagy flux under ER stress, ATGs are usually
upregulated by UPR signaling. Activation of UPR signaling induces dozens of ATGs, such as

Mapllc3b, Becnl, ATG3, ATG12, ATG5, ATG10, and ATG7 [231]. Induction of autophagy is
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mainly regulated by mTORC1 activity [232]. Inhibition of mTORC1 leads to the activation of
autophagy induction complex UKL1, thus promoting autophagy [233]. Activation of the PERK
and ATF-6 pathways under ER stress could result in mTORCL1 inhibition. For example, the
PERK/ATF-4 pathway induced the expression of REDDL that inhibits mMTORCL activity [234].
Activation of ATF-6 leads to downregulation of AKT1, which in turn inhibits mTORC1 activity
[235]. ER stress also induces autophagy through activation of AMPK signaling. Activation of
AMPK induces autophagy either by inhibiting mTORCL1 or by direct activation of autophagy
induction complex ULK1 [236, 237]. AMPK is a cellular energy sensor that is often activated by
reduced cellular ATP levels. ER stress was reported to reduce the cellular ATP level via

PERK/ATF-4, which in turn activated AMPK and induced autophagy [238].

1.3.3 ER stress and cell survival

Under initial and mild ER stress, the cells activate UPR signaling pathways to restore ER balance
as a pro-survival mechanism. However, if ER stress persists to a level that goes beyond rescue,
UPR signaling will ultimately induce cell death [239]. Although the detailed mechanisms by
which the cell transits from adaptation to cell death remains elusive, many studies have
demonstrated that prolonged or severe ER stress leads to apoptosis mainly through PERK and
IREla pathways [240, 241]. Hyperactivation of PERK leads to increased expression of the
transcription factor CHOP [242]. CHOP downregulates expression of the anti-apoptotic factor
Bcl-2 [243], but upregulates expression of pro-apoptotic BH-3 only proteins, such as Bim, Puma,
and Noxa [244-246]. In addition, increased CHOP expression also enhances reactive oxygen
species that further promotes apoptosis [243]. Activation of IRE1a also induces apoptosis if ER

homeostasis cannot be restored [247]. The process of RIDD under sustained ER stress degrades
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mMiRNAs that target Caspase-2 mRNA, leading to an increased level of Caspase-2 and
subsequent apoptosis [187]. Furthermore, activated IRE1a interacts with adaptor proteinTRAF2
to activate JINK and NF-kB pathways for apoptosis induction [248, 249]. Collectively, pro-
apoptotic signaling induced by PERK and IRE1a ultimately converges onto the intrinsic

apoptotic pathway that triggers the release of cytochrome C from mitochondria, which

eventually initiates apoptosis in a caspase-dependent manner [176].

Although unresolved ER stress often leads to apoptosis, it should be noted that in some cases,
sustained ER stress could lead to cellular senescence [250]. Senescence is a cellular state
characterized by irreversible and durable cell-cycle arrest [251]. The onset and maintenance of
cellular senescence are mainly controlled by the cell cycle regulating factors, p53/p21¢'*! and
p16'NK4A/Rb [252]. Activation of p53 upon cellular insults leads to upregulation of p21¢!P?,
which blocks cell cycle progression by inhibiting CDK2 [253], and p16'NK4A activation blocks
cell cycle by inhibiting CDK4/6 [254]. While p21©'P expression is involved in senescence onset,
the maintenance of senescence heavily relies on p16'NK4A expression and CDK4/6 inactivation
[255]. Upon entering senescence, cells are nonresponsive to mitotic signals, leading to halted cell
proliferation and growth. Of note, despite being trapped in permanent cell cycle arrest, senescent
cells are alive with active metabolic activities [252]. These cells are actively secreting protein
factors, such as cytokines, chemokines, and proteases, a process called senescence-associated
secretive phenotype, which plays a significant role in maintaining the senescent phenotype
through autocrine feedback [252]. The common features of senescent cells are increased cell
size, enlarged cell nuclei with specific chromatin organization called senescence-associated

heterochromatin foci [256], and increased senescence-associated —galactosidase (SA-B-gal)
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activity [257]. The enzymatic activity of B-galactosidase in non-senescent cells requires an
optimum pH 4.0 - 4.5. However, due to its accumulation in lysosomes under senescence
conditions, the enzyme activity could be detected at pH 6.0 [258, 259]. Therefore, histochemical
detection of SA-B-gal activity at pH 6.0 has been widely used to identify cellular senescence

[260].

Initially, senescence was considered as an intrinsic pathway to exit cell cycle after limited cell
divisions. More evidence now indicates that it is a cellular response to stressful conditions, such
as ER stress [252, 261]. Many studies have shown that ER stress and activation of the UPR
pathways effectively induced cellular senescence. For example, known ER stress inducers, like
tunicamycin and thapsigargin, increased the senescent phenotype in various types of cells [262,
263]. Chemical-induced ER stress through PERK/ATF-4 activation increased senescence in
human fibrosarcoma and mouse melanoma cells [264]. Activation of ATF-6 induced senescence
in multiple human breast cancer cell lines [265]. Senescence in human fibroblasts relied on the
ATF-6 pathway [266]. Silencing ATF-4, ATF-6 and XBP-1 drastically reduced the senescent
cell population in HRAS mutated melanocytes [267]. These studies suggest that activation of
UPR signaling under ER stress could be a major mechanism behind stress-induced senescence,
and the specific UPR signaling responsible for senescence induction may be cell type dependent
[261]. Overall, mild and short-term ER stress activates UPR signaling as an adaptation
mechanism for survival. Under severe and sustained ER stress, where the rescue capacity is
overwhelmed, cells initiate apoptosis or senescence as the terminal response. Whether the cell
progresses to apoptosis or senescence under such conditions may depend on the nature of the

stressful insult and the cell type.
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1.3.4 ER stress in pancreatic cancer

Higher ER stress level is perhaps a common feature in most solid cancers, due to higher
proliferation demand and the highly hypoxic microenvironment [268, 269]. Elevated ER stress
has been observed in various types of cancers. For instance, overexpression of XBP1, ATF-6, or
ER chaperones has been observed in breast cancer, hepatocellular carcinoma, gastric cancer,
colorectal cancer, and lung cancer [270-274]. In pancreatic cancer, the ER stress marker Bip and
the UPR signaling regulator ATF-6 were highly expressed, and their expression was associated
with a poor prognosis [275, 276]. To respond and to cope with the elevated basal level of ER
stress, cancer cells activate UPR signaling to survive [277]. However, hyperactivation of UPR
under severe or prolonged ER stress causes cell death, which could lead to cancer regression
[278]. Thus, UPR signaling seemingly plays a dual role in cancer development depending on the
extend of ER stress [279], and the elevated basal activation of UPR keeps cancer cells on a
delicate balance between survival and death [240]. Therefore, either inhibiting UPR or further
activating UPR has been proposed as effective approaches for tumor growth inhibition [280]. On
the one hand, inhibiting UPR signaling impairs cancer cell’s capacity to relieve ER stress,
leading to cell death. Allying with this theory, pharmacological inhibition of IRE1a induced
apoptosis and reduced tumor growth in pancreatic cancer [281]. A specific PERK kinase
inhibitor, GSK2656157, also inhibited pancreatic tumor growth [282]. On the other hand, further
increasing ER stress leads to hyperactivation of UPR, which in turn initiates cell death. The
natural product Tanshinone (Tan)-11A induced apoptosis in pancreatic cancer by increased ER
stress [283]. Similarly, the compound Triptolide induced ER stress and promoted apoptosis or

autophagy-related death in multiple pancreatic cancer cell lines [284, 285]. Taken together, these
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studies suggest that pancreatic cancer survival relies on a balanced UPR activation to cope with
ER stress. Inhibiting UPR signaling or exacerbating ER stress would both impede pancreatic

cancer cell survival.
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Chapter 2. Statement of purpose
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The program of EMT contributes significantly to pancreatic cancer metastasis, cancer stem cell
generation, and chemoresistance. Therefore, pharmacological inhibition of EMT holds a great
promise to comprehensively inhibit pancreatic cancer progression. To discover potential EMT
inhibitors, we previously performed a high throughput screening (HTS) study identifying small
molecule compounds that upregulate the epithelial marker E-cadherin in pancreatic cancer cells
[286]. In this study, we utilized the top hit compound, namely C150, to investigate the inhibition
of EMT as an approach for inhibiting pancreatic cancer cell invasion and proliferation. Also
investigated were the mechanisms of actions of C150, which include ER stress induction and
enhanced proteasome activity with subsequent degradation of EMT-TFs. Our hypothesis is that
induction of ER stress in pancreatic cancer cells triggers cellular responses leading to EMT
suppression and comprehensive inhibition of pancreatic cancer progression. To test our

hypothesis, we performed studies with the following two specific aims:

2.1 Specific aim 1: To investigate the inhibition of EMT by C150 in suppressing pancreatic
cancer cell invasion and tumor growth (Chapter 4). We investigated the mechanisms
underlying C150-induced EMT inhibition in pancreatic cancer cells and evaluated its effects on
inhibiting cell migration and invasion using multiple 2D and 3D cellular assays. The in vivo
activity of C150 in reducing pancreatic cancer growth was examined in an orthotopic mouse

xenograft model.

2.2 Specific aim 2: To investigate the cellular responses caused by C150-induced ER stress

in pancreatic cancer (Chapter 5). The mechanism of action for C150 was further explored in

this aim. Multiple ER stress markers were examined by western blotting upon C150 treatment in
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pancreatic cancer cells. Proteasome activity, proteasome abundance, as well as autophagy, were
also examined as downstream responses to the ER stress. Cell cycle and senescence were
investigated to determine the cell fate under C150 treatment. The in vivo effects of C150 were

further evaluated in a syngeneic pancreatic cancer mouse model.
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Chapter 3. Materials and methods
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3.1 Cell culture

Human pancreatic cancer cells PANC-1, MIA PaCA-2, HPAF-I11, and BxPC-3 were obtained
from American Type Culture Collection (ATCC). Immortalized human pancreatic duct epithelial
cells ("nTERT-HPNE) and the murine pancreatic cancer cell line Pan02 were donated by Dr.
Shrikant Anant from the University of Kansas Medical Center. L3.6 pl pancreatic cancer cells
were donated by Dr. Liang Xu from the University of Kansas. All cancer cells were cultured in
the recommended media with 10% FBS (Sigma-Aldrich, cat. no. F0926) and 100 units/ml
penicillin/streptomycin (Corning Life Sciences, cat. no. 30-001-Cl) and were used within 20
passages in our lab. The hTERT-HPNE cells were cultured with DMEM medium (Corning Life
Science, cat. no. 10-013 CV) supplemented with 5% FBS, 1x N2 supplement (Invitrogen, cat.
no. 17502-048), 10 ng/mL bFGF (Invitrogen, cat. no. PHG0024) and 50 pg/ml Gentamicin
(Gibco, cat. no. 15710-064) and were used within 10 passages in our lab. All cells were cultured
at 37°C in a cell culture incubator with humidified 5% CO2. Compound C150 was purchased
from ChemBridge (San Diego, CA) and stocked in dimethyl sulfoxide (DMSQ). All C150
treatments were diluted in cell culture medium with a final DMSO concentration lower than
0.1% (v/v%). All control groups were treated with the same volume of medium containing

DMSO (< 0.1% viv%).

3.2 MTT cell viability assay

Cells were seeded in 96-well plates at 5,000 cells/well and incubated in a cell culture incubator
overnight. The next day, the old medium was replaced with 200 ul fresh medium containing
different concentrations of C150. After treatment for 48 hours, 20 ul of 5 mg/mL 3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) were added into each well and
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the plates were incubated in the cell culture incubator for 4 hours. The medium was then
removed and 150 ul DMSO was added into each well. Absorbance was measured at 570 nm

using a microplate reader (BioTek, Winooski, Vermont).

