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ABSTRACT
PRIYANKA GROVER. MUCI1 Mediated Signaling in Pancreatic Ductal
Adenocarcinoma. (Under the direction of DR. PINKU MUKHERIJEE)

In 2019, Pancreatic Cancer (PC) is the 3" leading cause of cancer-related deaths
in the USA with 94% dying within 5 years of diagnosis. 90% of PC is Pancreatic Ductal
Adenocarcinoma (PDA), of which >80% overexpress a hypo-glycosylated form the
membrane-bound glycoprotein of Mucin-1 (tMUC1). While overexpression of tMUCI1 is
associated with metastasis and poor prognosis, the mechanism remains unclear.
Transforming growth factor-p1 (TGF-p) is a cytokine with dual functionality. Within
normal cells and during early carcinogenesis, TGF-B1 functions as a tumor suppressor
through the engagement of the TGF-§ Receptor 1 (TGF-BRI) and the activation of the
canonical Smad pathway. In contrast, during the later stages of cancer, TGF-f1 acts as a
tumor promoter activating the non-canonical Erk1/2 pathway. We establish the
mechanistic connection between tMUC1 and TGF-f signaling in PDA and hypothesize
that tMUCT is the switch that turns TGF-B1 from a tumor suppressor into a tumor
promoter. We have shown a correlation between tMUCT1 expression and TGF-
signaling within an exogenous tMUC1 model of PDA. We specifically tested the
hypothesis that the tyrosine kinases present in the cytoplasmic tail of tMUCI are
signaling between tMUC1 and TGF-B1, thus leading to enhanced metastasis. Data
reported here indicate that tMUC1 influences TGF-f signaling in an exogenous tMUC1
PDA model (Chapter 2) and in endogenous MUC1 PDA cells both in vitro and in vivo
(Chapter 3). The data support tMUCI as a promising biomarker for TGF-B mediated

therapies.
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CHAPTER 1: INTRODUCTION

1.1 Pancreas

The pancreas is a glandular organ located in the abdomen behind the stomach. It
is anatomically separated into the head, body, and tail [1]. The main and accessory
pancreatic ducts run through the body, joining with the common bile duct. The pancreas
secretes hormones and peptides into the descending part of the duodenum for its role in
the digestive system or into the bloodstream for its role in the endocrine system [2]. The
pancreas is comprised of exocrine and endocrine cells, which serve different functions
and have unique morphologies (schematically represented in Fig 1).

The endocrine pancreas is comprised of the islets of Langerhans, which constitute
1-2% of the total pancreatic volume [3]. The islet cells include alpha, beta, delta, epsilon,
and gamma cells [4]. These cells release hormones directly into the bloodstream. Alpha
cells release glucagon when insulin levels are low [5]. Glucagon is a peptide hormone
that raises the concentration of glucose and fatty acids in the bloodstream. Beta cells, the
prominent group in the islets of Langerhans, release insulin and amylin. Diminishing
function in beta cells can lead to type 1 or type 2 diabetes [6]. Delta cells produce
somatostatin, which can reduce stomach acid production. It can act directly on the acid-
producing parietal cells, as well as, indirectly by preventing the release of other
hormones, such as gastrin and secretin [7]. Epsilon cells produce ghrelin, a neuropeptide

that increases hunger and gastric acid secretion [8]. Lastly, gamma cells produce



pancreatic polypeptide, which self-regulate pancreatic secretion whether endocrine or
exocrine [9].

The exocrine pancreas is made up of acinar cells, which secrete digestive
enzymes. These enzymes include trypsin and chymotrypsin to digest proteins, amylase to
digest carbohydrates, and lipase to break down fats [10]. The enzymes accumulate in the
intralobular ducts, which lead to the pancreatic ducts. The pancreatic ducts join the

common bile duct to form the ampulla of Vater, which leads to the duodenum [11].

Nature Reviews | Cancer

Figure 1. The pancreas secretes hormones and peptides generated by the islets of
Langerhorns via the pancreatic ducts. The endocrine pancreas produces regulatory
hormones and peptides. They are secreted via ducts that are lined with pancreatic ductal

cells [12].



1.2 Pancreatic Cancer

Pancreatic Cancer (PC) is the third leading cause of cancer-related deaths in the
United States, with a five-year survival rate at nine percent and a median rate of six
months [13]. By 2020, PC is estimated to become the second leading cause of cancer-
related deaths by overtaking colorectal cancers [14]. The majority of patients present with
stage IV at diagnosis with an overall five-year survival of three percent [15]. Its mortality
rate nearly matches its incidence rate [16]. In 2018, the NCI SEER program showed there
were an estimated 55,440 new PC cases with 44,330 patients succumbing to the disease
[17]. The incidence and mortality rates have been relatively stable for the past ten years
[17]. It affects men and women indiscriminately. In the United States, the median age for
PC diagnosis is 71 years [18]. Only 20% develop PC before the age of 60 [19], and less
than 3% of cases are in individuals younger than 45.

There are several risk factors for PC such as familial history, cigarette smoking,
chronic pancreatitis, and diabetes mellitus [20]. About 10% of PC cases have a familial
basis, and family history significantly increases the chances of developing PC [21].
However, the genetic basis of familial-linked PC has not yet been established. Germline
mutations in BRCAZ2 can cause increased risk of breast, ovarian, and pancreatic cancer
[22], and BRCA1 mutations could be associated with familial PC risk [23]. Cigarette
smoking is a consistent risk factor for PC, and it may contribute to the development of
about 20% of PC cases [24]. It has been linked with a reduction in survival among PC
patients [25]. Chronic pancreatitis has also been shown to greatly increase the risk of

developing PC. In fact, five years after diagnosis, chronic pancreatitis patients have



nearly eight-fold increased risk of PC [26]. Chronic pancreatitis in conjunction with other
risk factors, such as cigarette smoking and older age, greatly increases the inherent risk of
developing PC [27]. Diabetes has also been closely tied to PC. 68% of PC patients had
concurrent diabetes [28] and 74-88% of the patients received their diabetes diagnosis less
than 24 months prior to the PC diagnosis [29]. Diabetes and PDA have often been studied
as “dual causalities”; however, the mechanism between this relationship remains unclear.

Most PC do not present symptoms in the early stage. Later-stage PC has been
associated with the following symptoms: weight loss, abdominal pain, nausea and
vomiting, bloating, dyspepsia, onset of diabetes, changes in bowel habit, pruritus,
lethargy, back pain, shoulder pain, and jaundice [20]. Since most of these symptoms are
common for other less acute ailments, many patients do not suspect PC until it is too late.
It has been shown that diabetes (97%) and abdominal pain (78-82%) due to cancer-nerve
interaction are frequently reported in advanced late stage PC [30].

Diagnosing PC in the early stages is difficult. As stated above, most classical
symptoms are not present in the early stage, and so the disease is asymptomatic until it
has progressed significantly. PC is considered extremely lethal due to its aggressive
growth and rapid development that leads to metastasis [31]. The pancreas is near several
main arteries, which cancer cells use to traverse to distant areas to form secondary
tumors. There are many diagnostic methods to determine the presence of PC. The most
common is serum carbohydrate antigen (CA) 19-9 [32]. It has been combined with other
protein biomarkers to significantly increase the detection of PC, such as a protein
biomarker panel of CA125, CA19-9, and laminin yC (LAMC2) [33]. CA19-9 and CA125

has 95% specificity together, which raised the CA19-9 alone sensitivity by 20% [34].



Treatment of PC generally includes surgery, chemotherapy, and radiotherapy. The
treatment options are dependent on the stage and spread of PC upon diagnosis. Surgery is
the only treatment that can potentially cure the patient. Unfortunately, only twenty
percent of cases are eligible for surgical resection [35]. The primary tumor must be
localized with no distant metastases, and it cannot be near the major veins and arteries
neighboring the pancreas. Currently, the standard of care for metastatic PDA is
combination cytotoxic therapy, namely FOLFIRINOX or gemcitabine plus nab-paclitaxel
[15]. FOLFIRINOX has been shown to respond better and increase overall survival in
patients with metastatic PC [36]. However, there are physiological complications, such as
sensory neuropathy [37]. The emerging field of immunotherapy has provided new
treatment avenues. New developments within the field might play important roles in the
future treatment of PC. Some interesting approaches include chimeric antigen receptor T
cell therapy and antibody guided nanoparticles [38, 39]. However, it is still early in the
research and development phase. Therefore, it is imperative to develop and evaluate

novel targeted therapeutic treatments to improve patient outcome in this deadly disease.

1.3 Pancreatic Ductal Adenocarcinoma

There are two main types of pancreatic neoplasms: neuroendocrine and exocrine.
Pancreatic neuroendocrine neoplasms (pNENSs) are a heterogeneous group of tumors,
including pancreatic neuroendocrine tumors and neuroendocrine carcinomas, and have
better prognosis than exocrine pancreatic cancer [40]. pNENs comprise only 1-2% of all

pancreatic neoplasms, leaving the exocrine group the most common type [41].



The most frequent type of exocrine PC is pancreatic ductal adenocarcinoma
(PDA), which represents about 95% of all pancreatic cancers [42, 43]. It arises from
genetic mutations within the epithelial ductal cells that line the pancreatic ducts. KRAS
point mutations lead to the initiation and development of 95% of PDA [44]. 98% of
KRAS point mutations develop at G12 (glycine), while G13 (glycine) and Q61
(glutamine) account for 1% each [45]. The most common KRAS mutation is G12D
(glycine to aspartic acid). RAS mutations are present in about one third of all cancer
cases, regardless of organ origin or type [46]. The oncogenic mutant KRAS present early
in the progression of the disease [47, 48]. It has been shown to drive pancreatic neoplasia
[49]. KRAS typically requires sustained expression for cancer cell survival; however, the
molecular oncogene dependency is not clearly understood [50]. It is seen that knocking
down mutant KRAS in non-small cell lung cancers suppress tumor growth [51].
However, KRAS knockdown was not considered sufficient treatment to destroy the
cancer, as tumors have been shown to escape this mutant KRAS addiction, or
dependency. Very few studies have been done studying KRAS addiction in PDA. One
study showed that reoccurring PDA may escape the addiction of mutant KRAS to relapse
[52].

Other genetic mutations have also been identified to play a role in the
development of PDA, such as CDKN2A, TP53, and SMAD4/DPC4 [12]. These
mutations seem to occur in a temporal sequence in progressive pancreatic intraepithelial
neoplasia stages (PanIN). Full blown PDA arise from these PanINs. These lesions are
categorized as PanIN-1A, PanIN-1B, PanIN-2, and PanIN-3 according to the histological

atypia after pathology [53] (Schematically represented in Figure 2). Ductal epithelial



cells are normally cuboidal in shape. They have an apical surface, which faces the duct
and has mucins to protect the cell from bacterial invasion or mechanical damage. Normal
epithelial cells also have a basement membrane near the blood supply where growth
factors accumulate. In PanIN-1 lesions, the epithelial ductal cells start to lose their key
morphological cuboidal shape and become elongated. Here, they start to overexpress
mucins. In PanIN-2 lesions, the cells start to lose its polarity and detaches from the
basement membrane. The nucleus also becomes atypical. PanIN-3 lesions lead to
invagination of the cells, which then start to bud off and is sometimes termed as
carcinoma-in-situ. PanIN-4 is considered full onset invasive carcinoma. It can take about
twenty years from the initiating gene mutation in KRAS in a pancreatic ductal epithelial

cell to progress to full blown PDA [54].

KRAS Below crucial ”
activity threshold Above crucial threshold

b e YT
signalling hone o Jow threshold —
expression None or low '

Increasing desmoplasia

Persistent ductal ‘de-differentiation’ and reactivated elements of embryonic development
Acinar Ductal
specification reprogramming PaniNla and 1b PaniN2 PaniN3 PDAC

Crucial temporal thresholds of developmental signalling pathways and KRAS
activity allow pancreatic epithelial neoplasia - pancreatic ductal adenocarcinoma
initiation and progression

Figure 2. Oncogenic KRAS mutation drives early pancreatic neoplasia leading to

the development of PanIN lesions [55].



