ABROGATING THE ONCOGENIC SIGNALING ASSOCIATED WITH TUMOR
MUC1 IN PANCREATIC DUCTAL ADENOCARCINOMA

by

Mukulika Bose

A dissertation submitted to the faculty of
The University of North Carolina at Charlotte
in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in
Biological Sciences

Charlotte

2022

Approved by:

Dr. Pinku Mukherjee

Dr. Shan Yan

Dr. Didier Dreau

Dr. Kausik Chakrabarti

Dr. Cory Brouwer



@2022
Mukulika Bose
ALL RIGHTS RESERVED

i



il

ABSTRACT

MUKULIKA BOSE. Abrogating the oncogenic signaling associated with tumor
MUCI in Pancreatic Ductal Adenocarcinoma. (Under the direction of DR. PINKU
MUKHERJEE)

Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal human cancers.
The incidence rate of PDA nearly matches its mortality rate and the best treatment
till date is surgical resection for which only 25% are eligible. Tumor recurrence and
metastasis are the main causes of cancer-related mortality. MUC1 is a transmembrane
glycoprotein expressed on most epithelial cells. It is overexpressed and aberrantly gly-
cosylated in cancer and is known as tumor-associated MUC1 (tMUC1). More than
80% of PDAs express tMUC1. tMUC1 expression is found in the early stages of PDA
development with subsequent increase in later stages. Transforming Growth Factor
(TGF-p) is a cytokine that switches from a tumor-suppressor at early stages to a tu-
mor promoter in the late stages of tumor development, by yet unknown mechanisms.
Analysis of human PDA samples from TCGA database showed significant differences
in gene expression and survival profiles between low and high MUC1 samples. Fur-
ther, high MUC1 expression was found to positively correlate to TGF-SRII expression
and negatively correlate to TGF-SRI expression in PDA cell lines. We hypothesized
that MUC1 overexpression induces TGF-/ mediated non-canonical signaling pathway
which is known to be associated with poor prognosis. In this study, we report that
MUCT overexpression in PDA cells directly activates the JNK pathway in response
to TGF-3, and leads to increased cell viability via up-regulation and stabilization of
c-Myc. Conversely, in low MUC1 expressing PDA cells, TGF-§ preserves its tumor-
suppressive function and inhibits phosphorylation of JNK and stabilization of c-Myec.
Knockdown of MUC1 in PDA cells also results in decreased phosphorylation of JNK
and c-Myec in response to TGF-S treatment. Taken together, the results indicate that

overexpression of MUC1 plays a significant role in switching the function of TGF-£
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from a tumor-suppressor to a tumor promoter by directly activating JNK. Lastly,
we report that high-MUC1 PDA tumors respond to TGF-§ neutralizing antibody in
vivo showing significantly reduced tumor growth while low-MUC1 tumors do not re-
spond to TGF-f neutralizing antibody further confirming our hypothesis. STAT3 is
a transcription factor known to regulate proliferation, stemness, migration, invasion
and apoptosis in cancer cells in a contextual manner. MUC1 and STAT3 have been
reported to be involved in an auto-inductive loop and regulate each other’s expres-
sions in cancer cells. Phosphorylation of STAT3 at Y705 residue is associated with
its activation and at S727 is related to its degradation, however, the role of differ-
ential phosphorylation of STAT3 in regulating cell fate and the factors regulating it
have not been fully elucidated. Here we report, that MUC1 expression levels regu-
late the differential phosphorylation status of STAT3 in PDA cell lines. We report
that STAT3-MUCI1 pathway is constitively activated in high-MUC1 cancer cells, and
therefore these cells are more sensitive to STAT3-inhibitor Napabucasin.

A monoclonal antibody called TAB004, has been developed specifically against
human tMUC1 extracellular domain. We report that treatment with TAB004 signif-
icantly reduced the colony forming potential and survival of multiple PDA cell lines
while sparing normal pancreatic epithelial cell line. Binding of TAB004 to tMUCI in-
duced cytoskeleton remodeling, ER stress and anoikis in PDA cells. The mechanisms
underlying the anti-tumor effects of TAB004 were found to be reduced activation
of the EGFR-PI3K signaling pathway, and degradation of tMUC1, thereby reducing
its binding to the desmosomal proteins desmoplakin and junction plakoglobin (7-
catenin) and [-catenin and other oncogenic partners, thus compromising the ability
of the cells to form colonies. Furthermore, TAB004 treatment reduced expression of
the transcriptional targets of MUCI, for example, c-SRC and ¢-MYC. These reduc-
tion in oncogenic signaling triggered anoikis as measured by reduced expression of

anti-apoptotic proteins, PTRH2 and BCL2. TAB004 treatment slowed the growth of
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PDA xenograft compared to IgG control and enhanced survival of mice when com-
bined with 5-FU. Since TAB004 significantly reduced colony forming potential and
triggered anoikis in the PDA cells, we suggest that it could be used as a potential
prophylactic agent to curb tumor relapse after surgery, prevent metastasis and help

increase the efficacy of chemotherapeutic agents.
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CHAPTER 1: INTRODUCTION

The pancreas is a 6 to 8 inches long organ located deeply and horizontally across
the abdomen. One part of the pancreas is in between the stomach and the spine
and the other part is located in the curved area of the duodenum. As shown in
Figure , the pancreas can be divided into four parts. 1) Head - The head is the
widest part of the pancreas found in the right side of abdomen, in the curve of the
duodenum, 2) Neck - The neck is the thin section of the gland between the head and
the body of the pancreas, 3) Body - This is the middle part between the neck and
the tail. The superior mesenteric artery and vein run behind this part and 4) Tail
- The tail is the thin tip of the pancreas in the left side of the abdomen, nearest
to the spleen. The pancreatic duct runs along the length of the pancreas, and is
joined by several small branches from the glandular tissue. The end of this duct
is connected to the hepatobiliary duct, which delivers bile to the small intestine.
(https:/ /pathology.jhu.edu/pancreas/basics).

Around 95% of the pancreas is exocrine tissue that produces pancreatic enzymes
to help in digestion. The other 5% consists of endocrine cells known as islets of
Langerhans. The islets consist of v, 3, § and P (F) cells that secrete glucagon,
insulin, somatostatin, and pancreatic polypeptide respectively

(https:/ /www.medicalnewstoday.com /articles/10011#features).


https://pathology.jhu.edu/pancreas/basics
https://www.medicalnewstoday.com/articles/10011#features

Figure 1.1: The anatomy of human pancreas
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Figure 1.2: Stages of Pancreatic Intraepithelial Neoplasia (PanIN) lesions showing
the timing of genetic aberrations associated with each stage of disease progression.



1.0.1 Pancreatic Cancer

Due to the deep location of the pancreas, most pancreatic tumors cannot be de-
tected at early stages. There is a lack of symptoms of pancreatic cancer usually until
the tumor begins to interfere with the normal function of the pancreas or other nearby
organs. This leads to clinical detection at a very advanced stage leading to poor prog-
nosis. Pancreatic tumors are mainly of two types. Pancreatic Ductal Adenocarcinoma
(PDA), that arises in the exocrine cells of the duct or the acinar cells that secrete
enzymes into the bile duct and Pancreatic Neuroendocrine Tumors or PanNETS
that arise in the hormone-secreting endocrine cells. Neuroendocrine tumors make
for only 5% of all pancreatic cancers (https://www.cancer.org/cancer/pancreatic-
cancer/about/new-research.html).  About 95% of all pancreatic tumors are Pan-
creatic Ductal Adenocarcinoma. It is the 13th most commonly diagnosed cancer
worldwide. PDA is the 3rd leading cause of cancer-related deaths in the USA with
a dismal 5-year survival rate of 11.5%, which is the lowest of all major cancers
(https:/ /seer.cancer.gov /statfacts /html/pancreas.html). In the past forty years, there
has been no improvement in the therapy for PDA mainly due to late detection, highly
fibrotic and resistant tumors and recurrence. The pancreas in located very close to the
liver and touches the superior mesentric artery and vein, thus metastasis is common,
making the prognosis worse. As shown in Figure , PanINs are microscopic (usually
< bmm) flat or papillary lesions arising in the pancreatic ducts and are composed of
columnar to cuboidal cells with varying amounts of mucin. They are classified into
three grades: PanIN1A (flat) and PanIN-1B (papillary) are low-grade lesions with
minimal cytological and architectural atypia. PanIN-2 lesions (intermediate-grade
PanIN) show mild to moderate cytological and architectural atypia with frequent
papillae. High-grade PanINs (PanIN3) are characterized by severe cytological and
architectural atypia. PanIN-3 is also referred to as ‘carcinoma in situ‘. All PanINs are

noninvasive lesions that do not invade the basement membrane. Pancreatic carcino-


https://www.cancer.org/cancer/pancreatic-cancer/about/new-research.html
https://www.cancer.org/cancer/pancreatic-cancer/about/new-research.html
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genesis is thought to progress from low-grade to high-grade PanIN and then to invasive
cancer; this histological progression is accompanied by the accumulation of genetic
changes. The immunohistochemical characteristics of PanINs vary with the grade of
dysplasia. MUC1, MUC2, and MUC5AC are frequently overexpressed in epithelial
cancers of the gastrointestinal tract. MUCI is typically expressed by the pancreatic
ducts and acinar cells and is responsible for the surveillance of lumen formation. It
is almost exclusively expressed in the higher-graded lesions (PanIN-2 PanIN-3) and
often associated with an invasive PDA |(https://pathology.jhu.edu/pancreas/medical-

professionals/duct-lesions).
1.0.2  Treatment options

The best treatment option is surgical resection with chemotherapy and is benefi-
cial in patients whose cancer cells have not spread to other abdominal vessels and
adjacent organs. The most common option is the pancreatoduodenectomy (Whip-
ple procedure) in which surgeons remove the head of the pancreas, the gallbladder,
and the bile duct, and some portions of the stomach and small intestine. However,
the proximity of the pancreas to major blood vessels, bile duct and intestine makes
surgery very difficult. The American Society of Clinical Oncology estimates that only
about 20% of patients are eligible for surgery.

The major challenges in treating PDA are both at the genetic and cellular lev-
els. There are innumerable mutational changes that generate genetic instability and
heterogeneity, thus giving rise to tumor growth and resistance to treatments. The het-
erogeneity is found not only among patients but also within a single primary tumor.
There is a variety of mutations that leads to PDA, and each mutation is present in a
small percentage of patients, making it difficult to find molecular subtypes [, 2]. Mul-
tiple signaling pathway alterations could explain the presence of multiple resistance
mechanisms to a certain extent. Some of the key mutations identified are KRAS,

CDKN2A /p16, TP53 and SMAD4 with the concomitant activation of downstream
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signaling pathways [3]. Moreover, the cancer stem cells (CSCs) contribute to the
acquisition of a more dormant, plastic and resistant tumor state. Pancreatic CSCs
account for 0.5%-1.0% of all pancreatic cancer cells; they have an increased capacity
for self-renewal and have unique metabolic and chemoresistance properties that put
them at an advantage to escape therapeutic interventions, leading to disease progres-
sion and relapse. One of the reasons for the failure of current therapies in clinic is
that they are not adequately designed to target CSCs. In addition, PDA metasta-
sizes microscopically very early in the disease course, thus limiting the effectiveness of
surgery, chemotherapy and radiation [4]. Several studies have reported that compo-
nents within the PDA microenvironment are responsible for poor prognosis and the
difficulty in targeting the tumor cells. The PDA tumor micro-environment (TME)
is characterized by dense desmoplasia and immunosuppression. Extensive desmopla-
sia results in decreased stromal vascularization, reduced immune cell infiltration and
hypoxia, inducing aggressive tumor growth and blocking drugs from entering the cells.

The PDA cells have hyperactivated EGFR, MAPK, PI3K, TGF-5, STAT3, c-SRC,
¢-MYC and other signaling pathways that provide increased capacity for self-renewal,
drug-resistance, migration, invasion and resistance to apoptosis and anoikis.

Anoikis is a form of apoptosis that occurs in epithelial cells when they detach from
the extracellular matrix or other surrounding cells. Anoikis resistance is a hallmark
of cancer metastasis as it confers the ability to evade cell death in disseminated cells,
so that they can remain in a dormant stage while migrating to different locations and
then colonize after finding a favorable niche. This leads to a secondary tumor and
metastasis, the main cause of cancer mortality. The plasticity of the cancer cells al-
lows them to adopt a quasi-mesenchymal phenotype that they use to disseminate from
the primary tumor. This adaptation is called Epithelial-to-Mesenchymal Transition
(EMT), where the cells down-regulate expression of epithelial markers and concomi-

tantly up-regulate mesenchymal markers on the surface. This phenotype facilitates
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in migration of cells from one location to another. However, for successful secondary
tumor to form, the quasi-mesenchymal cells need to revert back to an epithelial stage
to form colonies at the new anatomic site. This reversion is called Mesenchymal-to-
Epithelial Transition (MET). EMT is a known hallmark of metastasis, however, only
EMT is not sufficient to cause recurrence or metastasis. Unless the cells can undergo
MET to colonize the secondary site, there is no tumor formed. Many oncogenic fac-
tors help the cancer cells maintain this plasticity and help them adapt according to
the situation [5]. These factors include but are not limited to hyperactivated EGFR,
TGF-43, ¢-SRC, ¢-MYC and STATS3.

1.0.3 Mucinl

Mucinl or MUCIT is a heterodimeric transmembrane glycoprotein that is normally
expressed on the surface of most glandular or luminal epithelial cells of the mammary
gland, esophagus, stomach, duodenum, pancreas, uterus, prostate, and lungs, and is
also found in hematopoietic cells. In normal cells, MUC1 is only expressed on the
apical surface and is heavily glycosylated with the core peptide sequestered by the
carbohydrate residues (Figure [I.3). During the malignant transformation of cells,
there is a manifold increase in the expression of MUCI1, and due to the loss of apico-
basal polarity of the cancer cell, MUCI is found all around the cell surface and in the
cytoplasm. Moreover, there is aberrant and hypo-glycosylation of the extracellular
domain (ECD), thus exposing the core peptide. This form of MUCI is called the
tumor-associated MUC1 or tMUC1. Due to its presence in most epithelial tumors
and the distinction between the normal and the tumor forms, MUC1 was ranked
as the second most targetable antigen out of 75 to develop cancer vaccines by the
National Cancer Institute in 2009 [6].

MUCI1 was the first mucin to be structurally characterized and plays a dynamic
role as a host mucosal barrier to infection [7, [§]. In epithelial cells it has an anti-

inflammatory role, however, after interaction with a pathogen for a long time, it can
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Figure 1.3: The extracellular N-terminal domain of MUCI on a normal cell (left) is
hyperglycosylated and that of MUCI on a tumor cell (right) is aberrantly glycosy-
lated.

have a pro-inflammatory role as well. These dynamic changes potentiate initiation
of infection-induced cancers and the susceptibility of an individual to developing a
certain type of infection-induced cancer is regulated, at least in part, by the indi-
vidual’s glycome signature. The crosstalk of MUC1 with microbes and the role it
plays in development of diseases in terms of the glyco-evasion hypothesis has been

well documented [9].
1.0.4  Structure

MUCT is a single-pass type I transmembrane glycoprotein with a hyperglycosylated
extracellular domain (ECD). This ECD extends up to 200-500 nm from the cell surface
[10, [8]. In healthy tissues, MUCI1 provides protection to the underlying epithelia. The
extended sugar residues have a negative charge and form a physical barrier, conferring
an anti-adhesive property on MUCI, which in turn prevents entry of pathogens.
The chains of glycosyl residues form oligomers and give rise to a mucinous gel that

has lubricating properties. This lubrication protects the underlying epithelia against
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desiccation, alterations in pH, and microbial infections [6]. Phosphorylation of the
intracellular cytoplasmic tail (MUC1-CT) leads to activation of downstream signaling
pathways. The turnover rate of MUCI is probably maintained by a phenomenon
known as ’shedding’, in which the CT is separated from the ECD by proteolysis
[7, 1T]. The mechanism of MUC1 shedding is well documented [12]. MUC1-ECD can
bind to bacteria and be shed from the epithelial surface. This shedding could lead
to phosphorylation of MUC1-CT, thus regulating inflammatory responses, epithelial
cell adhesion, differentiation, and apoptosis. The direct link between MUC1-ECD
shedding and activation of the MUCI1-CT is not well established. However, it is
known that MUC1 acts as a signaling receptor that senses external environmental
cues and activates intracellular signaling pathways [6l, [12].

Based on the N-glycosylation state of the ECD, the molecular weight of MUC1-C
can vary from 17 to 25 kDa. Under normal conditions, MUC1 exists on the plasma
membrane as a heterodimeric complex. However, the complex dissociates follow-
ing stimulation with the proinflammatory cytokines interferon-y (IFN-v) and tumor
necrosis factor-a (TNF-«), and this is catalyzed by the sheddase activities of the
enzymes TNF-a converting enzyme (TACE), also called disintegrin and metallopro-
tease domain containing protein-17(ADAM17) and matrix metalloproteases (MMPs).
These enzymes cause release of MUC1-N from MUC1-C, and also catalyze the cleavage
of the ECD of MUC1-C, thereby generating smaller peptide fragments MUC1* and
MUC1-CTF15 [13] [14, 15]. These cleavage products of sheddases contain a shorter
ECD. MUC1I* consists of a 45 amino acid ECD and promotes tumor growth [16].
MUCT* has also been detected in human embryonic stem cells (hESCs), where it
functions as a growth factor receptor for a metastasis-associated protein (NM23-H1)
[I7]. MUC1 CTF15 contains a shorter ECD chain of 27 amino acids that is recog-
nized by nicartrin, a substrate receptor for vy-secretase. ~-Secretase further cleaves

MUCI1-C into shorter peptide fragments with a molecular mass of 8-10 kDa, which
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are rapidly degraded. In most normal and tumor cells, MUC1 CTF15 is undetectable
as it is rapidly degraded [18].

MUCI1-C is short, comprising a 58 amino acid ECD, a 28 amino acid transmem-
brane domain (TMD), and a 72 amino acid cytoplasmic tail (CT). The MUCI1-CT
has seven tyrosine residues that are highly conserved across all mammalian species.
These are phosphorylated and the CT acts as a binding site for various kinases and
protooncogenes. Following phosphorylation of these tyrosine residues, and cleavage
of MUC1-CT from the MUC1-ECD, the CT binds to transcription factors and is
translocated into the nucleus where it drives transcription of oncogenes. MUC1-CT
itself does not have a DNA-binding domain, but it acts as a transcriptional coac-
tivator that aids in binding of other transcription factors to target gene promoters
[6].

Figure shows that the cytoplasmic tail of MUCI is a busy docking site for many
kinases that phosphorylate and activate MUC1-downstream oncogenic signaling. As a
result of this activation, there is increased proliferation, survival, migration in cancer
cells.

Figure |1.6| shows that the functions of the extracellular domain of tMUC1 include
but are not limited to cell-cell adhesion and anti-adhesion, invasion, migration and
metastasis. The intracellular cytoplasmic tail binds to several protooncogenes and
acts as a cotranscription factor to drive tumorigenesis.

MUCT1 is regulated at the transcriptional level by multiple factors, including the
hypoxia inducible factor 1 o (HIF1-c) and STATS in response to interferon y (IFN~)
and interleukin-6 (IL6) signaling [19,20]. In addition, EGFR can also activate STAT3
in breast cancer tissues [2I] and EGFR activation promotes MUC1 expression [22].
Intriguingly, MUC1 binds to the proximal promoter of EGFR and enhances its ex-
pression [23] and regulates its localization as well [24].

In Figure [1.6] the cytoplasmic domain of MUCI is phosphorylated by EGFR and
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Figure 1.5: The functions of the extracellular domain of tumor-MUCT.

Src, among other proteins, and Src phosphorylation can induce rac activity and cy-
toskeletal change leading to an increase in cell motility. Phosphorylation by EGFR
promotes cell motility, and interaction with HiF1l-a drives PDGF-A transcription,
positively affecting [S-catenin transcriptional activity [25]. The cytoplasmic domain
of MUCT interacts with cofactors, such as [-catenin, p120-catenin, and estrogen re-
ceptor f among other transcription factors, promoting nuclear translocation of these
proteins and driving expression of Epithelial-to-Mesenchymal Transition (EMT) genes
[25]. MUCT expression is upregulated by STAT1/STAT3 binding to the MUC1 pro-
moter, and MUC1 mRNA is downregulated by binding of mir-125b /mir-145. Picture
has been adapted from [25].

MUCT overexpression is sufficient to induce transformation [26]. MUCI is trans-
lated from a single transcript into a polypeptide that undergoes autocleavage into two
subunits, which in turn form a heterodimer. MUCI thus consists of an extracellular
N-terminal mucin subunit (MUC1-N) that forms a complex with the transmembrane

C-terminal subunit (MUC1-C) [27]. MUCI-C contains a 58 amino acid extracellu-
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lar domain that interacts with galectin-3 and thereby forms complexes with EGFR
[28] and a cytoplasmic domain consisting of 72 amino acids including a Cys-Glu-Cys
(CQC) motif necessary for MUC1-C oligomerization and function [29]. The MUC1
cytoplasmic domain (MUC1-CD) also contains sites that function as substrates for
phosphorylation by EGFR, c-Met, c-Src, c-Abl, glycogen synthase kinase 33, and
protein kinase C [30]. MUCI-CD binds directly to the Wnt effector S-catenin and
contributes to activation of the Wnt pathway [30]. c-Src phosphorylation of MUC1-
CD increases the binding of MUC1-CD to S-catenin [30]. MUC1-CD also interacts
with the inhibitor of kB kinase (IKK) complex and RelA, and contributes to activation
of the NF-xB pathway [31,32]. MUC1-C thus has the potential for multiple functions
in cell signaling and gene regulation as an adaptor or scaffold for interactions with
client proteins that, in certain settings, are regulated by MUC1-CD phosphorylation
I30].

MUC1 mediates production of growth factors such as connective tissue growth
factor (CTGF), platelet-derived growth factor A (PDGF-A), and PDGF-B that pro-
mote activation of the MAPK and PI3K/Akt pathways, potentiating proliferation and
survival of tumor cells [33, 34], 35 [36]. Upon epidermal growth factor (EGF) stim-
ulation, MUC1-C directly associates with epidermal growth factor receptor (EGFR)
and translocates to the nucleus. It subsequently binds to cyclin D1 (CCND1) and
v-myb myeloblastosis viral oncogene homolog-like 2 (MYBL2) promoters enabling
G1/S phase gene expression [24].

It is postulated that altered glycosylation enables tMUCI to function as a ligand
for cell adhesion molecules such as selectins and intercellular adhesion molecule-1
(I-CAMs), aiding adherence of MUC1-expressing circulating tumor cells (CTCs) to
endothelial cells and seeding at distant sites that establishes secondary tumors [37].
Selectins are known to bind the carbohydrate epitope sLeX [38]. In colon cancer cells,

increases in sLeX expression on MUCI are associated with high metastasis [39], as
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this antigen interacts with E and P selectins. In melanoma, MUC1 overexpression
interferes with integrin-mediated cell adhesion to the extracellular matrix, increasing
cancer cell invasiveness [40]. MUC1I is known to bind to several cytoskeletal and
desmosomal proteins, for example, Desmoplakin, Junction Plakoglobin (v-catenin),
Keratins, Galectins etc. and helps in establishment of colonies during secondary tu-
mor formation. MUC1 enhances CIN85-dependent breast cancer cell migration and
invasion in vitro [4I]. However, ectopic expression of MUCI enhances the motil-
ity induced by CIN85. When tested in vivo in a tumor metastasis mouse model
of B16 melanoma, CIN85-depleted melanoma cells exhibited few or no lung metas-
tasis and, overexpression of MUCI recovered the shCIN85-reduced metastatic pro-
cess. CIN85/MUCI complex was reported to be associated with invadopodia-related
molecules in promoting the invasive and metastatic potential of breast cancer [41].

Most anticancer treatments work by inducing apoptosis in cancer cells. However,
many cancer cells acquire apoptotic pathway defects and, therefore, do not respond
to these treatments. MUCI assists cancer cells in evading cell death by preventing
the activation of the extrinsic as well as intrinsic apoptotic pathway. MUC1-CT is
known to bind to the p18 subunit of Caspase 8 and competitively inhibit its binding
to FADD, thus blocking activation of the extrinsic apoptosis. In 3Y1 rat fibroblasts,
MUCT1 overexpression selectively upregulates expression of the antiapoptotic protein,
B cell lymphoma extra-large (Bcl-xL), and inactivates the proapoptotic protein, Bcl2-
associated agonist of cell death (Bad) [34]. In hypoxic cells, elevated reactive oxygen
species (ROS) levels can activate apoptotic pathways. However, MUC1 overexpres-
sion decreases intracellular ROS levels by upregulating the expression of superoxide
dismutase, catalase, and glutathione peroxidase [42]. It has been reported that MUC1
blocks hypoxia-induced cell death in colon cancer cells by mediating decreases in in-
tracellular ROS concentration and reducing prolyl hydrolase-3 (PHD-3) activity that

suppresses HIF-1a stability [43]. MUCI is known to bind HSP-70 and translocate
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into the mitochondria and block release of cytochrome-C into the cytoplasm. This
blocks the mitochondrial or intrinsic apoptotic pathway.