3.3 Trans-well migration and invasion assay

Cells were seeded (5x 10* cells/insert) into trans-well cell culture inserts (Corning Life Science,
cat. no. 353097) coated or non-coated with 1 mg/ml (0.1%) of Matrigel (Corning Life Sciences,
cat. no. 356237) in medium without FBS. Inserts were then placed into 24-well tissue culture
plates with culture medium supplemented with 10% FBS as nutrient attractor. Drugs were
present in the medium in inserts and in wells. After 24 or 48 hours of treatment, inserts were
removed from the wells, and cells inside the inserts were removed by cotton swabs. Cells on the
outside bottom of the insert membrane were fixed in 4% formaldehyde for 10 minutes and then
stained for 10 minutes with 0.5% crystal violet solution. Inserts were then washed in water and
let dry before being photographed. Pictures of the whole inserts were taken using light
microscopy and the total number of cells on each insert membrane were counted using ImageJ

software.

3.4 Scratch / Wound-healing assay

Cells were seeded in 24-well plates at 2 x 10° cells/well and cultured to a confluent monolayer. A
scratch was made using a 200-ul pipette tip on the monolayer. Cell debris was washed away with
1xPBS. Fresh medium with drugs was then added, and cells were treated for 24 hours. Pictures at
5 different areas in each well were taken at 0, 12, and 24-hour time points under 100x

magnification. Wound distance was measured using ImageJ software, and migration was

42



quantified as wound recovery % = (0-hour wound distance — 24-hour wound distance) / 0-hour

wound distance.

3.5 Three-dimensional (3D) cell invasion assay

PANC-1 cells were seeded at 8,000 cells/well in an ultra-low attachment, round-bottomed 96-
well plate (Corning Life Science, cat. no. 7007) in complete growth medium and cultured for 4
days to form compact spheroids (one spheroid/well). Type I rat tail collagen (Corning Life
Science, cat. no. 354236) was adjusted to neutral pH with setting solution (100 ml 10x EBSS,
2.45 g NaHCO3, 7.5 ml 1 M NaOH, and 42.5 ml H20) and kept on ice. The medium was
completely removed from each well and then 100 pl neutral-pH collagen was added. The plate
was then placed into the 37 °C cell culture incubator for 30 minutes for collagen to solidify.
Then, 100 ul complete growth medium was added to each well, and pictures were taken as 0-
hour. Drugs were present in both collagen and medium. Spheroids were treated for 72 hours.
Pictures were taken using a phase-contrast light microscopy. Cell invasion was analyzed using
ImageJ by drawing an enclosed line tracing the invasion edge to obtain the total area. Then an
enclosed line was drawn along the core spheroid to get the core spheroid area. The invaded area
was calculated by subtracting the core spheroid area from the total area. Invasion score = invaded

area / core spheroid area.

3.6 Western blotting
Total cell lysates and tumor tissue lysates were obtained using the Pierce RIPA buffer (Thermo
Scientific, cat. no. 89901) in the presence of protease and phosphatase inhibitor cocktails

(Sigma-Aldrich, cat. no. P8340, P5726, P0044). Lysis of the nuclear and cytoplasmic fractions
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was performed according to the protocol of the Pierce NE-PER Nuclear and Cytoplasmic
Extraction kit (Thermo Scientific, cat. no. 78833). The protein concentration of the lysates was
determined using the Pierce BCA protein assay (Thermo Scientific, cat. no. 23225). Lysates
were mixed with 2x Laemmli buffer (Bio-Rad, cat. no. 161-0737), separated in 8% or 10% SDS-
PAGE gels, and transferred onto 0.2 um PVDF membranes (MilliporeSigma, cat. no.
ISEQ00010). The membranes were blocked in 5% blocking grade milk (Bio-Rad, cat. no.
1706404XTU) in 0.1% TBST solution (0.1% Tween-20 in 1XTBS) for 2 hours in room
temperature, then incubated with primary antibodies at 4 °C overnight in 5% BSA /0.1 %TBST
solution. Following primary antibody incubation, membranes were washed 3 times with 0.1%
TBST solution and then incubated with HRP-linked anti-rabbit (7074S) or anti-mouse (7076S)
secondary antibodies (Cell Signaling Technology, Danvers, MA) with 1: 5000 dilution in 5%
milk in 0.1% TBST for 2 hours in room temperature. Protein bands were then detected using
Pierce ECL plus reagents (Thermo Scientific, cat. no. 32132). Primary antibody information was

listed in Table 3.1.

Table 3.1 Primary antibodies used for western blotting.

Antibodies Dilutions Source Catalog NO. Manufacturer
PARP 1:1000 Rabbit 9542S Cell Signaling Technology
Caspase-3 1:1000 Rabbit 9662S Cell Signaling Technology
Vinculin 1:1000 Rabbit 4650S Cell Signaling Technology
PCNA 1:2000 Mouse sc-25280 Santa Cruz Biotechnology
Snail 1: 500 Rabbit 3879S Cell Signaling Technology
Z0-1 1:500 Rabbit 13663S Cell Signaling Technology
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Claudin-1
N-cadherin
Histone-3
o-Tubulin
B-Actin
Cofilin
p-Cofilin (Ser3)
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20s proteasome (-1
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20s proteasome [3-2
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19s proteasome
PSMC-4 subunit
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elF2a
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ATF-4
ATF-6
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Table 3.2 Gene primer sequences for RT-qPCR.

Gene name Primer Sequence from 5’ to 3’
Forward TCCTTT CCT GAG AGC CCT AAA A
PSMG-1 (PAC-1)
Reverse TGT TCT AGC AAT GGA CAACACG
Forward ACC GAT TGT CTT GTG CCA ATG
PSMG-2 (PAC-2)
Reverse AGG CAA TGA ATA CAC TTC AGC AT
Forward GAA GAC ACGCCGTTG GTG ATA
PSMG-3 (PAC-3)
Reverse GAAGGACTTTTG TGG TGA GCA
Forward GTCCACTTC CACGTCATGC
PSMG-4 (PAC-4)
Reverse GGG AGGTAGACACGGGGAT
Forward ACT TGG ATC TGA GCT AAA GGA CA
POMP
Reverse GGG GAT GAC TAG GCA AAAGTTC
Forward GGA GGT CTT GGT GTG TCT TCT
PAAF-1
Reverse CAA CGA TGG CTG TAT CCA GGA
Forward GGG TGT GTG TCT AACCTAATG G
PSMD-10
Reverse GGC CAGAATACTCTCCTTCAACT
Forward GCG CTG CTG AGA GAG GTA G
PSMD-5
Reverse AGT CTTTTC CCT ATGGTTCTC GT
Forward AGG AGG AGA TAG AAG CGC AGA
PSMD-9
Reverse GTGCGGACTTGGTACAGGT
Forward CCAGGTGGTCTCCTCTGACTTCAACA
GAPDH

Reverse AGG GTCTCTCTCTTCCTCTTG TGC TC

Snail Forward TCG GAA GCC TAA CTA CAG CGA
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Reverse AGA TGA GCATTG GCA GCG AG

Forward TAGCTGCTGGCT CACTGTGT
MMP-2

Reverse CTT CAG CAC AAACAGGTT GC

Forward GAA CCA ATC TCACCG ACAGG
MMP-9

Reverse GCCACCCGAGTGTAACCATA

3.7 Reverse transcription-quantitative polymerase chain reaction (RT-gPCR)

Total RNA was extracted from the cells using TRIZOL reagent (Invitrogen, cat. no. AM9738)
according to the manufacture’s protocol. cDNA synthesis was carried out with 1 ug total RNA
using the OneScript cDNA Synthesis Kit (cat. no. G234, Applied Biological Materials,
Richmond, BC, Canada). cDNA was then diluted 1:5 in nuclease-free H20. RT-gPCR was
performed using the BioRad iQ iCycler detection system with One-Step BrightGreen reagents
(cat. no. MasterMix-S, Applied Biological Materials, Richmond, BC, Canada) according to the
protocol provided in the Kkit. Each reaction was carried out in 10 pl volume with 5 ul 2x
BrightGreen gPCR MasterMix, 0.6 ul forward and reverse primer mix (10 uM), 2 ul diluted
cDNA, and 2.4 ul nuclease-free H20. All gPCR reactions were run under the following cycling
condition: enzyme activation at 95 °C for 10 mins, 40 cycles of denaturation (95 °C for 15 secs),
and annealing/extension (60 °C for 60 secs). The melting curve was detected at 55°C-95 °C with
0.5 °C increments. Three independent experiments were performed, and reactions were carried
out in triplicates for each experiment. Gene expression was quantified using the 2-44¢t method

with GAPDH as the internal control. Primer sequences for specific genes are listed in Table 3.2.

3.8 MMP gelatin zymography
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PANC-1 cells were seeded in 6-well plates at 5x 10* cells/well and incubated in a cell culture
incubator overnight. The next day, the medium was removed, and cells were washed twice with
1x PBS. After washing, 1ml fresh FBS-free medium containing drugs was added to each well,
and the cells were treated for 24 hours. The supernatants were collected, and protein
concentration was determined with the Pierce BCA protein assay (Thermo Scientific, cat. no.
23225). Ten micrograms of total protein in the supernatant were then mixed with 5x non-
reducing loading buffer (Thermo Scientific, cat. no. 3900) and samples were separated in 10%
SDS-PAGE gels containing 0.2% gelatin (SigmaAldrich, St. Louis, MO). The gels were re-
natured in renaturing/washing buffer (1 M Tris pH 8.0, 1 M CaClz, 2.5% Triton X-100) for 1
hour, followed by equilibrating in incubation buffer (1 M Tris pH 8.0, 1 M CaCl.) for 10 minutes
in room temperature. The gels were then incubated in the incubation buffer at 37°C for 24 hours.
The gels were then stained with Coomassie Brilliant Blue R-250 (Bio-Rad, cat. no. 1610436)
followed by de-staining in de-staining solution (40% methanol, 10% acetic acid, 50% H20) until
clear bands were visible. Clear bands representing the MMP enzyme activity were analyzed and

quantified using ImageJ.

3.9 Snail overexpression in PANC-1 cells

PANC-1 cells were transfected with the pCMV-Flag-Snail plasmid (Addgene, Cambridge, MA)
or empty vector plasmid (Addgene, Cambridge, MA) using Lipofectamine™ 3000 (Invitrogen,
cat. no. L3000015) according to the manufacture’s protocol. Briefly, PANC-1 cells were seeded
in 6-well plates at 2 x 10° cells / well and incubated for 24 hours. The medium was removed, and

500 pl fresh medium was added per well. A total of 125 ng Snail-plasmid DNA or empty-vector

plasmid DNA were mixed with 0.5 ul Liopfectamine-3000 and 0.6 ul P-3000 reagents in 62.5 pl
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OPTI-MEM medium (cat. no. 31985-062, Gibco Life Technologies), and the mixture was then
added to the well. Forty-eight hours after transfection, cells were collected by trypsinization and
seeded for wound healing (scratch) assays as described earlier. Snail overexpression was

confirmed by western blotting.