1.4 MUCl1

Mucinl (MUCI1), found on chromosome 1q21, is a single pass type |
transmembrane protein with a heavily glycosylated extracellular domain that extends up
to 200-500 nm from the cell surface [56]. It is normally expressed in the glandular or
luminal epithelial cells that line the digestive, respiratory, and reproductive tracts, such as
esophagus, stomach, duodenum, pancreas, uterus, prostate, mammary glands, and lungs
[57]. MUCI protects the apical surface of the epithelial cells by creating a physical
barrier that prevents bacteria from entering the cell. Mucins are made of over 50%
carbohydrates which are O-linked to the protein core through serine and threonine
residues [58]. The hydrophilic, negatively charged sugar branches oligomerize to form a
mucinous gel that lubricates and protects the underlying epithelia from desiccation, pH
changes, pollutants, and microbes [59]. MUCI1 comprises of a N-terminal protein
sequence, followed by a sequence called the variable number of tandem repeats (VNTR),
a transmembrane region, and finally a cytoplasmic tail. The larger extracellular portion
consists of the N-terminus (104 amino acids) and the VNTR sequence (20 amino acids)
that is repeated 25-125 times due to polymorphism. The VNTR segment has 5 prolines
and up to 5 O-linked glycans due to serine and threonine residues. The C-terminus
consists of 170 amino acids. The MUC1-C consists of an extracellular region (58 amino
acids), a transmembrane region (28 amino acids), and a cytoplasmic tail (72 amino acids)
[60]. The cytoplasmic tail (also known as CT) is mostly conserved across various species,

although the rest of the molecule is not. The Sea Urchin Sperm protein enterokinase and



agrin (SEA) domain is the extracellular region adjacent to the transmembrane domain. It
anchors the N-terminus to the C-terminus via stable hydrogen bonds [61]. The SEA
domain contains cleavage sites that can release the extracellular N-terminus

(Schematically represented in Figure 3).

Signal > .« 1
peptide ;
p
' Variable number
N-terminal Ar tandem repeat
domain ~ region
(MUC1-N) . (VNTR)
SEA )
domain = Extracellular cellular
(GSVWV) domain (ECD)
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C-terminal | ) )f ‘; Transmembrant
domain ]J { domain (TMD)
(Muc_lc) < N AA NI NS
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Figure 3. Schematic of glycosylated MUC1 N-terminus bound to C-terminus. MUC1 on
normal cells has O- and N- glycosylation, protecting the VNTR region of the N-terminus.
It is bound via hydrogen bonds to the extracellular SEA domain of the C-terminus.

Adapted from Nath et al 2014 [56].

The tumor associated MUC1 (tMUCT1) plays a critical role in tumor progression
and metastasis in PDA [56]. tMUCI is different from normal MUCI1. tMUCI is not only
overexpressed in PDA but is aberrantly glycosylated in over 80% of PDA cases [56, 59,

62-64]. In normal epithelial cells lining the ducts, MUCI1 is localized on the apical
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surface and plays the role of protective barrier. However, when normal cells transform to
malignant cells and lose their polarity, MUCI is no longer restricted to the apical surface;
it becomes hypo-glycosylated, and comes in close proximity to several growth factor
receptors [65] (Schematically represented in Figure 4). This allows tMUCIT to play an
important role in oncogenic signaling [62, 66-68].

It is well established that the oncogenic signal transduction occurs through the
cytoplasmic tail of MUC1 (tMUCI1-CT) [69, 70]. Once the tMUC1-CT is
phosphorylated, it associates with -catenin and other transcription factors, and becomes
released from the N-terminus of tMUCI1, leading it to translocate to the nucleus and
subsequently activate downstream signaling pathways [66, 67, 71]. tMUCI1-CT is 72
amino acids long and is highly conserved with 7 tyrosine residues that are phosphorylated
by intracellular kinases. tMUC1-CT in PDA acts as a binding site for these molecules,

such as c-Src, a proto-oncogene linked to cancer progression [56, 72].

AP-2
™ cT PI3K

VPGWGIALLVLVCVLVALAIVYLIALAVCQCRRKNYGQLDIFPARDTYHPM
PKC
GSK3p
c-Src
SEYPTYHTHGRYVPPSSTDRSPYEKVSAGNGGSSLSYTNPAVAATSANL

EGFR PLCy PKCs CKII B-catenin Grb2
MAPK EGFR

Figure 4. Sequence of MUCI1-CT with binding sites for tyrosine kinase receptors [73].

Studies have linked overexpression of tMUC] in tumors with enhanced epithelial
to mesencyhmal transition (EMT) leading to increased invasiveness, metastasis, and drug

resistance [56, 74, 75]. In fact, tMUCT1 has been shown to enhance invasiveness of
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pancreatic cancer cells by inducing EMT [63]. tMUCI1 has also been shown to increase
cell proliferation, cell migration and invasion, cell survival, and decrease cell apoptosis
via p42/44 MAPK, Akt, Bcl-2, and MMP13 pathways [76]. tMUC1 induces increased
production of prostaglandin (Cox-2) and growth factors, platelet-derived growth factor-A
(PDGF-A) and vascular endothelial growth factor (VEGF), which leads to enhanced
invasiveness of cells mainly through induction of EMT related genes [62, 63, 68, 77].
The increase in Cox-2, including IDO, correlated with an increased percentage of
regulatory T cells and myeloid-derived suppressor cells in pancreatic tumors and tumor
draining lymph nodes [64]. tMUCI has also been implicated in the metabolic
reprogramming that occurs in PDA. It has been shown to control cancer cell metabolism
to aid growth properties of cancer cells. tMUC]1 occupies the promoter elements (and
thereby regulates the expression) of multiple genes that are directly involved in glucose
metabolism. It also enhances glycolytic activity and increases glucose uptake in PC cells
[78]. By controlling autophagy, reactive oxygen species levels, and metabolite flux, it has
been shown that tMUCT influences cancer cell survival under hypoxic and nutrient-

deprived conditions [79].



12

*‘*i%{\%%f&
I N 2

Normal epithelial cell Cancer cell

Key:
S Growth factor Heavily glycosylated Underglycosylated
4 receptors Mucin 1 (MUC1) Mucin 1 (MUC1)

TRENDS in Molecular Medicine

Figure 5. Tumor associated MUC1 becomes aberrantly glycosylated and overexpressed.
MUCI and the growth factors are no longer bound to their respective regions. tMUC1
becomes overexpressed on the surface of the cancer cell and develops close proximity to

growth factors. Adapted from [56].

1.5 Transforming Growth Factor Beta

The transforming growth factor — beta (TGF-p) signaling pathway is involved in
many cellular processes from embryogenesis to the adult organism. Members of the
TGF-B family are found in a wide range of species, such as insects, amphibians, birds,
and humans [80]. It is involved in, but not limited to, cell growth, cell differentiation, cell
cycle regulation, apoptosis, and cellular homeostasis. The TGF-3 superfamily consists of
more than 40 members, including bone morphogenetic proteins (BMPs), growth and
differentiation Factors (GDFs), Activin, Nodal, and TGF-Bs [80] (schematically

represented in Figure 6).
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The TGF-p ligand family consists of three different, highly homologous isoforms
in mammals: TGF-B1, TGF-B2, and TGF-3 [81-83]. The most abundant isoform is TGF-
B1 [84]. About 90% of total TGF-f isoform is TGF-B1. Each are synthesized with latent
precursor protein Latent Transforming Growth Factor — Beta Protein 1 (LTBP1), forming
the complex latent transforming growth factor — beta (LTGF-), which regulates TGF-$1
cytokine activation via association with the latency-associated proteins [85]. This
complex forms the latent precursor protein, LTGF-3, which can be cleaved by Furin into
the latency-associated peptide (LAP) and the shorter region which forms the mature
inactive TGF-§ dimer [86]. LAP is noncovalently associated with the mature TGF-1
and serves as a chaperone during exocytosis. This leads TGF-f into the extracellular
matrix through its interaction with LTBP1. This process is exceptionally important
during wound healing when the dimer is in close proximity to myofibrils [87]. Once the
LTBPI1 dissociates by either proteolytic cleavage by proteases or physical interactions of
LAP with proteins, TGF-1 becomes active [86].

The receptors for TGF-P cytokines are divided into two categories: Type I (R1)
and Type II (R2). Both are single membrane span glycoproteins that have an intrinsic
serine/threonine kinase domain in the C-terminus. Type II receptors phosphorylate type I
receptors. There are five type Il receptors and seven type I receptors. Type I receptors are
also called Activin-like receptors (ALKs). Type I receptors are categorized according to
sequence similarities. The main Type I receptors are ALKS5 (TGF-B Receptor I), ALK4
(Activin receptor), ALK7 (Nodal receptor), ALK3 and ALK 6 (BMP type I receptors),
and ALK1 and ALK?2 which interacts with various TGF-P superfamily members [88, 89].

The most common isoform is ALKS [90]. TGF-BRIII, (also known as betaglycan) which
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is a proteoglycan-containing glycoprotein, has also been identified as a receptor that
binds to various TGF-f receptors. However, it is not directly involved in TGF-f3 signal
transduction [91].

In normal tissue development and early oncogenesis, the TGF-f signaling
complex regulates the cell cycle and induces apoptosis. Signaling, generally, involves
binding of cytokines with their respective TGF- type II receptor dimer. The canonical
pathway of TGF-f signaling starts with binding of two TGF-f receptor type II (TGF-
BRII), a serine/threonine receptor, to two TGF- receptor type I (TGF-BRI), a
serine/threonine receptor, to activate the SMAD pathway [92, 93]. TGF-f and activins
phosphorylate SMAD 2 and SMAD 3, which are activin/TGF-B-specific R-Smads, and
BMPs induce phosphorylation of SMAD 1, SMAD 5, and SMAD 8 (BMP-specific R-
Smads) [94]. The receptors dimerize, forming a hetero-tetrameric complex with the
ligand [95]. When the ligand binds, it triggers the activation of TGF-BRI kinase activity
and switches it to a docking site for SMAD proteins [96]. SMAD 2 and SMAD 3 are
activated by the TGF-BRI [97]. Once phosphorylated by TGF-BRI, SMAD 2 and 3
dimerize, forming the SMAD 2/3 complex [84]. The SMAD 2/3 dimer joins with SMAD
4, creating a hetero-hexameric complex [84]. The newly created complex translocates to
the nucleus, allowing for the transcriptional regulation of target genes that regulate
cellular processes, such as induction of apoptosis [98]. However, it has been shown in a
SMAD 4 null cell line that SMAD 2 and SMAD 3 are still able to translocate to the
nucleus [99]. SMAD 4 is often mutated or deleted in about 55% of PDA cases

showcasing the importance of studying SMAD 4 independent mechanisms of PDA
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development [100]. Loss of functional SMAD 4 in PDA interferes with the TGF-
B/SMAD pathway leading to decreased growth inhibition [101].

TGF-p has a dichotomous role in oncogenesis. In later stages of cancer, a switch
occurs and the TGF-f signaling pathway becomes a tumor promoter, inducing invasion
and metastasis. TGF-B1 stimulates EMT through the activation of the ERK/MAPK
pathway and phosphoinositide 3-kinase (PI3K)/Akt pathway in a Smad independent
manner [102-104]. As reviewed in Kalluri et al, EMT is a biological process that
transforms an epithelial cell to a mesenchymal cell phenotype, which can lead to
resistance to apoptosis [105]. Increased migration and invasion of cancer cells has also
been associated with EMT [106]. TGF-f receptors activate transcription factors
associated with EMT, such as ZEB1, ZEB2, Snail, and Slug [107]. It has also been
established that TGF-f activates the Erk/MAPK pathway through Ras [108]. ShcA is
phosphorylated by the TGF-f receptor complex, which recruits Grb2/SOS/Ras complex
to activate the Ertk/MAPK pathway [109]. The mechanism is poorly understood [110].
Understanding the downstream effects of TGF-f1 mediated Smad-independent cellular
activation will help us establish more efficient treatment regimens. The TGF-3 switch in
function from a tumor suppressor, via apoptosis, to a tumor promoter, via EMT, is elusive
but holds high importance in treatment refractory cancers like PDA [111]. TGF-f is
considered an important target for cancer therapy, and there are multiple anti-TGF-3

compounds in clinical trials [112].
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CHAPTER 2: SMAD4-independent activation of TGF-f signaling by MUCI in a human

pancreatic cancer cell line

This chapter has been published: Grover et al, 2018 Oncotarget [73].

2.1 Introduction

Pancreatic Ductal Adenocarcinoma (PDA) is the fourth leading cause of cancer
related deaths in the United States with a median survival rate of less than six months and
a S—year survival rate of a dismal 7% [114], [115]. By 2030, PDA is predicted to be the
second leading cause of cancer-related deaths in the United States [14]. Its mortality rate
nearly matches its incidence rate [16].