Another common mechanism by which cancer cells evade drug-induced cell death is
via upregulation of adenosine triphosphate (ATP)-dependent membrane efflux pumps
or ATP-binding cassette (ABC) transporters. It has been shown that MUCI1 increases
resistance to chemotherapeutic drugs by upregulating multidrug resistance genes and
protein expression, in particular, multidrug resistance protein 1 (MRP1) [44] and

upregulation of the PI3K-Akt pathway[45].
1.0.5  MUCI-CT signaling

MUCI-CT translocates to the nucleus in association with (-catenin, represses E-
CADHERIN expression, and upregulates expression of the EMT inducers Snail, Slug,
Vimentin, and Twist [46]. As a consequence, the adherens junctions are destabilized
and profound cytoskeleton rearrangement occurs, reducing contacts between cancer
cells and facilitating basement membrane invasion. MUCI also induces EMT at
the post-transcriptional level by modulating the expression of miRNAs that control
EMT-related gene expression. In addition, PDGF-B stimulation promotes nuclear
localization of the MUC1 CT /3 catenin transcriptional complex, increasing the inva-
sive potential of PDA cells [47]. Furthermore, MUCI associates with Cbl-interacting
protein of 85 kDa (CIN85) and colocalizes to the invadopodia-like structures aiding
breast cancer cell invasion [41]. Such mechanisms could account for clinical findings
that MUC1 overexpression leads to metastasis and poor prognosis in pancreas, gall
bladder, and colon cancer patients [48] 49, [50]. The tMUCI undergoes interactions
with many transmembrane receptors and components of the extracellular matrix,
such as ICAM-1, an adhesion receptor on the surface of endothelial and peritumoral
stromal cells, E-selectin, a receptor present on the endothelial cell surface. In ad-
dition, interactions between MUC1 and E-selectin may promote MUCI1 binding to
ICAM-1 on the endothelial cell surface. The MUCI-ICAM-1 interaction promotes
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the migratory capacity of tumor cells through the microenvironment, by facilitating
interaction between epithelial and endothelial cells, enabling adhesion of circulating
cancer cells to the inner lining of the blood vessel, slowing cell velocity and allowing
escape from the blood vessel. Furthermore, upon interacting with ICAM-1, Src in-
teracts with the MUC1-CD, an interaction that promotes Src-mediated cytoskeletal
rearrangements. The Src family of nonreceptor tyrosine kinases, through their ability
to regulate integrin activation and cytoskeletal function, has long been regarded as
key mediators of metastatic progression. Plakoglobin (also known as 7-catenin) is
an adaptor protein found in both desmosomes and adherens junctions, and it also
localizes to nuclei in various cells [51], 52]. Proteins that interact with plakoglobin
include classic and desmosomal cadherins, a-catenin, plakophilins, and desmoplakin
[53, 54]. Plakoglobin is critical for the early stages of desmosomal assembly and is
also an important regulator of cell adhesion and motility. The adhesive strength of
desmosomes was shown to be downregulated by phosphorylation of plakoglobin fol-
lowing activation of EGFR. This resulted in the dissociation of desmoplakin, which is
an important prerequisite for cell movement during wound healing [55]. Plakoglobin
also plays an important role in several signaling cascades during the processes of cell
motility, cell proliferation, and apoptosis [56], 57]. Plakogobin was also found to reg-
ulate cell motility through Rho and fibronectin dependent Src signaling [58]. Studies
also show that MUCI interaction with ErbB2, another member of the EGFR family
of receptor tyrosine kinases, promotes the nuclear localization of a MUC1-~-catenin
complex [59]. 7-catenin or Plakoglobin, like 5-catenin, is a transcription factor in the
Wnt pathway, and can affect genes involved in motility and metastasis. ~-catenin
suppresses cell motility and metastasis by downregulating fibronectin 58|, by orga-
nizing the actin cytoskeleton through modulation of Rho-family GTPases, and by
upregulating Nm23-H1, a known metastasis suppressor [60]. It has been speculated

by the authors of this study that MUC1 could be sequestering ~y-catenin to promote
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cell motility [59].
1.0.6  Clinical applications of MUCI as a cancer biomarker

Shed MUCI-N found in the sera of cancer patients is used as a biomarker for cancer
staging and monitoring relapse following therapy. For example, carbohydrate antigen
15.3 (CA 15.3, MUC1) and carbohydrate antigen 19.9 (CA 19.9, sLea antigen, found
on several glycoproteins including MUCI) are commonly used for the detection of
breast and pancreatic cancers, respectively [61],[62]. Because MUCI-N is also released
from stressed cells, the clinical utility of MUC1 measurement is confined to monitoring
treatment efficacy in cancer patients. A clinical study in PDA patients demonstrated
that, out of 13 putative biomarkers tested, a significant correlation was observed
between elevated MUC1 protein expression and poor patient survival[63]. A new
human tumor-MUC1 specific antibody, TAB004 has been developed for diagnostic
and therapeutic purposes and it shows high specificity for tMUC1-N. It was developed
by immunizing Balb/c mice with KCM tumor lysates. These lysates were prepared
from spontaneous pancreatic lesions that develop in the KrasG12D mouse that also
has a transgenic human MUCI, it is called the PDA.MUC1 or KCM mouse. TAB004
specifically detects MUC1-N in the carcinoma tissue, cancer stem cells (CSCs), and
in the serum of pancreatic cancer patients in a stage-dependent manner [64]. TAB004
is also being developed for use as a diagnostic marker and therapeutic agent for other
epithelial cancers, including breast, ovarian, and prostate.

In Figure [I.7, MUC1 ¢DNA vaccine, M-FP vaccine and imMucin vaccine induce
immune response to MUC1 tumor antigen. 90Y-muHMGF1 antibody binds glyco-
sylated extracellular MUC1 and increases survival in human patients. HMFG2 and
(595 antibodies bind the protein core of underglycosylated MUC1 and reduce tumor
burden in mouse models of cancer. GP1.4 binds to MUCI1 protein and decreases
proliferation and invasion. GO-203 peptide binds to the juxtamembrane domain of

MUCT and blocks MUC1 homodimerization, preventing MUC1 activity and causing
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cell cycle arrest and apoptosis. PMiP decoy peptide inhibits MUC1-eGFr interaction
and MUC1-f-catenin interaction, decreasing eGFr activity and inhibiting prolifera-
tion and invasion and inhibiting tumor growth and metastasis in mouse models of
cancer. Picture has been adapted from [25].

Previously, the development of MUC1-based immune therapies was focused on
MUCI1-N. Recently the oncogenic properties and accessibility of MUC1-CT have been
unveiled, making it an attractive druggable target. A cell penetrating peptide-based
inhibitor of MUC1-CT, GO-203, is in Phase I clinical trials for the treatment of breast
cancer (http://clinicaltrials.gov/show/NCT01279603). This inhibitor peptide binds
to the CQC motif of MUC1-CT to block MUC1-C dimerization, nuclear translocation,
and oncogenic signaling [65].

This dissertation aims to address the following: In Chapter [2] the role of MUC1
expression in regulating TGF-f signaling and function in PDA has been elucidated.
In a previous publication from our lab, it was shown that MUC1 regulates SMAD4
independent functioning of TGF-# in PDA. We have reported for the first time that
MUCIT expression levels correlate to significantly differentially expressed genes in the
TGF-38, MAPK and BMPK pathways, using RNA sequencing data from TCGA. We
also show that over-expression of MUCI1 plays a significant role in switching the TGF-
£ function from a tumor-suppressor to a tumor promoter by directly activating the
non-canonical TGF-g pathway protein JNK. Also, we report that high-MUC1 PDA
tumors better respond to TGF-f neutralizing antibody in vivo showing significantly
reduced tumor growth compared to low-MUC1 tumors. In Chapter [3], it has been
elucidated for the first time that MUC1 expression levels regulate the differential phos-
phorylation status of STAT3 in PDA. In previous studies, STAT3 and MUC1 were
reported to regulate each other’s expression in an auto-inductive loop. Napabucasin
is a STAT3 inhibitor, which was in clinical trials for GI cancers including pancreatic

cancer, however, the trial was discontinued due to futility. Since STAT3 and MUC1
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are involved in an auto-inductive loop regulating each other’s expressions, we hypoth-
esized that Napabucasin should be able to attenuate tumorigenic properties of PDA
cells by disrupting the STAT3-MUCI axis. Also, since the STAT3-MUCI1 pathway is
the constitutively active survival pathway in high MUCI1 cancer cells, these cells were
more sensitive to Napabucasin treatment compared to low MUCI cells. Napabucasin
was found to reduce overall MUCI1 levels in PDA and anti-MUC1 antibody TAB004
enhanced the efficacy of Napabucasin against the resistant PDA cell line HPAFII. In
Chapter [ the potential of anti-MUC1 therapies in GI cancers has been reviewed.
In Chapter [} the mechanism of action of an anti-tMUC1 antibody called TAB004
has been reported. Targeting tMUC1 with TAB004 was found to degrade MUC1
by the autophagy-lysosomal pathway, thus leading to successful reduction of anoikis-
resistance markers in PDA cell lines. Finally, in Chapter[6] the dissertation concludes

with its major findings and its future implications.



CHAPTER 2: OVEREXPRESSION OF MUC1 INDUCES NON-CANONICAL
TGF-5 SIGNALLING IN PANCREATIC DUCTAL ADENOCARCINOMA

2.1  Introduction

Pancreatic Cancer is currently the third leading cause of cancer related deaths in the
United States (http://pancreatic.org/). It has been projected to become the second
leading cause of cancer related deaths in the US, surpassing colorectal cancer by the
year 2030 (http://pancreatic.org/). About 95% of pancreatic cancers are pancreatic
ductal adenocarcinomas (PDA) with patients demonstrating a median survival rate
of less than 6 months and a 5-year survival rate of 9% in the US [66]. In the US,
the rate of new pancreatic cancer cases is 13.1 per 100,000 people per year and the
mortality rate is 11.0 per 100,000 people per year [67|. Therefore, it has a mortality
rate that nearly matches its incidence rate.

The transforming growth factor g (TGF-5) signaling pathway belongs to a large
superfamily that primarily consists of TGF-5 (including isoforms of TGF-£1, 2, and
3), bone morphogenetic proteins, activins, and inhibins [68]. This family of growth
factors activates many biological signals, such as cell growth, apoptosis, differentia-
tion, immune response, angiogenesis, and inflammation [69, [70, [7T]. Deregulation of
the TGF-f pathway can lead to cancer, among other ailments [72]. In normal envi-
ronments and early cancers, TGF-3 regulates epithelial cells as a tumor suppressor
by controlling cell cycle and inducing apoptosis. However, in certain cases, once the
cancer is established, a switch occurs and TGF-f becomes a tumor promoter. TGF-
£ induces invasion and migration and eventually leads to epithelial-to-mesenchymal
transition (EMT) |73]. This process helps facilitate the migration and invasion of can-

cer cells to distant locations leading to metastasis, the major cause of cancer-related
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deaths [74].

The canonical TGF-f signaling is initiated by the binding of a TGF-/ cytokine
to a pair of specific transmembrane receptors, TGF-SRI and TGF-SRII [75]. This
activates the cytoplasmic serine/threonine kinase domains of the TGF-f receptors
[76], which leads to further activation downstream. In normal environments, TGF-
binds to its specific receptors TGF-SRII and TGF-SRI, in sequence. This leads to the
phosphorylation of SMAD2/3 via the cytoplasmic Serine/Threonine kinase domain
of TGF-SRI [77]. SMAD2 has been identified as a tumor suppressor and mediator of
the antiproliferative TGF-f and activin responses [78]. SMAD2/3 trilocalizes with
SMAD4 [79]. This leads the heterotrimer complex to the nucleus to induce transcrip-
tional changes that influence cell regulation [79, RB0]. However, frequent alterations
and changes in the TGF-f pathway occur in cancer, especially in PDA. Dysregulated
TGF-f signaling activates ERK1/2 and JNK [81] leading to an increase in aggressive
cancer characteristics, such as growth, invasion, migration, and metastasis [82].

Mucin-1 (MUC1) is a Type I transmembrane glycoprotein that influences tumor
progression and metastasis in PDA [6]. Tumor-associated MUCI is overexpressed and
aberrantly glycosylated in more than 80% of PDA cases |83} [30, 146, [, [84]. In normal
environments, MUCT is expressed on the apical surface of ductal cells to provide a
protective barrier [85]. However, upon tumorigenesis MUC1 expression is no longer
restricted to the apical surface. At this point, MUC1 glycosylation decreases and
the protein becomes overexpressed across the cell surface, placing it into the close
vicinity of many growth factor receptors [30]. MUCI oncogenic signaling, which
plays an important role in increased metastasis and invasion, is promoted through
the cytoplasmic tail (MUC1-CT). The MUCI-CT is a highly conserved 72-amino
acid long domain containing seven tyrosine residues that are phosphorylated by non-
receptor tyrosine kinases, such as ¢-SRC [86, 87]. Importantly, MUC1 modulates

TGF-3 signaling in PDA cell lines that were engineered to overexpress MUC1. We
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established that TGF-/ signaling required tyrosine phosphorylation of the MUC1-CT
via tyrosine kinase c-SRC [88]. Here we deepen our understanding of MUC1 regulation
of TGF-f signaling in PDA cells that are genetically varied and that express varying
levels of endogenous MUC1. We establish that the level of MUC1 expression plays a
definitive role in inducing the TGF-/ -induced non-canonical pathway. In the presence
of high levels of MUC1, TGF-g activates the JNK pathway, and enhances cell viability
by activating and stabilizing c-Myc. In PDA cells with low levels of MUC1, TGF-(
induces growth inhibition. Taken together, our study suggests a novel role of MUC1
in TGF-3 signaling in PDA. The in vivo data demonstrates that high-MUC1 PDA

responds well to the TGF-£ neutralizing antibody while low MUC1 PDA does not.
2.2 Results

2.2.1  Differential Gene Expression Profiles in TGF-5, MAPK and BMP Pathways
in High Versus Low MUC1 PDA Samples

Since the role of MUCI in oncogenesis is well known, we utilized the TCGA
database to look for differences in the gene expression profiles between samples with
low MUC1 and moderate/high-MUC1 expression (Figure [2.1]A). Out of >4,000 genes
that were differentially expressed (data not shown), the top 30 genes that are involved
in the TGF-8, MAPK and BMP pathways were selected to create the heatmap since
these pathways are known to be regulated by TGF-3. Several known transcription
factors like CREB3L3, FOXH1, PLA2G3, BMP4 as well as immune related genes such
as the IL1R1 and IL1R2 were upregulated in high MUC1 samples which are all asso-
ciated with increased epithelial to mesenchymal transition (EMT) and poor survival
[89, 190, OT]. Tt is highly interesting to note that GREM 1, a key pro-fibrogenic factor in
PDA [92] is upregulated in MUC1-high PDA and downregulated in MUC1-low PDA.
Furthermore, INHBA, a ligand for TGF-§ and associated with tumorigenesis [93] is
upregulated in high-MUC1 and downregulated in low-MUC1 PDA. In contrast, we
found downregulation of MAPK10, MAPK12, RASD1 and AMH in MUC1-high and
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upregulation of the same genes in MUC1-low PDA. Downregulation of these genes
correlate with poor survival (human protein atlas). These data indicate the differen-
tial TGF-g signaling in high versus low MUC1 PDAs where TGF-3 predominantly
promotes oncogenic signaling in high-MUC1 PDA. The protein-protein interaction
networks of these 30 genes in low vs high MUC1 samples are shown in Supplemen-
tary Figure 2.7] further confirming the functional role of MUC1 in TGF-£ associated
oncogenic signaling. Thus, it was not surprising that MUC1 expression had a signif-

icant correlation with poor overall survival (OS) in PDA patients (Figure [2.1B).
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In Figure A. Top panel shows the color key for MUC1 expression in the 29 PDA
samples. Right hand side shows the color key histogram for expression levels of each
gene named on the right.Left hand side color key shows the genes associated with each
of the three pathways in pink (TGF-3), green (MAPK) and peach (BMP). Genes with
a false discovery rate adjusted p<0.05 are shown. B. Kaplan-Meier curve for overall
survival (OS) in the 29 PDA patients from TCGA in low (blue) vs high/moderate

(red) groups are shown.

2.2.2  High -MUCI1 Expression in PDA Cells Positively Correlates to TGF-gRII

and Negatively Correlates to TGF-SRI Levels

Several studies have shown that MUC1 overexpression in PDA is linked to enhanced
growth and metastasis [33,[94] 46]. Since TGF-f signaling starts with binding of TGF-
S to its receptors followed by activation of the same, we investigated the correlation
between MUC1 and TGF-f receptor expression levels in select PDA cell lines. We
selected a panel of human PDA cell lines with varying levels of MUC1 expression
(Figure ), and assessed the expression of MUC1, TGF-SRI and TGF-SRII by
Western Blotting (Figure 2.2B). Results were profound. All high-MUC1 PDA cells
(CFPAC, HPAC, HPAFII, and BxPC3. MUC1) expressed lower levels of TGF-SRI
and significantly higher levels of TGF-SRII as compared to the low-MUC1 PDA
cells (Panc01, MiaPaca2, Su86.86, and BxPC3. Neo). By statistical analysis, these
results show a negative correlation (-0.2381) between MUC1 and TGF-3 RI expression
(Figure [2.2B) and a significantly high overall positive correlation (0.8810 with a p
value of <0.01) between MUC1 and TGF-3 RII expression (Figure 2.2C).
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Figure 2.2: High MUCI1 expression in PDA cells positively correlates to TGF-SRII
and negatively correlates to TGF-SRI levels.

In Figure[2.2] A. The expression of MUC1-CT, TGF-SRI, TGF-SRII, and endoge-
nous loading control S-actin in a panel of PDA cell lines, determined by Western blot.
B. Densitometric analysis of MUC1 expression versus TGF-SRI expression shows a
negative correlation (Spearmans correlation coefficient r=-0.2381, NS). C. Densito-
metric analysis of MUC1 expression versus TGF-SRII expression shows a significantly

positive correlation (Spearmans correlation coefficient r=0.8810, p=0.0072).

2.2.3 TGF-£ Induces Activation of the Non-Canonical Signaling in High MUC1
PDA Cells

Since the receptor levels are associated with the canonical and non-canonical TGF-
[ signaling pathways, we examined changes in phosphorylation of JNK and c¢-Myc
in response to TGF-$ in high versus low-MUC1 PDA cell lines (HPAFII and Mia-
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Paca2 respectively). We overexpressed MUC1 in MiaPaca2 cells and downregulated
MUCT1 in HPAFII cells. We observed profound changes in JNK and ¢-Myc activa-
tion. MiaPaca2. MUCI cells (MiaPaca2 transfected with full-length MUC1) showed
significant increase in pJNK and p-c-Myc in response to TGF-5. Interestingly, there
was no activation of pJNK and reduced activation of p-c-Myc in the MiaPaca2. Neo
cells (MiaPaca2 transfected with empty vector) in response to TGF-3 as compared to
MiaPaca2. MUCTI cells (Figure 2.3A,C). In MiaPaca2. Neo, there was no phospho-
rylation of JNK even at 20 min (Supplementary Figure post TGF-£ treatment,
however, in MiaPaca2. MUCI1, there was phosphorylation of JNK starting at 10
min post TGF-f treatment (Figures ,C). Phosphorylation of c-Myc at Ser62 is a
marker of stability of c-Myc [095]. In response to TGF-3, there was a decrease in both
phosphorylated Ser62 and total c-Myc in MiaPaca2. Neo cells but increased p-c-Myc
and c-Myc in MiaPaca2. MUCI cells. These results corroborate the hypothesis that
TGF-g slows proliferation in low MUC1 PDA cells but promotes the same in MUC1
high cells (Figures 2.3A,C). In contrast, HPAFII showed high levels of pJNK and
JNK as well as p-c-Myc in response to TGF-3, both of which were significantly re-
duced when MUC1 was knocked down using specific siRNA (Figures 2.3B,D). There
is some background phosphorylation of c-Myc in HPAFII. MUC1 siRNA because the
MUCT1 KO is not 100%, however, it is clear that c-Myc phosphorylation has reduced
significantly even at 70% KD (Figures 2.3D,E). Taken together, this confirms that
MUCIT is associated with activation of the JNK pathway, as found in previous studies

[96]. In this study we correlate this activation with response to TGF-g.
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In Figure 2.3] A. Western blot expression of phosphorylation of JNK and c-Myc
compared to total JNK and total c-Myc in MiaPaca2 vs MiaPaca2. MUCI1 cells in
response to 10ng/ml of TGF-5 at 10 minutes. B. Western blot expression of phos-
phorylation of JNK and ¢-Myc compared to total JNK and total c-Myc in HPAFTI
cells treated with control siRNA vs MUC1 siRNA in response to 10ng/ml of TGF-3
at 10 minutes. C. Densitometric analysis of fold change of expressions of pJNK/Total
JNK and p-c-Myc/Total c-Myc normalized to endogenous (-actin is presented in Mi-
aPaca2 cells. D. Densitometric analysis of fold change of expressions of pJNK/Total
JNK and p-c-Myc/Total ¢-Myc normalized to endogenous [-actin is presented in
HPAFTI cells. E. Knockdown efficiency of MUC1 in HPAFII after 72 hrs of siRNA
treatment. Data are presented as means + SEM of n=3; Unpaired Students t-test
and one-way ANOVA were used to analyze the differences between treatment groups.

*p < 0.05, ¥* p < 0.01, ***p<0.001, **** p<0.0001.

2.2.4  Differential Viability of High and Low MUC1 PDA Cells in Response to
TGF-5

Since JNK signaling promotes cell growth [97]|, we next assessed cell viability in
vitro in high-MUC1(HPAFII) and low-MUC1 (MiaPaca2) cells in response to TGF-
B. TGF-B treatment significantly reduced the viability of MiaPaca2 in 48 hr and
HPAFII. MUC1siRNA in 24 hr, and increased the viability of HPAFII and MiaPaca2.
MUCT cells after 72 hr (Figure —D). Furthermore, this effect was enhanced with
96 hr of incubation (Supplementary Figure[2.3)A, B). This is also in line with our pre-
viously published work where we showed that treatment with TGF-5 led to increased
apoptosis in MUC1-low PDA cells.
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Figure 2.4: TGF-p neutralizing antibody treatment significantly reduced high-MUC1
(HPAFII) but not low MUC1 (MiaPaca2) tumor growth in vivo.

In Figure 2.4 A. A schematic of the xenograft study showing the treatment with
control IgG and TGF-5 (20ug/100u]l per mouse). B. On the left: Tumor growth of
HPAFII (n=5 for TGF-f neutralizing Ab and n=4 for IgG isotype) is shown. On the
right: Tumor growth of MiaPaca2 (n=6 for both groups) is shown. Tumor growth was
determined biweekly by caliper measurements and tumor size in mm3 193 is plotted.

C. Wet weight of HPAFII tumors (left) and MiaPaca2 tumors (right) respectively
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are shown. Two-way ANOVA was used to compare between the different treatment

groups. *p<0.05, NS: non-significant. D. Immunohistochemistry showing expression

of MUC1 in MiaPaca2 (left) and HPAFII (right) tumors.

2.2.5  TGF-g Neutralizing Antibody Treatment Significantly Dampens
High-MUC1 Tumor Growth but has No Significant Effect on Low MUC1 Tumors in
V100

Given that our data showed that high level of MUC1 promotes non-canonical sig-
naling pathway in response to TGF-f, we hypothesized that treatment with anti-
TGF-f neutralizing antibody would hamper growth of high-MUC1 but not of low
MUCT tumors in vivo. Athymic Nude-Foxnlnu mice were inoculated with HPAFTI
or MiaPaca2 cells subcutaneously. Once tumors were established, mice were injected
intra-tumorally with either control IgG or TGF-f neutralizing antibody three times
a week for 2 weeks (Figure [2.5]A). We observed significant reduction in tumor growth
(Figure[2.5B) and tumor wet weight (Figure [2.5(C) when HPAFII tumor bearing mice
were treated with TGF-3 antibody as compared to those in the control IgG group.
In contrast, MiaPaca2 tumors did not respond to TGF-/ neutralizing antibody treat-
ment (Figure ) Even though it is not statistically significant, there was a trend of
increased tumor burden in TGF-/ antibody treated MiaPaca2 tumors than the IgG
treated group (Figure 2.5(C). Since TGF-3 acts as a tumor promoter in high-MUC1
PDA cell lines and as a tumor suppressor in low-MUC1 PDA cell lines, it makes sense
that neutralizing TGF-$ in high-MUCI cells (HPAFII), reduced tumor growth as the
tumor promoting effect of TGF-/ was inhibited by the antibody. On the other hand,
in low-MUCI cells (MiaPaca2), TGF-5 serves as a tumor suppressor and therefore
when the tumor suppressing effect of TGF-3 was neutralized, tumor growth was in-
creased, albeit not significantly. The MUCI1 expression in MiaPaca2 and HPAFII
tumors are shown in Figure The TGF-8 expression levels in MiaPaca2 and

HPAFII tumors at endpoint are shown in Supplementary Figure [2.10A. The treat-
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ment did not have any adverse effect on the body weight of the mice (Supplementary

Figure [2.10B).



35

Subcutaneous When tumors reached palpable

injection size, antibodies were injected
\Y A
WY
Tgx Endpoint
Day 1 Day 5 Day 28
HPAF II MiaPaca2
— -® TGF-p neutralizing Ab 800
2000 P 9 -6~ TGF- neutralizing Ab
- -# |gG isotype Ab — = 1aG isot Ab
“ 1500 c 600- gG isotype
£ E
o 1000 o
N N 41004
) [
5 500 5
5 £ 200-
(= 0 -
-500 1 1 1 1 1 I 0
9 14 17 21 24 28 9 14 17 21 24 28
Days Days
2000 * . 800
=) =) ns
£ E I_I
= 1500 = 600-
2 5
[ 3
3 1000 3 4004
o 500 = ]
g 8 200
. =

1gG Anti TGF-3

Figure 2.5: TGF-p neutralizing antibody treatment significantly reduced high-MUC1
(HPAFII) but not low MUC1 (MiaPaca2) tumor growth in vivo.
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In Figure 2.5] A. A schematic of the xenograft study showing the treatment with
control IgG and TGF-5 (20ug/100ul per mouse). B. On the left: Tumor growth of
HPAFII (n=5 for TGF-f neutralizing Ab and n=4 for IgG isotype) is shown. On the
right: Tumor growth of MiaPaca2 (n=6 for both groups) is shown. Tumor growth
was determined biweekly by caliper measurements and tumor size in mma3 is plotted.
C. Wet weight of HPAFII tumors (left) and MiaPaca2 tumors (right) respectively
are shown. Two-way ANOVA was used to compare between the different treatment
groups. *p<0.05, NS: non-significant. D. Immunohistochemistry showing expression

of MUC1 in MiaPaca2 (left) and HPAFII (right) tumors.
2.3 Discussion

MUCT1 is a very interesting molecule. In normal cells, it provides protection against
infection and inflammation, however, in cancer cells, MUCI1 is aberrantly glycosylated
and overexpressed and increases inflammation and aids oncogenesis |98, 27, 09]. In
2009, the National Cancer Institute had ranked MUC1 as the second most targetable
antigen out of 75 to develop cancer vaccines [100]. MUCI is overexpressed in more
than 80% of PDA cases [6] and TGF-$ signaling plays an important oncogenic role in
majority of cancers especially in PDA [I0I]. The data presented here demonstrates
that MUCI1 regulates TGF-f signaling and function in PDA cells. In our previous
study, we reported that overexpression of MUC1 in BxPC3 cells (BxPC3. MUCI)
enhanced the induction of epithelial to mesenchymal transition, and invasive potential
in response to TGF-f while resisted TGF-S induced apoptosis by downregulating
levels of cleaved caspases. We also showed that mutating the seven tyrosines in
MUCI-CT to phenylalanine reverses the TGF-3 induced invasiveness [88)].

To further assess the clinical significance of MUC1 and TGF-£ signaling crosstalk,
we first analyzed the gene expression profiles in high and low MUC1 PDA patient
samples registered in the TCGA dataset. We analyzed 29 RNA-seq samples which

were from all stages, reducing the stage bias in the analysis (Supplementary Table
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. We found >4,000 genes differentially expressed (data not shown), however,
we selected to further study the genes that were a part of the MAPK/JNK, BMP
and TGF-f pathways, because these pathways are known to be highly regulated by
TGF-5. The top 30 genes that were found to be differentially expressed in low vs
high MUCI1 tumors have significant roles in inflammation, cancer progression and
OS (Figure [2.1]A,B). Most of the genes upregulated in high/moderate MUC1 sam-
ples (Figure 2.1]A) are known to be involved in increased proliferation and induction
of epithelial to mesenchymal transition (EMT) or worse OS in the human pancre-
atic cancer, for example, CREB3L3 (CAMP Responsive Element Binding Protein
three Like 3) (https://www.genecards. org/cgi-bin/carddisp.pl?gene=CREB3L3),
FOXHI1(Forkhead box protein H1) [102], BMP4 (Bone morphogenetic protein 4)
[103], IL1R2, receptor to IL-1, a cytokine known to be secreted by pancreatic cancer
cells [104, 105, 106], GREM1 (Gremlin 1), a key pro-fibrogenic factor known to in-
crease pancreatic inflammation and progression [92], INHBA (Inhibin $A), a ligand
of the TGF-3 superfamily known to be overexpressed in pancreatic cancer [93] 107],
BMPRI1B, the bone morphogenetic protein (BMP) receptor family of transmembrane
serine/threonine kinases (https://www.cancer-genetics.org/BMPR1B.html), TGIF1
(TGF-B Induced Factor Homeobox 1) [108], GSC (Goosecoid Homeobox) [109, 110]
and PITX2 (paired-like homeodomain transcription factor 2, also known as pituitary
homeobox 2), [T11], 112, 1T13].