3.10 Immunohistochemistry

Paraffin-embedded tissue slides (5 um thickness) were deparaffinized and hydrolyzed with a
sequential change of Xylene, 100% ethanol, 95% ethanol, 75% ethanol, and H20. Antigen
retrieval was carried out by submerging the slides in pH 6.0 citrate buffer for 30 mins at 95 °C.
Immunohistochemistry staining was performed according to the protocol of the Abcam IHC
detection kit (cat. no. ab64264, Abcam, Cambridge, MA). Briefly, after antigen retrieval, slides
were blocked in the protein blocking solution for 1 hour at room temperature and then incubated
with primary PCNA antibody (dilution 1:100, cat. no. sc-25280, Santa Cruz Biotechnology,
Dallas, TX) in 0.1% TBST (1x TBS with 0.1% Tween-20) overnight at 4 °C. After washing in
0.1% TBST solution, slides were incubated in H202 blocking solution for 15 mins, then
incubated with biotinylated secondary antibody for 1 hour followed by 30 mins incubation with
streptavidin-peroxidase solution at room temperature. AB chromogen was then applied to the
slides for staining. After immunostaining, the slides were counterstained in Mayer’s hematoxylin
solution for 30 seconds. The slides were observed under a light microscope at 200x
magnification. Pictures of at least 5 different areas per sample were taken. Data were analyzed
using ImageJ (Fiji Version) by subtracting the hematoxylin staining color to reveal only DAB

staining color. Then DAB positively stained cells were counted on each picture.
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3.11 Cell cycle analysis

Cells were seeded at 5 x 10° cells in 60-mm petri dishes and incubated in the cell culture
incubator. The next day, the medium was removed, and fresh medium with drugs was added.
Cells were treated for 24 or 48 hours. After treatment, cells were collected by trypsinization,
washed with 1x PBS twice, and fixed in 70% ethanol at -20 °C overnight. After fixation, cells
were washed once with 1x PBS and stained in PI staining solution (20 ug/ml Propidium lodine
in 1x PBS solution with 0.1 mg/ml RNase A and 0.1% Triton X-100) at 37 °C for 15 mins. Cells
were then kept in staining solution at 4 °C overnight protected from light before being analyzed

for cell cycle distribution with flow cytometry (BD LSR Il, BD Biosciences).

3.12 Proteasome activity assay

A total of 1 x 10® PANC-1 cells were seeded in 100-mm petri dishes and incubated in the cell
culture incubator. The next day, the medium was replaced with fresh medium containing drugs.
After 24 hours of treatment with C150 or DMSO, cells were lysed in proteasome activity lysis
buffer (50 mM HEPES, 10 mM NaClz, 1.5 mM MgClz, 1 mM EDTA, 2 mM ATP, 1% Triton X-
100) on ice for 1 hour. The supernatant was collected by centrifugation at 16,000 x g for 15
minutes and kept on ice. The Pierce BCA protein assay was performed to determine the protein
concentrations in the cell lysates. In a black-wall 96-well plate, 150 ul fluorescent proteasome
substrate Suc-LLVY-AMC (BML-P802-0005, Enzo Life Science, Farmingdale, NY) and 50 pl
cell lysate were added per well to a final substrate concentration of 100 uM. The proteasome
inhibitor epoxomicin (4 uM) was used in the negative control group. The plate was then placed

in a fluorescent plate reader, incubated at 37 °C, and read in the kinetics mode at 360/460 nm
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every 20 minutes for 80 minutes. Fluorescent readings were then normalized to the protein

amount in the cell lysate of each sample.

3.13 Native gel analysis for assembled proteasome

A total of 1 x 106 PANC-1 cells were seeded in 100-mm petri dishes and incubated in the cell
culture incubator. The next day, the medium was replaced with fresh medium containing drugs.
After 24 hours of treatment with C150 or DMSO, cells were lysed in proteasome activity assay
lysis buffer, and supernatants were collected by centrifugation at 16,000 x g for 15 minutes.
After the Pierce BCA protein assay, the supernatants were mixed with 2x non-denaturing loading
buffer (161-0738, Bio-Rad). A total of 30 ug protein from each sample were loaded and
separated in 4% Tris-Borate native gels at 100 V for 3.5 hours in running buffer (89 mM Tris, 89
mM boric acid, 2 mM EDTA, 5 mM MgClz, 1 mM ATP). The 4% Tris-Borate native gels were
made as follows (10 ml): 7.5 ml H20 + 1.333 ml 30% polyacrylamide (1610158, Bio-Rad) + 50
ul MgClz (1 M) + 100 pl ATP (0.1 M) + 1 ml 10x Tris-Boric-EDTA buffer (161-0733, Bio-Rad)
+ 100 ul 10% APS + 10 ul TEMED. After electrophoresis, gels were soaked in 1x Tris-Glycine
buffer with 0.1% SDS for 30 minutes. Proteins in gels were then transferred onto 0.2 um PVDF
membranes at 100 V for 3.5 hours at 4 °C in transfer buffer (1x Tris-Glycine buffer with 20%
methanol). Subsequently, membranes were stained with Ponceau S to reveal protein bands, then
washed in 0.1% TBST solution and blocked in 5% blocking grade milk in 0.1% TBST for 2
hours at room temperature before being incubated with anti-20s -5 antibody and anti-19s
PSMC-3 antibody overnight at 4 °C. Membranes were then washed in 0.1% TBST and incubated
with HRP-conjugated anti-mouse secondary antibody (7076S, Cell Signaling Technology,

Danvers, MA) with 1: 5000 dilution in 5% milk/0.1% TBST solution for 2 hours at room
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temperature. Protein bands were detected with the Pierce ECL plus reagents (32132, Thermo

Scientific).

3.14 Cell growth curve by MTT assay

Cells were seeded in 96-well plates at 5,000 cells/well and incubated in a cell culture incubator
overnight. The next day, the medium was changed to fresh medium containing C150 at the
indicated concentrations. Cells were incubated for 0, 24, 48, 72, and 96 hours and the MTT assay

was performed.

3.15 Gemcitabine combination treatment

PANC-1 cells were seeded in a 96-well plate at 5,000 cells/well and incubated overnight. The
next day, the medium was changed to fresh medium containing drug combinations in a matrix
design as shown in Figure 5.6B. Cells were treated for 72 hours and viability was determined
using the MTT assay. The combination index was calculated according to the Chou-Talalay’s

method [287] using CompuSyn software (https://www.combosyn.com.)

3.16 Immunofluorescent staining for LC-3 puncta

PANC-1 cells were seeded in 8-chamber microscope cell culture slides (PEZGS0816,
MilliporeSigma) at 6 x 10* cells per chamber and incubated in the cell culture incubator. The
next day, the medium was replaced with fresh medium containing drugs. After treatment, cells
were washed twice in PBS and fixed in ice-cold 100% methanol at -20 °C for 15 min. Cells were
then washed 3 times with PBS and blocked in 5% normal goat serum (5425S, Cell Signaling

Technology, Danvers, MA) in PBS with 0.3% TritonX-100 for 1 hour at room temperature. Cells
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were then incubated with anti-LC-3 antibody (3868S, Cell Signaling Technology, Danvers, MA)
at 4 °C overnight in antibody incubation buffer (1x PBS with 0.3% TritonX-100 and 1% BSA).
The next day, cells were incubated with Alexa-488 conjugated secondary antibody (4412S, Cell
Signaling Technology, Danvers, MA) in antibody incubation buffer for 2 hours at room
temperature and protected from light. After 3 washes with PBS, the slide was coverslipped with
the anti-fade mounting solution with DAPI (8961S, Cell Signaling Technology, Danvers, MA),
and cured in the dark overnight at room temperature to stain nuclei. The slides were then imaged

with fluorescence microscopy at 600x magnification.

3.17 p-galactosidase staining for cellular senescence

The senescence B-galactosidase staining kit (9860S, Cell Signaling Technology, Danvers, MA)
was utilized according to the manufacturer’s protocol. Briefly, PANC-1 cells were seeded in a
24-well plate at 5 x 10* cells per well and incubated in a cell culture incubator overnight. The
next day, the old medium was replaced with fresh medium containing drugs. Cells were treated
for 24 or 48 hours. After treatment, cells were washed with PBS twice and fixed in 0.5 ml
fixative solution for 15 minutes at room temperature. Following cell fixation, 0.5 ml staining
solution with X-gal (1 mg/ml) at pH 6.0 was added to each well. Plates were sealed with
parafilm, wrapped in aluminum foil, and incubated in a 37 °C dry oven for 24 hours. After
removal of the staining solution, cells were washed 3 times with PBS and covered with 0.5 ml
70% glycerol. At least 5 random fields per well were imaged using a bright field light
microscope at 200x magnification. Positively stained cells and total cells in each image were

counted using the multi-point manual counting tool in ImageJ software.
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3.18 Orthotopic mouse xenograft model for pancreatic cancer

All animal experiments were performed according to an Animal Care and Use Protocol (2018-
2443) approved by the Institutional Animal Care and Use Committee at the University of Kansas
Medical Center. Acute MTD (maximal tolerance dose) of C150 in mice was determined using 6
mice (Strain: BALB/cJ, 3 female, 3 male) starting at a one-time intraperitoneal (IP) dose of 20
mg/kg (in 20% H20 + 20% DMSO + 60% PEG-400). All mice appeared lethargic and were
sacrificed 2 hours after the injection. The dose was reduced to 10 mg/kg in another set of 6 mice
and no sign of toxicity was observed. Then the dose was raised to 15 mg/kg and mice were
monitored for 7 days and no sign of toxicity was observed. To further detect tolerance for sub-
chronic administration of C150 at 15 mg/kg, 6 mice were given C150 at 15 mg/kg daily for 5
consecutive days. No signs of toxicity were observed, indicating good tolerance. Based on the
data and taking a margin of safety, the treatment regimen was determined to be 15 mg/kg, 3

times weekly by IP injection.

Luciferase labeled PANC-1 cells (PANC-1-Luc) were established by the Preclinical Proof of
Concept Core Laboratory at the University of Kansas Medical Center, Kansas City, KS. During
tumor inoculation, 4-6 weeks-old female nude mice (Hsd: Athymic Nude-Foxnlnu, Harlan) were
anesthetized with isoflurane inhalation (5% for induction and 2% for maintenance of anesthesia).
A subcostal laparotomy was performed to expose the pancreas. A total of 4 x 10° PANC-1-Luc
cells suspended in 50 ul cold 1x PBS were injected into the tail of the pancreas. The skin was
then sealed with wound clips. Two weeks after tumor cell inoculation, mice were given 150
mg/ml of D-luciferin (Goldbio, St Louis, MO) by IP injection and were imaged using the IVIS

imaging system (Waltham, MA). Mice were divided into 2 groups (vehicle: n = 10, treatment: n
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= 9) based on imaging to ensure even tumor burdens in each group. Treatments then commenced
with 15 mg/kg of C150 or vehicle (20% H20 + 20% DMSO + 60% PEG-400) by IP injections
3x weekly. Mice were treated for six weeks and imaged weekly to monitor tumor size.
Bodyweight was monitored weekly. At necropsy, tumor samples were weighed and fixed in 4%
formaldehyde or frozen at -80 °C for future analysis. Body condition score (BCS) and clinical
signs of pain and distress were used as indicators of toxicities. Mice reaching BCS2 or less or
showing any of the signs below were considered showing toxicity: guarding, reduced movement,
abnormal appearance (hunched), restlessness, circling, convulsion or blindness, rapid or labored
breathing, hemorrhage, flaccid or spastic paralysis, unable to ambulate, recumbency or

mutilation.

3.19 Syngeneic mouse model for pancreatic cancer

Female C57BL/6 mice (6-8 weeks old) were purchased from Jackson Laboratory (Bar Harbor,
ME). For tumor cell implantation, mice were anesthetized by isoflurane inhalation. A subcostal
laparotomy was performed to expose the pancreas. A total of 4 x 10° Pan02 mouse pancreatic
cancer cells suspended in 50 ul PBS were injected into the tail of the pancreas. The skin was then
sealed with wound clips. Twenty-one days after tumor cell inoculation, two random mice were
sacrificed to confirm tumor formation. Subsequently, mice were randomly grouped into 2 groups
(vehicle: n =9, treatment: n = 8). Treatment was then started with 150 mg/kg of C150 or vehicle
(5% Tween-80 + 95% H20) by oral gavage. Mice were treated 3 times a week for 2 weeks and
monitored twice daily for signs of moribund state. The moribund state was determined using
body score (< 2), or any signs of extreme lethargy, lack of responsiveness to manual stimulus,

immobility, or hypothermia. When these signs were observed, the mice were humanely
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sacrificed and counted as death events. Necropsy was then immediately performed, and tumors
were weighed and collected upon sacrifice. If ascites were present, their volume was measured.
Thirty-five days after tumor inoculation all surviving mice were humanely sacrificed, and tumors

and ascites were collected and measured.