Transforming Growth Factor Beta (TGF-p) is a cytokine with a dichotomous role
in oncogenesis. In normal tissue development and early oncogenesis, the TGF-f signaling
complex is a cell cycle regulator and induces apoptosis. The canonical pathway of TGF-f
signaling starts with binding of two TGF-8 Receptor type II (TGF-BRII) to two TGF-f
Receptor type I (TGF-BRI) to activate the SMAD pathway [92, 93]. The receptors
dimerize, when the ligand binds, triggering the activation of TGF-BRI kinase activity and
switching it to a docking site for SMAD proteins [96]. SMAD 2 and SMAD 3 are
activated by the TGF-BRI [97]. Once phosphorylated by TGF-BRI, SMAD 2 and 3
dimerize forming the SMAD 2/3 complex [84]. The SMAD 2/3 dimer joins with SMAD
4, creating a heterohexameric complex [84]. The newly created complex translocates to

the nucleus, allowing for the transcriptional regulation of target genes which regulate
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cellular processes, such as induction of apoptosis [98]. However, it has been shown that
in a SMAD 4 null cell line SMAD2 and SMAD?3 are still able to translocate to the
nucleus [99]. SMAD 4 is often mutated or deleted in about 55% of PDA cases
showcasing the importance of studying SMAD4 independent mechanisms of PDA
development [100]. Loss of functional SMAD 4 in PDA interferes with the TGF-
B/SMAD pathway leading to decreased growth inhibition [101].

In later stages of cancer, a switch occurs and the TGF-B signaling pathway
becomes a tumor promoter, inducing invasion and metastasis. TGF-B1 stimulates
Epithelial-to-Mesenchymal Transition (EMT) through the activation of the ERK pathway
[102]. As reviewed in Kalluri et al, EMT is a biological process that transforms an
epithelial cell to a mesenchymal cell phenotype, which can lead to resistance to apoptosis
[105]. Increased migration and invasion of cancer cells has also been associated with
EMT [106]. The TGF-B switch in function from a tumor suppressor, via apoptosis, to a
tumor promoter, via EMT, is elusive but holds high importance in treatment refractory
cancers like PDA [111]. The TGF-B ligand family consists of three different, highly
homologous isoforms: TGF-B1, TGF-B2, and TGF-f3 [81-83]. The most abundant
isoform is TGF-B1 [84]. TGF-p is considered an important target for cancer therapy, and
there are multiple anti-TGF-B compounds in clinical trials [112].

Mucin-1 (MUC1), a transmembrane glycoprotein that plays a critical role in
tumor progression and metastasis in PDA [56]. In normal epithelial cells lining the ducts,
MUCI is localized on the apical surface and provides a protective barrier. However,
when normal cells transform to malignant cells and lose their polarity, MUCI is no

longer restricted to the apical surface; it becomes hypo-glycosylated, and comes in close
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proximity to several growth factor receptors including TGF-f receptors [65]. The tumor-
associated form of MUC1 (tMUCI) plays an important role in oncogenic signaling [62,
66-68]. Studies have linked overexpression of tMUCI1 in tumors with enhanced EMT
leading to increased invasiveness, metastasis, and drug resistance [56, 74, 75]. tMUCI1
induces increased production of prostaglandin (Cox-2) and growth factors (PDGF and
VEGF), which leads to enhanced invasiveness of cells mainly through induction of EMT
related genes [62, 63, 68, 77]. Importantly, tMUCI1 is overexpressed and aberrantly
glycosylated in over 80% of PDA cases [56, 59, 62-64]. It is well established that the
oncogenic signal transduction occurs through the cytoplasmic tail of tMUC1 (tMUCI-
CT) [69, 70]. Once the tMUCI1-CT is phosphorylated, it associates with B-catenin and
other transcription factors, and becomes released from the N-terminus of tMUCI1, leading
it to translocate to the nucleus and subsequently activate downstream signaling pathways
[66, 67, 71]. tMUC1-CT is 72 amino acids long and is highly conserved with seven
tyrosine residues that are phosphorylated by intracellular kinases. The phosphotyrosine
residues act as binding sites for molecules, such as c-Src, a proto-oncogene linked to
cancer progression [56, 72].

In this study, we show that overexpression of tMUCI1 in human SMAD4 deleted
PDA cell line BxPC3, plays an important role in the switch of TGF-B1 from a tumor
suppressor to a tumor promoter, via a SMAD4 independent mechanism. Similar data is
also reported in CHO cells. This study is the first to show that overexpression of tMUC1
directly reduces TGF-B1 induced apoptosis and increases invasive potential in BxPC3

and CHO cells via signaling through the tyrosines in tMUC1-CT.
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2.2 Results

Overexpression of tMUCI in BxPC3 and CHO cells significantly increases the
amount of TGF-B1 produced without altering levels of the TGF-f receptors or
SMAD2/3. For this study, we selected Chinese hamster ovarian cell line (CHO) that is
null for human tMUCI1 and a human PDA cell line BxPC3 that express low levels of
endogenous human tMUCI1 and has SMAD4 independent TGF-f signaling. CHO cells
have intact canonical TGF-3 signaling pathway and were selected as a control cell line to
investigate the effects of tMUC1 on TGF-p signaling and phenotypic outcomes. Using a
retroviral gene delivery system, we overexpressed the full-length human MUCI
transgene in BxPC3 and CHO cells creating two tMUCI high cell lines: BxPC3.MUC1
and CHO.MUCI. An empty vector, which does not carry the human MUCI gene, was
used to create the control cell lines BxXPC3.Neo and CHO.Neo. Western blotting was
performed to confirm the expression of human tMUCI in these cell lines. Cell lysates
probed with CT2 antibody that recognizes the last 17 amino acids
(SSLSYNTPAVAATSANL) of the cytoplasmic tail (CT) [116] revealed that
BxPC3.MUCI1 and CHO.MUCI cells expressed high levels of human tMUCI, while
BxPC3.Neo and CHO.Neo did not (Fig. 14 and 1B). Next, we tested expression of the
key signaling components of the canonical TGF-§ pathway, TGF-BRI, TGF-BRII, SMAD
2/3, and SMAD4 (expressed in CHO cells) [117]. We found that the levels of these
signaling proteins were not significantly altered in the BxPC3.MUCI1 compared to

BxPC.Neo (Fig. 1B) or in CHO.MUCI1 compared to CHO.Neo (Fig. 14). Densitometric



21

arbitrary units are shown in Figure 1A and B representing the levels of protein
normalized to their B-actin loading control.

To investigate if overexpression of tMUCI alters SMAD4 independent TGF-f3
signaling, we first looked for differences in TGF-B1 secretion by these cells. Specific
ELISA was used to determine the TGF-f1 concentration in the supernatant of these cells.
Our data showed significantly higher levels of TGF-f1 in the supernatants of
CHO.MUCI at 48 hours and BxPC3.MUCI at 6, 12, and 24 hours when compared to the
control cell lines that expressed low levels of endogenous tMUC1 (Fig. 1C, p<0.01 and
1D, p<0.001), suggesting that MUCI1 is a major contributor to the abundant release of
TGF-B1. (Note: Only 48h time point is shown for CHO cells as earlier time points had
very low undetectable levels of TGF-B1 release). Thus, we concluded that tMUCI1
overexpression increases TGF-B1 released but does not affect the expression of the

receptors or the downstream signaling component.

Overexpression of tMUCI protects PDA cells from TGF-f1-mediated apoptosis.
We determined the effect of exogenous TGF-B1 on induction of apoptosis in CHO and
BxPC3 cells in context of tMUCI expression. Apoptosis was measured by performing
Annexin V/7AAD staining followed by flow cytometry. Treatment with TGF-B1 induced
a 2-fold induction of apoptosis in the CHO.Neo cells compared to 0.5-fold induction of
apoptosis in CHO.MUCI cells (Figure 24, p<0.05). Similarly, BxPC3.MUCI cells were
completely protected from TGF-B1 induced apoptosis compared to 5-fold induction of
apoptosis in BxPC3.Neo cells (Figure 2B, p<0.05). Furthermore, we found that TGF-B1

treatment activated cleavage of Caspase 3 more in the BXPC3.Neo cells than in the
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BxPC3.MUCI cells (Fig. 2C and 2D, p<0.0001) even though total Caspase 3 was
significantly higher in the BXPC3.MUCI versus the Neo cells (Fig. 2C and 2E, p<0.001).
Caspase 3 is a death protease commonly associated with changes in cell morphology, and
induction of apoptosis [118]. tMUCI1 expression has been shown to reduce stress induced
apoptosis by blocking activation of Caspase 8, which is known to interact and activate
Caspase 3 [119]. It has also been shown to inhibit apoptosis under genotoxic stress via
JNK1 activation [75, 120]. Upon comparing overall Caspase 3 activation, we observed
that BxPC3.Neo has a statistically significant increase when compared to BxPC3.MUC1
in the presence of TGF-B1 (Fig. 2C and 2F, p<0.0001). We did not observe any
significant difference in cleaved Caspase 7 between BxPC3.Neo and MUCI cells in
response to TGF-B1 treatment (Fig. 2C and 2G). However, when we compared the ratio
of cleaved Caspase 7 versus total Caspase 7, a significant decrease in cleaved Caspase 7
in the tMUC 1-overexpressing cells was noted when exposed to TGF-B1 (Fig. 27, p<0.01).
As with Caspase 3, Caspase 7 levels were significantly higher in BxPC3.MUC1 when
compared to BxPC3.Neo cells (Fig. 2C and 2H, p<0.05). Etoposide was used as the
positive control for inducing Caspase 3 and 7 cleavage and activation. However, we did
not observe any significant difference in Caspase 3 and 7 cleavages, because both
BxPC3.MUCI1 and BxPC3.Neo cells were equally sensitive to high concentration
(100uM) of etoposide. Therefore, we suggest that cleaved caspases may regulate TGF-p1
induced apoptosis in the absence of tMUCI. The densitometric arbitrary unit shown in
Figures D, E, G, and H represent levels of protein normalized to their B-actin loading

control while F and I represent levels of cleaved caspase/total caspase.
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Treatment with TGF-f1 increases invasive properties of tMUC1-overexpressing
cells as compared to their Neo counterparts. We hypothesized that TGF-f1 may induce
invasiveness in tMUC]1-high but not tMUC1-low cells by activating EMT. To test this
hypothesis, we determined the invasive properties of BxPC3.MUCI and CHO.MUCI1
versus BxPC3.Neo and CHO.Neo cells in response to TGF-B1. Results show 20-fold
higher levels of invasion in CHO.MUC1 when compared to CHO.Neo (Fig. 34,
p<0.0001,) and 1.5-fold higher in BxPC3.MUC1 when compared to BxPC3.Neo (Fig.
3B, p<0.05,). We recognize that CHO cells that are SMAD4 positive respond better to
TGF-B1. However, to further explore whether SMAD4 deletion plays a role, we also
tested the invasive potential of Wild Type SMAD4 PDA cell lines HPAF-II and MIA
PaCa-2 (Supplemental Figure 4). HPAF-II, an endogenously high tMUCI line
significantly increases its invasive potential when exposed to TGF- B1. Following the
trends established, MIA PaCa-2, an endogenously low tMUCI line, significantly
decreases its invasive potential in the presence of TGF- B1. These cell lines, in relation to
their endogenous tMUCT levels, will be further studied. Overall, the results suggest that
there is synergistic interaction between tMUCI1 and TGF-f signaling resulting in
increased motility and invasiveness. Next, we assessed the levels of EMT associated
proteins by western blotting in TGF-B1 treated versus untreated cells. Twenty fours post
TGF-B1 treatment, levels of Snail, Slug, Vimentin, and N-Cadherin was determined. The
percent change in density of the bands due to TGF-B1 treatment is significantly higher in
the BxPC3.MUCI1 compared to BxPC3.Neo for all the EMT associated proteins except
for Snail (Figure 3C-G). Percent change was determined by formula (TGF-B1 treated —

No treatment/No treatment) * 100. If the final answer was negative, this was percentage
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decrease (suggesting that the protein level remained unchanged with treatment). We
observed no difference in the activation of the ERK pathway when examining levels of
phospho-ERK between MUCI and Neo cells. Presently, we do not know why that is,
however we suspect that in the absence of SMAD4 in the tMUCT1 overexpessing BxPC3

cell line that the ERK pathway may not be activated [121].