Genes that were upregulated in low-MUC1 PDA samples (MAPK12, RASD1, and
AMH) were found to be favorable for OS in pancreatic cancer (Human protein at-
las) (Figures [2.1]A,B). Specifically, RASD1 (Ras Related Dexamethasone Induced
1) encodes a member of the Ras superfamily of small GTPases and is induced by
dexamethasone (https://www.genecards.org/cgi-bin/carddisp.pl?’gene=RASD1) and
is considered to be a tumor suppressor [114], 115]. The PPI network analysis in high
vs low MUC1 shows MAPK12 and MAPKI10 interacting with each other and both
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downregulated in high MUC1 samples. AMH is downregulated in high MUC1 sam-
ples and is shown clustering with the BMP4 network. RASD1 is downregulated and
clusters with CREB3L3 (Supplementary Figure [2.7).

It is very important to mention here that we only had 29 PDA samples from the
TCGA to distinguish based on MUC1 expression levels, out of which only seven
were low MUCL. Although all the 30 genes were differentially expressed in low vs
high/moderate MUC1 samples with statistical significance, due to the low sample
size being a limitation in this particular study, it is difficult to conclude any cor-
relations with certainty. The findings need to be validated with a larger cohort in
the future. However, despite the low sample size, we found that MUC1 expression
had a significant correlation with poor OS in PDA patients (Figure ) confirming
its clinical significance as a biomarker yet again. For our downstream analysis, we
selected JNK (a component of the MAPK pathway) since MAPK was commonly al-
tered in all the three differentially regulated pathways (MAPK, TGF-5 and BMP-4)
from the heatmap.

Using a panel of human PDA cell lines, we demonstrated that high-MUC1 ex-
pression is positively correlated to TGF-SRII expression (Figure 2.2B) with a high
statistical significance, a receptor that activates the non-canonical pathway. Further-
more, there was a trend of negative correlation between high-MUC1 expression and
TGF-BRI expression, albeit not significant, a receptor that activates the canonical
SMAD pathway, known to drive cells towards cell death and apoptosis [116].

If TGF-B mainly activates TGF-f receptor II in high-MUC1 PDA cells, it should
lead to increased activation of the noncanonical pathway genes. Accordingly, we found
that overexpression of MUC1 in MiaPaca2 cells induced increased phosphorylation
of JNK and ¢-Myc (Figure 2.3A,B), which signify activation of the non-canonical
pathway associated with cellular proliferation and invasion [96]. TGF-f significantly

increased phosphorylation of c-Myc at Ser62, which is a marker of stability of c-
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Myc [95]. On the other hand, HPAFII treated with control siRNA had high lev-
els of phosphorylated JNK and c-Myc with TGF-3 exposure, but when MUC1 was
downregulated using a specific siRNA, the phosphorylation of JNK and c-Myc were
significantly reduced (Figure ), thus, TGF-f destabilized c-Myc when MUC1
expression is low in PDA cells (Figure [2.3[C). Overall, the data show the important
contribution of MUC1 in driving the TGF-f mediated non-canonical pathway.

As was expected, TGF-£ treatment reduced cell viability in low MUC1 PDA cell
line MiaPaca2 but increased cell viability in high MUC1 PDA cell line HPAFII (Fig-
ure ) However, when MUC1 was overexpressed in MiaPaca2, TGF-{ increased
the viability of these cells significantly (Figure ), and when MUC1 was knocked
down in HPAFII cells, TGF-$ reduced cell viability (Figure ), thus clearly show-
ing MUC1-dependent gain-offunction and loss-of function in TGF-f signaling switch
towards a tumor promotor.

If indeed TGF-£ signaling is critical for the aggressive growth of high-MUC1 PDA
tumors, then neutralizing TGF-# with an antibody in vivo would dampen tumor
growth. Confirming our hypothesis, neutralizing TGF-£ treatment in high-MUC1
HPAFII tumors significantly reduced tumor progression andreduced tumor burden
(Figure [2.5B), whereas the same treatment almost hastened tumor growth in low
MUCI1 MiaPaca2 tumors (Figure ) These data conform with our hypothesis that
blocking TGF-3 will be beneficial in PDA with high-MUC1 but may aid in tumor
growth in low-MUC1 PDA. A schematic diagram illustrates our current understanding
of MUCl1s role in switching TGF-/ signaling from a canonical tumor suppressive to
a non-canonical tumor promoting pathway (Figure .

The data has uncovered a major role of MUC1 in regulating the paradoxical func-
tion of TGF-# in PDA. To the best of our knowledge, this is the first report that
shows significant changes in gene expression profiles in the TGF-5, MAPK and BMP

signaling pathways in patient-derived RNA-seq samples from PDA, based solely on
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MUCIT expression levels. These data indicate the clinical relevance of MUC1 in modu-
lating the TGF-f signaling in PDA. In addition to the bioinformatics data, we report
significant correlation of MUC1 to TGF-SRII protein expression levels in a panel of
human PDA cell lines which informs the downstream signaling in response to TGF-£.
Thus, TGF-f activates the non-canonical JNK pathway in the high-MUC1 PDA cells
(which also express higher TGF-gRII). While, in the low MUCI cells (that express
higher levels of TGF-SRI), TGF-5 reduces viability and inhibits growth possibly
leading to apoptosis.

Finally, our study also shows that PDAs with high-MUC1 are more likely to re-
spond to anti-TGF-f3 therapy but PDAs with low- MUC1 will probably have poorer
prognosis with the same treatment. Therefore, MUC1 expression may be used as a
surrogate biomarker to determine the efficacy of future TGF-g-targeted treatments
for PDA and possibly other gastrointestinal cancers. Thus, we suggest that MUC1
expression may be used as a biomarker to personalize the treatment with TGF-/ tar-
geted treatment modalities. We recognize that further studies need to be performed
to elucidate the causal relationships between MUC1 and the other differentially ex-
pressed genes in the TGF- pathway, however, using genetically identical PDA cells
that had MUC1 knocked down or MUCI1 overexpressed, we have addressed the causal

relationship between MUC1 and TGF-f signaling.
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Figure 2.6: Schematic diagram of the proposed mechanism of TGF-f signaling and
functions in high versus low MUC1 PDA.

In Figure [2.6] Left panel shows activation of SMAD-dependent canonical pathway
in low-MUC1 PDA cells. TGF-£ ligands bind to the membranous TGF-8 recep-
tor (TGF-SRII) homodimers with high affinity. TGF-SRII binding allows dimeriza-
tion with TGF-§ type I receptor (TGF-SRI) homodimers, activation of the TGF-
BRI kinase domain and signal transduction via phosphorylation of the C-terminus of
receptor-regulated SMADs (R-SMAD), SMAD2 and SMAD3. The SMAD2/3 dimer
then forms a heterotrimeric complex with SMAD4 which translocates in the nu-
cleus [80, 117]. This leads to growth inhibition, cell cycle arrest and apoptosis of
PDA cells, thus TGF-f acts as a tumor suppressor. Right panel shows activation of
SMAD-independent non-canonical pathway in high-MUC1 PDA cells. In this path-
way, binding of TGF-/ mainly to TGF-3-RII most likely increases phosphorylation of
c-SRC which in turn phosphorylates MAPK, followed by JNK and c-Myc [I18]. This
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phosphorylation cascade activates the MAPK/JNK pathway and stabilizes c-Myc
which translocates into the nucleus to increase transcription of oncogenic proteins
and leads to increased growth, invasion and EMT of PDA cells [I19]. MUC1-CT also
aids in the process by its oncogenic signaling. Thus, in high-MUC1 PDA cells TGF-3

acts as a pro-tumorigenic cytokine. The schematic was created with BioRender.com.
2.4 Materials and Methods
2.4.1 TCGA Gene Expression Analysis

Twenty-nine pancreatic adenocarcinoma tumor RNA-Seq data were downloaded
from the Genomic Data Commons data portal [120]. All tumor samples were from
the PAAD project data generated by The Cancer Genome Atlas (TCGA) Research
Network: http://cancergenome.nih.gov/. The tumor samples were separated in two
groups based on their MUC1 expression: MUC1 low expression group and MUC1
moderate/ high expression group. Seven tumor samples had extremely low MUC1
expression values. HTSeq-counts data was input into DESeq2 (version 1.32.0) to iden-
tify differentially expressed genes in MUC1 moderate/high vs MUC1 low expression
samples [I2I]. Genes with an adjusted p-value <0.05 and logy fold change differ-
ence greater than two were considered differentially expressed. Gene set enrichment
analysis was performed with all the DEGs. The enrichR package in R was used to
identify enriched gene sets from Gene Ontology (GO) Biological Process, Molecular
Function, and Cellular Component (2021) and the KEGG database (2021) [122]. The
top 10 sets were collected from each database. There are a few pathways of specific
interest in this study: the MAPK, BMP, and TGF-beta signaling pathway. DEGs
were filtered to only include those that are involved in at least one of these pathways.
Thirty genes in these three pathways were differentially expressed and used for further
analysis. A heatmap was created with these pathway DEGs, using pheatmap (ver-
sion 1.0.12) package in R. To further visualize the effects of MUC1 expression, only

low and high MUCT1 expressed samples were included (samples with moderate MUC1
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expression were excluded). DESeq2 analysis was conducted with only these samples
and a protein-protein interaction (PPI) network was created from the DEGs, using
the STRING database (1.7.0). The list of DEGs were input into the STRING protein
query to create a PPI network for the significant genes. The STRING database is a
collection of known and predicted protein-protein interactions identified from multi-
ple types of sources [123]. The identified PPI network was visualized in Cytoscape
(version 3.9.0) [124] with the color of the nodes representing the gene log fold change
value. The Kaplan-Meier plot was generated by calculating the survival curve using
the survival package (3.1-8) in R and visualized using the survminer (0.4.9) package
in R.

2.4.2  Cell Lines and Culture

Human PDA cell lines (CFPAC, HPAC, HPAF-II, Pancl, MiaPaca2, Su86.86 and
BxPc3) were obtained from American Type Culture Collection and cultured as in-
structed. Cell lines were maintained in Dulbecco‘s Modified Eagle Medium (DMEM;
Gibco), Minimal Essential Media (MEM; Gibco), or Roswell Park Memorial Institute
1,640 medium (RPMI; with, L-glutamine; ThermoFisher). All media was supple-
mented with 10% fetal bovine serum (FBS; Gibco or Hyclone), 3.4mM L-glutamine,
90 units (U) per ml penicillin, 90 pg/ml streptomycin, and 1% Non-essential amino
acids (Cellgro). Cells were kept in a 5% COs atmosphere at 37°C. MUC1 WT se-
quence was cloned into the pLNCX. 1 vector consisting of the neomycin resistance
gene (neo) and confirmed by DNA sequencing. MiaPaca2. MUC1 and MiaPaca2. Neo
were generated by transfection with Lipofectamine 3,000 (Thermo Fisher) according
to the manufacturers protocol and maintained in medium containing Geneticin (G418;
Invitrogen, Carlsbad, CA, USA) [46]. Neo cells had the empty vector with the G418
resistance gene (neo) and MUCI cells had the full length MUC1 gene and G418 resis-
tance gene (neo). Every passage of MiaPaca2 transfected cells were maintained in a

final concentration of 150 ug/ml of the antibiotic G418 (50 mg/ml) (Thermo Fisher) to
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ensure positive selection. HPAFII cells were serum-starved for 24 hr and then treated
with control siRNA from Life Technologies or MUC1 siRNA from Perkin Horizon
according to the respective manufacturers protocol using Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher Scientific) for 72 hr, followed by treatment with

TGF-g3. For all experiments, cell lines were passaged no more than 10 times.
2.4.3  Treatment With TGF-3 and Western Blotting

The cell lines used were MiaPaca2. Neo, MiaPaca2. MUCI1, HFAFII. control-
siRNA, and HPAFII. MUC1siRNA. Cells were serum starved for 48 hr and treated
with either 10 ng/ml of human TGF-3 (Peprotech, Rocky Hill, NJ, USA) or the vehi-
cle (citrate buffer) for 10min. HPAFIICell lysates were prepared and western blotting
performed as previously described [46]. Membranes were blocked with commercial
blocking buffer (Thermo Fisher) for 30 min at room temperature and incubated with
primary antibodies overnight at 4°C. The antibodies used were: Armenian hamster
monoclonal anti-human MUCI cytoplasmic tail (CT2) antibody (1:500). MUC1 CT
antibody CT2 was originally generated at Mayo Clinic and purchased from Neomark-
ers, Inc. (Portsmouth, NH) [125]. CT2 antibody recognizes the last 17 amino acids
(SSLSYNTPAVAATSANL) of the cytoplasmic tail (CT) of human MUCIL. Mem-
branes were also probed with the following antibodies from Cell Signaling Technology
(1:1,000), p-JNK, total JNK, S-Actin (Mouse, 3,700), p-c-Myc (Ser62) (Invitrogen),
total c-Myc (Invitrogen). Other antibodies used include TGF-SRI (Abcam, 1:200,
Rabbit, ab31013) and TGF-SRII (Abcam, 1:1,000, Rabbit, ab61213). Densitometric
analysis was conducted using the ImageJ software and percent change was calculated
accordingly. First, each density unit for the particular protein was normalized to their

respective f-actin density and then represented as phospho/total.
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244  MTT Assay

5,000 cells were plated in 96 well plates and allowed to grow overnight. After serum
starvation for 24 hr, the cells were treated either with control buffer or 10 ng/ml of
TGF-f in triplicates for 24-96 hr. Then 20ul of MTT solution (5 mg/ml) was added to
each well and incubated for 3-4 hr at 37°C. Following that, the media with MTT was
removed and 200l of DMSO was added to each well to dissolve the formazan crystals
for 10 min and the O.D. was measured with a plate reader (Multiskan, Thermo Fisher)

at 560 nm.
2.4.5  Xenograft Studies

Athymic Nude-Foxnlnu mice were purchased from Harlan Laboratories and housed
at UNC Charlotte’s vivarium. These mice were injected subcutaneously with tumor
cells. 3 x 106 HPAFII cells (50ul) (n = 9) or 5 x 106 MiaPaca2 cells (50ul) (n=
12) were injected with Matrigel (50ul) (total = 100ul) subcutaneously into the flank
of male or female Athymic Nude-Foxnlnu mice [I126]. Once the tumors reached a
palpable size (~3 x 3mm, ~5 days post tumor inoculation), mice were separated into
four different groups. Groups 1 and 2 had HPAF-II tumors and groups 3 and 4 had
MiaPaca2 tumors. Groups 1 and 3 were treated with the isotype control IgG antibody
(20ug/100ul per mouse) three times a week for 2 weeks. Groups 2 and 4 were treated
with the monoclonal TGF-f neutralizing antibody (LifeTech) (20ug/100u] per mouse)
three times a week for 2 weeks. Mice were monitored daily for general health and
tumors were palpated. Caliper measurements were taken three times a week over 28
days until endpoint and once euthanized, tumor wet weight was taken (tumor size: 15
x 15mm) (Figure 2.5]A). This study and all procedures were performed after approval

from the Institutional Animal Care and Use Committee of UNC Charlotte.
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2.4.6  Immunohistochemistry

For nonenzymatic antigen retrieval, sections were heated to 85°C in Dako antigen
retrieval solution for 90 min and cooled for 20 min; all subsequent steps occurred
at room temperature. To quench endogenous peroxidase, slides were rinsed and in-
cubated in methanol/2% HyOs for 10 min. Sections were then washed, blocked in
50% fetal bovine serum (FBS) in PBS for 45 min, and incubated overnight with
primary antibodies. Sections were incubated for 1 hr with secondary antibody, devel-
oped with a diaminobenzidine (DAB) substrate (Vector Inc., Burlingame, CA, USA),
counterstained with hematoxylin, and mounted with Permount. Primary antibod-
ies used were Armenian hamster anti-MUCI cytoplasmic tail (CT), CT2 (1:50) and
anti-TGF-/ antibody (Novus Biologicals) (1:10). Secondary antibodies used were
rat anti-hamster HRP conjugated antibody (1:100, Jackson Labs) and anti-mouse
HRP conjugated antibody (Cell Signaling Technology) (1:50). IgG conjugated to
horseradish peroxidase was used as negative control. Immunopositivity was assessed

using light microscopy and images taken at 100x magnification.
2.4.7  Statistical Analysis

The data are expressed as the mean + SEM of n = 3. Differences between groups
were examined using unpaired two-tailed t-tests, one-way and two-way ANOVAs.
Statistical comparisons were made using the GraphPad Prism 9.0. p-values of <0.05
were considered statistically significant (*p < 0.05; **p < 0.01; ***p <0.001; ****p

< 0.0001).
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2.5  Supplementary Materials

Figure 2.7: The Protein-protein-interaction network as determined by STRING and
visualized in Cytoscape for the 30 genes in the TGF-38, MAPK and BMP4 pathways.
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Figure 2.8: Overexpression of MUCI leads to increased phosphorylation of MAPK,
JNK and c-Myec.

In Supplementary Figure [2.8], Western blot expression of phosphorylation of JNK
and c-Myc compared to total MAPK, total JNK and total c-Myc in MiaPaca2 vs
MiaPaca2.MUCT cells in response to 10ng/ml of TGF-5 at 0, 5, 10 and 20 minutes.

[-actin was used as endogenous loading control.
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Figure 2.9: TGF-f exposure increases viability in cells with high MUCI.

In Supplementary Figure 2.9) MTT cell viability assay on A. HPAFII and B Mia-
Paca2.MUCI cells with 10ng/ml of TGF-g for 96 hrs. All data are shown as means
+ SEM of n=3. Unpaired t-test was performed to compare between treated and
untreated cells for all experiments. * p < 0.05, ** p < 0.01, *** p<0.001, ****

p<0.0001.
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(a) Immunohistochemistry for TGF-8. Top. HPAFII tumor tissues and Bottom. MiaPaca2 tumor
tissues showing TGF- expression in mice treated with neutralizing TGF-/ antibody (left) and isotype
control IgG (right).
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(b) Body weights of all mice remained consistent over the period of the in vivo study. Body weights
of all nude mice injected with Top. HPAFII cells and Bottom. MiaPaca2 cells and treated with IgG
isotype antibody (blue) and TGF-S neutralizing antibody (red) over the period of 28 days starting

from the day of treatment are shown.

Figure 2.10: Supplementary data on xenograft studies
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Table showing the characteristics of the 29 PDA samples from TCGA.
Total | OS, days | p-value
N | % | Mean
Gender 0.9
Male 18 | 62 942.91
Female 11 | 38 778.67
Age 0.2
<65 15 | 52 | 1067.87
>65 14 | 48 597.86
Tumor Stage 0.01
i 1] 3 2741
ia 1] 3 454
ib 5 | 17 1516
iia 4 | 14 878.25
iib 15 | 52 477.73
iv 113 603
Not Reported 2 |7 1165
Primary Diagnosis 0.01
Adenocarcinoma, NOS 20 | 69 513.75
Neuroendocrine carcinoma,
NOS 8 | 28 | 1705.88
Adenpcarcmoma with 113 166
mixed subtypes
Tissue Origin 0.1
Head of Pancreas 16 | 55 546.69
Tail of Pancreas 4 |14 917.25
Body of Pancreas 5 [ 17 | 1810.40
Pancreas, NOS 3 |10 730.33
Overlapping lesion
of NOS 1 13 729




CHAPTER 3: MOLECULAR CROSSTALK BETWEEN MUC1 AND STAT3
INFLUENCES OUTCOME TO NAPABUCASIN THERAPY

3.1  Introduction

Signal transducer and activator of transcription 3 (STAT3) belongs to a family of
transcription factors comprising STAT1, STAT2, STATS3, STAT4, STAT5A, STAT5B,
and STATG6. In humans, this is encoded by the STAT3 gene. STAT3 is activated by
several cytokines and growth factors such as IL-6, IL-9, IL-10, IL-27, tumor necrosis
factor «r, monocyte chemotactic protein-1, epidermal growth factor, platelet-derived
growth factor, granulocyte colony-stimulating factor,and granulocyte-macrophage colony-
stimulating factor. Activated STAT3 plays an important role in cancer development
by regulating transcription of genes associated with cell development, differentiation,
proliferation, survival, and angiogenesis [127].

STAT3 activation has been detected in several malignancies, and its inhibition
led to reversal of the malignant phenotype. STAT3 can be constitutively activated
by upstream signaling components, including increased cytokine (IL-6 and IL-10)
production, activated receptor (cytokine receptors, epidermal growth factor receptor)
and nonreceptor tyrosine kinases (including Janus kinases [JAKs| and Src). Recently,
mutated hyperactive forms of STAT3 have been detected in tumors, with the majority
of mutations found in the SH2 domain of STATS.

STATS3 activation has been described in nearly 70% of solid and hematological tu-
mors [128]. STATS3 is constitutively activated by phosphorylation of Tyr705, in human
tumor specimens, PDA cell lines in vitro and in PDA xenografts [129] 130}, 131, 132].
Studies in conditional knockout mice demonstrate that the STAT3 pathway is in-

active in normal pancreas, and it is not required for pancreatic development and
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homeostasis [I33]. However, STAT3 was found to be necessary for the development
of the acinar-to-ductal metaplasia process, an early event in PDA pathogenesis, which
is mediated by ectopic expression of the Pdx1 transcription factor, a key regulator
in early pancreatic cancer development [I30]. STAT3 is shown to be activated and
overexpressed in ductal carcinoma cells as compared to the ducts from chronic pan-
creatitis [129]. Functional inactivation of STAT3 in a subset of PDA cell lines led to
significant inhibition in cell proliferation in vitro and reduced tumor growth in vivo.
Inhibition of activated STAT3 resulted in the delay in G1/S-phase progression due
to inhibition of cyclin-dependent kinase 2 activity because of increased expression of
p21/WAF1. Overall, the study clearly showed that with malignant transformation,
activated STAT3 promotes proliferation of cells by modulating G1/S-phase progres-
sion and supports the malignant phenotype of human pancreatic cancer.

Cytoplasmic STAT3 monomers dimerize when phosphorylated at the Tyrosine 705
(Y705) by Janus kinases (JAKSs) associated with cytokine-stimulated receptors, and
then translocate to the nucleus, where the homodimers activate target gene transcrip-
tion [134]. STAT3 can also be phosphorylated at Serine 727 (S727) by members of
the mitogen-activated protein kinases (MAPK) and c-Jun N-terminal kinase fami-
lies [I34]. While phosphorylated Y705 (pY705) is generally believed to be essential
for STAT3 transcriptional activity; the function of phosphorylated S727 (pS727) re-
mains controversial, as this modification has been reported to have both down- and
upregulatory effects on STAT3 transcriptional activity [135] 136, 137, [138].

In summary, STAT3 activation is associated with proliferation, inhibition of apop-
tosis and cellular transformation [139, 140]. However, activation of STAT3 also sup-
presses tumor growth [I41] and induces differentiation and apoptosis in some con-
texts [142, 143, 144]. The mechanisms underlying STAT3’s diverse and sometimes
opposing roles are still largely unknown. It is assumed that STATS3 recruits specific

co-activators and activates distinct gene expression programs based on the genetic
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background, type and developmental stage of the cell [145]. This hypothesis raises
an interesting issue of whether STAT3 pY705 and pS727 play a role in this process,
considering their significance in STAT3-mediated control of gene transcription. Phos-
phorylation of Y705 is believed to be the key event in the transcriptional activation
of STAT3 [146].

One potential transcriptional target of STAT3, that is important in oncogenesis
is MUCI [147]. The promoter of the MUC1 gene contains a STAT-responsive ele-
ment, and STAT3 constitutively binds to the promoter of the MUC1 gene [148] [149].
Inhibition of STAT3 expression reduced expression of MUC1 genes and inhibited
cellular motility in breast cancer cells [I49]. There is convincing evidence that the
aberrantly overexpressed MUCI is associated with transformation, tumorigenicity,
invasion, and metastasis of carcinomas and thus could be an important downstream
target of STAT3. [I50, 26], 151} 152, 153]. Furthermore, MUCI-C binds directly
to JAK1 and STAT3 and promotes JAKl-mediated phosphorylation of STAT3. In
turn, activated STAT3 induces expression of the MUC1 gene, in an autoinductive
loop. Therefore, it has been proposed that targeting STAT3 and MUCI1 together
may be a strategy for enhanced anti-tumor efficacy [154].

Since the STAT3-MUCI1 signaling is constitutively activated in high-MUC1 cancer
cells, we hypothesized that MUCI regulates the activity of STAT3 and that high-
MUCIT cells will be more sensitive to STAT3-inhibition. In this study we aimed to
understand the role of MUCT in regulating differential phosphorylation of STAT3 and
whether inhibiting STAT3 by Napabucasin interrupts MUC1-STAT3 interaction and
downstream oncogenesis.

STAT3 has been a target for developing cancer therapy for a while, without suc-
cessful transition into the clinic. For example, the STAT3 inhibitor Napabucasin or
BBI608 was under phase III clinical trials for GI cancers, including pancreatic cancer,

however, the trial was discontinued due to futility [I55]. To better understand the



causes of treatment failure, the complex STAT3 signaling needs to be elucidated.

3.2.1

3.2  Results
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Napabucasin inhibits survival, invasion, clonogenic and spheroid forming

potential of PDA cells

PDA cell lines CFPAC, MiaPaca2 and HPAFII were treated with increasing con-

centrations of Napabucasin for 48 hrs. Napabucasin significantly reduced the spheroid

(Figure|3.1|A) and colony (Figure|3.1|B) forming potentials of CFPAC and MiaPaca2

cells. Tt also significantly reduced the viability of PDA cells (Figure [3.1] C). HPAFII

cells, however, were resistant to Napabucasin and responded only at very high doses.

The invasion potential of all three PDA cells were reduced significantly after 72 hrs

of treatment (Figure D). Overexpression of MUCT in cancer cells increased their

sensitivity to Napabucasin, however, on blocking the homodimerization of MUC1, the

sensitivity was reversed (Figure 3.1 E).
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Figure 3.1: Anti-tumorigenic effect of Napabucasin on PDA cells

In Figure A. the spheroid forming and B. colony forming potential, C. survival
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and D. invasion potential of PDA cells CFPAC, MiaPaca2 and HPAF II have been

shown.
3.2.2  Napabucasin is more potent in high MUCI cancer cells

We aimed to study the pharmacodynamics of Napabucasin in low vs high MUC1
cancer cells. We treated a panel of human and murine cancer cells with increasing
concentrations of Napabucasin. Human and murine cancer cell lines were stably
transfected with either an empty vector or full length MUCI1, and designated with
the suffices "Neo" and "MUC1", respectively. These cells included human pancreatic
cancer cells MiaPaca2.Neo and MiaPaca2.MUC1 and BxPc3.Neo and BxPc3.MUC1
and murine colon cancer cell lines MC38.Neo and MC38.MUCI, breast cancer cell
lines C57TMG.Neo and C57TMG.MUCI1, ovarian cancer cell lines MOVCAR.Neo and
MOVCAR.MUCI and pancreatic cancer cell lines KCM and KCKO.
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Figure 3.2: Napabucasin is more potent in high MUC1 cancer cells

A. Survival assays on cells transfected with either empty vector (Neo) or full-
length MUC1 with or without 1-2 hours of pre-treatment with 10uM of MUCI1-

homodimerization blocking peptide GO-203 followed by the indicated concentrations
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of Napabucasin treatment have been shown. (Left) BxPc3.Neo and BxPc3.MUC1
(top left), BxPc3.MUCI before and after treatment with GO-203 (top right), MC38.Neo
and MC38.MUC1 (bottom left) and MC38.MUC1 before and after GO-203 treat-
ment (bottom right) to increasing concentrations of Napabucasin. (Right) Survival
assay showing the sensitivity of A. (top) BxPc3.Neo and BxPc3.MUC1 and (bot-
tom) MC38.Neo and MC38.MUCI to 0.8uM Napabucasin and that of BxPc3.MUC1
and MC38.MUC1 before and after treatment with 10uM of GO-203. B. Survival as-
say showing the sensitivity of MiaPaca2.Neo and MiaPaca2. MUC1, C57TMG.Neo and
C57TMG.MUC1, MOVCAR.Neo and MOVCAR.MUCI1 and KCKO and KCM cells to
0.8uM Napabucasin.