3.20 Statistics

All results are presented as mean + SD unless stated otherwise. Statistical analysis was
performed using the Student’s t-test or the Mann-Whitney test for two-group comparisons. For
multi-group comparisons, one-way ANOVA with the Tukey post hoc test was performed. The

log-rank test was used for survival analysis. P < 0.05 was considered statistically significant.
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Chapter 4. A novel inhibitor, C150, for pancreatic cancer epithelial-

mesenchymal transition and tumor growth in mice
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4.1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of all pancreatic cancer cases [288]
and is one of the most lethal cancers. The overall 5-year survival rate of PDAC patients is only
10% [4]. Despite numerous efforts, the treatment options are still limited, and treatment
outcomes remain poor. Gemcitabine as a single agent has been the first-line chemotherapy for
almost three decades [289] and provides only limited benefits on survival. Recently developed
combination therapy of gemcitabine and nab-paclitaxel improved the median overall survival by
a few months but also increased toxicities [10]. A non-gemcitabine combination regimen,
FOLFIRINOX (oxaliplatin, irinotecan, fluorouracil, and leucovorin), also gained a small benefit
in survival compared to gemcitabine, but toxicities are significant so that this regimen cannot be
tolerated by many patients [7, 9]. The high mortality rate of PDAC is largely due to early
metastasis that accounts for extremely poor treatment outcomes [5, 7]. Searching for new agents

against pancreatic cancer is of great significance and urgency.

Emerging studies have shown that epithelial-to-mesenchymal transition (EMT) plays an
important role in PDAC cell invasion, metastasis, tumor progression, and drug resistance [290,
291]. The initial steps of metastasis involve the dissemination of cancer cells from the tumor
bulk and invasion through the extracellular matrix (ECM), during which EMT plays a critical
role [292]. By initiating the EMT process, the apical-basal polarized carcinoma cells lose cell-
cell adhesions and are converted to fibroblast-like mesenchymal cells, acquiring more mobility
and invasiveness [82, 293, 294]. In a transgenic mouse model of pancreatic cancer, EMT was
shown to happen at a very early stage of tumor formation and was associated with cancer cell

dissemination and invasion prior to, and in parallel to, primary pancreatic tumor formation [135].
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Moreover, in human tissue samples of pancreatic cancer, it has been found that the epithelial
marker E-cadherin was weakly expressed in poorly differentiated tumors, and the mesenchymal
marker N-cadherin was mainly expressed in the invasive front [96]. The EMT-promoting factor
Snail was highly expressed in tumor tissues compared to normal tissues [96]. Snail represses
expressions of epithelial molecules such as E-cadherin, Claudins, and ZO-1 [295-297], and
promotes the expression of mesenchymal molecules such as Fibronectin, N-cadherin, and MMPs
[82, 298-300]. Overexpression of Snail induced EMT and promoted pancreatic cancer cell
invasion and metastasis in mouse models of pancreatic cancer [97]. These studies strongly
demonstrated the significance of EMT in promoting pancreatic cancer progression. Thus,

targeting EMT may be beneficial to the treatment of this disease.

Previously, we have established a high-throughput screening (HTS) assay for the discovery of
compounds that had the potential to enhance E-cadherin expression [286]. Upon screening of
combined libraries of ~47,000 compounds, we discovered several positive hits that could
potentially inhibit EMT in pancreatic cancer cells [286]. Here, we aim to study one of the top
hits, compound C150, a quinoline compound with a novel structure, for its activities in

suppressing pancreatic cancer EMT and tumor progression in vitro and in vivo.

4.2 Results

4.2.1 C150 inhibited proliferation in multiple pancreatic cancer cell lines

The effect of C150 (Fig 4.1A) on cell viability was examined in a panel of human pancreatic
cancer cell lines (PANC-1, BXPC-3, MIA PaCA-2, HPAF-II, L3.6 pl) and an immortalized

human pancreatic duct epithelial cell line ("nTERT-HPNE). Treatment for 48 hours resulted in a
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significant decrease of cell viability in all tested pancreatic cancer cells. The 50% inhibitory
concentration (ICso) was ~1 uM for BXxPC-3, MIA PaCA-2, HPAF-I1I, and L3.6 pl cells, and ~2.5
uM for PANC-1 cells. In contrast, the non-cancerous hTERT-HPNE cells were much more
resistant to C150 treatment, with an 1Csp of ~12.5 uM and not much more inhibition was
observed when drug concentration was further increased (Fig 4.1B). These data indicate
preferential cytotoxicity of C150 towards pancreatic cancer cells versus normal cells. To
examine whether the reduced cell viability was due to apoptosis or suppression of proliferation,
we treated PANC-1 cells with C150 at 1 uM and 2 uM for 48 hours. Two apoptosis markers,
PARP and Caspase-3, were then examined by western blotting. Etoposide (50 pg/ml) was used
as a positive control. Etoposide induced massive PARP and Caspase-3 cleavage, while C150 did
not induce any PARP or Caspase-3 cleavage (Fig 4.1C), indicating that C150 did not induce
apoptosis. In contrast, the cell proliferation marker, PCNA, was significantly decreased by the
same C150 treatment (Fig 4.2A). Cell cycle analysis showed a G2/M phase arrest induced by
C150 treatment, and no sub-GO0 cells were detected (Fig 4.2B). The data suggested that C150
inhibited pancreatic cancer cell proliferation rather than inducing apoptosis, and the effect was

well separated between cancer and normal cells.
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Figure 4.1 C150 reduced cell viability in pancreatic cancer cell lines but did not induce
apoptosis. A. Structure of C150. B. Cell viability upon C150 treatment. Human pancreatic
cancer cell lines HPAF-2, MiaPaCa2, BxPC-3, L3.6pl, PANC-1, and immortalized human
normal pancreatic ductal epithelial cell line hTERT-HPNE were incubated with increasing
concentrations of C150 for 48 h. Cell viability was analyzed using the MTT assay and
normalized to untreated controls. C. Western blot of apoptosis markers. PANC-1 cells were
treated with DMSO (Ctrl) or C150 (1 uM and 2 uM) or etoposide (50 ug/mL) for 48 hours.
Vinculin was blotted as the loading control. Bar graphs show band densities of cleaved PARP
and cleaved Caspase-3 relative to Vinculin. Data represent mean + SD of at least 3 independent
experiments in all graphs. * p < 0.05, ** p < 0.01 (vs. Ctrl) by One-way ANOVA-Tukey’s test.
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Figure 4.2 C150 inhibited PANC-1 cell proliferation and caused G2/M cell cycle arrest. A.
Western blot of PCNA. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2 uM)
for 48 hours. Total cell lysates were analyzed for PCNA. Vinculin was blotted as loading control.
Right panel bar graph shows band densities of PCNA relative to Vinculin. B. Cell cycle analysis.
PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2 uM) for 48 hours. Cells
were then collected, fixed in 70% ethanol, stained with propidium iodide (P1), and subjected to
flow cytometry analysis. The left panel shows the representative figures of cell cycle
distribution. The bar graph shows the percentage distribution of each cycle. Data represent mean
+ SD of at least 3 independent experiments in all graphs. * p < 0.05, ** p < 0.01 (vs. Ctrl) by
One-way ANOVA-Tukey’s test.
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4.2.2 C150 inhibited migration and invasion in pancreatic cancer cells

Pancreatic cancer cell migration was first evaluated in a wound-healing (scratch) assay.
Treatment with C150 significantly inhibited PANC-1 cell migration at sub-toxic concentrations
of 1 uM and 2 uM at both 12 hours and 24 hours (Fig 4.3A). Boyden chamber trans-well
migration/invasion assays were then used to further assess the activity of C150 to inhibit cell
migration (without Matrigel coating) and invasion (with Matrigel coating). A 48-hour treatment
with C150 reduced the number of PANC-1 cells on the outside of the trans-well membrane in a
concentration-dependent manner, with or without Matrigel coating (Fig 4.3B). These results
were confirmed with another pancreatic cancer cell line, MiaPaCa-2 (Fig 4.3C). In parallel, the
phosphorylation of Cofilin, an actin-binding protein, was increased upon treatment with 2 uM of
C150 in PANC-1 cells (Fig 4.4A), indicating inhibition of cytoskeleton rearrangement and
decrease of cell mobility [301]. These data indicated that both migration and invasion were

inhibited by C150 treatment.

A three-dimensional (3D) cell invasion model was then utilized to better mimic in vivo
conditions of pancreatic cancer invasion, in which a tumor spheroid was cultured with
surrounding collagen-rich extracellular matrix (ECM). In this assay, PANC-1 cells were first
cultured in complete growth medium in round-bottomed ultralow-attachment 96-well plates to
form compact cell spheroids. The cell spheroids were then cultured in type | collagen matrix.
After 72 hours in culture, cells at the perimeter of the spheroid disseminated and invaded into the
surrounding collagen ECM, forming a radial-shaped area of invasion (Fig 4.4B). C150 treatment

at 2 uM and 4 uM significantly inhibited the invasion of PANC-1 cells in this model (Fig 4.4B).
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Taking together, both 2D and 3D culture data consistently showed that C150 inhibited pancreatic

cancer cell migration and invasion in vitro.
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Figure 4.3 C150 inhibited pancreatic cancer cell migration and invasion in 2D assay. A.
Scratch (wound-healing) assay. A monolayer of PANC-1 cells was treated with DMSO (Ctrl) or
C150 (1uM and 2 uM) for 12 and 24 hours after a wound was made. Scale bar shows 500 um.
Bar graph shows the percentage of wound recovery (mean + SD of 4 repeats). B-C. Trans-well
migration and invasion of PANC-1 cells (B) and MiaPaCa-2 cells (C). Boyden chamber trans-
well inserts were either un-coated (migration) or coated (invasion) with 0.1% Matrigel. Cells
were treated with DMSO (Ctrl) or C150 (1 uM and 2 uM, 48 hours for PANC-1, and 0.5 uM
and 1 uM, 24 hours for Mia PaCa-2). Bar graphs show the number of migrated or invaded cells
per insert (mean £ SD of 2 independent experiments each done in triplicates). Scale bar shows
500 um. * p <0.05, ** p <0.01 (vs Ctrl) by one-way ANOVA-Tukey’s test.
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Figure 4.4 C150 inhibited PANC-1 cell invasion in 3D cell invasion assay. A. Western blots
of Cofilin and p-Cofilin. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2
uM) for 24 hours. Total cell lysates were subjected to immunoblotting against Cofilin and p-
Cofilin (Ser-3). B-Actin was blotted as loading control. Bar graph shows the band densities
relative to B-Actin (mean + SD of 3 independent experiments). B. 3D invasion assay. PANC-1
cell spheroids were grown in collagen and treated with DMSO (Ctrl) or C150 (2 uM and 4 uM)
for 72 hours. Scale bar shows 1000 um. Bar graph shows the invasion score (mean £ SD of 2
independent experiments each done in 8 repeats). * p < 0.05, ** p < 0.01 (vs Ctrl) by one-way
ANOVA-Tukey’s test.
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4.2.3 C150 suppressed EMT in pancreatic cancer cells