TGF-p1 mediated functions require signaling through the tyrosines present in
tMUCI-CT. We next investigated if the functional differences of TGF-f were
manifestations of signaling crosstalk between the TGF-B signaling components and
tMUCI1-CT. tMUCI1 associated non-canonical regulation of TGF-f signaling in a
SMAD#4 independent mechanism is responsible for the activation of other transcription
factors via their interaction with the cytoplasmic tail of tMUCI [122]. Therefore, we
hypothesized that the interaction of tMUCI-CT with the TGF-B signaling pathway
regulates the differences in apoptosis and induction of EMT independently of SMADA4.
To test this hypothesis, we generated a phosphomutant form of tMUCI1 (CHO.YO and
BxPC3.Y0), where all seven tyrosines of tMUC1-CT were mutated to phenylalanine. The
tMUC1 YO mutant is considered ‘a non-functional form’ of tMUC1-CT as it lacks the
tyrosines for phosphorylation, a precursor for downstream signal transduction (Fig. 44).
Western blots show the expression levels of tMUCI-CT in Neo, MUCI, and YO cells
(Figure 4B and C). As previously observed, TGF-B1 treatment increases invasiveness in
the tMUC1-overexpressing cells when compared to the Neo cells. However, when
comparing phosphomutant BxPC3.Y0 or CHO.YO cells to the full-length tMUCI1-

overexpressing cells, we observed a complete reversal of the enhanced invasion when
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exposed to TGF-B1 (Fig. 4D and E). The only difference between the full length tMUC1
and tMUC1.Y0 expressing cells is the ability to signal through the tyrosine residues of
tMUC1-CT. Therefore, we postulate that the tyrosine residues of tMUC1-CT are critical
for the synergistic cross talk between tMUCI1 and TGF-B signaling that results in the
TGF-B1 associated apoptosis and invasion. To our surprise we observed an increase in
Vimentin in the BxPC3.Y0 cells post TGF-B1 treatment (Supplemental Figure 1A);
however, it was striking to note that there were no cleaved caspases 3 or 7 in these cells
post TGF-B1 treatment suggesting that the tyrosines play a major role in the TGF-1
induced apoptotic pathway (Supplemental Figure 1B). To confirm that treatment itself
did not cause any changes in the tMUCI1 levels, we conducted western blotting for
tMUCT extracellular domain expression pre and post-TGF-B1 or etoposide treatment in
BxC3.Neo, MUCI1, and YO cells (Supplemental Figure 2). Treatment did not result in any
change in the expression levels of tMUCI in the cells. Due to the changes in tyrosine to
phenylalanine, the YO cells always run smaller in size and has been published extensively

[123].

C-Src inhibition negates TGF-$1 mediated invasion in tMUCI-overexpressing
cells. 1t has been shown that when Dasatinib, a Src inhibitor, was used on PDA cell lines
PANC-1 and Colo-357, it inhibited TGF-B1 induced SMAD phosphorylation, migration,
and invasion, therefore it is a tyrosine to consider [124]. c-Src is also associated with
tMUCI1-CT and plays a vital role in tMUCI induced tumor metastasis [56, 72, 125].
Therefore, when BxPC3.MUCI1 cells were treated with PP2, a c-Src inhibitor, the

invasiveness of the cells in response to TGF-f1 was decreased (Fig. 5B and D, p<0.05).
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However, PP2 treatment did not affect the invasive potential of BxPC3.Neo cells (Fig. 5B
and C). Although the BxPC3.YO cells had lower percent invasion than BxPC3.MUCI
and BxPC3.Neo cells, it is interesting that PP2 treatment further decreased invasiveness
in BxPC3.Y0 cells (Fig. 5B and E, p<0.001, p<0.05). The fact that PP2 inhibition
affected the YO cells may be because PP2 is non-selective and is known to weakly inhibit
EGFR and many other kinases with similar affinities [126, 127]. Overall, the results
suggest that overexpression of tMUCI in these cell lines drive the anti-apoptotic
oncogenic functions of TGF-B1 in a SMAD4 independent manner, and that this is
partially via signaling interaction of c-Src with tMUCI-CT. Further investigations need
to be conducted to better understand the mechanisms and importance of tMUCI1-CT
tyrosines and the interaction with other oncogenic signaling pathways. In a pilot study,
we established the tMUCI1-CT expression levels and the natural invasive potential of a
variety of tMUCI-CT mutated BxPC3 cells (Supplemental Figure 3A and B). In
BxPC3.Y2 and 5; BXxPC3.Y6; BxPC3.Y7; and BxPC3.Y3, 6 and 7 cell lines where either
single or multiple tyrosines are mutated to phenylalanine, the results show that these cells
behave similarly to BxXPC3.Y0. These results further establish the critical oncogenic role

of tMUC1-CT as reviewed in [122].

It must be noted that the levels that we report for the endogenous TGF-f1 production is
in picograms/ml and what we add exogenously is in ngs/ml. In the CHO.MUCI cells, the
level is only 0.1ngs and in BxPC3.MUCI, it is 0.6ngs (Figure 1). Therefore, the
functional differences we report in Figures 2-5 is due predominantly through the

exogenous addition of TGF-f (10ngs).
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2.3 Discussion

In a noncancerous pancreas, tMUCI is expressed in low levels on the luminal
surface of the ductal epithelial cells. Yet, an exponential increase in tMUC1 expression
occurs during early stages of pancreatic cancer development. Even in early stage
pancreatic intraepithelial neoplasia (PanIN) lesions, there is an observed increase in
tMUCI1 expression [68, 128, 129]. It is also shown that TGF-f1 mediated response
changes from apoptotic and cell growth regulatory to increasing invasiveness and
migration in cancer [84]. The data presented herein suggests that tMUC1’s interaction
with components of the TGF-3 signaling pathway, in a SMAD4 independent mechanism,
increases the oncogenic features of anti-apoptosis, increased EMT signaling, and more
invasion. This has important clinical relevance, because tMUC1 may be a biomarker for
anti-TGF-f therapies in PDA cells. Tumors with high tMUCI1 expression can now be
considered for TGF-B neutralizing strategies, while tMUCI low expressing tumors
should not be considered for the same.

Using a SMAD4 independent PDA cell model, we demonstrate that tMUCI1
increases TGF-B1 secretion, without affecting expression of the key components of the
TGF-p signaling in a SMAD-4 deleted cell line (Fig. 1). We believe that the increase in
TGF-B1 secretion in the tMUC1 overexpressing cells (Fig. 1) may be due to the 3-fold

increase in latent TGF-beta binding protein 1 (LTBP-1) gene expression in the
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BxPC3.MUCI1 when compared to the Neo cells (from our microarray data' (data not
shown)). LTBP-1 activates TGF-f secretion. This targets latent complexes of TGF-B1 to
the extracellular matrix, where the latent cytokine is subsequently activated by various
mechanisms. It has been previously shown that tMUCI1 expression increased TGF-f1
expression at the mRNA and protein levels in human hepatocellular carcinoma cells
[130]. In dry eye disease, it has also been shown that tMUCI increases basal TGF-§1
expression [131]. Recently, it has been shown that TGF-f signaling and deletion of
SMAD 4 can alter AGR2 expression, which in turn positively correlates with tMUCI
expression [132]. These studies support our findings that in a tMUCI-overexpressing
SMAD 4 deleted PDA cell line model, tMUCT increases TGF-B1 expression and release.
The mechanisms for upregulation of TGF-B1 are unknown. However, once malignant
cells lose their growth inhibitory response to TGF-B1 and produce high levels of these
protein, the increased expression of TGF-B1 provides a selective advantage for tumor cell
survival as TGF-B1 are also angiogenic and have potent immunosuppressive effects
[117].

During the early phases of tumorigenesis, TGF-B1 inhibits primary tumor
development and growth by inducing cell cycle arrest and apoptosis [133, 134].
Apoptosis is characterized by morphological and biochemical changes [135]. When the
role of TGF-B1 changes from tumor suppressor to tumor promoter, as reviewed in Lebrun
2012, the tumor promoting effects of TGF-B1 includes induction of EMT, resistance to
apoptosis, migration, invasion, and tumor metastasis [136]. It has been shown that

SMAD-4 deleted WT BxPC3 cells constitutively activates ERK, has an increased anti-

1 Preliminary data from our lab not shown
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apoptotic response but does not promote invasiveness [137, 138]. Finally, it has also been
shown that tMUCT expression can confer resistance of epithelial cancer cells to cell death
via anoikis [139]. Data from our study indicates that tMUC]1-overexpressing cells are
resistant to TGF-f mediated apoptosis, (Fig. 2) and become highly invasive in a SMADA4-
independent manner (Fig. 3). We have also shown similar results in an endogenously
tMUCI high Wild Type SMAD4 PDA cell line (Supplemental Figure 4). Another study
reported that inhibiting TGF- downstream signaling reduces invasiveness in PANC-1
PDA cell line that is known to express tMUC]1 [140]. Thus, our data correlates with that
study, showing that the tMUCI-over expressing cell lines, BxPC3.MUCI1 and
CHO.MUCI1, have significantly reduced TGF-Bl-induced invasiveness when
downstream signaling is blocked in the tMUC]1 phosphomutant YO cells or in PP2 treated
cells (Fig. 4 and 5). The blocking of tMUCI1-CT downstream signaling in SMAD4 -
negative pancreatic cancer cell line reduces the effects previously seen in the tMUCI-
high expressing cells, establishing the importance of tMUC1-CT. This is significant for
the 55% of PDA cases where SMAD4 is deleted. It is important to note that tMUC1
expression level does not change with TGF-B1 treatment or in cells with tMUC1-CT
tyrosines mutated to phenylalanine (Supplemental Figure 2). Therefore, the effects are
not a reflection of differences in tMUC1 expression levels. Although tMUCI is known to
confer resistance to apoptosis in response to several genotoxic drugs in PDA and other
cancer cells [75, 119, 120], this is the first study that shows tMUC1 blocks TGF-B1
induced apoptosis. Signaling through the MUCI1-CT is critical for cleavage of caspases

and apoptosis (Supplemental Figure 1B).
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Previous studies have shown that the clinical efficiency of inhibition of c-Src in
PDA cells is due to inhibition of tumor-promoting TGF-f signaling [124]. Our data
supports this interaction by providing evidence that in BxPC3.MUCI cells treated with c-
Src inhibitor PP2 significantly reduced TGF-B1-induced invasion (Fig. 5). However, it is
also shown that PP2 can be non-selective by weakly inhibit EGFR and have other off-
target effects [126, 141]. Further array analysis can be performed to understand the
complete mechanism. Solving the mystery of the molecular interactions with other
oncogenic signaling pathways associated with SMAD4 independent TGF-f signaling will
provide great insight into the functional switch of TGF-B1 from a tumor suppressor to a
promoter of tumor development. This knowledge may potentially enable anti-TGF-f3
therapies in combination with standard therapies and/or immunotherapy to become more
efficiently used in the clinic. For example, although certain TGF-B inhibitory treatments
have worked in vivo using mouse models, the results have not been particularly
promising in clinical trials [142]. Targeting TGF- signaling carries a substantial risk as
this pathway is implicated in multiple homeostatic processes and is known to have tumor-
suppressor functions. Establishing the mechanism, and determining a potential
biomarker, should be priority before continuing anti-TGF-B clinical trials. The
mechanisms for upregulation of TGF-B1 remain unknown. However, once malignant
cells lose their growth inhibitory response to TGF-B1 and produce massive amounts of
TGF-B1 (as seen in the tMUC]1-high cells-Figure 1), the increased expression of TGF-f1
provides a discerning advantage for tumor cell survival. If tMUC1 can be shown as a
correlative biomarker, as our data suggests, we may alleviate some of the complications

associated with anti-TGF-f therapies, especially in SMAD4 independent PDA cases. The
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data presented here is just the beginning in establishing why certain patients may be more
suitable candidates for TGF-f targeted therapies than others may. We conclude that
signaling through tMUC1-CT plays a critical role in the switch of SMAD4 independent

TGF-B1 function from a pro-apoptotic to a pro-invasion cytokine (Fig. 6).