Human PDA cell lines MiaPaca2.Neo and MUC1, BxPc3.Neo and MUC1, murine
PDA cell lines KCM and KCKO (MUC1 KO), murine ovarian cancer cell lines MOV-
CAR.Neo and MUC1, murine breast cancer cell lines C57TMG.Neo and MUC1, and
murine colon carcinoma cell lines MC38.Neo and MUC1 were used to determine the
IC5q doses of Napabucasin. We found that the IC5q of Napabucsin in cancer cells
expressing high exogenous MUC1 were significantly lower than that in all low or
no-MUC1 cancer cell lines (Figure . In order to rescue the differential potency
of Napabucasin, we treated BxPc3.Neo and MUC1 and MC38.Neo and MUCI1 cells
with a MUC1-CT homodimerization- inhibitor peptide GO-203 for 1-2 hrs, followed
by treatment with increasing concentrations of Napabucasin. After blocking MUC1-
CT homodimerization for 1-2 hrs, the 1C5q values of Napabucasin in the high-MUC1
cancer cells increased and became similar to their low-MUC1 expressing counterparts.
This data supports the idea that MUC1-CT homodimerization leads to constitutive
activation of the STAT3-MUC1 pathway in high-MUC1 cancer cells, thus making
them more sensitive to Napabucasin. In addition to that, 0.8 -1.6 uM was the con-
centration at which the difference in potency between low and high MUC1 cancer

cells was at its peak.
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3.2.3  MUCI levels determine the phosphorylation status of STAT3

In a couple of studies, it has been shown that phospho-S727 regulates STAT3
activity by enhancing dephosphorylation of phospho-Y705 and triggers a multistep
inactivation of STAT3 by rapid dissociation of pY705-SH2 through C-terminal tail
modulation [156, [157]. To assess if MUCI expression levels have any effect on differ-
ential phosphorylation of STAT3, we overexpressed full-length MUC1 in MiaPaca2
cells and knocked MUC1 down in HPAF II cells with a specific siRNA. We found that
overexpression of MUC1 in MiaPaca2 cells, increased phosphorylation at Y705 and
KD of MUC1 in HPAFTI cells decreased phosphorylation at Y705 (Figure . In ad-
dition, STAT3 in MiaPaca2.MUCI1 cells had decreased phosphorylation at Ser727 but
increased phosphorylation in MUC1 KD HPAF II cells (Figure . Hence, MUC1

expression is crucial for the phosphorylation status of STAT3 and its activity.
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Figure 3.3: Western blot showing differential phosphorylation of STAT3 regulated by
MUCI.
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Figure shows the expression of P-STAT3 Tyrosine 705 and Serine 727, total

STAT3, MUC1-CT and f-actin on (left) MiaPaca2.Neo and MiaPaca2. MUCI cells
and (right) HPAFII with control siRNA and HPAFII with MUC1 knockdown.

3.2.4  Napabucasin reduces phosphorylation of STAT3 at Y705 and disrupts
STAT3-MUCI1 interaction

To assess the mechanism of action of Napabucasin in high vs low MUC1 PDA
cells, we treated the cells expressing high, moderate and low levels of MUC1 with
Napabucasin for 48 hours and checked the phosphorylation of STAT3 at Y705, ex-
pression levels of MUCT1, and the effect on STAT3-MUCT interaction. After treatment
with Napabucasin, high-MUC1 CFPAC cells had significantly lower levels of pSTAT3
at Y705, decreased MUC1 expression (Figure 3.4A) and the binding of STAT3 to
MUC1 was reduced in CFPAC cells but not in resistant HPAF II cells (Figure [3.4B).
In contrast, we did not observe these effects in phosphorylation in the low MUC1
MiaPaca2 post Napabucasin treatment. This corroborates with our hypothesis that
in high-MUC1 PDA cells, the STAT3-MUCI1 signaling is constitutively activated as
a survival pathway. HPAFII was found to be resistant to Napabucasin, and we found

no difference in STAT3 phosphorylation or MUCI1 levels in this cell line.
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Figure 3.4: Mechanism of action of Napabucasin in high vs low MUC1 PDA cells.

In Figure 3.4, A. Western blot showing expression of P-STAT3 Tyrosine 705,
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STAT3, MUC1-CT in CFPAC, MiaPaca2 and HPAFII cells before and after treat-
ment with 2 M of Napabucasin for 48 hours. [-actin was used as endogenous control.
B Western blot showing expression of STAT3 and MUC1 in ColP samples from CF-
PAC and HPAFII lysates before and treatment with 2 uM of Napabucaisn for 48

hours. 20 pug was used as input.

3.2.5  Combined targeting of STAT3 and MUC1 overcomes Napabucasin

resistance partially

Since the HPAFTI cell line was resistant to Napabucasin but is also a high-MUC1 ex-
pressing cell line, we hypothesized that targeting MUCT in these cells in combination
with Napabucasin might help overcome the resistance by breaking the autoinductive
loop in which STAT3 and MUCI1 co-operate. We treated HPAFII with Napabucasin
in combination with an anti-MUC1 antibody TAB004, and found that to some extent

TAB004 enhanced the anti-tumor efficacy of Napabucasin against the HPAFII cell
line (Figure [3.5).

Control TABOO4 Napabucasin TABOO4+Napabucasin
- d'—-‘- €~ f/_’
’ i X - \ .
> |..' .y . 1 ‘\ . ’ LN
v @ \ . (J \\_ - L. \

Figure 3.5: (Left to right) Colony forming assay on HPAFII cells with 10ug/ml of
TABO004, 0.4uM of Napabucasin and both combined.
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3.2.6  STATS expression correlates with poor overall survival in all epithelial
cancers and MUC1 and STAT3 co-expression correlate with poor overall survival in

gastrointestinal cancers

To assess the translational significance of STAT3-MUCT partnership in epithelial
cancers, mostly GI cancers, we analysed tumor data from TCGA and found that
STAT3 was significantly overexpressed in majority of epithelial cancers vs normal
(Figure [3.6h)and correlated with overall poorer survival (Figure [3.6b). We divided
the tumor samples into low and high MUC1 groups and performed gene correlation
analysis of STAT3 pathway genes and MUCI1 gene expression. Differential gene cor-
relation analysis showed over 170 significantly differentially expressed genes in the
STAT3 pathway (Figure [3.6¢). Also, STAT3 and MUCI co-expression significantly
correlated with overall poorer survival in GI cancers, thus showing the amplifying

effect MUC1 has on STAT3 activity (Figure [3.61) [158].
3.3 Discussion

STATS3 has been a target for developing cancer therapy for long, including GI can-
cers. Although current standard treatments for GI cancers are somewhat efficient,
recurrence is still inevitable especially in PDA [I59]. Many studies have indicated
that presence of pancreatic cancer stem cells (PSCs), may be a major cause of disease
relapse [160]. Therefore, targeting PSCs is a promising strategy to eradicate PDA.
Given the well-documented role of overactive STAT3 signaling in PDA, the thera-
peutic potential of targeting this pathway should be emphasized. Multiple attempts
to develop inhibitors against STAT3 pathway have been reported, and a variety of
STAT3 inhibitors, including chemicals, STAT3-binding peptides, and siRNA reagents,
have been developed with various degrees of success [161], [162].

Napabucasin (BBI608), a novel STAT3-specific inhibitor, was identified by [163].

They revealed that Napabucasin efficiently suppressed metastasis and relapse of a
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Figure 3.6: a. Graph showing increased expression of STAT3 in epithelial tumors. b.
Kaplan-Meier survival plot showing correlation of STAT3 with overall poor prognosis
in epithelial cancers. ¢. Heatmap showing differentially expressed genes in the STAT3

pathway in high vs low MUC1 tumors.
correlation of MUC1 and STAT3 co-expression in gastrointestinal cancers.

d. Kaplan-Meier survival curve showing
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variety of cancers by inhibition of STAT3-driven gene transcription. Importantly,
Napabucasin treatment impairs spheroid formation of liver cancer stem cells and
downregulates the expression of stemness genes such as SOX2, BMI-1, Nanog, and c-
Myec. Considering the promising preclinical data of Napabucasin as both a monother-
apy and in combination with conventional chemotherapeutic methods, several clinical
trials have been performed [164]. Furthermore, a phase III trial of Napabucasin for
refractory colorectal cancer highlighted STAT3 as an essential target for the treatment
of patients with elevated pSTAT3 expression [165]. However, to improve outcomes in
the clinic, it is cruicial to find subpopulations of tumors that will be more sensitive
to Napabucasin.

To our knowledge, this is the first study to evaluate the role of MUCT1 in differential
phosphorylation and regulation of STAT3 in the context of Napabucasin’s efficacy.
We confirmed that Napabucasin significantly inhibited cell proliferation, invasion,
colony and spheroid formation in PDA cells (Figure . Following treatment with
Napabucasin, the phosphorylation of STAT3 at Y705 was decreased in high-MUC1
CFPAC and HPAF II cells but not in low-MUC1 MiaPaca2 cells (Figure [3.3A). Na-
pabucasin treatment also significantly reduced the expression of MUC1 in PDA cells
and reduced binding of MUC1 to STAT3 in high-MUC1 CFPAC cells (Figure [3.3B).
However, the Napabucasin did not reduce the interaction of STAT3 with MUCT in the
resistant cell line HPAFII. This could be due to a couple of reasons. First, the dose
of 2uM was not enough to reduce the binding, or, there are other factors stabilizing
the two proteins in HPAF II cells.

Since we found that the MUCI1-STAT3 pathway was constitutively activated in
high-MUCT1 cells as the principal survival pathway, we hypothesized that high-MUC1
cells will be more sensitive to Napabucasin. Accordingly, we found that overexpression

of MUCT in different types of cancer cells conferred sensitivity to Napabucasin (Figure

?7).
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We wanted to further explore the mechanism of regulation of STAT3 by MUCI.
Therefore, we overexpressed MUCT1 in a low MUCI cell line MiaPaca2 and knocked
MUC1 down in the high-MUCT cell line HPAFII. We found that when MUC1 is over-
expressed, there is increased phosphorylation of STATS3 at its activation site Y705
with a concomitant decrease in phosphorylation at its degradation site S727, in addi-
tion, when MUCT1 is knocked down, the reverse is observed (Figure . In a study
by [166] the underlying mechanism of the downregulated STAT3 protein level was
mediated by protein synthesis inhibition induced by Napabucasin. We found that
Napabucasin significantly impairs the binding of STAT3 and MUC1 which is a novel
pharmacological mechanism of Napabucasin (Figure [3.8)).

To assess the clinical relevance of our findings, we analysed RNA sequencing data
across all gastrointestinal cancers available in TCGA and found that STATS3 is over-
expressed in GI cancers, correlates to overall poorer survival (Figure —B). We also
identified more than 170 differentially expressed genes in the STAT3 pathway in high
vs low MUC1 tumors (Figure[3.6(C). In addition to that we found that co-expression of
MUCT and STAT3 correlated to further poorer overall survival in GI cancers, proving
that MUC1 enhances the oncogenic activation of STAT3 (Figure [3.6D).

In our study, we reveal that Napabucasin treatment reduced STAT3 expression
along with MUC1 expression levels and is more potent against high-MUC1 cells.
Overall, our results support the potential use of Napabucasin as an efficacious anti-
tumor therapeutic agent with a probability of better outcome in high-MUC1 tumor

sub-populations, especially in combination with anti-MUC1 therapeutic agents.
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Figure 3.7: Proposed mechanism of regulation of STAT3 activity by MUC1

Figure 3.8: Mechanism of action of Napabucasin in high-MUC1 cancer cells

3.4  Materials and Methods
3.4.1 TCGA Data Analysis
1. TCGA Gene Expression Analysis

RNA-sequencing data from 7,572 epithelial cancer samples available from TCGA
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was analysed and STAT3 expression values in normal and tumor samples were
plotted. The types of cancers include breast, lung, endometrium, kidney, head-
neck, thyroid, prostate, colon, stomach, bladder, liver, cervix, pancreas, esoph-

agus, adrenal, and gallbladder cancer. Plot was created using ggplot2 (version

3.3.5) package in R (version 3.6.3).

. Gene Correlation Analysis

Tumor samples from TCGA cancer projects were split into MUC1 low/high
group based on the MUC1 gene expression relative to the average MUC1 gene
expression in normal samples. Datasets was filtered to remove lowest expressed
genes by the dispersion measure. Differential gene correlation analysis was
performed on these two groups using DGCA (Differential Gene Correlation
Analysis) in R (version 3.6.3). Gene correlation analysis was run, using the
Benjamini-Hochberg p-adjustment measure. STAT3 pathway genes were se-
lected and their correlation values with MUC1 were visualized in a heatmap,

using ggplot2 (version 3.3.5) package in R.

. Survival Analysis

Survival analysis for STAT3 and overall survival in 13,509 cancer samples were
computed using the Kaplan-Meier estimate and plots were made using ggplot2
(3.3.5) package in R (3.6.3). The average expression for STAT3 in normal
samples was used to determine if tumor samples were low or high in STAT3

expression.

Survival analyses for MUC1/STAT3 expression and overall survival in 2,055
gastric cancer type samples were computed using the Kaplan-Meier estimate
and plots were made using ggplot2 (3.3.5) package in R (3.6.3). The average
expression for MUC1/STATS3 in normal samples was used to determine if tumor

samples were low or high in MUC1/STAT3 expression.
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4. Cell lines and culture

Human PDA cell lines (CFPAC, HPAF-II and MiaPaca2) and murine cancer
cell lines MC38 (colon), C57TMG (breast), MOVCAR (ovarian) and KCM and
KCKO (pancreatic) were obtained from American Type Culture Collection and
cultured as instructed. Cell lines were maintained in Dulbeccoas Modified Ea-
gle Medium (DMEM; Gibco). All media was supplemented with 10% fetal
bovine serum (FBS; Gibco or Hyclone), 3.4 mM l-glutamine, 90 units (U) per
ml penicillin, 90 pg/ml streptomycin, and 1% Non-essential amino acids (Cell-
gro). Cells were kept in a 5% COy atmosphere at 37°C. MUC1 WT sequence
was cloned into the pLNCX.1 vector consisting of the neomycin resistance gene
(neo) and confirmed by DNA sequencing. Neo cells had the empty vector with
the G418 resistance gene (neo) and MUCT cells had the full length MUCI gene
and G418 resistance gene (neo). All cells with Neo and MUC1 were gener-
ated by transfection with Lipofectamine 3000 (Thermo Fisher) according to
the manufacturer’s protocol and maintained in medium containing Geneticin
(G418; Invitrogen, Carlsbad, CA, USA) [46]. Every passage of Neo or MUC1
transfected cells were maintained in a final concentration of 150 ug/ml of the an-
tibiotic G418 (50 mg/ml) (Thermo Fisher) to ensure positive selection. HPAFII
cells were serum-starved for 24 hrs and then treated with control siRNA from
Life Technologies or MUC1 siRNA from Perkin Horizon according to the re-
spective manufacturers protocol using Lipofectamine RNAiIMAX Transfection
Reagent (Thermo Fisher Scientific) for 72 hrs. For all experiments, cell lines

were passaged no more than 10 times.
Treatment With Napabucasin and Western Blotting

The cell lines used were MiaPaca2. Neo, MiaPaca2. MUCI1, HPAFII. con-
trolsiRNA, and HPAFII. MUC1siRNA. Cells were treated with either 2 uM

Napabucasin (Selleckchem, USA) or the vehicle (phosphate buffer saline) for
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48 hrs. Cell lysates were prepared and western blotting performed as previ-
ously described [46]. Membranes were blocked with commercial blocking buffer
(Thermo Fisher) for 30 min at room temperature and incubated with primary
antibodies overnight at 4°C. The antibodies used were: Armenian hamster mon-
oclonal anti-human MUCI cytoplasmic tail (CT2) antibody (1:500). MUC1
CT antibody CT2 was originally generated at Mayo Clinic and purchased from
Neomarkers, Inc. (Portsmouth, NH) [125]. CT2 antibody recognizes the last
17 amino acids (SSLSYNTPAVAATSANL) of the cytoplasmic tail (CT) of hu-
man MUC1. Membranes were also probed with the following antibodies from
Cell Signaling Technology (1:1,000), p-STAT3 (Y705), total STAT3, S-Actin,
and from ABclonal (1:1000) p-STAT3 (S727) and (-actin. Densitometric anal-
ysis was conducted using the ImageJ software. First, each density unit for the
particular protein was normalized to their respective S-actin density and then
represented as phospho/total. MTT Assay and addition of MUC1 blocking
peptide 5,000 cells were plated in 96 well plates and allowed to grow overnight.
Next day, the cells were treated either with PBS or increasing concentrations of
Napabucasin in triplicates for 24-96 hr. Then 20ul of MTT solution (5 mg/ml)
was added to each well and incubated for 3-4 hr at 37°C. Following that, the
media with MTT was removed and 200ul of DMSO was added to each well to
dissolve the formazan crystals for 10 min and the O.D. was measured with a
plate reader (Multiskan, Thermo Fisher) at 560 nm. For blocking MUC1 sig-
naling, the peptide GO-203 was added to the cells 2 hrs before treatment with

Napabucasin.

. Colony Forming Assay

500-1000 cancer cells were plated in a 6-well tissue culture plate and allowed to
adhere overnight. Next day, the cells were treated with increasing concentra-

tions of Napabucasin (0.1, 0.2, 0.4, 0.8 and 1.6uM) for 7-14 days (depending on
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the doubling time of each cell line). PBS was used as the control. After 7-14
days, the media was removed, colonies were washed with PBS and fixed with
3:1 solution of Methanol: Acetic acid for 5 minutes, followed by staining with
0.5% (w/v) of Crystal Violet in Methanol for 15 minutes. Then the colonies
were washed under running tap water, images were taken, and colonies were
counted manually. Colonies consisting of >25 cells were considered. The num-
ber of colonies in Napabucasin treated wells were calculated as a percentage
of colonies in the PBS treated wells and plotted as a kill curve in GraphPad

Prism. A p value of <0.05 was considered significant.

. Invasion Assay

Cells were serum starved for 18 hrs before plating for the invasion assay. 50,000
CFPAC, MiaPaca2 and HPAFII cells were plated over transwell inserts (Sarst-
edt) precoated with diluted Matrigel (1:1) in serum free media, with 1 pM of
Napabucasin. The cells were allowed to invade through the Matrigel coating
for 72 hrs towards the serum-containing medium in the bottom chamber. After
72 hrs, only the control wells were swabbed with a cotton swab, followed by
staining of all inserts with 5% crystal violet. The excess stain was washed off
and the inserts were allowed to dry. The membrane was cut and dipped in 10%
acetic acid for 10 minutes to elute the dye, which was read by a Spectropho-
tometer at 560 nm. Percent invasion was calculated as (O.D. of Napabucasin

treated sample / O.D. of PBS treated sample) X 100.

. Spheroid Formation Assay

Non-adherent U-bottom 96-well plates (Nunc, Thermo Fisher) were seeded with
5000 cells and centrifuged at 1000xg for 10 minutes. These cells were treated
with 1uM of Napabucasin and the health of cells and size and integrity of the

spheroids were monitored and pictures were taken with an inverted microscope
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at 4X after 72 hrs.

. Statistical Analysis

The data are expressed as the mean+SEM of n = 3. Differences between
groups were examined using unpaired two-tailed t-tests, one-way and two-way
ANOVAs. Statistical comparisons were made using the GraphPad Prism 9.0.
p-values of <0.05 were considered statistically significant (*p < 0.05; **p a<

0.01; **p < 0.001; ****p < 0.0001).



CHAPTER 4: POTENTIAL OF ANTI-MUC1 ANTIBODIES AS A TARGETED
THERAPY FOR GASTROINTESTINAL CANCERS

4.1  Global Burden of GI Cancers

Gastrointestinal (GI) cancers collectively refer to cancers of the esophagus and
stomach (gastroesophageal cancers), the colon and rectum (colorectal cancers), pan-
creas, liver, gallbladder, small intestine, appendix, and anus. Following lung cancer
(18.4%), colorectal cancer (9.2%), stomach cancer (8.2%), and liver cancer (8.2%)
form the leading causes of cancer-related deaths worldwide [167].

According to the American Cancer Society (ACS) (www.cancer.org), gastrointesti-
nal (GI) cancers have the highest incidence and are the second leading cause of cancer-
related deaths in the United States. Esophageal cancer is the seventh most commonly
diagnosed cancer and the 6" leading cause of cancer-related deaths worldwide [167].
It is often detected late and there are usually no early symptoms. The overall five-year
survival rate for advanced esophageal cancer in the United States is about 15% [168].
Stomach cancer, or gastric cancer, is the fifth most common cancer in the world and
the second highest cause of cancer-related deaths globally [169].

Pancreatic Cancer is the twelfth most common cancer globally and the seventh
leading cause of cancer-related deaths [I70]. However, in the US it is the third
leading cause of cancer-related deaths and is projected to become the second by the
end of the year 2020. Most of the pancreatic tumors are detected at a very advanced
stage thus making it a lethal disease. It has a dismal 5% 5-year survival rate globally,
a mean life expectancy of <6 months, and a high degree of resistance to standard
therapy. In the US the five-year survival rate is 9%, which is the lowest of all major

cancers. Liver cancer is the sixth most commonly diagnosed cancer and the fourth


www.cancer.org

72
leading cause of cancer-related deaths worldwide [I68]. Colorectal cancer is the third
most common cancer worldwide and the second leading cause of cancer mortality.

Chemotherapy and radiation therapy alone or in combination with surgery remain
the main modes of treatment so far. However, various immunotherapies are undergo-
ing trials with monoclonal antibodies, combination therapies, CAR-T cell, dendritic
cell therapies etc. In the last 40 years, the incidence and mortality of GI cancers
have only increased without improvement in therapy. The main challenge is to tar-
get specific antigens that are not expressed in normal tissues. Mucins have always
been shown to be key immunological players in various chronic and infectious dis-
eases including cancer. In this review, we will provide a detailed overview of various
immunotherapies developed against the mucin protein MUC1 in GI cancers including
monoclonal antibodies, CAR-T cells and bi-specific antibodies that have successfully
been through preclinical and clinical trials. We will also provide perspectives on
how some of these antibodies target specific hallmarks of cancer so that they can be

combined with other drugs for better outcomes in the clinic.
4.2  MUCI as a Target Antigen in GI Cancers
4.2.1  Structure of MUC1

Mucins are high molecular weight glycoproteins and their main function is to lu-
bricate epithelial cell surfaces and protect them against invading pathogens [170].
Mucins are broadly divided into secretory gel-forming mucins (MUC2, MUC5AC,
MUC5B, MUC6, MUCT7 and MUC19, as protective barriers for underlying mucosal
cells) and membrane-bound mucins (MUC1, MUC3A, MUC3B, MUC4, MUC12,
MUC13, MUC15, MUC16, MUC17, and MUC20) that have a transmembrane, N-
terminal extracellular domain (ECD), and a C-terminal cytoplasmic tail. Secretory
gel-forming mucins work as protective barriers for underlying mucosal cells, while
membrane-bound mucins also play a key role in cell signaling pathways and cellular

interactions [170} [I71], [172].
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Mucin 1 or MUCI (also known as episialin, PEM, EMA, H23Ag, MCA, and CA15-
3) was the first transmembrane mucin to be identified and structurally characterized
I8, 173, 174, [175]. MUCI is a single pass type I transmembrane glycoprotein with
a hyperglycosylated extracellular N-terminal domain that extends up to 200-500 nm
from the cell surface [7, 176]. Normally, MUC1 is expressed on the apical surface
of glandular or luminal epithelial cells of almost all tissues including the mammary
gland, stomach, lungs, esophagus, duodenum, pancreas, uterus, prostate, and the
hematopoietic cells [177, I78]. In healthy tissues, the extended hyperglycosylated
branches of MUC1 create a physical barrier and prevent pathogenic access, thus
protecting the underlying epithelia [I79, I80]. The extended sugar branches form a
mucinous gel by oligomerization and protect the underlying epithelia from desiccation,
pH changes, and invading microbes [30]. During translation, MUC1 is cleaved [I81],
182], and the extracellular domain with tandem repeats (25-100) is bound to the
membrane by noncovalent interaction with the C-terminal domain of MUC1 (MUCI-
CD) that consists of a short extracellular domain (ED), the transmembrane domain
(TM) and the cytoplasmic domain (MUC1-CT). The MUCI gene encodes a single
polypeptide chain which is cleaved by auto-proteolysis process at a sea -urchin sperm
protein enterokinase and agrin (SEA) domain to generate two peptide fragments
and heterodimeric MUC1 |7, II]. The subunit or MUC1-C contains a C-terminal
cytoplasmic domain (MUC1-CT) with 69 amino acids, a hydrophobic transmembrane
domain (TMD) with 28 amino acids and a short extracellular domain (ECD) with
58-amino acids that is noncovalently attached to the N-terminal extracellular domain
(MUCI1-N) or subunit [I83]. The cytoplasmic tail of MUC1 (MUC1-CT) aids in signal
transduction |30, [184].
Among different types of glycosylation, O- and N-glycosylations dominate in MUC1
[185]. The MUCI-N subunit in normal cells, consists of a heavily O-glycosylated-

VNTR (variable number of tandem repeat) sequence of 20-21 amino acids (PDTR-~
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PAPGSTAPPAHGVTSA), which masks the peptide core and protects it from cleav-
age by proteolytic enzymes, and also prevents it from undergoing clathrin-mediated
endocytosis [I86]. The molecular weight of MUCI can vary between 250-500 kDa
based on the percentage of glycosylation (in the range of 50-90% of its molecular
mass) and the number of tandem repeats [I87]. N-glycosylation of MUC1 occurs at
five potential sites, one in the ECD of MUC1-CD, and four in the degenerate repeat
of MUCI-N [I73]. N-glycosylation patterns are important for MUCI folding, sorting,
apical expression and secretion, whereas O-glycosylation is crucial for its biological
properties [188], [189].

MUCT1 glycosylation depends on the tissue of origin and is regulated by a large
number of glycosyltransferases. O-glycosylation is initiated by adding N-acetyl-
galactosamine (GalNAc) to the VNTR region highly rich in threonine (Thr) and serine
(Ser) residues. Following that, a large family of up to 20 distinct polypeptide GalNAc
transferases (ppGalNAc-Ts) form the initial O-linked GalNAc -Ser/Thr structure (Tn
antigen) in the endoplasmic reticulum (ER) and ER-Golgi compartments. This forms
the initial O-linked GalNAc -Ser/Thr structure (Tn antigen) [190]. Following the for-
mation of Tn antigen, GalNAc residue can be further modified by various distinct
glycosyltransferases and construct di erent glycan structures of core 1 also known as
T or TF (Thompson-Friedenreich) antigen (by addition of Gal residue) and core 3 (by
adding GlcNAc 1-3GalNAc ) and Sialyl-Tn antigen (STn, by addition of sialic acid
residue). Glycosylation continues by extension and chain termination by the addition
of carbohydrates such as sialic acid [190] 191}, 192].