Multiple EMT markers were examined to investigate whether C150 inhibited pancreatic cancer
EMT. Upon 24-hour treatment, C150 at 1 uM and 2 uM significantly increased the epithelial
markers ZO-1 and Claudin-1 in PANC-1 cells and decreased the mesenchymal marker N-
Cadherin (Fig 4.5A). The pro-EMT transcription factor Snail also decreased (Fig 4.5A). MMP-2
and MMP-9 are two matrix metalloproteases that contribute significantly to pancreatic cancer
cell invasion by degrading the collagen-rich desmoplastic ECM in and surrounding the tumor
[302-304]. We found that 24-hour treatment with C150 (1 uM and 2 uM) decreased the
expression of MMP-2 and MMP-9 in PANC-1 cells as detected by RT-gPCR (Fig 4.5B).
Furthermore, the activity of MMP-2 was significantly reduced by the same C150 treatment as
detected by the gelatin zymography assay (Fig 4.5C). The activity of MMP-9 was not detected

because of the overall low expression level of MMP-9 in PANC-1 cells.
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Figure 4.5 C150 inhibited EMT in PANC-1 cells. A. Western blots of EMT markers. PANC-1
cells were treated with DMSO (Ctrl) or C150 (1 uM and 2 uM) for 24 hours. Total cell lysates
were subjected to immunoblotting against ZO-1, Claudin-1, Snail, and N-Cadherin. B-Actin was
blotted as loading control. Bar graph shows the band densities relative to f-Actin. B. mRNA
expression levels of MMP-2 and MMP-9. PANC-1 cells were treated with DMSO (Ctrl) or C150
(1 uM and 2 uM) for 24 hours. RT-gPCR results were quantified and normalized to the Ctrl
group using the 2-44¢t method with GAPDH as the housekeeping gene. C. MMP-2 activity in
gelatin zymography assay. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2
uM) for 24 hours in FBS-free medium. The medium was then analyzed in a gelatin gel and
proceeded with the enzyme activity zymography assay. The bright bands represent MMP-2
enzyme activity. Bar graph shows the relative enzyme activity normalized to the Ctrl group. Data
represent mean + SD of at least 3 independent experiments in all graphs. * p < 0.05, ** p < 0.01
(vs. Ctrl) by one-way ANOVA-Tukey’s test.
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4.2.4 C150 decreased Snail protein level by enhancing its proteasomal degradation

Snail is a master transcription factor that promotes EMT in pancreatic and many other cancers
[81]. Accumulation of Snail protein in the nucleus facilitates the expression of genes that lead to
the EMT phenotype. After a 24-hour treatment, C150 significantly decreased the nuclear Snail
protein levels in PANC-1 cells (Fig 4.6A). Decrease in Snail protein levels may be a result of
decreased expression, or enhanced protein degradation. We examined the mRNA expression
level of Snail by RT-gPCR and the data showed that the mMRNA level was not altered by C150
treatment (Fig 4.6B). We thus postulated that C150 decreased the Snail protein level by
enhancing its proteasomal degradation. We treated PANC-1 cells with C150 in the presence of a
proteasome inhibitor MG-132 (0.5 uM). The proteasome inhibitor MG-132 completely reversed
C150-induced Snail decrease after a 16-hour treatment (Fig 4.6C). Moreover, when protein
synthesis was blocked by puromycin (25 ug/ml) in PANC-1 cells, the presence of C150 (2 uM)
accelerated Snail degradation (Fig 4.7A) and shortened the half-life of Snail protein from 2.7
hours in the absence of C150 to 2 hours (Fig 4.7B), supporting our hypothesis that C150

enhances Snail protein degradation.

We then overexpressed Snail in PANC-1 cells. The overexpression was confirmed by western
blotting (Fig 4.7C), and cell migration was tested with the wound-healing assay. As expected,
Snail overexpression increased cell migration, as the percentage of wound recovery was higher
than that in the vector-transfected cells after 24 hours (Fig 4.7C). C150 (2 uM) treatment
inhibited cell migration in both the empty vector-transfected cells and the Snail overexpressed
cells (Fig 4.7C). The extent of the decrease in migration caused by C150 treatment had no

difference between the vector-transfected cells and Snail overexpressed cells (15% decrease in

69



vector-transfected cells vs. 11% in Snail overexpressed cells, P > 0.05), suggesting that Snail
overexpression did not dampen C150’s effects on inhibiting PANC-1 cells migration. Taken
together, the in vitro data showed that C150 enhanced degradation of Snail protein and inhibited

pancreatic cancer cell EMT, resulting in inhibition of cell proliferation, migration, and invasion.
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Figure 4.6 C150 enhanced Snail protein degradation. A. Cytoplasmic and nuclear protein
levels of Snail. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2 uM) for 24
hours. Cytoplasmic and nuclear fractions were subjected to immunoblotting against Snail.
Histone-3 and a-tubulin were blotted as nuclear and cytoplasmic loading controls, respectively.
Bar graph shows the band density of nuclear Snail relative to Histone-3. B. mRNA levels of
Snail upon C150 treatment. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2
uM) for 24 hours. RT-gPCR results were quantified and normalized to the control group using
the 2-24C¢t method with GAPDH as the housekeeping gene. C. Snail protein levels upon C150 and
MG-132 treatment. PANC-1 cells were treated with C150 (1uM and 2 uM) alone or co-treated
with C150 and MG-132 (0.5 uM) for 16 hours. Total lysates were subjected to immunoblotting
against Snail. B-Actin was blotted as loading control. Bar graph shows the band densities of
Snail relative to B-Actin. Data are presented as mean = SD of 3 independent experiments. * p <
0.05, ** p < 0.01 by one-way ANOVA-Tukey’s test.
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Figure 4.7 C150 accelerated Snail protein degradation in PANC-1 cells and inhibited
migration in Snail-overexpressed PANC-1 cells. A. Snail protein levels post puromycin
treatment. PANC-1 cells were treated with DMSO or C150 (2 uM) for 24 hours, then puromycin
(25 pg/mL) was added to block protein synthesis. Cell lysates were collected at 0, 1, 2 or 3 hours
after puromycin was added. -Actin was blotted as loading control. B. Snail protein degradation
curve. Snail band densities relative to B-Actin at indicated time points were quantified and
normalized to that of the zero-hour time point in each group. C. Wound healing assay in PANC-
1 cells with Snail overexpression. PANC-1 cells were transfected with Snail plasmid (P-Sn) or
empty vector plasmid (P-Ve) for 48 hours. Overexpression of Snail was confirmed by western
blotting. Transfected cells were then seeded for scratch assay with DMSO (Ctrl) or 2 uM C150
treatment for 24 hours. Bar graph shows the percentage of wound recovery. Data are presented
as mean * SD of 3 independent experiments. * p < 0.05, ** p < 0.01; # p < 0.05 by student’s T-
test.
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4.2.5 C150 treatment reduced tumor growth in an orthotopic mouse model of pancreatic
cancer

An orthotopic mouse model of pancreatic cancer was used to evaluate the in vivo effects of
C150. Luciferase labeled PANC-1 cells (PANC-1-luc) were injected into the pancreas of nude
mice. Two weeks after cell injection, mice were imaged to confirm tumor formation and were
grouped based on tumor burden into vehicle (n = 10) and treatment group (n = 9), for each group
to have equal tumor burdens. Mice were treated 3 times per week with 15 mg/kg of C150
(determined by dose-finding experiments described in Methods) or vehicle (20% DMSO + 20%

H20 + 60% PEG400) by intraperitoneal (IP) injection.

Six weeks of C150 treatment significantly reduced tumor burden compared to vehicle controls
(Fig 4.8A-B). The final average tumor weight in the C150 treated group was significantly lower
than that in the control group (Fig 4.8C). The expression of the proliferating cell nuclear antigen
(PCNA) was significantly inhibited in C150-treated tumors compared to vehicle-treated tumors
(Fig 4.8D), indicating a reduction of cell proliferation by C150 treatment. EMT markers in the
tumor samples were examined by western blot. Consistent with in vitro data, the epithelial
markers ZO-1 and Claudin-1 were elevated in the tumor tissues of C150-treated mice, while the
pro-metastasis marker MMP-2 was decreased (Fig 4.9 A-B). Collectively, the in vivo data are

consistent with the in vitro data, suggesting that C150 inhibited pancreatic cancer progression.

Toxicities were evaluated by body condition score (BCS) and clinical signs as described in

Materials and Methods. All mice started at a BCS of 3. During the treatment, no mice showed

observable clinical signs of toxicity or had BCS dropped to 2 or below. However, the average
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body weight of the treatment group decreased compared to the control group (Fig 4.9C),
indicating potential toxicities not evaluated here. Therefore, the toxicity profile and therapeutic

window of C150 need further investigation.
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Figure 4.8 C150 reduced tumor growth in mice. A. Bioluminescence images of tumor burden
in live mice at the beginning (Week-0) and the end (Week-6) of treatment. Actual tumors at
necropsy are shown below the bioluminescence images. B. Longitudinal average tumor burden
detected by imaging, quantified as photons/sec/cm? (mean + SEM). C. Average tumor weight at
necropsy (n=9 for C150 group, and n=10 for vehicle group). P < 0.05 by Mann-Whitney test. D.
Immunohistochemistry staining for PCNA in tumor samples. Three random tumors each from
the vehicle or the C150 group were analyzed. Scale bar shows 50 um. Bar graph shows the
quantification of positively stained cells, presented as mean + SD of at least 5 different fields per
sample of the 3 samples. ** p < 0.01 with t-test.
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Figure 4.9 Western blot of EMT markers in tumor samples. A. Total lysates of tumor
samples from all mice were analyzed. EMT marker ZO-1, Claudin-1, MMP-2 and Snail were
probed. B-Actin was blotted as loading control. B. Quantification of band densities in western
blot relative to B-Actin (mean + SEM). C. Average body weight (mean + SD). ** p < 0.01 by
student’s T-test.

4.3 Summary and discussion

There is increasing evidence for the critical role of EMT in promoting pancreatic cancer
progression [291]. During EMT, cancer cells undergo serial molecular changes to turn off the
expression of epithelial markers while upregulating mesenchymal markers, leading to the loss of
cell-cell and cell-membrane adhesion [305]. In this study, we found that C150 treatment in
PANC-1 cells increased the epithelial markers ZO-1 and Claudin-1, both of which are integral

components of tight junctions in the epithelial phenotype. In contrast, the mesenchymal marker
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N-cadherin decreased upon C150 treatment. These data indicate that C150 treatment suppressed
the EMT process in PANC-1 cells. These mechanisms were further confirmed in a mouse
model, with data showing that C150 treatment increased ZO-1 and Claudin-1 and decreased

MMP-2 in tumor tissues, which was in line with the in vitro data, indicating EMT inhibition.

During the invasion stage, cancer cells need to degrade the basal membrane and the dense
extracellular matrix (ECM). This process is mainly mediated by the matrix degradation enzymes
of the family of metalloproteinases (MMPSs) [306]. The production of MMPs by cancer cells is
upregulated by EMT-promoting factors [292, 307]. In this study, we found that compound C150
significantly inhibited pancreatic cancer cell migration and invasion in multiple in vitro assays.
The expression levels and activities of MMP-2 and MMP-9, two of the major metalloproteinases
responsible for degrading collagen fibers in the tumor stroma, were downregulated by C150
treatment. This may be of particular importance in pancreatic cancer as the disease is well

characterized with rich collagenous stroma [308].