2.4 Experimental Procedures

Cell Lines and culture. CHO.MUC1, CHO.Neo, CHO. Y0, BxPC3.MUCI,
BxPC3.Neo, BxPC3.Y0 were generated as previously described [63]. HPAF-II and MIA
Paca-2 were obtained from American Type Culture Collection and cultured as instructed.
Cell lines were maintained in Roswell Park Memorial Institute 1640 medium (RPMI;
with, L-glutamine; ThermoFisher). RPMI was supplemented with 10% fetal bovine
serum (FBS; Hyclone), 3.4 mM L-glutamine, 90 units (U) per ml penicillin, 90 pg/ml
streptomycin, and 1% Non-essential amino acids (Cellgro). RPMI was also supplemented
with Geneticin (G418; Invitrogen, Carlsbad, CA, USA). Cells were kept in a 5% CO;
atmosphere at 37°C. The antibiotic G418 (50 mg/ml) was added to every passage of
BxPC3.Neo and BxPC3.MUCI to ensure positive selection of MUCI positive cells. For
all experiments, cell lines were passaged no more than 10 times.

Western blotting. Cellular lysate preparation and Western blotting was done as
previously described [63]. The cells were either treated as such: no treatment, 10 ng/ml of
TGF-B1 (Peprotech, Rocky Hill, NJ, USA), or 100uM of Etoposide for 48 hours due to
more pronounced signaling. 1:500 Armenian hamster monoclonal anti-human tMUCI1

cytoplasmic tail (CT2) antibody was used to probe for tMUCI in phosphate- buffered-
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saline-Tween 20 (PBS-T) with 5% BSA. CT2 antibody recognizes the last 17 amino
acids (SSLSYNTPAVAATSANL) of the cytoplasmic tail (CT) of human MUCI [116].
1:10,000 TAB004 (OncoTAb, Charlotte, NC) was used to detect the N-terminus
extracellular domain of MUC1[62, 143]. Membranes were also probed with the following
antibodies from Cell Signaling (1:1000): Smad4 (Rabbit, 38454), Smad 2/3 (Rabbit,
5678), Vimentin (Rabbit, 5741), Snail (Rabbit, 3879), Slug (Rabbit, 9585), N-cadherin
(Rabbit, 13116), Cleaved Caspase 3 (Rabbit, 9664), Caspase 3 (Rabbit, 9665), Cleaved
Caspase 7 (Rabbit, 8438), Caspase 7 (Rabbit, 12827), and B-Actin (Mouse, 3700). Other
antibodies used include TGF-BRI (Abcam, 1:200, Rabbit, ab31013) and TGF-BRII
(Abcam, 1:1000, Rabbit, ab61213). Densitometric analysis was conducted using the
ImagelJ software and percent change is calculated accordingly: First, each density unit for
the particular protein was normalized to their respective B-actin density. Percent change
was determined by formula (TGF-B1 treated — No treatment/No treatment) * 100. If the
final answer was negative, this was percentage decrease (suggesting that the protein level
remained unchanged with treatment).

ELISA. Cells plated in duplicates in 6 well plates were cultured for 6, 12, and 24
hours. At the indicated time point, the culture supernatant was collected and
concentrated using Amicon ultra-centrifugal filters (3KDa cutoff). The protein retentate
was reconstituted up to 0.5ml with PBS. TGF-B1 levels in the supernatant were assessed
using a specific ELISA (R&D systems, Minneapolis, MN), according to the
manufacturer’s recommended protocol. The total protein concentration was determined
by BCA. The TGF-B1 levels were normalized to the total protein content of each sample.

Results were expressed as TGF-B1 pg/ml concentration.
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Apoptosis Assay. Cells that were serum starved for 18 hours were left untreated
or treated with 10ng/ml of TGF-B1 (Peprotech, Rocky Hill, NJ, USA) and 100uM of
Etoposide (as a positive control). 24 hours after treatment began; the cells were harvested
and stained with Annexin V and PI (Annexin V/Dead Cell Apoptosis Kit, Life
Technologies, Eugene, Oregon). The cells were analyzed using BD FORTESSA and
FlowJo Version 8.8.7. Fold-change was calculated as TGF-B treated percent
apoptosis/control percent invasion.

Invasion Assay. Cells were serum starved 18 hours before plating for the
invasion assay. 50,000 cells in serum-free media were plated over transwell inserts (BD
Biosciences, San Jose, CA, USA) precoated with diluted reduced growth factor Matrigel
in serum free media, plus or minus TGF-B1 (Peprotech, Rocky Hill, NJ, USA). The cells
were allowed to invade through the Matrigel® for 48 hours towards the serum contained
in the bottom chamber. After 48 hours, only the control wells were swabbed with a cotton
swab, followed by staining of all inserts with Coomassie blue. 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 UV/Vis
Spectrophotometer at 562uM. Percent invasion was calculated as sample
absorbance/control absorbance X 100. Fold-change was calculated as TGF-B1 treated
percent invasion/untreated percent invasion.

Treatment with c-Src Inhibitor. BxXPC3.MUCI, Neo, and YO cells were serum
starved 18 hours before plating for the invasion assay. 50,000 cells were plated as in the

invasion assay protocol. Cells were either left untreated, treated with 10 ng/ml of TGF-p1
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(Peprotech, Rocky Hill, NJ, USA), or the c-Src inhibitor PP2 (Tocris), or a combination
of 10 ng/ml of TGF-B1 and PP2. The invasion assay was performed as described above.
Statistics. GraphPad Prism 5 and Image] were used to analyze the western data.

GraphPad Prism 5 was used to generate the graphs and perform statistical analysis.
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Figure 1. tMUC1 overexpressing cells release significantly higher amounts of active
TGF-B1 when compared to tMUC1-low expressing cells. A and B. Western blotting
detecting expression of MUCI1-CT, TGF-BRI, TGF-BRII, SMAD 2/3, and SMAD4 in
CHO and BxPC3 cells. Corresponding densitometric analysis for the TGF-f receptors. C
and D. TFG-B1 specific ELISA of supernatants from CHO and BxPC3 cells cultured in
serum free medium for the indicated times. Results are presented as means +/- SEM of
n=3. ** p <0.01, *** p<0.001.
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Figure 2. tMUCT1 overexpressing cells resist apoptosis in response to treatment with
TGF-p1 with corresponding decrease in cleaved caspase 3 when compared to
tMUCI1 low expressing cells. A and B. Apoptosis was determined at 48 hours post
treatment with TGF-B1 by Annexin V+/7AAD staining and flow cytometry. Data is
presented as fold change in apoptosis from untreated cells. C. Western blotting of
apoptotic markers (cleaved Caspase 3 and 7) in BxPC3 cells 48 hours post TGF-B1
treatment. D-I. Corresponding densitometric analysis of C is presented. D and G:
Arbitrary densitometric unit of cleaved caspase 3 and cleaved caspase 7 normalized to [3-
actin respectively; E and H: Arbitrary densitometric unit of total caspase 3 and caspase 7
normalized to B-actin; 2F: Ratio of cleaved caspase 3 and 7 normalized to total caspase 3
and 7. Results are presented as means +/- SEM of n=3. * p < 0.05, ** p < 0.01, ***
p<0.001, **** p<0.0001.
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Figure 3. tMUC1 overexpressing cells undergo significantly higher levels of invasion
in response to TGF-B1 treatment. A and B. Invasion was determined by standard
transwell assay at 48h time point. Results are presented as fold change from untreated. C.
Western blots to detect EMT markers 48 hours post TGF-f1 treatment. D-G.
Corresponding densitometric analysis of C is presented. Percent change from untreated is
presented. All values are first normalized to its corresponding f-actin levels. Results are
presented as means +/- SEM of n=3. * p < 0.05, ** p < 0.01, **** p<0.0001. D-G
calculation First the density value of each protein was normalized to their respective [3-
actin density value. Next the percent change was calculated by the formula: (TGF-f1
treated — No treatment/No treatment) * 100. If the final answer was negative, this was
percentage decrease.
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Figure 4. TGF-B1 mediated invasiveness is dependent upon signaling through the
tyrosines in tMUC1-CT. A. Amino Acid sequence of tMUC1 CT WT and tMUC1 CT
YO where tyrosines are mutated to phenylalanine. B and C. Western blots to detect
tMUCT1 using the tMUC1-CT antibody in CHO.Neo, MUCI, and YO cells as well as
BxPC3.Neo, MUCI, and YO cells. D and E. 48-hour invasion in response to TGF-$1
treatment presented as fold change from untreated cells. Results are presented as means

+/- SEM of n=3. * p<0.05, *** p<0.001.
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Figure 5. C-Src inhibition negates the aggressiveness of TGF-pf1 mediated invasion
in tMUC1 expressing cells. A. Schematic of tMUC-CT amino acid sequence and the
potential kinase binding sites. B. Percent invasion was determined by standard transwell
assay at 48 hours post treatment with TGF-f1 + PP2 as indicated in the figure. C-E. Each
treatment is compared to the untreated within each individual cell line. Results of the
invasion assay are presented as means +/- SEM of n=3. * p<0.05, *** p<0.001.
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Figure 6. A schematic of the proposed mechanism of tMUC1 mediating TGF-p
signaling. Schematic showing that tMUC1-CT plays an important role in switching the
role of TGF-B from a tumor suppressor to a tumor promoter in PDA, specifically in
BxPC3 cells.
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Supplementary Figure 1. Western blotting showing A) EMT and B) Apoptosis
associated markers in BxPC3.YO cells in response to exogenous TGF- B1.
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Supplementary Figure 2. N-terminus of tMUCI expression in BxPC3.Neo,
BxPC3.MUCI, and BxPC3.Y0 under various conditions was analyzed by Western Blot.
Due to the changes of tyrosine to phenylalanine, the YO cells always run smaller in size.
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Supplementary Figure 3. A. tMUCI expression in BXPC3 cells infected with full
length tMUCT or various mutants of tMUC1-CT was analyzed by Western Blot. B.
BXPC3 cells stably expressing the various mutants of tMUC1-CT were plated over
transwell inserts pre-coated with reduced growth factor Matrigel®, and were allowed to
invade the matrix towards serum contained in the bottom chamber for 48 hours. Percent
invasion was calculated as absorbance of samples/absorbance of controls x 100.
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Supplementary Figure 4. HPAFII and Mia-PaCa2 were plated over transwell inserts
pre-coated with reduced growth factor Matrigel”, and were allowed to invade the matrix
towards serum contained in the bottom chamber for 24 hours. Percent invasion was
calculated as absorbance of samples/absorbance of controls x 100.
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CHAPTER 3: tMUC1 Regulates Transforming Growth Factor beta 1 (TGF-1) function
in Pancreatic Ductal Adenocarcinoma

3.1 Introduction

Pancreatic ductal adenocarcinoma (PDA) is currently the third leading cause of
cancer-related deaths in the United States. By 2030, it will become the second leading
cause [14]. PDA has a median survival rate of less than six months and a five-year
survival rate of 9% in the US [144]. Worldwide, the overall five-year survival rate ranges
from 2% to 9% [145]. It has a mortality rate that nearly matches its incidence rate [18].

TGF-B1 is a member of the TGF superfamily of secreted cytokines. It signals
through its receptors and performs many cellular functions such as cell growth, apoptosis,
differentiation, immune response, angiogenesis, and inflammation [146-148].
Dysregulation of this pathway can lead to cancer, among other ailments [149]. In normal
environments and early cancers, TGF-B1 regulates epithelial cells as a tumor suppressor
by regulating the cell cycle and inducing apoptosis. However, a switch occurs and TGF-
B1 becomes a tumor promoter. TGF-B1 can induce invasion and migration and eventually
lead to epithelial-to-mesenchymal transition (EMT) [117]. This process helps facilitate
the migration and invasion of cancer cells to distant locations leading to metastasis, the
major cause of cancer-related deaths [150].

Canonical TGF-B1 signaling is initiated by the binding of a cytokine to a pair of
specific transmembrane receptors [151]. This activates the cytoplasmic serine/threonine
kinase domains of the receptors [152]. This leads to further activation downstream. In

normal environments, TGF-B1 binds to its specific receptors TGF-BRII and TGF-BRI,
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respectively. This leads to the phosphorylation of SMAD 2/3 via the cytoplasmic
Serine/Threonine kinase domain of TGF-BRI [153]. SMAD?2 has been identified as a
tumor suppressor and mediator of the anti-proliferative TGF-B1 and activin responses
[154]. SMAD 2/3 trilocalizes with SMAD 4 which leads the complex to the nucleus to
induce transcriptional changes. However, frequent alterations and changes in the TGF-f1
pathway occur in cancer. Noncanonical TGF-B1 signaling has been shown to activate
Erk1/2 via tyrosine kinase signaling [109]. SMAD 4 mutations and deletions are
particularly common in PDA. SMAD 4 is inactivated in about half of PDA cases.
Homozygous deletions account for 30% of PDA cases and loss of heterozygosity
accounts for 20% of all PDA cases [155].