However, in cancer cells, MUC1 mostly displays hypoglycosylation of the core gly-
cans, like sialyation of Tn and T antigens via sialyltransferase enzymes that lead to
premature chain termination [193, 194], 195 196]. MUCT expression has been shown
to be up to 10 times higher in many human carcinomas than in normal tissues, which

provides resistance to chemotherapy [196], 25 [197]. Therefore, antibodies against tu-
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mor associated MUC1 are more likely to bind to the antigen on the surface of tumor
cells and not MUCI on the surface of normal cells. This makes tMUC1 a top molec-
ular target to both detect cancers as well as design antibodies against the altered
glycopeptide epitopes in the TR domain. These antibodies are also used to design
human T cells to target tMUCI, called Chimeric Antigen Receptor T-cells (CAR T
cells) [108, 199, 200].

4.2.2  Role in GI Tumors

MUCT is overexpressed and aberrantly glycosylated in most human epithelial can-
cers [20I]. The aberrantly glycosylated MUC1 expressed on malignant cells, called
the tumor associated MUC1 or tMUC1 renders usually inaccessible MUC1 epitopes
open to detection. MUCI has been a molecule of interest for immunotherapy for a
long time. It is a highly overexpressed cell surface antigen and has altered glyco-
sylation in tumors [6]. However, MUC1 has been shown to play a paradoxical role
following infections, acting as an anti-inflammatory molecule in healthy cells and as a
pro-inflammatory molecule in cancer cells [08]. In 2009, the National Cancer Institute
(NCI) had ranked tMUCI1 as the second most targetable antigen out of 75 for devel-
oping cancer vaccines [100]. MUCI has been reported to play a role in tumorigenesis
by inhibition of cell death and promotion of metastasis [202, 203, 204]. MUCI in-
duces signaling through its cytoplasmic domain (MUC1-CT) and binds to the EGFR
family of growth factor tyrosine kinases and enhances signaling through ERK activa-
tion and cell proliferation [205]. MUCI-CT interacts with S-catenin, stabilizes it and
co-activates Wnt signaling [206]. MUC1 overexpression and its interactions with p53
and FOXO3a transcription factor dampen drug-induced apoptosis and resist oxidative
cell damage [207, 208]. MUCT also reduces pro-apoptotic signaling via the heat shock
protein (HSP) 90, PI3K/Akt and Caspase-8 pathways [203], 209, 34]. An increase in
depolarized MUCI1 leads to the disruption of the normal cell-cell and cell-matrix

adhesion and increase in cell-endothelial adhesion, allowing increased metastasis in
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preclinical models [210]. The hypoglycosylated tMUC1 has increased interaction with
cell adhesion molecules ICAM-1 and E-selectin, both of which can improve cellular
migration and vascular invasion [211]. MUCI confers drug resistance in pancreatic
ductal adenocarcinoma cells by upregulating multidrug resistance genes [45]. MUC1
has also been reported to increase metastasis through the induction of platelet-derived
growth factor (PDGF-A) expression by hypoxia inducible factor (HIF)1-« [212] and
leads to epithelial-to-mesenchymal transition in pancreatic cancer [46],04]. MUCI has
also been shown to regulate function of transforming growth factor-g (TGF-8) and
switch it from a tumor suppressor to a tumor promoter in PDA cells [88] 213]. MUC1
is a prognostic factor that marks poor outcome in gastric cancer patients [214]. Ex-
pression of MUC1 has also been reported to be significantly correlated to metastasis
in colorectal cancer [202].

Overexpression in multiple epithelial tumors, expression all over the surface of a
tumor cell due to loss of apicobasal polarity in cancer cells, thus making it accessible
to antibodies and tumor-specific aberrant glycosylation with truncated carbohydrate
antigens Tn and TF in the VNTR region are features that make MUC1 an attractive
target for immunotherapy [198]. Various preclinical and clinical trials have been
performed in GI cancers with antibodies against different MUC1 domains (MUCI1-N,
SEA and MUC1-C), some of them targeting specific hallmarks of cancer (Figure .

The objective of this review is to highlight the recent advances made in the treat-
ment of gastrointestinal cancers utilizing antibodies, immunoconjugates and antibody-
derived molecular therapies against tMUC1. We have also provided perspectives on
how different anti-MUCT1 antibodies target different hallmarks of cancer and thus can

be utilized as a combination therapy to have better clinical outcomes.
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Figure 4.1: A schematic diagram showing the different antibodies recognizing different
domains of MUC1 and also the hallmarks of cancer that they target.

In Figure the various domains of MUC1 are denoted with different colors, ED
and VNTR in sea green, SEA domain in blue, transmembrane domain in orange, and

CT in light green.
4.3  Anti-MUC1 Antibodies in Preclinical and Clinical Trials

Antibody-based immunotherapy has been used for cancer treatment for the past
two decades and is one of the most effective ways to treat hematological malignan-
cies and solid tumors [215, 216]. Monoclonal antibodies (mAbs) can be generated
by immunizing immunocompetent mice with tumor antigens or tumor cell lysates, or
synthetically engineered to bind to specific proteins on cancer cells [217, 218]. The
fundamental mechanism of therapeutic mAbs are to tag cancer cells for phagocytosis
by macrophages or killing by NK or effector T-cells, block the downstream signaling

of the target molecule, induce programmed cell death (or autophagy) in the antigen
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expressing cancer cell, and aid in targeted delivery of therapeutic agents to specifi-
cally destroy cancer cells [217, 218, 219]. Many anti-MUC1 antibodies are in clinical
trials or under pre-clinical or experimental studies. The anti-MUC1 antibody-based

therapeutics developed against GI cancers that are in pre-clinical and clinical trials

have been summarized in Tables and [.2] respectively.
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4.3.1  Monoclonal Antibodies
4.3.2  Antibodies Recognizing Non-Glycopeptide Epitope

Human milk fat globule 1 (HMFG1) is an IgG1 murine antibody with kappa light
chain, recognizing PDTR epitope within the VNTR region of MUCI1-ED. The hu-
manized HMFG1 (AS1402, huHMFG1, Therex, BTH-1704, R-1550) was generated
by transferring the complementarity determining regioDe murine HMFG1 onto se-
lected human framework with the same affinity to MUC1 [239, 240]. To directly
target MUCT1 positive advanced pancreatic tumors and trigger neutrophil-mediated
immune response, the binding capacity of this mAb in combination with a polysac-
charide § 1,3/1,6 glucan (derived from S.cerevisiae) as an immune stimulator with
two drugs Gemcitabine and Imprime PGG was evaluated [241]. The secondary objec-
tives were to characterize the adverse effects, time to progression, clinical response,
progression-free and overall survival. However, this phase Ib trial (NCT02132403)
was terminated due to drug recall. PAM4 is another IgGG1l murine mAb, generated
by immunizing mice with mucin purified from the xenografted RIP I human pan-
creatic carcinoma [242]. This mAb can recognize 85% of the pancreatic carcinomas
and 50% of the colon carcinomas. However, it does not detect breast, ovarian, re-
nal, prostate and liver cancers [243]. It has been reported that PAM4 is not related
to the core epitopes of VNTR and that it also binds to other mucin proteins like
MUCSAC [242] 244]. In the preclinical studies, 1311- and 90Y-labeled PAM4, was
shown to control pancreatic cancer with enhanced survival and clinical responses in
pancreatic cancer patients [245] 243]. In the phase I clinical trial, 131I-PAM4 IgG and
99mTc-PAM4 Fab0 showed the specific tumor localization in four out of five patients,
therefore ensuring these are ideal candidates for further trials [243] 246]. Humanized
PAM4 (hPAM4, IMMU-107) also known as clivatuzumab was constructed and radio-
labeled with Yttrium (90Y) and used for patients with stage III and IV of pancreatic

cancer. In a phase I trial, it was shown that 90Y-Clivatuzumab tetraxetan was well
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tolerated with toxicity restricted to the bone marrow and manageable hematologic
toxicity was seen at the maximal tolerated dose of 90Y. Tumor targeting was ob-
served in most patients by using '!'In-labeled antibody, and even with mucin antigen
present in the serum, there were apparently no issues with the biodistribution or clear-
ance of the antibody. All patients demonstrated disease progression at or after week
eight, and some of them had stable target lesions at four weeks after treatment [247].
Hence, combination of chemotherapy and radioimmunotherapy agents was considered
for future trials. Phase I/II trials with 80 participants are ongoing (NCT00603863)
to test whether different doses of 90Y-hPAM4 in combination with gemcitabine are
safe to give in patients with previously untreated pancreatic cancer. Clinical effi-
cacy of Y-clivatuzumab tetraxetan (DOTA) with or without low-dose gemcitabine
(PANCRIT™L-1) was assessed in a phase I/II/III trial with metastatic pancreatic
cancer patients which appeared to be an active first-line therapy for pancreatic can-
cer [248], but eventually, it was discontinued due to insufficient improvement in overall
survival in comparison to placebo [NCT01956812]. GP1.4 is an anti-MUC1 antibody
that caused internalization of EGFR in pancreatic cancer cells. This inhibited ERK
phosphorylation by EGF stimulation in a MUC1 dependent manner. Inhibition of
ERK phosphorylation by GP1.4 resulted in the suppression of proliferation and mi-
gration of pancreatic cancer cells [249]. TABO004 is a murine IgG1l mAb that was
initially developed by immunizing Balb/c mice with lysates from MUCI-expressing
tumors that developed in a human tMUCI bearing transgenic mouse [83]. TAB004
targets the epitope area with sequence STAPPVHNYV present within the TR sequence
(AA950-958) of hypoglycosylated tMUC1 [177, 30} 230, 250]. TAB004 distinguishes
between normal and tumor-associated forms of MUCI solely based on the expression
of hypo-glycosylated or aberrantly glycosylated MUC1. TABO0O4 alone or in conjuga-
tion with dye-doped mesoporous silica nanoparticles was used to detect breast cancer

in vivo [232], 251]. TAB004 was also shown to be a diagnostic marker for cancer stem
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cells and circulating MUCT in mice and patients with pancreatic cancer [64]. TAB004
in combination with IL2 was shown to improve survival in PDA models by the follow-
ing mechanisms: (1) reduction in tumor-induced immune regulation and (2) increasing
recruitment of CD45+CD11b+ cells, thus increasing antibody-dependent-cellular-
cytotoxicity or antibody-dependent-cellular-phagocytosis (ADCC/ADCP) [231]. It
has also been reported that, the TAB004 antibody induces complement-independent
growth inhibitory effect on PDA cells and significantly increases the anti-tumor effi-
cacy of chemotherapy drugs like 5-FU, Gemcitabine and Paclitaxel [232]. In another
study, humanized TAB004 was conjugated to 111In and 225Ac-DOTA and this im-
munoconjugate not only could target the tumor specifically but also showed complete
preclinical response in triple negative breast cancer [252]. MUCI1-014E is another
anti-MUC1 antibody raised against an intracellular nonrepeating 19-amino-acid se-
quence (RYVPPSSTDRSPYEKVSAG) of the MUC1-CT, using a synthetic peptide
with the 7-amino-acid epitope (STDRSPY). MUC1-014E showed sharp and specific
staining of carcinoma cells, but no staining in fibroblasts, endothelial cells, and in-
flammatory cells. High rates of positive immunohistochemical staining (97-100%)
was found in 107 gastrectomy specimens compared with the other MUC1-related an-
tibodies (MUC1-DF3, MUC1-Ab-5 and PAb anti-MUC1*1110-ecd). MUC1-014E also
recognized isolated cancer cells of signet-ring cell carcinoma (sig) and non-solid type
poorly differentiated stomach adenocarcinoma (por2). Therefore, this mAb could be
used to detect cells in scirrhous gastric cancer [253]. hMUC1-1H7 is an anti-hMUC1
murine mAb developed against a recombinant MUC1 obtained from the breast cancer
cell MCF7. It significantly reduced proliferation of breast cancer cells in which it is
internalized and specifically localized in MUC1-expressing tumors in the xenograft
mouse models. hMUC1-1H7 is specific for the extracellular domain of MUC1-CD
and can bind to shed MUC1 as well [229]. It has also been reported that, G3 can in-

hibit EGF-mediated ERK phosphorylation and cyclin D1 expression, thus, inhibiting
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EGFR signaling pathways in pancreatic cancer models [228].
4.3.3  Antibodies Recognizing Glycopeptide Epitopes

PankoMab is a murine IgG1, kappa light chain mAb recognizing tMUC1 glycopep-
tide. It has shown a reduced rate of binding to circulating tMUC1 and mononucleated
cells in the serum of colon and pancreatic cancer patients [254]. There are various
chimeric and humanized formats of PankoMab under clinical trials as suitable can-
didates for therapeutic and diagnostic applications [255]. PankoMab-GEM" (PMG)
also known as Gatipotuzumab (previously known as PankoMab-GEM"), is a glyco-
optimised mAb with many advantages. For example, it has higher tumor specificity
and affinity with an increased number of binding sites, reduced binding to shed MUC1
from colon and pancreatic carcinoma, no binding to peripheral blood mononucleated
cells, stronger ADCC, and rapid internalization compared to other antibodies [255].
Its mechanisms of action include ADCC and ADCP. A phase I study in patients with
tMUCT positive advanced solid tumor showed that PMG was safe, well tolerated and
showed promising anti-tumor activity [256]. The phase 2 study evaluated the effi-
cacy and safety of PMGs maintenance therapy compared to placebo in patients with
recurrent ovarian, fallopian tube or primary serous peritoneal cancer [257]. This ran-
domized double blinded study reported that PMG failed to improve the time without
disease recurrence when given as a single entity [257]. However, it showed a good
safety profile, hence, targeting tMUC1 by this antibody in combination with other
standard chemotherapy or developing a bi-specific antibody to modulate the immune
system holds promise to improve its anti-tumor efficacy [257]. AR20.5 (BrevaRex)
is a murine monoclonal antibody (IgG1) developed by immunizing mice with three
different sources including MUC1 derived from an ovarian cancer patient, human
fluids and MCF-7 cell culture medium. It reacts with six amino acids within the
VNTR region (DTRPAP). However, addition of a single GalNAc enhanced the bind-

ing affinity of AR20.5 to the MUC1 epitope [I186]. AR20.5 forms a complex with
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circulating MUC1 and/or transmembrane MUCI on tumor cells. This complex can
be internalized by dendritic cells which facilitates effective antigen-processing and
cross-presentation of MUC1 to T cells, and leads to the activation of cytotoxic T
cells to kill the tumor [258]. In the phase I trial of AR20.5 patients with advanced
adenocarcinoma were treated, it induced MUC1-specific immune responses, did not
have dose-limiting toxicity, and induced no hypersensitivity reactions. The 2-mg dose
showed the strongest biological activity, and was evaluated in future trials [259]. The
combination of AR20.5, anti-PD-L1 antibody and PolyICLC rejected human MUC1
expressing tumors and provided a long-lasting, MUCI1-specific cellular immune re-
sponse, which when adoptively transferred to human MUCI transgenic (MUC.Tg)
mice, provided protection against tumor formation. CD8+ cells were found to be the
effectors for the MUC1-specific immune response generated by this combination. In
the US, a phase I/II clinical trial is ongoing for pancreatic cancer by OncoVent Co.,
Ltd., with this combination [260]. The DS6 antibody is an IgG1 murine antibody
recognizing the CAG6 sialoglycotope of tMUCT1 that is overexpressed in a variety of
solid tumors, including ovarian, breast, cervical, pancreatic and lung cancers. DS6
detects a CA6 antigen that is different from well-characterized tumor-associated anti-
gens, such as MUC1, CA125 and the histo-blood group-related antigens sLea, sLex
and sTn [261]. DS6 specifically binds to the tandem repeat domain of CA6-positive
MUCT based on the presence of mucin type O-linked glycans with a2,3-sialylated and
f1,4-galactosylated termini [262]. Humanized DS6 (huDS6) antibody was conjugated
to the cytotoxic maytansinoid derivative drug DM4 through a cleavable linker. The
ADC was called SAR566658 and it showed antitumor efficacy against CA6-positive
human pancreas, cervix, bladder, and ovary in vivo tumor xenograft models, with
a minimal effective dose correlating with CA6 expression as well as better efficacy
than standard-of-care nontargeted tubulin binders. SAR566658 was used in a phase

I clinical trial with 114 patients with refractory solid tumors. It showed a satisfac-
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tory safety profile and antitumor activity. Tumor improvement was shown in 35-60%
of patients at different dosages of SAR566658 [263]. The monoclonal IgGl-kappa
antibody C242 was developed by immunizing a mouse with human colorectal adeno-
carcinoma cell line COLO205. Humanized C242 (HuC242 or Cantuzumab) has the
CA242 epitope and reacts with a novel glycoform of MUCI1 also known as CanAg
glycoprotein (cancer antigen) [236]. CanAg is very highly glycosylated, rich in fucose
and sialic acid and Hx-CanAg (heavy subunit) is very similar to MUC1 in amino
acid composition, but L-CanAg (light subunit) is different. Deglycosylated H-CanAg
can be recognized by the monoclonal antibodies SM-3 and HMFG-2 [237]. Also, due
to its high expression in most pancreatic, biliary and colorectal cancers, CanAg is a
potential candidate for mAb-based therapies. In a phase I trial, Cantuzumab was
conjugated to an anti-microtubule agent mertansine (DM1) and different doses were
used to treat colon and rectum carcinomas or other malignancies with positive CanAg
antigen as a single intravenous infusion. Results showed that HuC242-DM1 is safe and
well tolerated with effective antitumor activity [238], 264]. In another phase I trial,
cantuzumab conjugated to potent cytotoxic maytansinoid drug ravtansine (DM4),
called IMGN242, was found to be well tolerated in colorectal and pancreatic cancer
patients at 168 mg/m2 dose. This provided a basis to perform phase II clinical studies
[265]. The phase II trial was started in CanAg-expressing gastric cancer patients at
a dose of 168 mg/m?2.

The data has been amended to differentiate the administered dose of IMGN242
based on the patientés plasma CanAg levels [266]. KL-6 is a mouse IgG1 mAb that
specifically recognizes a sialylated sugar of Krebs von den Lugen-6 (KL-6), which is
considered a MUC1-derived glycoprotein antigen. The minimal antigenic epitope for
binding of this antibody is PDTRPAP. It has been reported that anti-KL-6/MUC1
mADb increased aggregation of MUCI1 glycoproteins at one pole of the cell, called cap-

ping of MUC1 on the surface and facilitated E-cadherin-mediated cell-cell interaction
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in breast cancer cell lines YMB-S and ZR-75-1S. Anti-KL-6 also enhanced the cyto-
toxic activity of lymphokine-activated killer (LAK) cells. The mechanism of action
of this antibody is capping of MUC1 and restoring cell-cell adhesion by E-cadherin,
which induces cell cycle arrest by upregulation of the cyclin-dependent kinase, p27
[267]. This also leads to increased accessibility for effector cells to kill tumor cells
[220], 221], 222]. 99mTc labeled anti-KL-6/MUCI antibody was shown to be a tumor-
specific radiotracer that detects pancreatic cancer in vivo, but no further information
is available [268].

MY.1E12 is another murine anti-humanMUC1 mAb that binds toMUC1 bearing
sialylated O-linked oligosaccharides. MY.1E12 was generated by immunizing mice
with HMFG. It can identify colon carcinoma tissue [223, 224]. MY.1E12 specifi-
cally reacts to T structure (ST) attached to Thr8. The sialylation of the T struc-
ture (ST) enhances its reactivity with MUC1 [225]. ICG-N-hydroxysulfosuccinimide
ester (ICG-sulfo-OSu) and 3-ICG-acyl-1,3-thiazolidine-2-thione (ICG-ATT) were de-
veloped as infrared fluorescent-labeling reagents, and anti-human CEA antibody and
FMY.1E12 were labelled with 3-ICG-acyl-1,3-thiazolidine-2-thione. This was shown
to recognize the gastric cancer tissue specimens with a strong fluorescent signal
[226]. 5E5 and 2D9 are mouse IgG1lk mAbs that were generated by immunization of
wild-type Balb/c mice with GalNAc-glycosylated MUC1 glycopeptide (VISAPDTR-
PAPGSTAPPAHG) conjugated to KLLH. These antibodies exhibited high selectivity
for MUC1 tandem repeat glycopeptides with Tn and STn O-glycans and showed pref-
erence for Tn-MUC1 glycoforms that had the highest O-glycan occupancy. They can
bind to MUC1 with Tn or STn in the GSTA sequence of tandem repeats but do not

bind to the GSTA epitope carrying T [227].
4.3.4  Bispecific Antibodies for MUC1

Bispecific antibodies (bsAbs) can recognize two distinct epitopes or antigens simul-

taneously and therefore enhance the ability of immune cells to engage to tumor cells.
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Recently, MUCT1 has been considered for designing bsAbs. MUC1-CD16-Bi antibody
is a novel bispecific antibody generated via a Serine-Glycine linkage between single
domain antibodies (VHH segments) against tMUC1, and CD16 presented on natural
killer (NK) cells. The bsAb against MUCI named MUC1-Bi-1 was humanized by
grafting the CDRs of both segments to DP-47 V-segment. Both MUC1-Bi-1 and its
humanized version specifically detected tMUC1 on several cancer cell lines (SKOV3,
HT29, and LS174) and potentially introduced them to NK cells. These bsAbs had
no binding affinity and cytotoxicity to MUC1 negative CHO and HepG2 cells even
in the presence of NK cells [269, 270]. Different types of bsAbs were constructed
with binding affinity to both tMUC1 and CD3 on T-cells. Fab’-S-NB fragments of
OKT-3 mAb (anti-CD3) and Fab-SH fragments of MUSE11 mAb (anti-tMUC1) were
used to generate the first bsAb which increased the antitumor activity of CD3+ T-
LAK cells. MUSEI11 is a mouse IgGl mAb developed against the ascites fluid of
gastric cancer patients. The epitope of this antibody could be within the amino acid
sequence PDTRPAPG of tMUC1 [271]. MUC1 x CD3 BsAb was constructed with
MUSEL11 (anti tMUC1) and OKT-3 (anti-CD3), and MUC1 x CD2S BsAb was con-
structed with MUSE11 and 15E8 (anti-CD28) antibodies. The Fab-SH from MUSE11
and Fab-S-NB of mouse IgG1 15E8 (anti-CD28) antibodies were used. These BsAbs
showed growth inhibition of TFK-1 cancer cells and bile duct carcinoma in SCID
mice [272]. The BsAbs (MUCI x CD3 BsAb and MUC1 x CD28 BsAb) together
exhibited 60% cytotoxicity in vitro, similar to that shown by BsAb (MUC1 x CD3)
alone. Although reduction in tumor growth was limited, simultaneous administration
of a combination of three bsAbs (M x 3, M x 28 and M x 2 bsAb) with peripheral
blood mononuclear cells (PBMCs) or T-LAK cells in vitro showed higher cytotox-
icity against MUC1-expressing bile duct carcinoma cells [272]. Mx3 diabody is a
recombinant BsAb generated using the variable domains of two mAbs directed at

effector cells, one against CD3 (OKT-3, mouse IgG2a) and the other against CD28
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(15E8, mouse IgGl), and MUSE11 (mouse IgGl), directed at tMUC1 [273]. One chain
consists of a variable heavy chain specific for MUC1 linked to a variable light chain
specific for CD3 with a short polypeptide linker GlyGlyGlyGlySer (GGGGS). The
second chain has a variable light chain specific for MUC1 linked to a variable heavy
chain specific for CD3. Therefore, Mx3 diabody can specifically bind to both MUC1
and CD3 positive LAK cells with a T cell phenotype (T-LAK). Mx3 diabody with
T-LAK showed growth inhibition in about 98% of TFK-1 cells with an effector:target
ratio of 10 [273]. Mx3 was fused genetically to the mutated superantigen staphylo-
coccal enterotoxin A (SEA) D227A to specifically target bile duct carcinoma (BDC).
This super-antigen fused diabody also showed the potential to inhibit the BDC cell
line TFK-1 and reduce tumor size when compared to the Mx3 diabody alone [274].
A bsAb containing F(ab0)2/F(ab0) fragments with a functional chemical linker is
the anti-MUC1 /anti-Ga chelate. A mouse IgG1 12H12 mAb raised against a mouse
glycosylated form of MUCI called TAG-12 was combined to another mouse IgG3
anti-Ga chelate mAb. Prior to 3A10 F(ab0)coupling, the 12H12 F(ab0)2 fragment
was labeled with 1251. This bispecificcmAb showed improved immunoscintigraphic
tumor localization in breastcarcinoma bearing mice [275]. Another bsAb has been
constructed with a novel PD-1 inhibitor-induced cytokine- induced killer cells (CIKs)
armed with an anti-tMUC1 and anti-CD3 antibodies. This bsAb is currently under
several phase II randomized clinical trials for advanced gastric, kidney, lung, breast,
colorectal, pancreatic and liver cancers, but there is no further information available
(INCT03554395], [INCT03540199], [NCT03501056], [NCT03524261], [NCT03524274],
[NCT03509298], and [NCT03484962]) [276].

4.4  CAR-T Cells Targeting MUC1

TABO004 has been used to make a CAR-T cell construct, which has exhibited sig-
nificant cytotoxic activity against pancreatic cancer cells and reduced growth of or-

thotopic pancreatic tumors in a NOD-SCID mouse model [234]. Some PDA cells, for
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example CFPAC and HPAF II, were found to be resistant to the therapy and several
genes were overexpressed in them such as indoleamine 2, 3-dioxygenases-1 (IDO1),
cyclooxygenase 1 and 2 (CO x 1/2), and galectin-9 (Gal-9) [234]. This study showed
that combining biological inhibitors of IDO1, CO x 1/2, and Gal-9 with the CAR-
T cells resulted in significant enhancement of CAR-T cell cytotoxicity against PDA
cells.

5E5 mAb showed high specificity to breast cancer cells and tissue [198] 274] and
was used to develop MUC1 CAR-T cells. These CAR-T cells showed cytotoxicity
against leukemia and pancreatic cancer cells and also enhanced survival of mice by

eliminating the barriers for engagement of the endogenous immune system [199, 277].
4.5  Molecular Interactions between MUC1 and Its Antibodies

X-ray crystallography of antibody crystal structures [278] and NMR analysis of
glycopeptides [279] are used to understand the biochemical interactions or molec-
ular recognition between the antigen and antibody. The Tn antigen is one of the
most important structural motifs of tMUC]1 found widely in many different aggres-
sive carcinomas [280), 281]. It has been shown by years of extensive effort to develop
antibodies targeting tMUC1 having the Tn antigen, that most anti-MUC1 antibod-
ies do not directly bind to carbohydrates. However, the binding affinities with the
immunodominant MUCT are shown to be significantly increased by O-glycosylation
in this area [282, 283, 284]. AR20.5 bound to the glycopeptide with stronger affinity
than the naked peptide. These observations led to the hypothesis that the antibody
must specifically bind the carbohydrate as well as the peptide. X-ray crystallogra-
phy of the structures of AR20.5 [I86] and SM3 [285] in complex with both peptide
and glycopeptide revealed that the carbohydrate did not have any specific polar con-
tacts with the antibody. The high affinity for the glycopeptide and the lack of specific
binding contacts of AR20.5 suggest that glycosylation of MUC1 stabilizes an extended

bioactive conformation of the peptide that is recognized by the antibody. Evidence
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suggests that glycosylation of the peptide alters the conformational equilibrium of the
antigen, and this allows the antibody to select the correct conformation. Therefore,
glycosylation of MUCI is important for the generation of high affinity therapeutic
antibodies [I86]. The anti-MUC1 KL-6 antibody distinguishes between the ST, Thn,
and T antigens at the same O-glycosylation site independent of the modifications at
other potential sites [221], 283, 284]. The NMR study suggests that KL6 mAb strictly
recognizes the epitope from the extended trans conformation of a glycopeptide, which
has been modified with the ST antigen. Detailed molecular recognition studies on
MUC1 and anti-MUC1 antibodies and the use of synthetic glycopeptide library to
develop a new class of antibodies targeting “dynamic glycopeptidic neoepitopes” with
disease-relevant O-glycosylation in immunodominant mucin domains have been de-
scribed recently [286].