The pro-EMT factor Snail was strongly decreased by C150 treatment. Snail directly regulates
expressions of several epithelial/mesenchymal markers, including ZO-1, Claudin-1, and N-
cadherin [82, 296, 297]. Ectopic expression of Snail resulted in EMT and promoted metastasis in
mouse models of pancreatic cancer [97, 309]. The reduction of Snail protein level by C150
treatment provides a mechanism by which C150 inhibits EMT in pancreatic cancer cells. Further,
silencing Snail was reported to result in cell cycle arrest and suppressed proliferation in cancer
[310]. This observation is consistent with our in vitro and in vivo data that compound C150

decreased Snail and inhibited cell proliferation.
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A limitation of our data is that changes of Snail were not detected in the mouse tumor samples.
This is likely due to several reasons: The fast turn-over time of Snail protein [93, 311] and a late
sample-collecting time of 48 hours after the last treatment may have resulted in the inability to
detect changes in Snail protein levels. Also, tissues harvested from mouse tumors were a mixture
of tumor cells, fibroblasts, blood vessels, immune cells, and other associated tissue cells. This
could obscure the results. Further, after 6 weeks of treatment, the tumor cells with decreased
Snail (assumed to be more sensitive) would have died or would not have proliferated. Therefore,
in the residual tumor tissues, cells without changes in Snail expression or with minor changes are
more likely to dominate the population, and therefore a decrease in Snail expression could not be
detected. Nevertheless, multiple in vitro assays and Snail overexpression confirmed the role of

Snail in the C150-mediated EMT-inhibiting effect.

Notably, we found that C150 induced a decrease of Snail protein through enhanced proteasomal
degradation but did not inhibit its expression. Our data show that Snail MRNA remained
unchanged and the decrease in protein was prevented by a proteasome inhibitor. Snail protein
degradation is tightly controlled by its phosphorylation and ubiquitination status [80, 312].
Multiple pathways have been reported to regulate Snail phosphorylation, among them is the
GSK33 mediated pathway [92]. GSK3[3 phosphorylates Snail at two different sites, priming it
for nuclear exportation, ubiquitination, and subsequent proteasomal degradation [92]. However,
we found that C150 significantly increased Serine-9 phosphorylation of GSK3p (Fig 4.10),
which inhibits its kinase function [313, 314]. Therefore Serine-9 phosphorylation of GSK3f

would likely increase Snail protein stability rather than decrease it. Thus, we speculated that
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C150-induced Snail degradation is not likely to be mediated by the GSK3p pathway. Many
regulatory pathways and kinases are involved in the regulation of Snail protein stability [82,
312]. With the molecular target of C150 unknown, the exact mechanism by which C150

increased Snail proteasomal degradation is unclear and needs further investigation.

Figure 4.10 C150 treatment
increased Serine-9
phosphorylation of GSK-3p.
PANC-1 cells were treated with
DMSO (Ctrl) or C150 at 1 uM and
2 uM for 24 hours. GSK-3p and p-
GSK-3p were probed. B-Actin was
blotted as loading control. Right
panel bar graph shows the
quantification of band densities relative to B-Actin. Data are presented as mean £SD of 3
independent experiments. ** p < 0.01 by one-way ANOVA-Tukey’s test
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Taken together, we report for the first time that the novel compound C150 inhibited pancreatic
cancer cell migration and invasion in vitro, suppressed EMT, and reduced tumor growth in mice.
The data suggest that C150 can serve as a drug lead for comprehensive inhibition in pancreatic
cancer growth and metastasis. Future investigations could involve target identification of C150
and in-depth mechanistic studies, as well as defining its toxicity profiles. Analogs of C150 may
be developed and tested for improved efficacy, reduced toxicity, and improved PK and other

drug-like properties.
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Chapter 5. The EMT inhibitor C150 inhibits pancreatic cancer through

induction of ER stress and proteasome assembly
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5.1 Introduction

The homeostasis between protein loading and protein folding in the endoplasmic reticulum (ER)
is essential for cell survival. Cellular insults that perturb this homeostasis lead to misfolded
protein accumulation and ER stress [177]. In response to ER stress, cells activate the unfolded
protein response (UPR) pathways to restore homeostasis in the ER in an effort to survive [178].
The UPR is controlled by three ER-membrane bound proteins, protein kinase RNA-like ER
kinase (PERK), inositol-requiring protein 1o (IREla) and activating transcription factor 6 (ATF-
6) [178]. Activation of PERK, IRE1a and ATF-6 activates their direct downstream transcription
factors, ATF-4, XBP1-s, and spliced-ATF-6 respectively, leading to increased gene expressions
of chaperone proteins to enhance the protein folding capacity in the ER [315, 316]. In addition,
PERK activation results in the attenuation of mMRNA translation through elF2a phosphorylation,
therefore reducing new protein load to the ER [317]. Finally, ER stress also activates the ER
associated degradation (ERAD) pathway to facilitate misfolded protein removal through the
ubiquitin-proteasome system and autophagy [318, 319]. By increasing the level of protein
folding chaperones, reducing protein synthesis, and enhancing misfolded protein removal
through ERAD, the UPR signaling functions as a pro-survival mechanism to restore ER
homeostasis [319]. However, severe or prolonged ER stress that goes beyond the UPR rescue

would lead to cell proliferation arrest, cell death, and senescence [250, 320, 321].

As the major protein degradation system in the cell, proteasome levels, and activities are often
elevated upon proteomic stresses, such as misfolded protein accumulation under ER stress, to
facilitate the clearance of misfolded or damaged proteins [322]. The two major forms of

proteasomes in the cell are the 20s proteasome and the 26s proteasome, both of which are multi-
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subunit protein complexes. The 20s proteasome is made up of two sets of seven different a
subunits (o1-7) forming a ring and two sets of seven different B subunits (B1-7) forming a ring.
These rings are arranged as a1-7P1-7P1-701-7. The 26s proteasome is composed of a 20s proteasome
flanked at one or both of its ends by a 19s regulatory particle (19s RP) that is made up of 19
different subunits [207]. Therefore, the assembly of a full 26s proteasome requires the steps of
20s proteasome assembly, 19s RP assembly, and the docking of 19sRP to the 20s proteasome
[208]. The 26s proteasome serves as the main complex for cellular protein degradation in an
ATP- and ubiquitin-dependent manner [209], while the 20s is also capable of degrading a portion

of cellular proteins independent of ATP and ubiquitin [211, 212].

Because of the essential role of ER balance in cell survival, disrupting ER balance has been
proposed as a potential therapeutic approach in cancer treatment [323, 324]. We have shown in
chapter 4 that the quinoline compound C150 enhanced the proteasome-mediated degradation of
Snail protein in pancreatic cancer cells, causing EMT inhibition and reduced cell invasion. In this
chapter, we further reveal that C150 induced profound ER stress in pancreatic cancer cells and
led to an increase in proteasome assembly, cellular autophagy, and attenuation of mMRNA
translation. C150 treatment arrested pancreatic cancer cells in the G2/M phase, induced cellular
senescence, and increased cellular sensitivity to gemcitabine treatment. C150 treatment
significantly increased survival and reduced tumor growth in a syngeneic pancreatic cancer

mouse model.
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5.2 Results

5.2.1 C150 increased proteasome activity in PANC-1 cells by increasing proteasome
assembly

We have previously reported that C150 enhanced proteasomal degradation of the pro-EMT
transcription factor Snail in PANC-1 cells. In addition, we found that -catenin, TP53, and Sox2

protein levels were also reduced by C150 treatment (Fig 5.1).

C150

ctri  1uM 2M Figure 5.1 C150 decreased p-Catenin, TP53, and

Sox-2 protein levels. PANC-1 cells were treated with
B-Catenin | S— — w— DMSO (Ctrl) or C150 (1 uM and 2 uM) for 24 hours.
Total cell lysates were analyzed and probed for

TP53 M B—catenin, TP53, and Sox-2. B-Actin was blotted as
loading control.
Sox-2 b. —

All of these transcription factors are proteasome substrates [325-327]. Therefore, we postulated

B-actin

that C150 increased proteasome activity in the cell. To examine cellular proteasome activity
upon C150 treatment, PANC-1 cells were first treated with C150 (1 uM and 2 uM) for 24 hours.
Cell lysates were collected in non-denaturing buffer and incubated with a proteasome substrate,
Suc-LLVY-AMC, which generates fluorescence upon proteasomal degradation. The results
showed that lysates from C150-treated cells exhibited a significantly higher proteasome activity
compared to the DMSO-treated group (Ctrl) in a concentration-dependent manner (Fig 5.2A).
This increase was completely attenuated when a specific proteasome inhibitor epoxomicin was
added to the cell lysates (Fig 5.2B). To examine whether C150 directly increased the activity of
proteasomes, un-treated PANC-1 cell lysates were incubated with C150 and the proteasome

substrate. The direct incubation of C150 in non-treated cell lysates did not have any effect on
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proteasome activity (Fig 5.2C). These data suggested that the C150-mediated increase of the
proteasome activity was dependent on a cellular process that requires the integrity of the cell but

was not through direct interaction of C150 with the proteasomes.
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Figure 5.2 C150 enhanced proteasome activity. A-B. Proteasome activity in C150-treated
PANC-1 cell lysates in the absence (A) or presence (B) of epoxomicin (4 uM). PANC-1 cells
were treated with C150 (1 uM and 2 uM) or DMSO (Ctrl) for 24 hours. Cell lysates were then
collected and incubated with the proteasome substrate Suc-LLVY-AMC at 37 °C in the absence
(A) orin the presence (B) of 4 uM epoxomicin and the fluorescence signal was detected every
20 minutes for 80 minutes at 360/460 nm. Fluorescence signal intensity was corrected for protein
amounts in the lysates. C. Proteasome activity in non-treated PANC-1 cell lysates incubated with
C150. DMSO (Ctrl) or C150 (1 uM and 2 uM) was directly added into lysates of non-treated
PANC-1 cells and incubated at room temperature for 30 minutes before mixing with Suc-LLVY -
AMC substrate. Data are presented as mean £ SD of 3 independent experiments each done in
triplicates. * P < 0.05, ** P < 0.01 (vs. Ctrl) by one-way ANOVA with Tukey HSD test.
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We then investigated the total levels of assembled 20s and 26s proteasomes in the PANC-1 cells
treated with C150. Anti-B-5 subunit antibody was used to detect the 20s proteasomes. Because
the 26s proteasome is composed of a 20s flanked by one or two 19s caps at its ends, an anti-
PSMC-3 subunit for 19s RP was also used to show the 1-cap or 2-caped 26s proteasomes. Native
gel protein electrophoresis and western blots showed that the assembled 20s proteasomes and 2-
cap 26s proteasomes were both elevated upon C150 treatment (Fig 5.3A). To determine if the
increased 20s and 26s proteasome levels were the results of increased expressions of their
subunits, we tested a panel of 20s and 19s subunits by western blotting. All the examined
subunits remained unchanged by C150 treatment (Fig 5.3B). Because the abundance of
proteasomes in the cell is also regulated by their assembly [322, 328], we then examined the
expressions of nine proteasome assembly chaperones by RT-gPCR. We found that 24-hour C150
treatment (1 uM and 2 uM) significantly increased the expressions of the chaperone PAC-1,
PAC-3, PSMD-5, PSMD-10, and PAAF-1. The other four chaperones showed a trend to increase
but this increase was not significant (Fig 5.3C). Taken together, the data suggested that C150

enhanced proteasome activity in PANC-1 cells by increasing proteasome assembly.
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Figure 5.3 C150 increased proteasome assembly. PANC-1 cells were treated with C150 (1 uM
and 2 uM) or DMSO (Ctrl) for 24 hours. A. Native gel blots for assembled 20s and 26s
proteasome. Anti -5 antibody was used to show 20s and anti-PSMC-3 to show 26s proteasomes.
Lower panels show Ponceau S staining. B. Western blots of proteasome subunits. Total cell
lysates were analyzed for proteasome subunits. Vinculin was a loading control. C. RT-qPCR for
MRNA expressions of proteasome assembly chaperones. Results were quantified and normalized
to the Ctrl group using the 2-22¢t method with GAPDH as a housekeeping gene. Data are
presented as mean = SD of 3 independent experiments each done in triplicates. * P <0.05, ** P
< 0.01 (vs. Ctrl) by one-way ANOVA with Tukey HSD test.
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5.2.2 C150 induced ER stress, increased autophagy, and attenuated protein synthesis in
PANC-1 cell