Tumor Associated Mucin-1 (tMUC1) is a Type I transmembrane O-glycosylated
protein that is overexpressed and differently glycosylated, thus influencing tumor
progression and metastasis in PDA [56]. tMUCI is overexpressed and aberrantly
glycosylated in more than 80% of PDA cases [56, 59, 62-64]. In normal environments,
MUCT is expressed on the apical surface of ductal cells to provide a protective barrier
[156]. However, when the cells become cancerous, tMUC]1 expression is no longer
restricted to the apical surface. Glycosylation is decreased and the protein becomes
overexpressed [59]. Due to loss of polarity in tumor cells, tMUC]1 comes into close
vicinity of many growth factor receptors. tMUC1 oncogenic signaling, which plays an
important role in increased metastasis and invasion, occurs through the cytoplasmic tail
(tMUC1-CT). The tMUCI1-CT is a highly conserved 72 amino acid long section with
seven tyrosine residues that are phosphorylated by tyrosine receptor kinases, such as c-

Src [69, 70]. This intracellular kinase is a proto-oncogene that plays an important role in
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cancer progression. c-Src has been shown to mediate breast cancer cell proliferation and
invasion via regulation of mitogen-activated protein kinase (MAPK) activation [157].

In our previous publication, we have shown tMUCI controls TGF-B1 signaling in
genetically identical PDA cell lines that are engineered to stably overexpress tMUC1
[73]. We also established that the signaling is dependent upon tyrosine phosphorylation
of the tMUC1-CT. We further proved that c-Src is partially responsible for the
phosphorylation of tMUC1-CT and neutralizing c-Src led to rescue of TGF-B1 signaling.
In this follow-up report, we confirm our findings in genetically distinct PDA cell lines
that express endogenously high and low MUCI1. We establish that MUCI plays a
definitive role in switching TGF-B1’s function from a tumor suppressor to a tumor
promoter. In the presence of high tMUC1, TGF-B1 activates the Erk pathway, increases
c-Src phosphorylation, and increases the apoptotic resistance of the cells. In contrast, in
PDA cells with low levels of tMUC1, TGF-B1 activates the SMAD pathway, decreases c-
Src phosphorylation, and induces cell death by apoptosis. This study is the first to

implicate tMUCI as a potential predictor of response to neutralizing TGF-f therapies.

3.2 Results

tMUC1 high expression positively correlates to TGF-fRII and negatively
correlates to TGF-fRI expression levels and leads to activation of Erk pathway. 1t has
been established that tMUC1 and TGF-B1 is overexpressed in PDA and is linked to
metastasis and enhanced invasion. To determine if high tMUC1 in PDA regulates TGF-

B1 associated oncogenic signaling, we first examined a panel of PDA cell lines, with
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varying levels of tMUC1, KRAS, SMAD 4 and p53 mutations/deletion status (Table in
Figure 14), for expression of tMUC1, TGF-BRI, TGF-BRIIL, and SMAD 4 by western
blotting. Cells expressing high endogenous levels of tMUCT displayed high levels of
TGF-BRII and low levels of TGF-BRI, while cells expressing low endogenous levels of
tMUCI1 expressed high levels of TGF-BRI and low levels of TGF-BRII (Figure 1B).
Particularly, we observed a stark separation between high and low tMUCI1 levels in
relation to levels of TGF-BRI as represented in Figure 1C.

To assess if signaling downstream is affected by the differences in TGF-R
levels, we determined the phosphorylation of SMAD 2/3 and Erk 1/2, along with the total
levels of the proteins in response to 10ng/ml of TGF-B1. We observed that cells with high
endogenous levels of tMUC1 showed increased phosphorylation of Erk 1/2 while cells
with low endogenous levels of tMUC1 showed increased phosphorylation of SMAD 2/3
(Figure 1D). The data suggests that PDA cells expressing high levels of tMUCI lead to
activation of the Erk pathway while cells expressing endogenous low levels of tMUC1

lead to activation of the SMAD pathway.

TGF-p1 exposure increases cell death in endogenously low tMUCI expressing
PDA cells. We next investigated the effects of TGF-f1 on the cell cycle of PDA cells
with high and low tMUCI expression. To this end, we exposed endogenously high and
low tMUCT cells to TGF-B1 for 48 hours. HPAF-II and CFPAC, (high MUCI1 cell lines),
have very little differences in the G2/M, S, G1/G0, and SubG0/G1 phases of the cell
cycle in the presence or absence of TGF-B1 (Figure 24 and B). However, Pancl and Mia-

PaCa2 (low MUCI cell lines) showed a dramatic increase in Sub-G0/G1 phase of the cell



49

cycle in response to TGF-B1 (Figure 2C and D). The Sub-G0/G1 phase represents
apoptotic/dead cells. The increase in dead cells confirms that tMUC1 low PDA cells
respond well to the anti-tumor effects of TGF-B1 treatment. Apoptosis was confirmed

with AnnexinV/PI staining and flow cytometry (data not shown).

Increased phosphorylation of c-Src in endogenously high tMUCI cells in the
response of TGF-f1. Src and Src-family protein-tyrosine kinases (including c-Src) are
regulatory proteins that play key roles in cell differentiation, proliferation, and survival.
Phosphorylation sites of c-Src include an activating phosphotyrosine 416 that results
from autophosphorylation, and an inhibiting phosphotyrosine 527 that results from
phosphorylation by C-terminal Src kinase (Csk). Dephosphorylation of phosphotyrosine
527 increases Src kinase activity. Thus, we examined the phosphorylation of the c-Src at
tyrosines 416 and 527 in high and low MUCI cells in response to TGF-B1. We exposed
high (HPAF-II and CFPAC) and low MUC1 (Mia-PaCa2) cells to 10 and 50ngs/ml of
TGF-B1 for 30 minutes. After 30 minutes of TGF-B1 exposure, we observed increased
phosphorylation of c-Src at Tyrosine 416 (pC-SrcTry416), signifying increased
autophosphorylation in tMUCI1 high cells. As expected, we observed decreased pC-
SrcTry416 in tMUCI low cells in response to TGF-B1. The fold change from untreated
cells (represented as densitometry arbitrary unit (A.U.)) is presented in Figure 34. In
contrast to pC-SrcTry416, we observed a decrease in phosphorylation of c-Src at
Tyrosine 527 (pC-SrcTry527), signifying decreased dephosphorylation in the tMUC1-

high cells in response to TGFB1 while an increase in pC-SrcTry527 in tMUCI low cell
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line (Fig. 3B). This signifies that c-Src becomes dephosphorylated in low tMUCT cells in

response to TGF-1.

TGF-1 affects tMUC1 phosphorylation and protein expression. We established
that c-Src, a tyrosine receptor kinase that interacts with tMUC1-CT, has increased
phosphorylation in endogenously high tMUCI1 cells. To determine if TGF-B1 affects
tMUCT oncogenic signaling, we treated BxPC3.Neo, MUC1, and YO cells (where all 7
tyrosines of tMUC1-CT is mutated to phenylalanine) with TGF-B1 to determine the
effects on tMUC1 phosphorylation. Upon 30 minutes of treatment with TGF-1,
BxPC3.MUCI cells had increased phosphorylation (Figure 4). However, BxPC3.Neo and
YO0 had no difference between control and TGF-B1 treated. We also noticed a peculiar
result. BXPC3.MUCI cells increased their total tMUCT levels in the cells after exposure
to TGF-B1 after a short 30 minutes. Further experiments need to be conducted to evaluate
this finding. We hypothesize that TGF-B1 inhibits tMUC] protein degradation, therefore
increasing total tMUC1 protein expression. This result signifies a possible loop between
tMUCT overexpression and TGF-B1 signaling. This further confirms the importance of
the tyrosines in tMUC1-CT for oncogenic signaling and in modulating TGF-$1 dual

function during tumorigenesis.

Neutralizing TGF-f1 signaling decreases tMUC1 high tumor growth in vivo.
We demonstrated MUCI influences TGF-B1 signaling in vitro, therefore we moved to
determine if the same is true in vivo. Athymic Nude-Foxnlnu immune compromised

mice bearing tMUCT1 high (HPAF-II) or tMUC1 low (Mia-PaCa2) established tumors
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were injected intra-tumorally with either control IgG or neutralizing TGF-B1 antibody
three times a week for two weeks. The tumors were then measured with calipers over 28
days. tMUC1 low (Mia-PaCa2) tumors treated with neutralizing TGF-1 were seen to
grow very similarly to the IgG treated tumors (Figure 54). We did notice an interesting
trend when we compared the tumor wet weight at endpoint. In tMUC1 high (HPAF-II)
tumors, the a-TGF-flantibody treated tumors weighed significantly less than the control
IgG tumors. In tMUCT low (Mia-PaCa2) tumors, the a-TGF-f1 antibody treated tumors
weighed more than the control IgG treated tumors, however not statistically significant.
This is in accordance with our hypothesis.

As expected, a-TGF-B1 antibody treated tMUCT1 high (HFAF-II) tumors had
dramatically lower tumor growth when compared to the IgG treated tumors (Figure 54).
When comparing the tumor wet weight, the IgG treated tumors were double the size of
the a-TGF-B1 antibody treated tumors (Figure 5B). The data clearly show that high
tMUCT tumors significantly decrease in size if exposed to neutralizing a-TGF-$1
antibody therapies but tMUC]1-low tumors will not respond to the treatment.

To show clinical relevance and significance of our findings, we generated a
heatmap using the TCGA data with high and low MUCI patient PDA. The correlation
heatmap (Figure 5C) demonstrates the correlation between each of the genes in low
MUCI expression samples and moderate/high MUC1 expression samples. The genes
included (other than MUC1) were all significantly correlated with MUCI in PDA
samples. Observing the row with MUC]1 shows the correlation of each gene with MUC1
in the low MUCI expression samples. The MUCI1 column is a visual of the correlation of

each gene with MUCI in the moderate/high MUCT1 expression samples. Comparing the



52

color block of each gene with itself in the MUC1 row versus column is a visual
demonstration of the correlation change between the genes dependent on MUC1
expression. CDKN2B and RHOA show a slightly stronger positive correlation in the
moderate/high MUCI expression group. RAF1 shows a very similar correlation in both
groups. SRC and ID4 genes have stronger correlations in the low MUCI expression
group; SRC is a slightly stronger positive correlation and ID4 is a slightly stronger
negative correlation. The SMAD4 gene is the only gene to show a noticeable change in
correlation. Only a slight small positive correlation is detected between SMAD4 and
MUCT in the low expression group; however, in the moderate/high expression group
there is a strong negative correlation. SMAD4 is negatively correlated with MUC1 when
MUCIT expression is moderate/high but almost no correlation is observed when MUC1
expression is low.

Using the TCGA data, we determined that tMUC] high PDA cases have higher
levels of c-Src when compared to tMUC1 low PDA cases. This validates the importance

of c-Src as a mediator in tMUCT high PDA cases.

3.3 Discussion

In 2009, the National Cancer Institute of NIH chose tMUCT1 as the second most
targetable biomarker in cancer [158]. tMUCI1 is overexpressed in about 80% of all PDA
cases [56]. TGF-f signaling has also been shown to play an important role in established
cancers [117]. The data presented suggests that tMUC1 and TGF-f closely interact with

one another via c-Src. This data has important clinical relevance because tMUCI can be
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used as a prominent biomarker to determine the possible efficacy of TGF-f treatments
and help choose between antibody or neutralization treatments.

Using a panel of PDA cell lines (Fig. 1A), we demonstrate the stark connection
between tMUC1 and TGF-f receptors (Fig. 1B). We see that tMUCI is highly positively
correlated with TGF-BRII expression. This is important due to TGF-BRII’s interaction
with pathways significant in cellular proliferation and invasion. tMUCI1 is also highly
negatively correlated with TGF-BRI expression, which is the receptor that activates the
SMAD pathway (Fig. 1C). This pathway plays an important role in apoptosis. We see
that low tMUCI cells are positively correlated with TGF-BRI expression and negatively
correlated with TGF-BRII expression. This supports our findings from our previous
publication and leads to a possible mechanism for this tMUC1 — TGF-f interaction. Data
from our study further suggests downstream pathway differences in our tMUCT1 high and
low cells when in the presence of TGF-B1 (Fig. 1D). The tMUCI high cells have, overall,
higher phosphorylation of Erk 1/2. This pathway is important in metastasis and invasion.
In the tMUCT low cells, we see a general increase in the phosphorylation of Smad2/3,
which can lead to apoptosis.