The lack of carbohydrate-binding specificities in most anti-MUC1 mAbs is a huge
challenge for the development of MUC1-based therapeutic antibodies. Antibodies
binding to cancer-relevant glycopeptidic neoepitopes with higher specificities in car-
bohydrate recognition will be beneficial in the development of anti-MUC1 mAbs as

therapeutic and diagnostic agents in the clinical settings.
4.6  Concluding Remarks and Future Perspectives

In spite of MUC1 being a top target, multiple trials with MUC1 antibodies and
antibody-derived immunotherapies have failed to translate to the clinic. Most of the
trials have been discontinued for not being sufficiently effective. There may be various
reasons for the inefficiency of the antibodies. As of now, many anti-MUC1 antibodies
have been developed against the highly immunogenic VNTR region of MUC1 « chain
(MUCI1-ED) [287]. After cleavage at the SEA domain, the MUCI-N is often shed
from the surface of cells and released into the peripheral blood. The shed a subunits
(MUCI-N) sequester anti-MUC1 antibodies against the VNTR region, preventing

them from binding to the surface MUC1 [255]. To overcome this problem, antibodies
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against MUC1-CD could be used as a more effective strategy. Shedding of MUC1-N
increases its levels in the serum of patients with various cancers [288], 289 290], thus,
reducing the specificity and effective binding of the antibodies to MUC1 on the tumor
cells [288] 29T]. Therefore, serum levels of MUCT in different cancer patients need to
be evaluated to find an effective dose of the antibodies [292]. In addition, bsAbs can be
made by combining immune checkpoint inhibitors such as anti-PD1 and anti-PD-L1
antibodies with anti-MUC1 antibodies. This will increase engagement of the im-
mune cells with the tumor. In recent years, antibodies are being designed against the
other domains of MUCI1 including SEA, extracellular, and intracellular MUC1-CT.
Therefore, rational designing of antibodies and combination therapy strategies are im-
portant to achieve a good safety and efficacy profile against MUC1 expressing cancers.
Antibodies to the non-glycopeptide part of the VNTR region have not been able to
generate an effective cellular or humoral immune response to tMUC1 [293]. Antibod-
ies to MUC1 peptide also do not effectively recognize MUC1-expressing tumor cells.
However, antibodies raised against shortened glycopeptide structures with a simple T
antigen (T, Galf1-3GalNAc), sialyl Tn (NeuAca2-6GalNAc) and Tn (GalNAc) elicit
the strongest immune response against MUCI-expressing tumor cells [294]. This
happens due to the specific presence of Tn and STn glycans on MUCI1 expressing
cancer cells, but not on normal epithelial cells and the blocked regions of the VNTR
domain get exposed to recognition by antibodies, thereby, producing tumor-specific
recognition sites. As evident, studying the glycosylation changes have led to the
development of potentially effective MUC1-based immunotherapy [295, 212]. Some
anti-MUC1 antibodies can recognize the MUCI1 epitopes on both normal epithelial
and tumor cells thus compromising the specificity [296]. Also, heterogeneity of MUC1
expression levels, the glycosylation pattern and subcellular distribution contribute to
reduced binding efficiency. The different glycoforms may confer an evolutionary ad-

vantage on the tumor cells to be resistant against antibody-based therapies [296, 297].
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Therefore, a combination of antibodies that can detect many glycoforms of MUC1
can be considered for clinical trials. Anti-MUC1 antibodies directed against the SEA
domain target the junction of MUC1 « and [ subunits, which is composed of intact
epitopes from both [298] 299]. These anti-SEA domain antibodies have shown high
affinity and effectivity compared to antibodies targeting the VNTR region [299]. The
mechanism of action anti-MUC1 mAbs target one or more hallmarks of cancer. For
example, some antibodies have been reported to show ADCC and ADCP, some others
block anti-apoptotic mechanisms thus inducing cell death, also some antibodies re-
duce expression of pro-survival genes. Gatipotuzumab is a glycooptimized antibody
developed by Glycotopes GlycoExpress platform that significantly improved treat-
ment outcome with mechanisms such ADCC, tumor cell phagocytosis and induction
of apoptosis compared to non-glycooptimized biotherapeutics [257]. Other antibodies
against MUC1 glycopeptide, such as 5E5 and 1B2, have been shown to be effective as
immunotherapy strategies because of their high specificity to tMUC1 and ability to
induce ADCC [300]. Therefore, by utilizing the mechanism of action of an antibody,
strategies could be developed to eliminate the tumor.

However, a decrease in concentration of anti-MUC1 antibodies targeting the tumor
and their poor internalization due to the extracellular MUC1-N barrier remain major
hurdles. To overcome this, development of antibody fragments can be considered
[295, BOT]. Also, a whole or fragmented antibody could be conjugated to potent
drugs to target specific types of tumor cells. For example, Napabucasin, which is a
STAT-3 inhibitor was under Phase III clinical trials for PDA but was discontinued due
to futility [302]. However, it has been shown that high-MUC1 PDA cells are more
sensitive toward the STAT-3 inhibitor Napabucasin [303]. Therefore, anti-MUC1
antibodies armed with Napabucasin may be a promising strategy to eliminate high-
MUCI1 tumors. Bispecific and trispecific antibodies armed with anti-PD-1, anti-

MUCT and anti-CD3 are new products under clinical trials [270].



CHAPTER 5: TARGETING TUMOR-ASSOCIATED MUC1 OVERCOMES
ANOIKIS-RESISTANCE IN PANCREATIC CANCER

5.1  Introduction

Currently, cancer is the second leading cause of death worldwide and the main
cause is not the primary tumor, but metastasis and recurrence. Cancer cells metas-
tasize after successful detachment from surrounding cells or the extracellular matrix
(ECM), migrating to distal locations, followed by reattachment, and proliferation
in the new site [304]. Cancer cells employ different mechanisms to avoid anoikis,
thus enhancing their invasiveness and potential for metastasis. These include ligand-
dependent or independent oncogenic signals that induce pro-survival signaling path-
ways, leading to stemness, proliferation, and invasion [305]. Anoikis is an apoptotic
event, which is activated to clear detached cells [306] via induction of both the in-
trinsic and extrinsic apoptotic pathways. Pro-apoptotic events are activated in the
mitochondria to trigger the activity of effector caspases for elimination of detached
cells and restoration of tissue homeostasis. For detached cells that have undergone
epithelial-to-mesenchymal transition (EMT), it is crucial to resist anoikis to colonize
a new organ. Anoikis resistance, is an emerging hallmark of metastatic malignancies
since it provides cells with an advantage of anchorage-independent survival during
tumor dissemination [307, [308] [309] B10]. Different factors have been reported to aid
in anoikis-resistance in cancer cells including but not limited to changes in cell ad-
hesion molecules, enhanced production of reactive oxygen species (ROS) and growth
factors like EGF, FGF and VEGF, activation of oncogenic signaling pathways, upreg-
ulation of stemness factors, hypoxia and autophagy. Especially in PDA, the anoikis

resistance mechanisms are mostly driven by changes in glucose metabolism, STAT3
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upregulation, BCL2 activation, activation of ¢-SRC in a FAK independent manner.
The PI3K-Akt pathway has been reported to drive anoikis resistance in anchorage-
independent cells [305]. Mucin 1 or MUCI is a heterodimeric transmembrane glyco-
protein with a hyperglycosylated extracellular N- terminal domain that extends out
of the cell surface. MUCI is expressed on the apical surface of glandular or luminal
epithelial cells of almost all normal tissues. The MUCI single polypeptide chain is
cleaved by auto-proteolysis at a sea -urchin sperm protein enterokinase and agrin
(SEA) domain to generate two peptide fragments and heterodimeric MUC1. The S
subunit or MUC1-C contains a C-terminal cytoplasmic domain (MUC1-CT), a hy-
drophobic transmembrane domain (TMD) and a short extracellular domain (ECD)
with 58-amino acids that is noncovalently attached to the N-terminal extracellular do-
main (MUC1-N) or « subunit [6],[27]. MUC1-ECD engages in extracellular signaling
through sensing of external stimuli, followed by reprogramming of downstream gene
expression profiles of cells [308, 309]. In tumor tissues, MUCI is overexpressed, hypo-
and aberrantly glycosylated, which exposes its core peptide and makes it accessible to
immunotherapy [311]. Hypo-glycosylated MUC1 shows increased intracellular uptake
by clathrin-mediated endocytosis and decrease in degradation. Thus, hypoglycosy-
lation may foster MUC1 oncogenic signaling by decreasing its cell surface levels and
increasing intracellular accumulation [6]. The receptor-like functions of MUCI pro-
vide adhesive/anti-adhesive functions to the cells. The transmembrane MUC1-CT
subunit is 72 amino acid residues-long and acts as a highly busy docking site for nu-
merous signaling molecules [312]. It directly interacts with several transcription fac-
tors, and physically occupies multiple promoter regions [27]. Although, MUC1 lacks a
DNA binding domain, it acts as a transcriptional co-activator or adaptor protein and
its presence in transcriptional complexes significantly enhances recruitment of other
co-factors and promoters of oncogenic transcription factors [6]. Transcriptional regu-

lation and other oncogenic functions are significantly modulated by post-translational
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modifications of MUC1-CT. For example, the MUC1-CT has seven tyrosine residues
that are highly conserved across all mammalian species. Phosphorylation of these
tyrosine residues increase the binding affinity of multiple kinases to MUC1-CT, thus
enabling activation of downstream oncogenic signaling [312].

TABO004 is a mouse monoclonal IgG1 antibody that was developed by immunizing
Balb/c mice with lysates from MUCI-expressing tumors that spontaneously devel-
oped in a transgenic tMUC]1 bearing mouse [202]. The epitope of TAB004 is present
within the TR sequence (AA950-958) of hypo-glycosylated tMUC1 [313], 83, [177].
TABO004 can differentiate between the normal and tumor-associated forms of MUC1
based on the hypo-glycosylation or aberrant glycosylation of MUC1. Several studies
showing TAB004s tumor specificity, and its diagnostic and therapeutic potential have
been published [30], 230] 64, 232], 251), 2311, 252], [314], 234]. However, the mechanism
of action of TABO04 in intracellular signaling has not yet been elucidated.

Thus far, TAB0OO4 has primarily been used as a vehicle for targeted therapy and
imaging. The rationale of this study is to understand the intracellular oncogenic
signaling changes post binding of TAB004 to surface tMUCT in epithelial tumor cells,
with a focus on PDA. Our long-term goal is to optimize therapeutic strategies to
prevent metastasis and recurrence. There is significant lack of understanding of the
mechanism(s) of action of tumor-specific antibodies with regards to how it may alter
intracellular oncogenic signaling within a cell. Thorough analysis of the intracellular
signaling of an antibody after binding to its target may clarify some of the causes of
resistance development and its clinical potential. Overexpression of MUCI has long
been associated with high metastatic potential and poor prognosis in cancer patients
[202]. MUC1 O-glycosylation has been reported to promote resistance to anoikis,
and removing the glycosyl residues opened up interaction of cell death receptors to
their ligands, leading to apoptosis. Both MUC1-ECD and MUC1-CT were found

to contribute to anoikis-resistance in epithelial cancer cells [313]. In this study, we
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show how targeting MUC1-ECD with TAB0O04 antibody can slow tumor growth by
overcoming anoikis-resistance through inhibition of altered oncogenic signaling via

MUCI1-CT.
5.2  Results

5.2.1  MUCI is overexpressed in majority of epithelial cancers, correlates with

poor overall survival and anoikis-resistance genes

We confirmed MUC1 overexpression in majority of epithelial cancers as analyzed
from the TCGA database (Figure [5.1]A). Compared to normal samples (n=1,603),
the expression of MUC1 was significantly higher in tumor samples across multiple
tumor types (n=13,509) (Figure [5.1A). Overexpression of MUC1 was found to be
significantly correlated (p=0.017) with poorer overall survival in epithelial tumors
(n=12,042) across 48 different tumor types (Figure [5.1]B). The TCGA dataset was
analysed for significantly differentially expressed genes (DEGs) in normal vs tumor
samples in human PDA (data not shown). The list of DEGs was curated for find-
ing a subset of nine genes that are associated with anoikis resistance, as determined
from the literature, and from those that were significantly upregulated in PDA (Fig-
ure ) These nine genes belong to the family of growth factor and its receptors
(EGF, EGFR), GPCRs (PI3K and PI3SKR), non-receptor tyrosine kinases (c-SRC),
transcription factors (¢c-MYC) or regulators of apoptosis (PTRH2 and BCL2). These
genes were found to be significantly associated with stemness, drug resistance, reg-
ulation of actin cytoskeleton, focal adhesion, autophagy, and apoptosis by KEGG
pathway analysis (Figure ) Survival data showed that overexpression of these
nine genes significantly correlated with overall poorer prognosis in epithelial cancers
(Figure ) The list from Figure was further filtered to find correlation with
MUC1 expression in normal vs tumor samples. Seven out of nine genes showed a
trend of positive correlation with MUCT1 expression levels in normal vs tumor sam-

ples in PDA (Figure5.1F). PTRH2 and SRC were filtered out due to high variability.
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The types of epithelial cancers analysed and patient characteristic table are in the

Supplementary Tables [5.1] and [5.2]
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Figure 5.1: MUCI is overexpressed and correlates with anoikis-resistance and poor

overall survival.
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In the Figure , (a) MUCI gene expression values in normal and tumor samples
from the pan-cancer analysis. A total of 15,112 samples were included, 13,509 tumor
and 1,603 normal samples. Plot was generated from the Differential Gene Correlation
Analysis (DGCA) (1.0.2) package in R (3.6.3). (b) Kaplan-Meier survival analysis
with MUCI gene expression from pan-cancer analysis. (¢) Heatmap showing scaled
expression values for genes PIK3R1, PIK3CD, PIK3CB, EGFR, EGF, BCL2, MYC,
PTRH2, and SRC in samples obtained from the TCGA pancreatic cancer (PAAD)
project. (d) Pathway analysis was performed for the following genes: BCL2, EGF,
EGFR, MYC, PIK3CB, PIK3CD, PIK3R1, PTRH2, and SRC, and the list of KEGG
pathways that these genes were significantly associated with are shown as a bar plot.
(e) Kaplan-Meier survival analyses with expression of the nine genes from pan-cancer
analysis. (f) Heatmap showing gene correlation values with MUC1 expression, calcu-
lated from DGCA, in PIK3R1, PIK3CD, PIK3CB, EGFR, EGF, MYC, and BCL2
genes for normal vs. tumor samples (PAAD project) (The SRC and PTRH2 genes

were filtered out during pre-processing filtering steps).

5.2.2  Treatment with TAB004 reduces survival, colony forming potential and

invasion in PDA cells

A panel of PDA cell lines were analyzed for their MUC1 expression using TAB004-
FITC, that binds to tumor-associated MUC1 (tMUC1) (Figure [5.2]A). CFPAC and
Capan 2 cells expressed high levels of tMUC1 on their surface, HPAF II expressed
medium levels and MiaPaca2 expressed low levels of tMUC1. TABO004 treatment
significantly reduced the colony forming ability (Figure ) in a dose dependent
manner. The IC5q values for each cell line are shown in the table and representative
images of the colony forming plates for Capan 2 and CFPAC are also shown in Figure
[b.2B. In general, PDA cells expressing higher tMUC1 showed higher IC5y. To confirm
that cell survival was impacted, we used the MTT assay on CFPAC, MiaPaca2, and
normal HPDE cells and show that post TAB004 treatment, the PDA cells have 50%
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survival while normal cell line remains unaffected (Figure [5.2C). HPDE normal cells
did not form colonies and therefore was not included in the colony forming assay.
Further, TAB004 treatment significantly reduced the percent of CFPAC cells that
invaded the matrix in a trans-well invasion assay (Figure[5.2D). When tested in com-
bination with other chemotherapy drugs, TAB004 enhanced the anti-tumor efficacy of
5-FU and Gemcitabine but not paclitaxel as measured by significant reduction in sur-

vival of CFPAC cells in the combination group of TAB004 and drugs (Supplementary
Figure .
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Figure 5.2: TAB004 reduces tumorigenic properties of PDA cells.

In Figure 5.2, A. Expression of MUC1 in PDA cells HPDE, Capan2, CFPAC,
HPAFII and MiaPaca2 (left to right). B. (Left) Graph showing percent of colonies
formed by the four PDA cell lines with increasing concentrations of TAB004 (5, 10
and 20ug/ml) after 7 days. Percentage of colonies were calculated as ((Number of
colonies in TAB004 treated wells / Number of colonies in IgG treated wells) X 100)
(Right) Representative image showing the number of colonies in 20ug/ml IgG and
TABO004 treated Capan2 (top) and CFPAC cells (bottom). C. Table showing the
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MUCI1 expression levels of the PDA cells and the respective 1C50 values of TAB004.
D. Graphs showing the percentage of survival in CFPAC, MiaPaca2 and HPDE (left
to right) cells after 48 hrs of treatment with 80ug/ml of TAB004 by MTT assay. E.
Invasion was determined by standard transwell assay and results are presented as
percentage of cells invading the Matrigel after treatment with 10ug/ml and 20ug/ml
of IgG and TABO004 for 48 hrs. Percent invasion was calculated as ((O.D. of TAB004
treated sample with conc. x/ O.D of IgG treated sample with conc. x) X 100). All
the experiments were performed in three independent replicates and the data are

represented as + SEM.

5.2.3  Treatment with TAB004 reduces activation of EGFR-PI3K pathway as
measured by phosphorylation of EGFR and PI3K

To evaluate the effect of TAB004 treatment on downstream oncogenic signaling,
we assessed the EGFR-PI3K pathway post treatment with TAB004. CFPAC cells
were serum-starved overnight and treated with EGF with or without pre-treatment
with TABOO4. EGF induced phosphorylation of EGFR and PI3K in CFPAC cells
within 10 minutes (Figure [5.3]A-B). When the cells were pre-treated with TAB004

for 20 minutes, EGFR and PI3K phosphorylation was significantly reduced (Figure

5.3A-B).
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Figure 5.3: TAB004 blocks EGFR-PI3K pathway.
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In Figure [5.3] A. Western blot showing levels of P-EGFR, EGFR, P-PI3K and
PI3K before and after treatment with 10ng/ml of EGF for 10 minutes and 10ug/ml
of IgG or TABO004 for 20 minutes. [-actin was used as endogenous loading control. B.
Densitometric analyses of expression levels of the proteins after normalization with
[-actin levels. All the experiments were performed in three independent replicates

and data are presented as £SEM of n=3.
5.2.4  Gene expression changes induced by treatment with TAB004 in PDAC cells

To further understand the underlying mechanism of TAB0044s anti-tumor effects,
we performed transcriptomics on two PDA cell lines CFPAC (tMUC1-high) and Mi-
aPaca2 (tMUCI1-low) post 24h treatment with either IgG or TAB004. The DEGs in
CFPAC primarily belonged to the metabolic pathway genes or to the cell-cycle and
apoptosis regulating genes (Figure ) The DEGs involved in cell cycle regulation
and apoptosis include E2F1, WRAP73, ZC3H4, CIAPIN1, TMEM127, TRIB2, pro-
tein degradation (ASB16-AS1 and UBE2S), cell-cell adhesion and extracellular matrix
remodeling and migration (CDH23, CNTN2, CCBEL1), endoplasmic reticulum stress
and hypoxia (SCAMP5, EGLN3) (Figure [5.4B). We confirmed the induction of au-
tophagy by LC3B staining in TAB004 treated CFPAC cells after 24 hrs and there was
a significantly higher number of cells undergoing autophagy after TAB004 treatment

vs IgG treatment (Figure [5.4C).

In MiaPaca2, most changes were observed in the amino acid transport and metabolism
(SLC6A9, PSAT1, MTHFD2, PHGDH,), ER stress (ATF4) and autophagy (ATF4
and SLCT7A5) (Figure [5.4B). It is important to mention that ATF4 promotes tran-
scription of genes linked to amino acid sufficiency and protection of cells against
metabolic consequences of ER stress [315]. It activates the transcription of asparagine
synthetase (ASNS) in response to amino acid deprivation or ER stress [316]. In both
the cell lines, autophagy was confirmed by increased lysosomal activity on TAB004

treatment, which could not be rescued after pre-treating the cells with autophagy
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Figure 5.4: TAB004 induces nutrient starvation, ER stress and autophagy in PDA
cells.

In Figure 5.4 A. Heatmap showing top 30 differentially expressed genes in (left)
CFPAC and (right) MiaPaca2 cells after 24 hrs of treatment with TAB004. Fold
change of DEGs in TAB004 samples were calculated as a ratio of the IgG treated
samples and the genes with a p value of <0.05 between treatment groups were con-
sidered significant. B. Significantly altered pathways in CFPAC (top) and MiaPaca2
(bottom) cells were plotted from Ingenuity pathway analysis. C. (Left) Fluorescence
microscopy images of MiaPaca2 (top) and CFPAC (bottom) cells stained with Lyso-
tracker Deep Red before and after treatment with 20 pg/ml of IgG and TAB004 for 5
hours with or without 2 hours of pre-treatment with 100 xM Chloroquine phosphate.
(Right) Flow cytometry analysis of CFPAC cells treated with 20ug/ml of TAB004
for 24 hrs and stained with LC3B antibody. Percent autophagy was calculated as a
fold change of LC3B+ cells in TABOO4 treated samples vs IgG treated samples. All

experiments were performed in three independent replicates and data are shown as
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+SEM.

5.2.5  TABO004 leads to degradation of MUCI, disrupts MUC1-CT signaling and

induces apoptosis

Assuming that TAB004 treatment induces nutrient deprivation and autophagy
(based on Figure [.4)), we evaluated if the treatment with TAB004 led to increased
degradation of MUC1 protein itself in CFPAC cells. After 48 hrs of TAB0O04 treat-
ment, there was significant reduction in cytoplasmic MUCI levels, although no sig-
nificant change in nuclear MUC1 was observed (Figure [p.5A). We hypothesized that
due to degradation of MUCT1, the binding site for many cytoskeleton maintaining pro-
teins and intracellular kinases and protooncogenes may be reduced, thus leading to
"anoikis". TAB004 treatment significantly reduced protein levels of EGFR, ¢-SRC,
STAT3, c-MYC, and MUC1 (using both the MUCI1-N and MUC1-CT antibodies)
(Figure ) These binding partners also happen to be transcriptional targets of
MUCI-CT [317, 154, BI8, 22]. Thus, the essential drivers of survival, stemness and
anoikis resistance may have decreased binding to MUC1-CT, therefore, reducing fur-
ther downstream signaling.

Since the EGFR-PI3K activation was reduced post treatment with TAB004 (Figure
5.3) and because this pathway is known to confer anoikis resistance in cancer cells
[319], we determined the levels of PTRH2 and BCL2 after 48 hrs of TAB004 treat-
ment (Figure [p.5C). Treatment with TAB004 showed reduction in expression levels
of PTRH2 and BCL2 (Figure [5.5C) as well as showed increased expression of Apafl
and cleavage of Caspases 9 and 3 (Figure ) We isolated mitochondria in TAB004
treated CFPAC cells by subcellular fractionation and found that cytochrome C sub-
unit 4 (COX IV) was released only in the cytosolic fraction of the TAB004 treated
cells (Figure [5.5E). Release of cytochrome C is a hallmark of intrinsic or mitochon-
drial apoptosis activation. To check if there is mitochondrial membrane damage, we

stained treated cells with JC-1 dye and found that TAB004 induces mitochondrial
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membrane damage in PDA cells (Figure p.5F). The quantification of the number of

apoptotic cells is shown in Figure [5.5F insert.
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Figure 5.5: TAB004 degrades tMUC1 and induces extrinsic and intrinsic apoptosis

In Figure A. Western blot showing levels of MUCT in nuclear and cytosolic
fractions of CFPAC cells after treatment with 10ug/ml of IgG and TAB004 for 48
hrs. Lamin A/C and f-actin were used as nuclear and cytosolic endogenous controls,
respectively. B. (Right) Western blot showing levels of MUC1-N and MUC1-CT from
whole cell lysates of CFPAC cells treated with 10ug/ml of IgG and TAB004 for 48
hrs. (Left) Western blot showing levels of EGFR, STAT3, ¢-SRC and ¢-MYC from
the same CFPAC lysates. C. Western blot showing levels of PTRH2 and BCL2 in the
same CFPAC lysates. D. Western blot showing levels of Apafl, cleaved Caspase 9,
Caspase 9, cleaved Caspase 3, and Caspase 3 in CFPAC cells treated with 10ug/ml
and 20ug/ml of IgG and TABO004 for 48hrs. [-actin was used as endogenous loading
control for all western blots. E. Western blot showing levels of MUC1 and Cytochrome
C subunit IV (COX IV) in mitochondrial and cytosolic fractions of CFPAC cells
after treatment with 10ug/ml IgG and TABO04 for 48 hrs. COXIV and [-actin were
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used as endogenous loading controls for the mitochondrial and cytosolic fractions,
respectively. F. Fluorescent microscopic images of MiaPaca2 cells treated with IgG
and 20, 40 and 80 pg/ml of TAB004 for 48 hrs followed by staining with JC-1 dye for
30 minutes. Number of apoptotic cells in IgG and 20ug/ml of TAB004 were plotted
as a graph. All experiments were performed in three independent replicates and one

representative image is shown.

5.2.6  Differential response of MUCI cytoplasmic tail mutants to treatment with

TAB004

Various non-receptor and receptor tyrosine kinases phosphorylate MUCI1-CT at
specific tyrosine residues which enables MUC1-CT to function as a co-transcription
factor to regulate gene expression (schematic shown in Figure [5.6/Ai). Therefore, to
assess if binding of TAB004 to tMUC1 blocks signaling through the tyrosines in MUC1
CT and confers TAB0O4s anti-colony forming effects (Figure , we generated point
mutations to replace the tyrosines (Y) with phenylalanine (F) (Figure [5.6/Aii) and
further transfected MiaPaca2 cells with the mutant constructs. We observed differ-
ential sensitivity to TAB004 mediated inhibition of colony forming potential in the
mutants. We report that YO, Y6F and Y7F were the least sensitive to TAB004 with
the highest IC5q dose (Figure ) Representative Images of the colony forming
results are shown in Figure . At 10pg/ml, TABOO4 treatment did not signifi-
cantly reduce the colony forming potential of Y0, Y6F and Y7F (Figure ) JC-1
staining of TABO04 treated cells showed highest mitochondrial membrane damage
in MiaPaca2.Neo cells (cells that have been transfected with an empty vector and
deemed as the true control for the other mutant), followed by MiaPaca2.MUCI and
almost no mitochondrial damage in MiaPaca2.Y0 cells after 48 hrs (Figure [5.6E).
Therefore, MUC1-CT signaling via its tyrosine plays a significant role in the TAB004

mediated inhibition of colony formation and mitochondrial damage.
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Figure 5.6: MUC1-CT tyrosine mutants show differential sensitivity to TAB004.