An increase of proteasome levels can be induced by ER stress [224, 225]. We next investigated
whether C150 treatment can induce ER stress in PANC-1 cells. A 24-hour treatment with C150
(1 uM and 2 uM) resulted in a profound upregulation of the ER stress makers, Bip, ATF-4, and
XBP-1s (Fig 5.4A). During ER stress response, autophagy is often initiated to further assist the
removal of misfolded and damaged proteins [329]. Our data showed that C150 treatment
significantly increased LC-3Il, and LC-3I1 level was further enhanced by the additional
treatment of chloroquine at 20 uM for 4 hours (Fig 5.4B), suggesting an increased autophagy
flux by C150 treatment. The increased autophagy was further confirmed by immunostaining of
LC-3 puncta in the cells (Fig 5.4C). Furthermore, the phosphorylation of the translation initiation
factor elF2a was significantly increased upon C150 treatment (Fig 5.4D), indicating a reduction
of protein synthesis in response to the ER stress [173]. To confirm protein synthesis attenuation,
we performed a puromycin incorporation assay [330]. Puromycin can effectively incorporate into
newly synthesized peptides and later be detected using western blotting [331]. PANC-1 cells
were treated with C150 (1 uM and 2 uM) for 24 hours, and then pulsed with 2 uM puromycin
for 20 minutes. The C150-treated cells exhibited a significantly lower level of incorporated

puromycin (Fig 5.4E), indicating reduced protein synthesis.
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Figure 5.4. C150 induced ER stress and resulted in autophagy and attenuation of protein
translation in PANC-1 cells. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and
2 uM) for 24 hours. A. Western blots of ER stress makers, Bip, XBP-1s, and ATF-4. GAPDH
was blotted as loading control. B. Western blots of the autophagy marker LC-3. CQ, chloroquine
(20 uM, 4 hours treatment). C. Immunofluorescence staining for LC-3 puncta. Cells were fixed
and stained against LC-3 (green). Cell nuclei were stained with DAPI (blue). Scale bar, 10 um.
CQ, chloroquine (20 uM, 4 hours treatment). D. Western blots of elF2a and p-elF2a. E.
Puromycin incorporation showing protein synthesis inhibition. PANC-1 cells were treated with 2
uM puromycin for 20 minutes after 24 hours treatment with C150 or DMSO (Ctrl). Total cell
lysates were analyzed and blotted with anti-puromycin antibody. GAPDH was blotted as loading
control.
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5.2.3 C150 caused G2/M cell cycle arrest, induced cell senescence, and synergized with
gemcitabine in PANC-1 cells

It was reported that ER stress was able to induce cell cycle arrest [320, 332]. Upon C150
treatment (1 uM and 2 uM) for 24 and 48 hours in PANC-1 cells, there was a robust increase of
the cell population in the G2/M phase as demonstrated by PI cell cycle analysis (Fig 5.5A-B),
suggesting a G2/M cell cycle arrest under C150 treatment. Cell growth curves showed
significantly reduced proliferation rates by C150 treatment (Fig 5.5C). Sustained cell cycle arrest
commonly results in apoptosis and/or cell senescence [333]. Our previous data in Chapter 4
have shown that C150 treatment did not induce apoptosis. Notably, data here showed that C150
treatments at 24 and 48 hours effectively induced senescence in PANC-1 cells, indicated by the
increased -galactosidase (SA-B-galactosidase) staining at pH 6.0 (Fig 5.6A). Induction of
senescence was reported to sensitize pancreatic cancer cells to chemotherapeutic agents [334].
We found that the combination treatment of C150 with gemcitabine more effectively reduced
PANC-1 cell viability compared to single-agent treatment (Fig 5.6B). Strong synergistic effects
were shown when C150 was added to gemcitabine, with the Chou-Talalay’s combination

index(Cl) [287] being far less than 1 (Fig 5.6C).
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Figure 5.5 C150 caused G2/M cell cycle arrest and inhibited proliferation in PANC-1 cells.
A. Cell cycle analysis. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 uM and 2 uM)
for 24 and 48 hours. Cells were stained with propidium iodide (PI) and analyzed for cell cycle
distributions with flow cytometry. B. Bar graph shows the quantification of the percentage of
cells in each cell cycle. Data are presented as mean £+ SD of 3 independent experiments. C. Cell
growth curve. PANC-1 cells were seeded at 5,000 cells per well in 96-well plates in triplicates
and cultured for 0, 24, 48, 72, and 96 hours with C150 treatments. Viable cells were detected by
the MTT assay. Data are presented as mean £ SD of 3 experiments. * P < 0.05, ** P < 0.01 (vs.
Ctrl) by one-way ANOVA with Tukey HSD test.
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Figure 5.6 C150 induced senescence and synergized with gemcitabine in PANC-1 cells. A.
SA-B-galactosidase staining at pH 6.0 for cell senescence. Senescent cells were identified by the
green-blue staining under bright field light microscopy with 200x magnification. Scale bar, 100
um. Bar graph shows the percentage of senescent cells per imaging field with five random fields
in each sample. Data are presented as mean + SD of two independent experiments each done in
triplicates. B. Heatmap of cell viabilities under combination treatment of C150 with gemcitabine
in PANC-1 cells. PANC-1 cells were treated with C150 and gemcitabine at the indicated
concentrations for 72 hours. Cell viability was detected using MTT assay. Data are presented as
mean viability from three independent experiments each done in duplicates. C. Combination
Index. The drug combination index was calculated from the cell viability data in (B) according to
the Chou-Talalay’s method. Mean CI values from three experiments were presented. * P < 0.05,
** P <0.01 (vs. Ctrl) by one-way ANOVA with Tukey HSD test.
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5.2.4 C150 reduced tumor growth and increased survival in a syngeneic pancreatic cancer
mouse model

A syngeneic pancreatic cancer mouse model was used to evaluate the activity of C150 in vivo.
Compared to xenografts in immune-compromised mice, a syngeneic model preserves the intact
immune functions, which plays an important role in cancer progression and responses to
treatment. Pan02 mouse pancreatic cancer cells were orthotopically injected into the pancreas of
C57BL/6 mice. Three weeks (21 days) after cell implantation, mice were treated with C150 (150
mg/kg) or vehicle by oral gavage three times a week for 2 weeks. Data showed that C150
treatments significantly improved the survival rate of mice 35 days after tumor inoculation (80%
survival), when almost all the vehicle-treated mice had died (10% survival) (Fig 5.7A). The
tumor weight at necropsy was significantly reduced by C150 treatment (n = 8) compared to
vehicle-treated controls (n = 9) (Fig 5.7B). Moreover, 89% (8/9) of mice in the vehicle-treated
group developed ascites, whereas only 50% (4/8) in the C150 group had ascites (Fig 5.7C). In
mice having ascites, the average volume was lower in C150 treated mice (Fig 5.7D). The
expression levels of ER markers were examined in tumor tissues. Consistent with our in vitro
data, the ER stress markers Bip, cleaved-ATF6, ATF4, and XBP-1s were elevated in C150
treated tumors compared to vehicle-treated controls (Fig. 5.8A-B). Lamin B1 was decreased

(Fig. 5.8A-B), indicating cellular senescence in C150-treated tumors [335].
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Figure 5.7 C150 treatment increased survival rate and reduced tumor growth in a
syngeneic mouse model. A. Kaplan-Meier survival curve of tumor-bearing mice. * p <0.05 (vs.
vehicle) by log-Rank test. B. Tumor weight at necropsy (n = 9 for vehicle, n = 8 for C150). p <
0.05 by student t-test. C. Ascites occurrence rate. D. Average volume of ascites presented as
mean £ SD (n = 9 for vehicle, n = 8 for C150). Data are presented as mean * SD.
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Figure 5.8 C150 induced ER stress in mouse tumor samples. A. Western blotting of ER stress
and senescence markers in mouse tumor tissues. Tumors from seven mice in each group were
analyzed. GAPDH was blotted as loading control. B. Bar graph shows the quantification of band
density relative to GAPDH. Data are presented as mean + SD.
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5.3 Summary and discussion

Interrupting ER homeostasis has been shown to be an effective way to inhibit tumor progress
because of the vital role the ER plays in cellular protein homeostasis and cell survival [284, 336].
Due to high proliferation demand and the hypoxic microenvironment, cancer cells are under
higher endogenous ER stress, resulting in a higher endogenous activation level of UPR signaling
[337]. As such, pancreatic tumor tissues have higher Bip and ATF-6 expression levels than the
normal tissues [275]. The high basal activation of UPR renders pancreatic cancers more
vulnerable to the disturbance of ER balance. Disrupting UPR signaling by either inhibiting or
further activating it would both impede the cellular capacity to rescue ER stress in cancer cells,
leading to catastrophic effects in cancer cells [281, 284, 338]. In agreement with this notion, our
study found that C150 induced profound ER stress and further aggravated UPR signals in
pancreatic cancer cells, which subsequently impeded cell proliferation, triggered cell cycle arrest,

and led to pancreatic cancer cell senescence.

Findings in our study showed that C150 treatment significantly increased proteasome activity by
enhancing proteasome assembly. Increased proteasome activity under ER stress is a pro-survival
response of pancreatic cancer cells to restore the ER proteomic homeostasis [339]. However,
C150-mediated increase of proteasome activity accelerated the degradation of several critical
transcription factors in the EMT/CSC/cell death pathways, such as Snail, 3-catenin, Sox2, and
TP53, as detected in this study. It is possible that many other important proteins in cancer cell
growth/proliferation, invasion, and stemness are also influenced. The degradation of Snail and
the other regulatory proteins consequently led to inhibition in EMT and cell invasion in

pancreatic cancer cells. These results indicated that the increased proteasome activity under
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C150-induced ER stress may have a broad effect on degrading proteins important to pancreatic
oncogenesis, resulting in comprehensive inhibition of pancreatic cancer progression through

multiple pathways.

Cellular senescence is effectively evaded in pancreatic cancer due to the highly frequent loss-of-
function mutations of CDKN2A and p53 [55, 340]. Re-introduction of senescence has been
reported as an effective approach to inhibit pancreatic cancer growth [341, 342]. In our study,
C150 successfully induced senescence regardless of the mutations of CDKN2A and p53 in
PANC-1 cells [343]. Senescence was also detected in Pan02 orthotopic mouse xenografts treated
with C150, as shown by the decreased level of Lamin B1. Tumor growth was significantly
inhibited, and survival of mice was improved. Moreover, C150-induced senescence drastically
sensitized PANC-1 cells to gemcitabine treatment. Therefore, C150 holds a great promise in
combination treatment with gemcitabine in pancreatic cancer. This synergy may be extended to
other drugs too. Further investigations are worthwhile to validate the synergistic effects in animal

studies.
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Chapter 6. Discussion and future directions
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Pancreatic cancer is a devastating disease that will soon become the third leading cause of
cancer-related deaths [4]. Despite our increasing understandings of the genetic makeup and
molecular pathways of this disease, the prognosis of pancreatic cancer remains very poor. One of
the reasons for such unsatisfactory prognosis is the highly metastatic nature of pancreatic cancer.
Metastasis is a major hurdle for effective pancreatic cancer treatment and for improving the
survival of patients. More than 80% of cases are presented with metastasis upon diagnosis [5].
Even in patients who have undergone surgery with the primary tumor resected, relapse of the
disease would eventfully occur with metastasis [7]. Metastasis is a complex stepwise process that
involves cancer cell dissemination, tissue invasion, intravasation, blood circulation, extravasation
to pre-metastatic niche, and finally the formation of new metastatic colonies [344]. It has become
increasingly evident that EMT plays a critical role in promoting pancreatic cancer metastasis,
especially during the cell dissemination and tissue invasion steps [115, 135]. During cell
dissemination, cancer cells undergo EMT to shed off their epithelial features, resulting in loss of
cell-cell adhesion, cell dissemination from primary tumor, and gain of cell mobility. The EMT-
ed cancer cells are not only more mobile, but they also actively secret proteases such as MMPs to

remodel to the ECM, clearing the path for invasion through the dense stroma tissue [344].