To determine if TGF-B1 functionally affects cells, we analyzed the differences in
the cell cycle of the high and low endogenous tMUCI1 cells with and without TGF-f1
(Fig. 2). Our data supports our hypothesis. The high endogenous tMUCT cells had no
increase in sub-G0/G1 cells, signifying no cell death. However, the low endogenous
tMUCI cells had an increase in sub-G0/G1 cells. This established that TGF-B1 exposure

in low endogenous tMUCT cells leads to more apoptosis.
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We further established that the key regulator from our exogenous tMUC1 model,
c-Src, is also the regulator in our endogenously high tMUCI1 cells (Fig. 3). In a relatively
short time, TGF-B1 exposure in the endogenously high tMUCI cells, HPAF-II and
CFPAC, increased c-Src phosphorylation dramatically. In an interesting twist, we also
see c-Src with significant dephosphorylation in endogenously low tMUCI1 cells. This
establishes the importance of c-Src in this mechanism.

To prove the mechanism is through the tMUC1-CT, we observed the
phosphorylation levels of the tMUC1-CT in the presence of TGF-B1 (Fig. 4). We
immediately noticed that BxPC3.MUCI had increased phosphorylation and overall
tMUCIT protein expression. However, we did not see this difference in BXPC3.Y0. This
proves that TGF-B1 is signaling via the tyrosines of the tMUC1-CT, possibly through the
tyrosine receptor kinase c-Src. However, the increase in overall tMUC] protein
expression is perplexing. In our previous publication, we found no difference in tMUC1
expression levels after 48 hours of TGF-B1 exposure [73]. Therefore, we determined that
TGF-B1 affects tMUC]1 levels immediately upon treatment. However, due to no more
TGF-B1 being added after initial exposure, the cells’ tMUCI levels return to normal. The
data signifies an intricate connection between tMUC1 and TGF-B1. It could be possible
that constant a barrage of TGF-B1 leads to tMUCI overexpression in cancer cells.

Lastly, we investigated whether our hypothesis and findings were viable in vivo
(Fig. 5A). After neutralizing TGF-B1 in our tMUCT high tumor, we saw a stark decrease
in tumor size and wet weight when compared to the IgG control. We established

neutralizing TGF-f treatments as a viable course of action for tMUC1 high PDA tumors.
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We further confirmed the importance of c-Src in tMUC1 human PDA cases
within our TCGA heatmap (Fig. 5B). The TCGA heatmap also further elucidated some
interesting trends within PDA cases when separated by MUC1 expression. In MUC1 low
cases, SMAD4 had low interaction with MUC1. However, MUC1 high cases showed
SMAD#4 had higher interaction with MUC1. For CDKN2B, we see CDKN2B-RAF1
interactions are relatively lower in MUCI high cases when compared to MUCI low.
CDKN2B-SRC interactions are lower in high MUC1 PDA cases when compared to low
MUCI1 PDA cases. We see a stark difference in CDKN2B-SMAD4 interactions. MUC1
high PDA cases have higher levels of CDKN2B-SMAD4 interactions, while MUC1 low
PDA cases have extremely low CDKN2B-SMAD4 interactions. This interaction will be
studied further. We also noticed RHOA interactions with ID4 and SMAD4 also increased
in MUCI high PDA cases. In MUCI1 high PDA cases, RAF interacts more with ID4 and
SMAD4 when compared to MUC1 low PDA cases. For SRC interactions, besides
MUCI1-SRC interactions increasing in MUC]1 high PDA cases, SRC also interacts with
SMAD4 in MUCI1 high PDA tumors. Oddly enough, ID4 interacts with SMAD4 less in
MUCIT high PDA cases when compared to MUC1 low PDA tumors. Overall, we see that
SMAD#4 has higher interactions in MUC1 high PDA cases when compared to MUCI1 low
PDA cases. This increase in activity in MUC] high environments will require further
study. As seen in previous genomic screenings of PDA, protein profiling helps identify
efficient pathways to target [159]. Our data helps elucidate c-Src and TGF-f as potential
targets in tMUC1 high PDA cases. SMAD4 interactions were also shown to increase in
tMUCT high PDA cases. The connection between SMAD4 and tMUCT1 will need to be

further studied.
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We had previously established the interaction between tMUC1 and TGF-B1 in a
tMUCT1 exogenous model. Within this follow-up work, we establish this interaction and
mechanism using endogenously high and low tMUCIT cells. We found that short-term
exposure to TGF-B1 leads to an initial increase in tMUCI tyrosine phosphorylation and
overall tMUCT expression. Therefore, we have established a crosstalk between tMUC1
and TGF- (Fig. 6). This warrants further study. We also determined a possible treatment
route for tMUC1 high PDA tumors with neutralizing TGF-f antibodies. The data
presented here establishes tMUCI as a biomarker for TGF-f treatments in clinical

settings.

3.4 Experimental Procedures

Cell Lines and Culture. BxPC3.MUC1, BxPC3.Neo, and BxPC3.Y0 were
generated as previously described [63]. Human cell lines (CFPAC, HPAC, HPAF-II,
Capanl, Capan2, Pancl, Mia-PaCa2, Su86.86) were obtained from American Type
Culture Collection and cultured as instructed. Panc02.MUC1 and Panc02.Neo were
originally gifted by Dr. Hollingsworth (University of Nebraska), and maintained in
medium containing Geneticin (G418; Invitrogen, Carlsbad, CA, USA). KCM and KCKO
were developed in our lab [160]. Cell lines were maintained in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco), Minimal Essential Media (MEM; Gibco), or Roswell
Park Memorial Institute 1640 medium (RPMI; with, L-glutamine; ThermoFisher). 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 ug/ml streptomycin, and 1% Non-essential



57

amino acids (Cellgro). RPMI was also supplemented with Geneticin. Cells were kept in a
5% CO, atmosphere at 37 degrees Celsius. The antibiotic G418 (50 mg/ml) was added to
every passage of BxPC3 transfected cells to ensure positive selection. For all
experiments, cell lines were passaged no more than 10 times.

Western Blotting. Cellular lysate preparation and Western blotting were
performed as previously described [63]. The cells were divided into different treatment
groups: no treatment, 10 ng/ml of TGF-B1 (Peprotech, Rocky Hill, NJ, USA), or drugs at
various concentrations for 48 hours due to more pronounced signaling. 1:500 Armenian
hamster monoclonal anti-human MUCI cytoplasmic tail (CT2) antibody was used to
probe for tMUCI1 in phosphate- buffered-saline-Tween 20 (PBS-T) with 5% BSA. CT2
antibody recognizes the last 17 amino acids (SSLSYNTPAVAATSANL) of the
cytoplasmic tail (CT) of human MUCI [116]. 1:10,000 TAB004 (OncoTAb, Charlotte,
NC) was used to detect the N-terminus extracellular domain of MUCI [129, 161].
Membranes were also probed with the following antibodies from Cell Signaling
Technology (1:1000): SMAD 4 (Rabbit, 38454), p-SMAD 2/3 (Rabbit, 5678), total
SMAD (Rabbit, 3102), p-Erk1/2 (Rabbit, 9101), total Erk (Rabbit, 9102), p-Src Family
Tyr416 (Rabbit, 6943), Non-p-Src Tyr416 (Mouse, 2102), p-Src Tyr527 (Rabbit, 2105),
Non-p-Src (Rabbit, 2107), and B-Actin (Mouse, 3700). Other antibodies used include
TGF-BRI (Abcam, 1:200, Rabbit, ab31013) and TGF-BRII (Abcam, 1:1000, 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 -actin density. Percent change was determined by formula

(TGF-p1 treated — No treatment/No treatment) X 100. If the final answer was negative,
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this was percentage decrease (suggesting that the protein level remained unchanged with
treatment).

Cell Cycle. To determine the effect of TGF-1 on the cell cycle, cell lines were
cultured as described above until ~80% confluent and then serum starved for 18 hours.
Cells were then given 50 ng/ml of TGF-B1 in serum-free media for 24 and 48 hours.
Cells were detached with trypsin and fixed in cold 70% ethanol in phosphate buffered
saline (1x PBS) overnight. Once the cells were centrifuged, they were then stained with
50 microgram/ml Propidium Iodide (PI) with 20 microgram/ml of RNase A in 1x PBS at
room temperature for 30 minutes. Approximately 30,000 cells/sample were acquired
using BD LSR Fortessa flow cytometer (BD Biosciences). The data was analyzed with
FLOJO software (version 10).

Proteomics. Twenty-nine pancreatic adenocarcinoma RNA-Seq sample data were
downloaded from the Genomic Data Commons data portal [162, 163]. All tumor samples
were from the PAAD project data generated by The Cancer Genome Atlas (TCGA)
Research Network: http://cancergenome.nih.gov/. The FPKM gene expression files from
these samples were analyzed to identify gene correlations with MUC1. Genes were
prefiltered based on a defined list containing genes of interest, including genes involved
in the TGFB pathway. Differential Gene Correlation Analysis (DGCA — version 1.0.1)
package and psych 1.8.12 package in R were used to identify genes correlated with
MUCT in the tumor samples. Genes with a false discovery rate adjusted p-value of less
than 0.05 were considered significantly correlated with MUCI1. The tumor samples were
then separated into two groups based on their MUC]1 expression: MUCI low expression

group and MUC1 moderate/high expression group. A heatmap was generated for
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expression of significant genes and MUCI in the 29 tumor samples. There were 7
samples that showed clear visual low expression in the heatmap compared to the other
samples; these were selected for the low expression group. The other 22 samples were
included in the mod/high expression group. A heatmap showing correlation of tumor
significant correlated genes with MUC1 was plotted using DGCA, separated by the
MUCI expression groups.

Phos-tag. BxPC3 cells were serum starved for 18 hours and then treated with 10
ng/ml of TGF-f for 48 hours. Untreated cells were used as controls. Whole cell lysate
was extracted from the cells. Lysate protein concentrations were measured using the
Bicinchoninic Acid Assay. 30 micrograms of samples were boiled for 5 minutes prior to
loading into a SGS-PAGE gel containing 50 mM Phos-tag and 50 mM MnCl,. Gels were
soaked in ImM EDTA for 10 minutes prior to transfer onto a nitrocellulose membrane
[164].

Mouse Strains. Athymic Nude-FoxnInu mice were purchased from
Charles River Laboratories and housed at UNC Charlotte’s vivarium.

Subcutaneous Mouse Model. Athymic Nude-Foxnlnu mice were
injected subcutaneously with tumor cells. 3x10° HPAFII cells (50ul) or 5x10° Mia-PaCa2
cells (50ul) were injected with Matrigel® (50ul) (total=100ul) subcutaneously into the
flank of male or female Athymic Nude-Foxnlnu mice [165]. Once the tumors reached a
palpable size (~3x3mm, ~5 days post tumor inoculation), mice were separated into 4
different groups (n=6). Groups 1 and 3 were treated with the isotype control IgG antibody
(20ug/100ul per mouse) three times a week for two weeks. Groups 2 and 4 were treated

with the neutralizing TGF-f antibody (20ug/100ul per mouse) three times a week for two
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weeks. Mice were monitored daily for general health and tumors were palpated. Caliper
measurements were taken three times a week until endpoint (tumor size: ~15x15mm).
This study and all procedures were performed after approval from the Institutional

Animal Care and Use Committee of UNC Charlotte.
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Figure 1. tMUC1 high expression positively correlates to TGF-BRII and negatively
correlates to TGF-BRI levels and leads to activation of Erk pathway.