In Figure [Ai]: A schematic of the MUC1-CT with the seven tyrosine residues in
red and the kinases that are known to phosphorylate them. [Aii]: A schematic of the
WT and the point mutation of tyrosine to phenyl alanine substitution. Authenticity
of the various mutated fragments carrying individual Y-F mutations was verified by

sequencing. B. Graph showing the percentage of colonies formed by the ten MiaPaca2
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MUCI-CT mutant cell lines after treatment with increasing concentrations of TAB004
(5, 10, 15 and 20ug/ml). ICsq value of TAB0OO4 in pg/ml for each of the mutants
listed in a chart. C. Images of colonies formed by the MiaPaca2 MUC1-CT mutant
cells after treatment with 10ug/ml IgG and TAB004 after 7 days. D. Graph showing
the percentage of colonies formed by the MiaPaca2 MUCI-CT mutant cells after
treatment with 10ug/ml IgG and TABO004 after 7 days. E. Fluorescent microscopic
images of MiaPaca2.Neo, MiaPaca2.Y0 and MiaPaca2.MUC1 cells after treatment
with 80ug/ml of IgG and TAB004 for 48 hrs followed by JC-1 staining for 30 minutes.

5.2.7  Treatment with TAB004 significantly reduces tumor growth in vivo, induces

apoptosis, and shows reduction in MUC1 expression

To verify if TABOO4 has any significant therapeutic efficacy alone, we treated CF-
PAC xenograft bearing nude mice with either IgG control or TAB004 once a week for
6 weeks. TAB00O4 slowed down tumor growth significantly compared to IgG (Figure
[(.7A). At endpoint, the tumor burden in TAB004 treated samples were significantly
less than the IgG treated samples (Figure ), and it did not have any adverse ef-
fect on the body weight of the animals (Figure [5.7[C). TAB004 treated tumor tissues
showed an increased level of cleaved Caspase 3 compared to the IgG treated tissues
(Figure [5.7D). This data confirmed the intracellular activation of apoptotic signal-
ing induced by TAB004 treatment in vivo. In addition, MUC1-N and MUC1-CT
were both significantly reduced in TAB004 treated tissues (Figure [5.7E). To assess
if TABOO4 enhances the anti-tumor efficacy of 5-FU in vivo, we treated CFPAC
xenograft bearing nude mice with PBS control, TAB004, 5-FU, and TAB004 + 5-FU.
TAB004 + 5-FU was the most effective treatment showing significant reduction in
tumor growth rate, tumor volume, and enhanced survival without any adverse effects

on the animalsa body weight (Figure [5.7E-H).
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Figure 5.7: TAB004 attenuates PDA and enhances efficacy of 5-FU.

in Figure 5.7 A. Tumor growth in 10 nude mice with CFPAC xenografts treated
with IgG (500ug/ml) (n=5) or TAB004 (500ug/ml) (n=>5). B. Tumor wet weight at
endpoint in IgG and TAB004 treated groups. C. Body weight of ten mice over the
period of 40 days. D. Immunohistochemistry showing levels of cleaved Caspase 3 in

IgG and TAB004 treated tumor tissues. E. Immunohistochemistry showing levels of
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MUCI-N and MUC1-CT in IgG and TAB004 treated tumor tissues. The percentage
of area positive was plotted by densitometric analysis of staining from five of the
IgG and TAB004 treated tissue sections. F. Tumor growth in 12 nude mice with
CFPAC xenografts treated with either PBS (n=3), TAB004 (500ug/ml) (n=3), 5-FU
(20mg/kg) (n=3) or TAB004 (500ug/ml) + 5FU (20mg/kg) (n=3). F. Tumor volume
on day 60 compared in all the four treatment groups. G. Kaplan-Meier survival plot

for the four treatment groups. G. Body weight of 12 mice over the period of 60 days.

5.2.8 TABO004 compromises the desmosomal assembly and disrupts colony

forming factors by degrading their association with MUC1

To prove that apoptosis was induced by disruption of cell-cell adhesion, we per-
formed mass spectrometry analysis of cells treated with TAB004 for 20 minutes and
found decreased binding of cell adhesion molecules Desmoplakin, Junction Plakoglobin
(7-catenin), Desmoglein, Keratin, Desmocollin and Galectin-7 with MUC1 (Figure
5.8A), indicating that TAB004 triggers detachment of cells from other cells and the
matrix. It is well-known that ~-catenin can bind to MUC1 and translocate into the
nucleus to drive oncogenic transcription, sometime it can substitute for S-catenin.
TABO004 also inhibited phosphorylation and activation of Desmoplakin at Serine 2209,
inhibited N-Acetylation of Junction Plakoglobin and induced methylation loss and N-
acetylation gain of Keratins 14 and 16 (Figure ) It also significantly reduced the
association of MUC1 with its well-known oncogenic binding partners Elongation fac-
tor 2, 14-3-3 Stratifin, Arginasel and [-catenin further confirming the disruption of
the co-transcriptional activity of MUC1 (Figure ) Microscopic images of single
cells treated with TAB0OO4 showed how it significantly reduces the capacity of cancer
cells to remain attached to a matrix thus destroying their colony forming potential
(Figure ) Albeit, not statistically significant, there appeared to be an increased
association of MUC1 with the ER stress response and the proteasomal machineries, for

instance, BIP, GRP-75, ER Resident Protein, Proteasomal subunit and Proteasomal
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Ubiquitin receptor (Figure [5.8C). This indicates that TAB004 induced degradation of
tMUCI in a autophagy-lysosomal manner, as shown in Figure[5.4] To check whether
TABO004 induces ubiquitination of MUCI1, we performed co-immunoprecipitation of
MUCI-CT after treatment with IgG or TAB004 and blotted for Ubiquitin. MUC1
was clearly found to have more binding to Ubiquitin in the TAB0O04 treated sample
(Figure |5.8D). Therefore, TAB004 induced tyrosine phosphorylation led to ubiquiti-
nation followed by lysosomal degradation of MUCI, thus leading to increased anoikis
in the PDA cells.

The mechanism of action of TAB0O04 in blocking tMUC1 oncogenic signaling and
blocking anoikis-resistance is shown as a schematic diagram (Figure [5.8D). On bind-
ing of TAB004 to tMUCI1, there is phosphorylation of MUC1-CT which tags it for
lysosomal degradation, thus decreasing its binding with desmosomal proteins as well
as transcriptional binding partners, in turn, blocking the oncogenic signaling. This
blockage prevents activation of PISK-PTRH2-BCL2 mediated anti-apoptotic gene
functions, and reduces overall expression of STAT3, ¢-SRC and ¢-MYC (Figure .
Furthermore, TAB0O04 binding to tMUCT reduces the binding of EGF to EGFR, en-
hancing the inhibition of downstream signaling. Therefore, TAB004 abrogates the

anoikis-resistance of PDA cells in both a ligand-dependent and independent manner.
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Figure 5.8: TAB004 disrupts the desmosomal assembly, triggers MUC1 degradation
and reduces its binding with other tumorigenic factors.
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In Figure 5.8 A. Mass spectrometry data plotted as fold change of relative abun-
dance (PSM value) of cytoskeletal proteins and known tumorigenic factors found in
Co-IP samples from CFPAC lysates treated with 10ug/ml IgG or TAB004 for 20 min-
utes. The mass spectrometry was performed on two independent biological replicates
of CFPAC treated cells. B. Microscopic images of CFPAC cells treated with 20ug/ml
IgG or TAB0O4 after 48 hrs showing detachment from the surface. Quantification
was performed by counting the number of detached cells in IgG and TAB004 treated
wells and plotted as a percentage of total number of cells. C. Mass spectrometry data
plotted as fold change of relative abundance (PSM value) of proteins associated with
ER stress and proteasomal degradation found in Co-IP samples from CFPAC lysates
treated with 10ug/ml IgG or TAB004 for 20 minutes. D. Co-IP on CFPAC cell lysates
after 20 minutes of treatment with 10 pg/ml of IgG or TAB004. Lysates were pulled
down with isotype IgG control or MUC1-CT2 antibody and WB was performed for
Ubiquitin and MUC1. Total MUC1 was used to show input. E. A schematic diagram

showing the mechanism of action of TAB004 in blocking MUC1-oncogenic signaling.
5.3 Discussion

The data demonstrates the effect of a tMUC1 antibody, TAB004, in reversing
anoikis resistance and colony forming potential of PDA cells (Figure and identi-
fying the underlying mechanism/s associated with the anti-tumor effects of the anti-
body. The DEGs in normal vs PDA from the TCGA database included nine anoikis-
resistance genes Figure ), with seven of these genes correlating with MUC1 ex-
pression (Figure 5.1D) including EGF, EGFR, PI3KR1, PI3KCB, PI3KCD, ¢-MYC
and BCL2.The genes that positively correlated with MUC1 also correlated with poor
overall prognosis (Figure [p.1E). Further bioinformatic analysis illustrated that these
genes were significantly associated with enhanced stemness, drug resistance, and au-
tophagy, decreased apoptosis, and in rearrangement of the cytoskeleton (Figure )

MUCT is known to enhance the expression and function of the ABC transporters to
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confer chemoresistance via upregulation of EGFR [320], 45]. Thus, it was interest-
ing to observe that TAB004 treatment significantly increased the sensitivity of PDA
cells to chemotherapeutic drugs like Gemcitabine and 5-FU (Supplementary Figure
5.9A). Because tMUC1 and EGFR-PI3K associated signaling collaborate extensively
to enhance many of the oncogenic pathways listed above [22] [319] 320}, 45|, 23] includ-
ing anoikis resistance and drug resistance, we hypothesized that TAB004 may block
activation of EGF-PI3K pathway via blocking signaling through its CT.

Indeed, pre-treatment of CFAC with TABO004, failed to significantly phosphorylate
EGFR and PI3K even after 10 minutes of EGF exposure (Figure [5.3A-B). TAB004
binding to MUC1-N prevented the binding of EGF to EGFR, thus inhibiting phospho-
rylation and activation of the EGFR-PI3K signaling. Although we hypothesize that
binding of TAB004 to tMUCI increases steric hindrance that blocks the binding of
EGFR to its ligand, thorough biochemical studies should be undertaken in the future
to elucidate the exact mechanism. TAB004 binds to MUC1-N and phosphorylates
its CT at tyrosine 1229 (Y6) at 10 minutes and the phosphorylation increases at 20
minutes and declines at 30 minutes (Supplementary Figure ) ¢-SRC is known
to phosphorylate MUC1-CT at Tyr1229 [318] therefore, we hypothesized that the
kinase responsible for MUC1 phosphorylation may be ¢-SRC, especially since ¢-SRC
phosphorylation was also observed at 10 minutes post TAB004 treatment and declines
by 20 minutes (Supplementary Figure [.10]A). We inhibited ¢-SRC activation for 30,
45 and 60 minutes with a pan-SRC inhibitor PP2 and then treated CFPAC cells with
TABO004 for 20 minutes. With increasing time of PP2 treatment, there was decreasing
phosphorylation of both MUCT at Tyr1229 and ¢-SRC at Ser416 (Supplementary Fig-
ure[5.10B). This is the first time that MUC1 antibody (TAB004) is shown to function
as a direct ligand to tMUC1, inducing phosphorylation of its CT and blocking EGF-
induced oncogenic signaling. Further confirmation that the effects of TAB004 binding

to tMUCT1 triggers signaling through MUC1 CT, we determined that inhibition of
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colony formation induced by TAB004 treatment was clearly reversed in MiaPaca-2-
Y0, Y6 and Y7 (MUC1 CT tyrosine replaced with phenylalanine) (Figure [5.6A-E).
One possible explanation of this differential sensitivity of the tyrosine mutants could
be that MUC1 turnover rate is maintained by ubiquitination at lysine 1231 by the
Ubiquitin E3 ligase WWP1 [321], we hypothesize that both tyrosines 1229 (Y6) and
1243 (Y7) aid in binding of WWP1 to K1231, and therefore, when these two sites are
mutated to phenylalanine, there is less binding of WWP1, leading to reduced degra-
dation of MUC1-CT by the proteasomal machinery. In addition to that, members of
the Cbl, Hakai, and SOCS-Cul5-RING E3 Ubiquitin ligase families, induce ubiquiti-
nation of phosphotyrosine-containing proteins, for example, receptor and nonreceptor
tyrosine kinases and their phosphorylated substrates [322] [323]. Ubiquitin-dependent
lysosomal degradation has been reported in regulation of numerous membrane pro-
teins, especially receptor proteins [323], 324] [325]. Ubiquitination of these membrane
proteins triggers their internalization and targets them for degradation by the lyso-
somal pathway [326]. Therefore, mutation of some of the tyrosines, block phosphory-
lation and hamper the binding of these proteins, thus decreasing MUC1 degradation
thus resisting TAB004 induced apoptosis. Further transcriptomics analysis revealed
that treatment withTAB004 induced nutrient deprivation, ER stress and autophagy
in PDA cells (Figure —C). All these intracellular stress signals converge at the mi-
tochondria eventually and decide the fate of a cell [327]. Most interestingly, TAB004
treatment enhances the degradation of tMUCI itself (Figure [5.5A) and significantly
reduces total protein expression of EGFR, STAT3, ¢-SRC and ¢-MYC (Figure [5.5B),
almost obliterating the expression of ¢-MYC (Figure [5.5B). This reduction in the key
proteins of oncogenesis is not exactly surprising as MUC1 drives activation of c-MYC
in multiple cancers [317, 213]; and MUCT is known to regulate EGFR expression [23],
and physically interact with it to drive tumor progression [125].

To confirm that treatment with TAB004 reduces the anti-apoptotic signaling thereby
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enhancing apoptosis, we show that treatment with TAB004 reduced levels of PTRH2
(Peptidyl-tRNA Hydrolase) and BIT-1 (Bcl-2 Inhibitor of Transcription) (Figure
). The mitochondrial / intrinsic apoptotic pathway is known to be activated
during ER stress, nutrient deprivation and anoikis [327, 328]. PI3K regulates the
expression of a protein called PTRH-2 or Bit-1, which in turn regulates the anti-
apoptotic BCL-2 [319]. PTRH2 regulates adhesion-mediated pro-survival signaling
by upregulation of BCL2 transcription. Loss of adhesion promotes PTRH2-mediated
anoikis [329]. Thus, treatment with TAB004 significantly reduced expression of the
anti-apoptotic BCL2 (Figure [5.5(C), while inducing expression of Apafl and cleaved
Caspases 9 and 3; a clear indication of induction of the intrinsic / mitochondrial
apoptotic pathway (Figure ) BCL-2 is the master anti-apoptotic member of the
BCL-family of proteins which avoids mitochondrial dysfunction and prevents apop-
tosis by various mechanisms [319]. The BCL-2 modifying factor (Bmf) can register
cytoskeleton damage and convey death signals. Upon detachment of cells, Bmf ac-
cumulates in the mitochondria, neutralizing Bcl-2, leading to cytochrome c release
and anoikis execution [330], 331]. TAB004 treatment released cytochrome C into the
mitochondria (Figure p.5E) and significantly damaged the mitochondrial membrane
as is evident by the presence of green fluorescence in cells after staining with the
JC-1 dye (Figure ) JC-1 is a cationic green dye that remains as a monomer in
damaged mitochondria, emitting green fluorescence [332].

TABO004 was most potent in reducing the colony forming potential of the PDA cells
and induced detachment and rounding of the cells by cytoskeletal rearrangement,
therefore, a phenomenon consistent with anoikis. In normal cells, loss of attachment
to the ECM induces anoikis. Resistance to anoikis in cancer cells promotes their
ability to survive in circulation, with subsequent colonization to distant anatomic
sites, leading to tumor metastasis [333, [334].

TABO004 treatment reversed anoikis-resistance in these cells in both a ligand de-
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pendent and independent manner. 1) Ligand-dependent: It blocked the binding of
EGF to EGFR and reduced activation of PI3K, thus inhibiting growth signal that
help cells survive nutrient deprivation and stress (Figure . In addition to that,
TABO004 forced the detached cells to commit to apoptosis by inducing mitochon-
drial membrane damage, after a battle between the stress response and activation
of apoptotic factors (Figure [5.4]). Therefore, the detached cells reached a point of
no return, thus losing the potential to colonize (Figure [5.2)). 2) Ligand-independent:
TAB004 degraded MUC1-N and MUCI1-CT (most probably by tyrosine-dependent
ubiquitination and degradation by either proteasomal or lysosomal machinery or
both), as indicated by increased expression of Ub-E3 ligase and autophagy genes
from the microarray data (Figure . Mass spectrometry showed increased binding
of ER chaperone BIP, GRP75, ER resident protein, Proteasomal Ubiquitin recep-
tor and proteasomal subunit 5 to MUCI1 in the TAB004 treated samples, indicating
degradation of MUC1 (Figure ) Mass spectrometry data also showed signifi-
cantly decreased binding of Desmoplakin, Myosin 9 (MYH9), Junction Plakoglobin,
Desmoglein, Keratin, Galectin-7 post TAB004 treatment indicative of disruption of
the colonizing potential of the cells (Figure [5.8]A). Additional modifications observed
were loss of phosphorylation at Ser 2209 of Desmoplakin, loss of acetylation of Junc-
tion Plakoglobin and loss of methylation and gain of N-acetylation of Keratins after
TAB004 treatment (Figure [5.8)A). The role of these post-translational modifications
of the desmosomal proteins have been well documented to keep cell membrane in-
tegrity and potential for adhesion [335]. There was decreased association of MUC1
with other pro-tumorigenic factors including f-catenin, thus blocking majority of the
co-transcriptional activity of MUC1 (Figure [5.8]A).

Taken together the data suggests that degradation of MUC1 destroyed the docking
site of crucial pro-survival factors like EGFR, PI3K, ¢-SRC, STAT3 and c-MYC

(Figure , thus blocking the whole oncogenic cascade. Transcription factors like -
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catenin and NF-kB, STAT3 and ¢-MYC, out of many, use MUC1-CT as an adaptor
protein or co-transcription factor to regulate expression of oncogenes. Therefore,
TABO004 destroys the hub of this oncogenic nexus and renders tumor cells unable
to revive and colonize to different locations after dissemination (Figure . Figure
is an attempt to summarize the mechanism of action of TAB004 antibody and
its anti-tumor effects.

Finally, to confirm anti-tumoral effects of TAB004 in vivo in an animal model,
we treated CFPAC xenograft bearing nude mice with TAB004 or IgG isotype (Fig-
ure ) Initially, the TAB0O4-treated group did not show any difference in tumor
growth rate compared to the IgG group. However, starting approximately 20 days
post treatment, growth rate of the TAB0O04 treated group was significantly reduced
compared to that of the IgG treated group (Figure [5.6B). At the end of the exper-
iment, the total tumor burden in the TAB004 treated group was significantly lower
than that of the IgG (Figure ). We report significant increase in cleaved Caspase
3 (hallmark of apoptosis activation) in the TABO004 treated group (Figure [5.8D).
The overall levels of both MUC1-N and MUC1-CT were significantly reduced in the
TAB004 treated tissue samples (Figure [5.8E) which mimic the in vitro data (Figure
. Mice treated with TABOO4 in combination with 5FU showed the slowest tu-
mor growth rate and significantly enhanced survival (Figure —G), without any
mal-effects on their body weight (Figure [5.7H). Therefore, TAB004 may confer drug
sensitivity in CFPAC PDA tumor. Therefore, TAB004 can be an excellent combi-
nation agent to curb tumor cell survival in both primary tumor and residual cells
that have disseminated from the primary tumor site and would try to gain anoikis-
resistance. TABO004 will be helpful clinically to destroy the residual cells because
it takes away the essential machinery using which these cells develop the ability to
survive in detachment (anoikis-resistance), thus, pushing them to undergo apoptosis

and rendering them unable to colonize any tissue.
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Although, the data presented thus far is in PDA cells, we found that other epithelial
tumor cell lines responded to TAB004 as effectively as PDA. TAB004 treatment
significantly reduced the colony forming potential of several other human epithelial
cancer cell types, including, hepatocellular carcinoma cell lines (SNU-449 and SNU-
475), ovarian cancer cell lines (SKOV-2 and CAOV-3) and triple-negative breast
cancer cell lines (HCC-1937 and HCC-70) (Supplementary Figure [5.9B).
Thus, TAB004 must be further explored for future combination therapies to re-
verse drug and small molecule inhibitor resistance and explore its impact on minimal

residual disease to diminish recurrence and metastasis in epithelial cancers.
5.4  Materials and Methods
5.4.1  Data analysis from TCGA
1. RNA sequencing data

RNA-seq data was downloaded from the GDC (Genomics Data Commons Por-
tal) for all available cancer types, with a majority from TCGA (The Cancer
Genome Atlas) program. A total of 15,112 samples were included for the anal-
ysis, 13,509 tumor and 1,603 normal samples. Tumor types chosen include
primary and metastatic solid tumor tissue samples (n=13,509) and normal sam-
ples available in GDC, (n=1,603) were also downloaded for the analysis. Data
was downloaded using the gdec-client tool. Samples are considered to have low
MUCI1 expression if the expression value is less than 100, otherwise, the sample

is considered to have high MUC1 expression.
Plot for MUC1 expression in normal and tumor samples was generated from
the DGCA (1.0.2) package in R (3.6.3).

2. Gene Correlation Analysis

Gene correlation analysis of all genes were run using the R package: DGCA

(Differential Gene Correlation Analysis). DGCA calculates gene-gene correla-
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tions between different groups and the correlation significance values. Genes
with the lowest expression levels were filtered out by the dispersion measure,
with the filter dispersion percentile at 0.3. This dataset was the input to run
differential correlation analysis across tumor and normal samples, identifying
gene correlations with the MUC1 gene. P-value adjustment was done with the

Benjamini Hochberg correction method.

3. Survival Analysis

Survival analyses for select genes and overall survival were computed using the
Kaplan-Meier estimate and plots were made using ggplot2 (3.3.5) package in R
(3.6.3). Tumor (12,042) samples from 48 cancer projects were included for this
analysis. Overall survival time was used for this analysis. The survival (3.2-13)
package in R (3.6.3) calculated the survival curve estimated, which was plotted

using ggplot2 (3.3.5) package in R.

4. KEGG Pathway Analysis

Pathway analysis was performed for the following genes: BCL2, EGF, EGFR,
MYC, PIK3CB, PIK3CD, PIK3R1, PTRH2, and SRC. These genes were in-
put to the Database for Annotation, Visualization, and Integrated Discovery
(DAVID 2021) to identify associated pathways. DAVID contains a large knowl-
edge base of functional annotations including GO terms, KEGG pathways, etc.
Functional annotation results were filtered to only include those with a Ben-
jamini and Hochberg adjusted p-value of <0.05. KEGG pathways were selected
for further analysis and visualization. The bar plot figure of KEGG pathways
was plotted using ggplot2 (3.3.6) in R (4.1.0).

5.4.2  Cell culture

Human PDA, HCC, and breast cancer cell lines HPDE, Capan2, CFPAC, HPAFII,
MiaPaca2, SNU449, SNU479, Hep-G2, HCC70, BT20, SKOV-2, CAOV-3 and Hela
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cells were obtained from ATCC (Manassas, VA) and cultured accordingly. Cell lines
were maintained in Dulbeccoas Modified Eagle Medium (DMEM; Gibco) supple-
mented with 10% heat-inactivated fetal bovine serum (HI-FBS; Gibco or Hyclone),
3.4 mM l-glutamine, 90 units (U) per ml penicillin, 90 pg/ml streptomycin, and 1%

non-essential amino acids (Cellgro) and cultured at 37°C and 5% COs.
5.4.3  Flow cytometry to check MUC1 expression

PDA cells were harvested and washed with PBS, followed by incubation with IgG-
conjugated to FITC or TAB004-conjugated to FITC in flow buffer (5% FBS in PBS)
for 30 minutes in dark on ice. Then the cells were washed and suspended in flow

buffer and analyzed by FACS Diva. The data was analyzed using Flow Jo software.
5.4.4  MUCI mutant generation and transfection

MUC1T YO0, Y1F through Y7F were created using the Quick-Change mutagenesis
kit (Stratagene, La Jolla, CA) [336]. Briefly, primers based on the MUC1 sequence
were designed containing single-base alterations resulting in mutation of the tyrosine
residues (Y) in MUC1 CT to phenylalanine (F) as shown schematically (Figure[5.7A).
Successful mutations were confirmed with DNA sequencing. MUC1-CT mutants and
MUC1 WT were cloned into the pLNCX.1 vector consisting of the neomycin resistance
gene for retroviral infection. Cells were transfected with Lipofectamine 3000 (Thermo
Fisher) according to the manufactureras protocol and maintained in complete DMEM
containing Geneticin (G418; Invitrogen, Carlsbad, CA, USA). Note: Cells designated
as MiaPaca2.Neo were transfected with only the empty vector with neomycin resis-
tance gene. Cells designated as MiaPaca2. MUCI represent cells expressing full length
MUCI that consists of the extracellular domain, the transmembrane domain and wild
type cytoplasmic tail domain. Cells designated as MiaPaca2.Y( represents cells ex-
pressing full length MUC1 that consists of the extracellular domain, the transmem-

brane domain and mutant cytoplasmic tail domain in which all the seven tyrosines
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are replaced by phenylalanine. Similarly, cells designated as MiaPaca2.Y1F through
YT7F represent cells expressing full length MUC1 with the tyrosine at that position
replaced by phenyl alanine, respectively. very passage of MiaPaca2 transfected cells
were maintained in a final concentration of 150 ug/ml of the antibiotic G418 (50

mg/ml) (Thermo Fisher) to ensure positive selection.
5.4.5  Cell survival assay by MTT

Cells were plated at a seeding density of 1x 103 cells per well in a 96-well plate and
grown overnight. Cells were left untreated or treated with Gemcitabine, Paclitaxel,
5-FU, TAB00O4 alone or IgG isotype control antibody for 24, 48 and 72 hrs. Next,
MTT (Biotium, Hayward, Calif) solution was added (20 uL/well) to cells incubated
for an additional 3 to 4 hrs. In the final step, media was removed, formazan was
dissolved in dimethyl sulfoxide (200 pL/well), and the absorbance read at 560nm
using a colorimetric plate reader. The O.D. value of treated group were calculated as
a percentage of the PO.D. values of the IgG treated group and plotted as kill curve

or bar graph in GraphPad Prism. A p value of <0.05 was considered significant.
5.4.6  Colony Forming Assay

500-1000 cancer cells were plated in a 6-well tissue culture plate and allowed to
adhere overnight. Next day, the cells were treated with increasing concentrations of
TAB004 (5, 10, 15 and 20 pg/ml) for 7-14 days (depending on the doubling time
of each cell line). The highest concentration of 20 ug/ml of IgG was used as the
isotype control. After 7-14 days, the media was removed, colonies were washed with
PBS and fixed with 3:1 solution of Methanol: Acetic acid for 5 minutes, followed by
staining with 0.5% (w/v) of Crystal Violet in Methanol for 15 minutes. Then the
colonies were washes under running tap water, images were taken, and colonies were
counted manually. Colonies consisting of >25 cells were considered. The number

of colonies in treated were calculated as a percentage of colonies in the IgG treated
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group and plotted as kill curve or bar graph in GraphPad Prism. A p value of <0.05

was considered significant.
5.4.7  Invasion Assay

Cells were serum starved for 18 hrs before plating for the invasion assay. 50,000
CFPAC cells were plated over transwell inserts (Sarstedt) precoated with diluted
Matrigel (1:1) in serum free media, with 10 and 20 pg/ml of IgG and TAB004. The
cells were allowed to invade through the Matrigel coating for 48 hrs towards the serum-
containing medium in the bottom chamber. After 48 hrs, only the control wells were
swabbed with a cotton swab, followed by staining of all inserts with 5% crystal violet.
The excess stain was washed off and the inserts were allowed to dry. The membrane
was cut and dipped in 10% acetic acid for 10 minutes to elute the dye, which was
read by a Spectrophotometer at 560 nm. Percent invasion was calculated as (O.D. of

TABO004 treated sample (x pg/ml) / O.D. of IgG treated sample (x pg/ml)) X 100.
5.4.8  Microarray analysis

CFPAC and MiaPaca2 cells were grown overnight in complete DMEM with heat-
inactivated FBS. Next day, the cells were treated with 10ug/ml of IgG or TAB004 for
24 hrs and then RNA was extracted from the cells using the Qiagen RNA Mini kit ac-
cording to the manufacturer protocol. The Clariom S transcriptomics was performed

by Thermo Fisher Scientific.