The critical role of EMT in the pancreatic cancer invasion-metastasis cascade has granted the
potential benefits of targeting EMT for its treatment. In efforts of testing this hypothesis and
identifying pharmacological inhibitors for pancreatic cancer EMT, we here studied a hit
compound (C150) from a previously reported high-throughput screening assay [286]. Our data in
Chapter 4 clearly indicated that C150 significantly reduced pancreatic cancer cell invasion in

multiple 2D and 3D cell culture models. EMT was significantly inhibited both in vitro and in
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vivo by C150 treatment, demonstrated by the decreased levels of Snail and N-cadherin combined
with increased ZO-1 and Claudin-1. MMP-2 and MMP-9, which are two major enzymes
responsible for ECM degradation in pancreatic cancer cell invasion and are direct downstream
target genes of Snail [345-348], were also downregulated. C150 was also able to decrease cell
migration in Snail-overexpressing cells. The data in Chapter 4 consistently and clearly showed
that pharmacological inhibition of EMT is an effective way to inhibit pancreatic cancer cell

invasion.

More importantly, the EMT-TF Snail was significantly downregulated by C150 without changes
in its gene expression (Chapter 4). Instead, C150 enhanced proteasome assembly downstream of
ER stress (Chapter 5). Hence, it is likely that C150-induced Snail downregulation is
independent of, and not affected by the upstream signals that direct Snail gene expression. The
benefits of this could be that C150-induced inhibition of EMT would not be impeded by
alterations in EMT-stimulating factors such as hypoxia or growth factors, which all stimulate
Snail gene expression. C150 also decreased [-catenin, Sox-2, and TP53 (Chapter 5), all of
which are important factors in EMT/CSC/proliferation/death control. These data indicate that the
inhibition in pancreatic cancer progression induced by C150 could comprehensively include
regulations in EMT, CSC, cell proliferation, and cell death, the details of which are worth further

investigations.

Pancreatic cancer cells are under a higher baseline level of ER stress compared to normal

pancreatic tissues, likely due to the hypoxic microenvironment [269]. These cancer cells trigger

basal levels of UPR activation as an adaptation and survival strategy, as shown by the elevated
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Bip and ATF-6 expressions in tumor tissues [275, 276]. The basal activation of UPR keeps
pancreatic cancer cells on a delicate balance between survival and death [240]. Inhibiting or
further aggravating UPR has both been shown to be detrimental for pancreatic cancer cells [281,
284, 285]. Our data in Chapter 5 showed that C150 induced profound ER stress in pancreatic
cancer cells, and further activated their UPR signaling. As a result, it enhanced proteasome
assembly and activity and subsequently led to cell cycle arrest and cellular senescence. With the
increased proteasome activity, Snail degradation was accelerated, which led to EMT inhibition as
shown in Chapter 4. The increased proteasome activity also decreased TP53, Sox-2, and [3-
catenin. Furthermore, autophagy was also triggered as an additional protein degradation
mechanism. A reasonable presumption is that the signaling proteins important in cell growth,
proliferation, mobility, and such would also be degraded. As such, induction of ER stress by
C150 may have a broad effect on enhancing cellular proteolysis and may comprehensively
inhibit pancreatic cancer progression through various pathways, including EMT and CSC. To
further elucidate the core pathways affected, future studies could include proteomic profiling and
transcriptome analysis to identify the major pathway(s) affected by the interruption of ER
balance under C150 treatment. Findings from this study linked ER stress and pancreatic cancer
EMT and demonstrated the vulnerability of pancreatic cancer cells to disrupted ER balance. The
study argued strongly for the feasibility of inducing ER stress for comprehensive inhibition in

pancreatic cancer cell growth and invasion.

The enhanced ER stress and inhibition of EMT by C150 in this study also provided opportunities

to overcome gemcitabine resistance in pancreatic cancer cells. Pancreatic cancer patients develop

resistance to gemcitabine quickly, posing a major issue to pancreatic cancer treatment [349]. The
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exact mechanism of gemcitabine resistance is not yet fully understood, but some principles have
been proposed, which include activation of EMT, downregulation of gemcitabine activating
enzymes, and upregulation of ABC drug efflux transporters [147, 350]. Data in Chapter 5
showed that C150 drastically sensitized pancreatic cancer cells to gemcitabine treatment. Strong
synergies were observed at various combination ratios. This strong in vitro synergy needs to be
validated with in vivo tests in future studies. The role of ER stress and the exact molecular

mechanism by which C150 synergizes with gemcitabine are also worth further investigation.

Our studies highlighted the compound C150 as a drug lead for pancreatic cancer. Oral
administration of C150 was effective and showed less toxicity compared to IP injection. In
addition, because of the poor water solubility of C150, oral administration would be a preferred
route for future studies. To further advance C150 as a drug-lead, pharmacokinetic studies are
needed to understand the ADME (absorption, distribution, metabolism, and excretion) features of
C150 in vivo. This includes, but is not limited to, the level of absorption (bioavailability),
maximum plasma drug concentration (Cmax), and half-life, all of which have not been determined
in the studies here. Moreover, the first-pass effect by liver metabolism can be a major problem
for orally administered drugs. Currently, we do not know whether the in vivo effectiveness of
C150 was mediated directly by C150 or by its metabolites, which grants further investigations.
Possible future experiments are 1) incubating C150 with mouse liver homogenates followed by
collecting samples for mass spectrometry analysis, or 2) collecting blood samples from mice
after oral administration of C150 for mass spectrometry analysis. Through these analyses,

potential metabolites could be identified and tested for in vitro and in vivo effects.
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Analogs of C150 should also be developed and tested. We have tested seven C150 analogs, but
without identifying a more effective compound than C150 (Fig 6.1). In the future, more analogs
with structural diversities should be tested to better understand the structure-activity-relationship

(SAR), so that further optimization can be based on this information to improve its drug-like

properties.
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Figure 6.1 Test of seven C150 analogs on cell viability and EMT inhibition in PANC-1 cells.
A. Analogue structures and estimated 1Cso values. B. Cell viabilities detected by the MTT assay.
PANC-1 cells were treated for 48 hours. Data are presented as mean + SD of three experiments.
C. Snail and N-Cadherin western blotting. PANC-1 cell treated with #322 for 24 hours. Total
cell lysates were analyzed for Snail and N-Cadherin. —actin is the loading control.

* Note: Although analog #322 showed higher activity in reducing cell viability with a lower 1Cso

value than C150, #322 treatment at concentrations close to its ICso in PANC-1 cells failed to
decrease Snail and N-cadherin. Thus, #322 is less potent than C150 in terms of EMT inhibition.

There are some limitations of the studies presented here. One is that the molecular target for

C150 was not identified. The exact mechanism(s) by which C150 induced ER stress remain

100



unknown. Future efforts need to focus on identifying the molecular target of C150. One
promising method for target identification is through the compound-centric chemical proteomics
(CCCP) assay [351]. In this assay, the drug candidate (C150 here) and a non-active control
compound will be chemically linked to immobilized beads, such as Sepharose or agarose beads.
Linking should not block the compound’s activity. Cell lysates are incubated with control-beads
and C150-beads for target-compound binding, and the potential binding targets are eluted. Elutes
are separated in SDS-PAGE gels and the specific binding band(s) is analyzed by mass
spectrometry to reveal the protein identities. The identified target(s) can then be validated by in
vitro target validation assays, such as the surface plasmon resonance (SPR) assay and the cellular
thermo shift assay (CESTA). If the target protein structure is available, using the structure-based
rational drug design would then allow us to develop more potent analogs and help us to better
understand the structure-activity relations (SAR) of C150. These studies could potentially lead to
the discovery of a more active compound with better solubility and

pharmacodynamic/pharmacokinetic profiles.

Another limitation is that the animal model used in this study did not represent pancreatic cancer
metastasis well. We did not use the tail vein injection of cancer cells, because that model
bypasses the initial dissemination and intravasation steps where EMT is required. We used the
orthotopic transplantation of human pancreatic cancer cells into the mouse pancreases, however,
metastases were not found even in the vehicle-treated mice (Chapter 4). A possible explanation
for this inconclusive result is the harsh vehicle solution used in this study. Due to the poor water
solubility of C150, the compound was dissolved in a vehicle solution composed of 20% DMSO

+ 60% PEG-400 + 20% H20. This harsh vehicle itself may have restricted tumor metastasis in
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the control mice. As a result, even the vehicle-treated mice did not develop metastases. Given the
profound anti-invasion effect of C150 in vitro, a more appropriate formulation that minimizes the
vehicle effects needs to be developed. One such potential formulation could be liposomes. By
encapsulating C150 in liposome droplets, the compound may be more effectively delivered

through IP injections and more readily absorbed, with little or no impacts from the vehicle itself.

The immunocompromised mouse xenograft model used in Chapter 4 also has its inherent
limitations. Although this model itself might not be the reason for the absence of metastases in
vehicle-treated mice because the same mouse model demonstrated high metastatic rates in our
other studies [352, 353], it should be noted that the immunological microenvironment in the
tumor stroma contributes significantly to pancreatic cancer metastasis [354]. Therefore, an
alternative is to use genetically engineered mouse models. One such model is the KPC mouse
model (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx1-Cre) that spontaneously develops tumors
in the pancreas by driving Cre-mediated KRAS and TP53 mutations [37]. These mice develop
advanced PDAC that closely resembles the human disease progression around 16 weeks of age
[355]. The advantages of this model are the intact immune system and the close resemblance to
human disease progression in metastasis. However, it may not be an ideal treatment model for
the study of drug efficacy, due to several reasons: 1) the difficulty of monitoring in vivo tumor
growth; 2) the individual variances in the time of tumor formation, making “when to start
treatment” a challenge; 3) large numbers of KPC mice would be needed for the treatment study
in order to reach statistical significance, which would make it very costly and time-consuming.
Another immune-intact model, the syngeneic mouse model, was used in our study (Chapter 5)

by orthotopically implanting Pan02 murine pancreatic cancer cells. Tumors in this model hardly
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metastasized but developed ascites instead. In the future, a possible solution for using the
immune-intact mouse model could be to collect cancer cells from KPC mice and implant these
cells orthotopically into the KPC background strain of mice. Tumors from this model have been

shown by other studies to effectively metastasize to the liver [356].

In summary, our studies here linked pancreatic cancer EMT and ER homeostasis and support the
feasibility to target ER homeostasis for inhibition of EMT and induction of cellular senescence.
This provides an opportunity for combination with other drugs for synergistic effects. The
studies suggest that targeting EMT and ER homeostasis potentially can overcome the major
challenges of metastasis and drug resistance in pancreatic cancer treatment. These studies also
highlight compound C150 as an EMT inhibitor and inducer of ER stress in pancreatic cancer
cells. C150 inhibited cell invasion, promoted cellular senescence, exhibited a preferential growth
inhibition in pancreatic cancer cells versus normal cells, and increased chemotherapy sensitivity.
C150 also inhibited pancreatic cancer growth in an orthotopic xenograft model and improved
survival rates in mice bearing syngeneic pancreatic cancers. Our study indicates that C150, as the

first of its class, is a promising drug-lead to be further developed for pancreatic cancer treatment.
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