1. Differential Gene Expression Analysis

Differential gene expression analysis was performed on the MiaPaca2 and CF-
PACT cell line microarray data using the limma (3.42.2) package in R (3.6.3).
Three separate differential expression analyses were performed: MiaPaca2 data,
CFPAC1 data, and then combined analysis of both MiaPaca2 and CFPAC1
data. Normalization was done using RMA. Limma identified differentially ex-

pressed genes between the IgG control and TAB004 antibody groups. Genes
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with an adjusted p-value of less than 0.05 were to be considered statistically
significant. The top 30 DEGs between the two groups in both CFPAC and

MiaPaca2 cells were presented using a heatmap.

2. Pathway Analysis

The top 30 genes (by unadjusted p-value <0.05 between IgG and TAB004 treat-
ment) were input into Ingenuity Pathway Analysis (IPA) to identify top asso-

ciated pathways in both MiaPaca2 and CFPAC1 datasets.

5.4.9  JC1 staining for mitochondrial membrane potential damage

Around 1000-2000 cells were plated in a 24 well plate overnight, next day they
were treated with IgG or TAB004 for 48 hrs. After 48 hrs, cells were incubated
for 30 minutes with JC-1 dye (Cayman Chemicals) according to the manufacturers
protocol. Images were taken using a fluorescence microscope after applying a filter
for FITC. Number of cells with green fluorescence from five randomly selected fields
in 80ug/ml TABOO4-treated wells were calculated as a percentage of the same in the
IgG treated group and plotted as a bar graph in GraphPad Prism. A p value of <0.05

was considered as significant.
5.4.10  Western Blot

CFPAC cells were serum-starved for 48-72 hrs and treated with 10ug/ml of IgG
or TAB004 for 10, 20 and 30 minutes for analysis of phosphorylation. For detection
of other proteins, CFPAC cells were treated with 10ug/ml and 20ug/ml of IgG or
TABO004 for 48 hrs. Cell lysates were prepared using complete lysis buffer (RIPA buffer
and Halt Protease and Phosphatase Inhibitor), and 25 to 60ug of protein was sub-
jected to denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot. The polyvinylidene fluoride membrane was blocked for 30
minutes with commercial blocking buffer (Thermo Fisher Scientific) and probed with

anti-MUC1 antibody CT2, TAB004 antibody for MUC1-N, Phospho-EGFR, (Cell
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Signaling Technology), EGFR, Lamin A/C (Santa Cruz), phospho-PI3K, PI3K, c-
SRC, STAT-3, c-MYC, Apafl, anti-Cleaved Caspase 3, anti-full-length Caspase 3,
anti-cleaved Caspase 9, anti-full-length Caspase 9, COX-IV, and anti-$-actin (Cell
Signaling Technology) antibodies. Appropriate secondary antibodies conjugated to
horseradish peroxidase were used, and protein detected using the chemiluminescence
kit (Thermo Dura). All antibodies were used according to manufactureras recom-

mendations.
5.4.11  Densitometric Analyses

The bands on Western blot were quantified using image analysis software Image J

from the National Institutes of Health (Bethesda, Md).
5.4.12  Co-Immunoprecipitation and Mass Spectrometry

CFPAC cells were serum-starved for 24 hrs and treated with 10ug/ml of IgG or
TABO00O4 for 20 minutes. After that, the media was removed, cells were washed with
PBS and lysate was collected with complete lysis buffer (RIPA buffer with 1x Halt
Protease and Phosphatase inhibitor), with the help of a cell scraper. The lysate was
vortexed briefly and then sonicated and kept on ice for 10 minutes, followed by cen-
trifugation at 14,000 RPM for 15 minutes at 4°C. The supernatant was collected in
a fresh tube, BCA was performed to estimate protein concentration and 2000 mg of
protein was used to pull down MUCI1. Pierce Co-IP kit was used to pull down MUC1
with 100ug of TAB004 antibody using the manufactureras protocol. From the eluate,
protein concentration and purity were measured using a Nanodrop (Thermo Fisher
Scientific), and at least 0.5ug of protein was used for mass spectrometric analysis.
Mass spectrometry was performed by Poochon Scientific LLC. At first, double di-
gestion of the MUC1 protein was performed with both Trypsin and Chymotrypsin,
followed by mass spectrometry of the digested peptide fragments. A summary of the

proteins identified were analyzed in the IgG treated vs the TAB004 treated samples,
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and the relative abundance of binding to MUC1 (PSM) was analyzed. A ratio of the
PSM in the TAB treated and IgG treated samples was generated for each binding
partner and the ones with a fold change of >2 with a p value of <0.05 were plotted

as a bar graph in GraphPad Prism.
5.4.13  Xenograft Studies

Ten 6-8 weeks old athymic nude, Foxnlnu mice (strain number 002019; 5 female
and 5 male) were purchased from The Jackson Laboratories and housed at UNC
Charlotteas vivarium. These mice were injected subcutaneously (n = 10) with 1x
106 CFPAC cells (50u1) with Matrigel (50ul) (total = 100ul) in a 1:1 ratio, mixed
with 500ug/ml solution of IgG or TAB004 prepared in sterile PBS into the left flank.
Once the tumors reached a palpable size (~3 x 3mm, ~5 days post tumor inocula-
tion), tumor measurements were taken twice a week. 500 pg/ml of IgG or TAB004
in sterile PBS (50ul) was injected once a week intratumorally once a week. Mice
were monitored thrice a week for general health and tumor volumes were measured.
Caliper measurements were taken twice a week over 40 days until endpoint and once
euthanized, tumor wet weight was taken (Figure . This study and all procedures
were performed after approval from the Institutional Animal Care and Use Commit-
tee of UNC Charlotte under IACUC protocol number 21-008. For the combination
treatment, 12 6-8 weeks old athymic nude mice (6 males and 6 females) were in-
jected with 5x105 CFPAC cells subcutaneously (50pl) with Matrigel (50ul) (total =
100u1) in a 1:1 ratio, into the left flank. Mice were randomized into four groups and
the treatments were 1) PBS control, 2) TAB004 (500ug/ml), 3) 5-FU (20 mg/kg)
and 4) TAB004 (500ug/ml) + 5-FU (20mg/kg). For groups 2 and 4, on the day of
injection, CFPAC cells were mixed with 500ug/ml solution of TAB004 prepared in
sterile PBS and then injected into the mice. 5-FU injection was started only after
the tumors reached a palpable size. Treatments were injected once every week for 60

days. Measurements were taken with Vernier Calipers and the survival of the mice
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were monitored.
5.4.14  Immunohistochemistry

Paraffin-embedded sections were incubated at 65°C for 30 minutes in a humidity
chamber. Then slides were washed in three changes of Xylene for 3 minutes each,
followed by hydration in 100%, 90% and 70% ethanol for 2 minutes each. For nonen-
zymatic antigen retrieval, sections were heated to 85°C in Dako antigen retrieval
solution for 90 min and cooled for 20 min; all subsequent steps occurred at room
temperature. To quench endogenous peroxidase, slides were rinsed and incubated
2% H,05 in methanol for 10 minutes. Sections were then washed, blocked in 50%
fetal bovine serum (FBS) in PBS for 45 min, and incubated overnight with primary
antibodies. Sections were incubated for 1 hr with secondary antibody, developed with
a diaminobenzidine (DAB) substrate (Vector Inc., Burlingame, CA, USA), counter-
stained with hematoxylin, washed, dehydrated in 70%, 90% and 100% ethanol for 2
minutes each, followed by 3 changes of Xylene for 3 minutes each and mounted with
Permount. Primary antibodies used were Armenian hamster anti-MUC1-CT CT2 an-
tibody (1:50), TAB004 antibody (1:100) and anti-cleaved Caspase 3 antibody (1:150).
Secondary antibodies used were mouse anti-Armenian hamster HRP conjugated anti-
body (1:100, Jackson Labs) and anti-mouse HRP conjugated antibody (Cell Signaling
Technology) (1:100). Mouse IgG was used as negative control. Immunopositivity was
assessed using light microscopy and images taken at 100x magnification. Images were

quantified using Image J software.
5.4.15  Statistical Analysis

Statistical analysis was performed with GraphPad software 9.0 (La Jolla, Calif).
Statistical significance was determined using Student T-test to compare between
treatment and control groups, one-way analysis of variance (ANOVA) and 2-way

ANOVA were used to compare between three or more groups.
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5.5 Supplementary Materials
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Figure 5.9: TABO004 increases the efficacy of chemotherapeutic drugs and reduces
colony forming potential of multiple epithelial cancer cells.

In Figure 5.9 A. MTT cell survival assay on CFPAC cells with 10uM of Gemec-
itabine, Paclitaxel and 5-FU alone or in combination with 20ug/ml TAB004 for 48
hrs. Percentage of survival was calculated as a fold change of combination over drug
alone. B. MUCI-CT expression by western blotting with MUC1-CT2 antibody on
pancreatic epithelial cell line HPDE, PDA cell lines, ovarian (SKOV3 and CAOV3),
hepatocellular (SNU449 and SNU475) and triple negative breast cancer cells (HCC70
and HCC1937). C. Colony forming assay on two hepatocellular carcinoma cell lines
(SNU449 and SNU475), two ovarian cancer cells (SKOV2 and CAOV3) and two
TNBC cell lines (HCC1937 and HCC70) with increasing concentrations of TAB004
(5, 10,15 and 20 pg/ml).
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Figure 5.10: TAB004 induces phosphorylation of MUC1-CT through c-Src.

In Figure [5.10, A. Western blot showing increased phosphorylation of MUC1-CT
at Tyr 1229 at 10, 20 and 30 minutes after treatment with 10ug/ml of TABO0O4.
CFPAC cells were serum-starved for 72 hrs and then treated with 10ug/ml of IgG
and TAB0004. Total MUCIT levels are shown and (-actin was used as the endogenous
loading control (top). Densitometric analysis showing increased phosphorylation of
MUC1-CT at Tyr 1229 at 10minutes that goes up at 20 minutes and then comes
down at 30minutes (bottom). B. Western blot showing increased phosphorylation of
c-Src at 10 minutes which goes down after 20 and 30 minutes. Total c-Src was used as
the endogenous control. Densitometric analysis showing increased phosphorylation of
c-Src after TAB004 treatment. C. Western blot showing phosphorylation of MUC1-
CT at Tyr 1229 (left) and c-Src (right) after CFPAC cells were serum-starved for
24 hours and treated with Src inhibitor PP2 for 30, 45 and 60 minutes followed by
treatment with 10 pg/ml of TAB004 for 20 minutes. Total MUC1 and c-Src were
used as controls. Densitometric analysis showing that pre-treatment with PP2 led to

decreased phosphorylation of MUC1 at Tyr1229 and p-c-Src after TAB004 treatment.



Table 5.1: Cancer Types

Project Primary Site Count
TCGA-BRCA Breast 1109

Brain, Bronchus and lung, Kidney, Other and
CPTAC-3 ill-defined sites, Pancreas, Uterus, NOS 872
TCGA-UCEC Corpus uteri, Uterus, NOS 552
TCGA-KIRC Kidney 538
TCGA-LUAD Bronchus and lung 535
TCGA-LGG Brain 529
TCGA-THCA Thyroid gland 510

Base of tongue, Bones, joints and articular

cartilage of other and unspecified sites, Floor

of mouth, Gum, Hypopharynx, Larynx,

Lip, Oropharynx, Other and ill-defined sites
TCGA-HNSC in lip, oral cavity and pharynx, Other and ou2

unspecified parts of mouth, Other and

unspecified parts of

tongue, Palate, Tonsil
TCGA-LUSC Bronchus and lung 502
TCGA-PRAD Prostate gland 499
NCICCR-DLBCL | Lymph nodes 481
TCGA-COAD Colon, Rectosigmoid junction 480
TCGA-SKCM Skin 470
REBC-THYR Thyroid gland 428
TCGA-BLCA Bladder 414
TCGA-OV Ovary 379
TCGA-STAD Stomach 375
TCGA-LIHC Liver and intrahepatic bile ducts 374

Breast, Colon, Other and unspecified female
CPTAC-2 genital organs, Ovary, Rectum, 340

Retroperitoneum and peritoneum

Bones, joints and articular

cartilage of limbs, Bones,

joints and articular
TARGET-OS cartilage of other and 88

unspecified sites,

Not Reported
TCCA-MESO Bronchus and lung, Heart, 36

mediastinum, and pleura

133
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TCGA-CESC Cervix uteri 306
TCGA-KIRP Kidney 288
Bones, joints and articular cartilage of limbs, Colon,
Connective, subcutaneous and other soft tissues,
Corpus uteri, Kidney, Meninges, Other and
unspecified male genital organs,
TCGA-SARC Other and unspecified parts of tongue, 263
Ovary, Peripheral nerves
and autonomic nervous system, Retroperitoneum and
peritoneum, Stomach, Uterus, NOS
CMI-MBC Breast 203
CGCI-HTMCP-CC | Cervix uteri 196
Adrenal gland, Connective, subcutaneous and other
soft tissues, Heart, mediastinum, and pleura, Other
TOGAPCPG and ill-defined sites, Other gndocrine glands .and 180
related structures, Retroperitoneum and peritoneum,
Spinal cord, cranial nerves, and other parts of central
nervous system
TCGA-PAAD Pancreas 178
TCGA-GBM Brain 169
TCCA-READ Colon,_Conpecfcive, .subcuta,neous and other soft tissues, 167
Rectosigmoid junction, Rectum, Unknown
TCGA-ESCA Esophagus, Stomach 162
Adrenal gland, Bones, joints and articular
cartilage of limbs,
Bones, joints and articular cartilage of
other and unspecified sites,
Connective, subcutaneous and other
soft tissues, Heart, mediastinum,
and pleura, Hematopoietic and
reticuloendothelial systems, Kidney,
Liver and intrahepatic bile ducts,
TARGET-NBL Lymph nodes, Meninges, Other 160
and ill-defined sites, Other endocrine
glands and related structures,
Peripheral nerves and autonomic
nervous system, Renal pelvis,
Retroperitoneum and peritoneum, Skin,
Spinal cord, cranial nerves,
and other parts of central nervous system,
Stomach, Unknown, Uterus, NOS
TCGA-TGCT Testis 150
TARGET-WT Kidney 130
TCGA-THYM Heart, mediastinum, and pleura, Thymus 119




Cancer Types (contd.)

CGCI-BLGSP

Hematopoietic and reticuloendothelial systems

111

WCDT-MCRPC

Prostate gland

99

TARGET-0S

Bones, joints and articular cartilage of limbs, Bones,
joints and articular cartilage of other and unspecified
sites, Not Reported

38

TCGA-ACC

Adrenal gland

79

HCMI-CMDC

Bones, joints and articular cartilage

of other and unspecified sites,

Brain, Breast, Bronchus and lung,

Colon, Connective, subcutaneous and

other soft tissues, Esophagus, Kidney,

Liver and intrahepatic bile ducts, Other and
unspecified parts of biliary tract, Pancreas,
Rectosigmoid junction, Rectum, Skin, Small
intestine, Stomach

75

TCGA-KICH

Kidney

65

TARGET-RT

Kidney, Lip, Liver and intrahepatic
bile ducts

64

TCGA-UCS

Uterus, NOS

56

TCGA-DLBC

Bones, joints and articular cartilage of other and
unspecified sites, Brain, Breast, Colon, Connective,
subcutaneous and other soft tissues, Heart,
mediastinum, and pleura, Hematopoietic and
reticuloendothelial systems, Lymph nodes, Other
and unspecified major salivary glands,
Retroperitoneum and peritoneum,

Small intestine, Stomach, Testis, Thyroid gland

48

CTSP-DLBCL1

Lymph nodes, Unknown

41

TCGA-CHOL

Gallbladder, Liver and intrahepatic bile ducts,
Other and unspecified parts of biliary tract

36

TARGET-CCSK

Kidney

13

CMI-ASC

Bladder, Breast, Bronchus and lung, Heart,
mediastinum, and pleura, Lymph nodes, Other
and ill-defined digestive organs, Other and
ill-defined sites, Other and ill-defined sites
within respiratory system and intrathoracic
organs, Skin

135
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Table 5.2: Patient Dataset

Total
N %

Sex
Male 5777 | 49%
Female 5915 | 51%
Age
<65 6239 | 62%
>65 3875 | 38%

*Some patients’ characteristics information was missing in the GDC clinical datasets.



CHAPTER 6: CONCLUSION

MUCI1 remains a top target for epithelial cancers as is evidenced by our analy-
sis of pan-epithelial cancer data from TCGA (Chapter [5). MUC1 was found to be
overexpressed in 12,042 out of 13,509 tumor samples when compared to 1603 normal
samples, thus showing the clinical relevance of MUC1. Overexpression of MUCI1 also
significantly correlated with poor overall survival in these tumors. In addition, if GI
tumors overexpress both, MUC1 and STAT3, the survival becomes worse. Therefore,
we need to find better ways to target these proteins. Learning from the reasons of fail-
ure of current MUC1 and STAT3-targeted therapies, and from the oncogenesis data
generated in this thesis, we hope to be closer to determining a combination therapy
that will be clinically successful in the future. MUC1 is known to regulate oncogen-
esis in a variety of ways. In this thesis, we first show that MUC1 overexpression in
PDA regulates the function of TGF-3. TCGA data analysis based solely on MUC1
levels suggests that genes in the TGF-5, MAPK and BMP pathways are significantly
altered. Overexpression of MUC1 induces the non-canonical TGF-3 pathway by di-
rectly activating JNK and ¢-MYC, thus switching TGF-§ from a tumor suppressor
to a tumor-promoter in the later stages. We have shown the differential outcomes of
TGF-3 targeted therapy in endogenously low vs high MUC1 tumors in vivo. Target-
ing TGF-/ in a high-MUCI1 setting can be beneficial as a tumor-promoter is being
targeted. However, in a low-MUCI1 setting, targeting TGF-£ may be detrimental as it
is inhibiting a tumor suppressor. Hence, MUC1 can be used as a surrogate biomarker
to predict outcomes of TGF-f targeted therapies. Indeed, combination of MUC1 and
TGF-p inhibitors may turn out to be beneficial in high-MUC1 expressing tumors.

Another crucial transcription factor that aids in oncogenesis is STAT3. It is known
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to be overexpressed in CSCs and regulate their plasticity. STAT3 is known to induce
EMT and MET in CSCs that help them to change phenotypes during metastasis.
Recently, it was shown that BM-MSCs elicit EMT in epithelial-type cells through the
IL-6/pY705-STAT3 pathway and induce MET in mesenchymal-type cells through
LIFR/pS727-STAT3 signaling. These results support the theory that stem or stem-
like cells may use differential STAT3 phosphorylation as a way to control their fate. In
this thesis, we have shown that a STAT3 inhibitor Napabucasin significantly reduces
viability, colony and spheroid forming potentials of PDA cells. STAT3 is involved in
regulation of MUCI1 expression in an auto-inductive loop. We overexpressed MUC1
in an endogenously low MUCT expressing PDA cell line MiaPaca2 and knocked down
MUCT in an endogenously high MUC1 expressing PDA cell line HPAF II. Interest-
ingly, we found that overexpression of MUCT increased pY705 and decreased pS727 of
STAT3, and knocking MUC1 down had an exactly reverse effect. We also showed that
in high MUCT cells, MUC1-STAT3 pathway is constitutively activated and thus func-
tions as the main survival pathway for PDA cells. Thus, Napabucasin was more po-
tent against high-MUCT cells and blocking MUCT signaling with a homodimerization
inhibitor peptide GO-203 reversed the sensitivity of high-MUCI1 cells. Napabucasin
reduced pY705 in high MUC1 cells CFPAC and HPAFII but not in low MUC1 Mia-
Paca2. Small doses of Napabucasin also reduced STAT3 and MUCI1 levels in CFPAC
cells, but had no effect on MiaPaca2 and HPAFII. Since HPAFII cells are relatively
resistant to all treatment including Napabucasin, albiet being high MUC1 expressors,
we hypothesized that adding an anti-MUC1 antibody will be helpful to enhance the
outcome of Napabucasin. Napabucasin also significantly disrupted the binding of
MUCI1 with STAT3, which is a novel mechanism of action of the drug. Thus, as with
TGF-f targeted therapies, MUC1 expression might serve as a biomarker to predict
outcome of STAT3-inhibitor therapies as well. Overall, we hope that the data from

these studies will lead to the development of clinically relevant combination regimens.
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The main reason of cancer related mortality is not the primary tumor, but metasta-
sis and recurrence. A phenomenon widely associated with metastasis in EMT. EMT
is a cellular process defined as a loss of the epithelial features of tight cell-cell adhe-
sion and apico-basal polarization and a gain of mesenchymal features of motility and
invasion [337]. The hypothesis that EMT and mesenchymal-to-epithelial transition
(MET) drive the invasion-metastasis cascade [338] has been pursued enthusiastically
for over a decade [339, 1340, 341, 342, [343], 344], [345], but recent studies have questioned
the indispensability of these transitions in establishing metastasis [346, 347, 1348 202].
These results have triggered provocative discussions on what steps are necessary and
sufficient to establish macrometastases in vivo [5]. An assumption on the role of
EMT and MET during the metastasis-invasion cascade was that, epithelial and mes-
enchymal carcinoma cells can attain either a fully epithelial or a fully mesenchymal
state [338]. This assumption was supported by labeling co-expressing canonical ep-
ithelial and mesenchymal markers as ‘'metastable’, that strongly suggested that these
observations were only a snapshot of the full EMT /MET and thus could not reflect
a real-time state or an end point of a transition in itself [349]. However, recently the
concept of a hybrid epithelial /mesenchymal (E/M) state in cancer has been discussed
[350, B511 352, 353] 354) [355] 356], 357, 358, B10],and this state has been shown to
be stable over multiple passages in vitro [5]. This revised understanding of cancer
cell plasticity has been partially driven by computational analysis of EMT/MET reg-
ulatory networks [359, [360], 361, [362] and have lead to investigations of single-cell
phenotypes in terms of their EMT status [363] 352].

EMT progression is not a uni-dimensional linear process. Recent progress in con-
sidering EMT as more of a spectrum of phenotypes instead of a binary process has
driven an emerging notion that unlike during development, in which terminally differ-
entiated epithelial and mesenchymal states exist, carcinoma cells might undergo more

partial transitions to an incomplete mesenchymal phenotype [364, 365]. This notion
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is supported by observations that induction of a fully mesenchymal state through
overexpression of an EMT-TF may lead to a loss of tumor-initiating potential and
thus the ability to colonize [366, 367, [368] 344]. Earlier studies based on similar
overexpression of EMT-TFs proposed an increase in tumor-initiating potential [369].
Reconciling these contradictions, recent studies that categorized cells into E (epithe-
lial), M (mesenchymal), and hybrid E/M, instead of just E and M, have proposed
that tumor-initiating potential might be maximum when cells are in a hybrid E/M
state [352, 370, B71, [368]. Such hybrid E/M cells co-expressing various epithelial and
mesenchymal markers have been observed in breast, ovarian, lung, and renal cell car-
cinoma cell lines [363], [352] [353] 357, [358], in mouse models of prostate cancer and
PDAC [372] 368|, primary breast and ovarian cancer tissue [310, 373], in the blood-
stream of breast, lung, and prostate cancer patients [374], 354 B73|, and in metastatic
brain tumors [375]. More importantly, triple-negative breast cancer patients had a
significantly higher number of such hybrid E/M cells as compared to other subtypes,
suggesting a correlation between a hybrid E/M phenotype and tumor aggressiveness
[373]. The quasi-mesenchymal cells that disseminate from the primary tumor have
the capability to evade cell death, migrate to distant anatomic sites and eventually
colonize there forming a secondary tumor. The ability of the detached cells to evade
apoptosis is called anoikis-resistance, which is an emerging hallmark of cancer metas-
tasis [5].

In this thesis, we have shown that MUC1 contributes to the different hallmarks
of cancer including increased proliferation through TGF-/5 and increased plasticity
through regulation of STAT3 activity. There have only been a few studies thus-
far that suggested that high MUCI1 in cancer cells can lead to anoikis-resistance
[298, 187, 313]. In this thesis, We have analysed TCGA data across 48 cancer projects
to show the clinical relevance of MUCI as a target in epithelial cancers, and its cor-

relation with anoikis-resistance genes. We have shown how targeting tMUC1 using
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a specific antibody can overcome anoikis resistance in PDA cells. The anti-MUC1
antibody called TAB004 has been previously shown to be effective against epithe-
lial tumors in syngeneic mouse models and elicited a significant immune response
[231]. However, the intracellular molecular mechanism of this antibody has been
elucidated in this thesis. We have shown for the first time that TABO04 can bind
MUCI1-N and induce phosphorylation of MUC1-CT at Tyr1229 by c-Src. This phos-
phorylation leads to ubiquitination and autophagy-lysosomal degradation of tMUCT.
Treatment of PDA cells with TAB004 antibody also decreases binding of tMUCI to
cell-adhesion molecules Desmoplakin, Junction plakoglobin (v-catenin, Desmocollin,
Keratin, Galectin-7 etc., thus compromising the desmosomal assembly, in turn reduc-
ing the ability of the cells to form colonies.

We also demonstrate that treatment with TAB004 not only disrupts the cell-cell
and cell-matrix adhesion but also blocks major oncogenic signaling pathways. This
is exemplified by TAB004 treatment blocking the binding of EGF to EGFR, thus
inhibiting activation of the EGFR-PI3K pathway. TAB004 mediated degradation of
tMUCI1 also leads to significant reduction in overall intracellular levels of tMUC1
binding partners EGFR, c-Src, and transcriptional targets STAT3 and c-Myc. This
in turn leads to the activation of both the extrinsic and intrinsic apoptotic pathways,
thus inducing anoikis in the detached cells. Now that the detached cells undergo
apoptosis, these will not be able to form colonies at a secondary site.

In vitro studies were confirmed with in vivo mouse studies. We found that treat-
ment with TAB00O4 significantly slowed down the growth of PDA tumor xenografts
in vivo and enhanced the efficacy of 5-FU.

Therefore, we propose to utilize TAB004 as a combination agent with other drugs
to reverse chemoresistance and as a prophylactic vaccine with or without chemother-
apeutic drugs to curb minimal residual disease to reduce recurrence and metastasis.

We also found that the mechanism of action of TAB0O04 could be extended to other



142

epithelial cancer cells such as ovarian, breast and hepatocellular carcinomas.
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