A. Panel of PDA cell lines used in Western blot. B. Western blot detecting expression of
tMUC1-CT, TGF-BRI, TGF-BRII, and SMAD4 in panel of PDA cell lines. C.
Densitometric analysis of tMUCT1 expression compared to TGF-BRI expression. D.
Western blot expression of phosphorylation of Erk1/2 and Smad2/3 compared to total Erk
1/2 and SMAD 2/3. Results are presented as n=3.
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Figure 2. TGF-B1 exposure increases cell death in endogenously low tMUC1 cells.
Cell cycle analysis of tMUC1 high (Fig. 2A and 2B) and low (Fig. 2C and 2B) cell lines
when exposed to 10ng/ml of TGF-B1. Results are presented as means +/- SEM of n=3. *

p <0.05, ** p<0.01
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Figure 3. C-Src has increased activation in endogenously high tMUC1 cells in the
presence of TGF-B1. After 30 minutes of exposure to 10ng/ml of TGF-f1, c-Src
phosphorylation increases in the tMUCT high cells while decreasing in the tMUC1 low
cells using Western blot. Densitometric analysis is shown. Results are presented as n=3.
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BxPc3.Neo untreated
BxPc3.Neo 10ng/ml TGF-B
BxPc3.MUC1 untreated
BxPc3.MUC1 10ng/ml TGF-B
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Figure 4. TGF-B1 effects MUC1 phosphorylation and protein expression in tMUC1
high cells. Phos-tag is used to look at the phosphorylation of tMUC1-CT in BxPC3.Neo,
BxPC3.MUCI, and BxPC3.YO after 30 minutes of treatment with TGF-f1. Western blot
expression of tMUC1-CT of the Phos-tag is provided. B-actin is the loading control.
Results are presented as n=3.
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Figure 5. Neutralizing TGF-p signaling decreases tMUC1 high tumor growth in
vivo. Neutralizing TGF- antibody used to treat tMUC1 high and tMUC1 low tumors in
vivo. *p<0.5. TCGA correlation heatmap showing the importance of c-Src in high MUCI1
PDA cases.
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Releases TGF-B1 and effects TGF-f signaling

MUC1 TGF-p

Inhibits MUCI1 degradation and increases MUC1
tyrosine activity

Aggressive PDA

Figure 6. A schematic of the updated mechanism of tMUC1 - TGF-p crosstalk.
Updated schematic showing the newly proposed mechanism of the tMUC1 — TGF-3
crosstalk. tMUCI releases TGF-B1 which increases the TGF- signaling. TGF-f3 inhibits
tMUCI1 degradation.
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CHAPTER 4: Dissertation Summary

This PhD dissertation aimed to study the interaction between tMUC1 and TGF-1
in PDA. Understanding the mechanistic switch of TGF-f1 will lead to the development
of more efficient treatments of PDA tumors. The first part of my dissertation (Chapter 2)
establishes the effects of TGF-B1 in an exogenous tMUC1 model. This study was the first
to demonstrate the possible mechanistic switch of TGF-B1 from a tumor suppressor to a
tumor promoter in any solid cancer. The second part of my dissertation (Chapter 3)
unravels the mechanistic interaction of tMUC1 and TGF-B1 in a panel of endogenously
high and low tMUC1 PDA cells. The findings were furthered in vivo by establishing
tMUCT as a possible marker to efficiently select TGF-$ mediated therapies.

Within Chapter 2, it is suggested that tMUC1’s interaction with components of
the TGF-f signaling pathway increases the oncogenic features of anti-apoptosis,
increases EMT signaling, and increases invasion. Using a SMAD 4 independent PDA cell
model, it is demonstrated that tMUCT1 increases TGF-B1 secretion, without affecting
expression of the key components of the TGF-f signaling in SMAD-4 deleted cells (Fig.
1). Data from Chapter 2 also indicated that tMUC1-overexpressing cells are resistant to
TGF-B mediated apoptosis, (Fig. 2) and become highly invasive in a SMAD 4-
independent manner (Fig. 3). Furthermore, the data also establish that tMUC]1-over
expressing cells have significantly reduced TGF-B1-induced invasiveness when
downstream signaling is blocked in the tMUC1 phosphomutant YO cells or in c-Src
inhibited cells (Fig. 4 and 5). The blocking of tMUC1-CT downstream signaling in a
SMAD 4 — negative pancreatic cancer cell line reduced the effects previously seen in the

tMUC 1-high expressing cells, highlighting the key signaling role of tMUC1-CT.
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In Chapter 3, data gathered in the exogenous model (see above) were further
assessed using endogenous models i.e., high and low tMUC1-expressing PDA cells. We
established the clear connection between high tMUCT protein expression and the positive
correlation to TGF-BRII, as well as the negative correlation to TGF-BRI. Alternatively,
low tMUCI1 protein expression was correlated positive and negatively with TGF-BRI
TGF-BRII respectively. In tMUCT high cells, the phosphorylation of Erk 1/2 was
increased, while in tMUC1 low cells, the phosphorylation of SMAD 2/3 was increased
(Fig. 1). The functional differences in the cell cycle for endogenously low MUCI cell
lines were further established. We see that these cell lines have an increase in cell death
when exposed to TGF-1. However, the cell cycles of tMUCI high cell lines are not
affected by TGF-B1 (Fig. 2). Further, the data show that TGF-B1 exposure increases
phosphorylation of c-Src in tMUC]1 high cell lines but dephosphorylates c-Src in tMUCI1
low cells (Fig. 3). To detail the mechanism involved, the phosphorylation of tMUC1-CT
was assessed using Phos-tag gels. Interestingly, tMUC]1 phosphorylation and protein
expression both increased after 30 minutes of TGF-B1 exposure (Fig. 4). In contrast,
tMUCT1 phosphorylation and protein expression remained unchanged in BxPC3.YO cells
after 30 minutes of TGF-B1 exposure (Fig. 4). One possible explanation may be that
TGF-B1 inhibits tMUCT protein degradation, which would lead to the increase in total
tMUCI protein expression. These findings also indicate that the TGF-f signaling is
occurring through the tyrosines of tMUC1-CT. Additionally, tMUCT protein expression
did not increase after a 48-hour exposure to exogenous TGF-B1 (Chapter 2; Supp. Fig 2).
This suggests that initial exposure to TGF-1 immediately inhibits tMUCT1 protein

degradation, and therefore, increases total tMUC1-CT tyrosine phosphorylation levels.
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However, over time, tMUCI protein expression levels decrease to normal levels. Further
experiments are required to elucidate this mechanistic loop. This data might be pertinent
in understanding tMUC1 degradation in PDA tumor cells. TGF-f1 is released via
autocrine and paracrine methods. Therefore, tumor cells are exposed to TGF-1 most of
the time. One possible explanation is that TGF-B1 inhibits tMUCI1 degradation in PDA
tumors leading to increased total protein expression of the tMUC1-CT. This increased
activity can increase oncogenic signaling in cancer cells, ultimately leading to an
aggressive tumor.

Finally, we determined the efficacy of neutralizing TGF- in tMUC1 high and
low tumors (Fig. 5). A stark decrease in tumor size (to roughly 50% of IgG treated
controls) when we neutralized TGF-f in tMUCI high tumors was observed. Interestingly,
we noticed that the size of tMUCI1 low tumors treated with neutralizing TGF-f antibody
slowly increased compared to control tumors. The importance of c-Src in tMUCI high
PDA cases was confirmed by the c-Src increased expression observed in the TCGA data
of high tMUC1 PDA cases.

PDA is a deadly cancer. Moreover, treatments for the disease are limited. With a
five-year survival rate of only 9% in the United States, PDA has limited treatment
options. The only possible curative treatment of PDA is surgery, but less than 20% of
patients have operable tumors, and less than 30% of those patients survive surgery [14,
22, 166]. Other treatments include chemotherapy and radiotherapy, which only allows for
the overall median survival rate of six months. In order to develop more effective
treatments, it is important to understand the molecular signaling in PDA. About 97% of

PDA have gene alterations, such as amplifications, deletions, translocations, inversions,
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frameshifts, and substitutions [22]. In PDA, gene disruptions are almost universal in
about 70 — 98% of patients, depending on the gene [22, 167, 168]. PDA is initiated by
oncogenic mutant KRAS and present early in the progression of the disease [47, 48].
KRAS has been shown to drive pancreatic neoplasia [49]. 98% of mutant KRAS driven
PDA has a KRAS mutation at codon G12, G13, or Q61 [45]. The most common KRAS
mutation i1s G12 with over 98% of total mutation. The most common G12 is G12D,
which accounts for about 50% of PDA cases [49].

Aberrantly expressed tMUCT is an important biomarker and oncogenic protein in
adenocarcinomas. tMUCI is developmentally regulated and aberrantly over-expressed in
many human adenocarcinomas, including those of the pancreas, breast, colon, and
ovaries [57, 65]. tMUCI is often over-expressed and/or aberrantly glycosylated in
pancreatic cancers, and is associated with increased invasiveness, metastasis, and poor
prognosis [169]. In many of these tumor types, tMUCI is correlated with aggressive,
metastatic disease, poor response to therapy, and poor survival [170]. tMUC1
overexpression is prevalent in PDA and a major player in oncogenic signaling via its
cytoplasmic tail [62, 66-68, 171]. Once the tMUC1-CT is phosphorylated, it associates
with B-catenin and other transcription factors, and becomes released from the N-terminus
of tMUC1. The complex translocates to the nucleus and subsequently activates
downstream signaling pathways [66, 67, 71]. tMUC1-CT is 72 amino acids long and is
highly conserved with seven tyrosine residues that are phosphorylated by intracellular
kinases. The phosphotyrosine residues act as binding sites for molecules, such as c-Src, a

proto-oncogene linked to cancer progression [56, 72].
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Very little is known about tMUCT1 degradation. It has been shown in apoptotic
resistant cells that tMUCT lysosomal degradation was blocked which led to an increase in
overall tMUC1 expression [172]. ILK negatively regulated protein kinase C (PKC) — 6
has also been shown to control the phosphorylation and subsequent proteasomal
degradation of tMUC1-CT [173]. This supports our findings (Chapter 3). TGF-f
signaling inhibiting MUC1 degradation is extremely novel and can establish a new
mechanism to make PDA more aggressive.

Transforming Growth Factor Beta (TGF-f) is a cytokine with a dichotomous role
in oncogenesis. In normal tissue development and early oncogenesis, the TGF-f signaling
complex is a cell cycle regulator and induces apoptosis. In later stages of cancer, a switch
occurs and the TGF-f signaling pathway becomes a tumor promoter, inducing invasion
and metastasis. TGF-B1 stimulates Epithelial-to-Mesenchymal Transition (EMT) through
the activation of the ERK pathway [102]. As reviewed in Kalluri et al, EMT is a
biological process that transforms an epithelial cell to a mesenchymal cell phenotype,
which can lead to resistance to apoptosis [105]. Increased migration and invasion of
cancer cells has also been associated with EMT [106]. The TGF-B1 switch in function
from a tumor suppressor, via apoptosis, to a tumor promoter, via EMT, is elusive but
holds high importance in treatment refractory cancers like PDA [111]. The TGF-f ligand
family consists of three different, highly homologous isoforms: TGF-B1, TGF-f2, and
TGF-B3 [81-83]. The most abundant isoform is TGF-f1 [84]. TGF-p is considered an
important target for cancer therapy, and there are multiple anti-TGF-f3 compounds in

clinical trials such as neutralizing TGF-3 antibodies [112]. However, the efficacy of the



72

treatments has not been clear. Establishing a biomarker for TGF-3 mediated therapies can
increase the success of the trials.

An expansion in TGF-f3 mediated therapies is imminent and several TGF-3
pathway inhibitors are now undergoing clinical assessments. These small-molecules
inhibit TGF-f} receptors and are based on mostly a dihydropyrrolopyrazole scaffold
(LY550410, LY 580276 Eli Lilly Research) or imidazole scaffolds (SB-505124
GlaxoSmithKline) [174]. Undergoing phase II trials, the most advanced small molecule
inhibitor is galunisertib (LY2157299 Monohydrate Eli Lilly Research). So far,
galunisertib has very safe toxicity profile with no dose-limiting limitations [174]. The
combination treatment galunisertib plus gemcitabine increased the median survival rate to
8.9 months from 7.1 months (gemcitabine plus placebo) [175].

As stated above, neutralizing TGF- antibodies have also been explored. For
example, fresolimumab (GC1008) has been developed as a treatment for idiopathic
pulmonary fibrosis and focal segmental glomerulosclerosis [176]. Since fresolimumab
blocks TGF-B1 and TGF-B2, it is now being considered for treatment of cancers. Another
neutralizing TGF-f antibody is XOMAO089, which has also been shown to bind and block
TGF-B1 and TGF-B2 [174]. As shown in the in vivo experiment, neutralizing TGF-3 can
be an efficient treatment to slow tumor growth in tMUC1 high tumors.

Vaccines have also been developed for TGF-$ mediated therapies. Unfortunately,
the most advanced vaccine, Belagenpumatucel-L, failed the double blind, randomized
phase III trial in stage III/IV non-small cell lung cancer patients after frontline platinum-
based induction chemotherapy with optional irradiation [177]. Currently, a newer vaccine

called Gemogenovatucel-T has showed promising results. It is in a phase II/III trial in
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stage III/IV ovarian cancer patients who have responded to primary surgery and adjuvant
chemotherapy (NCT02346747) [174]. This maintenance treatment has increased median
relapse-free survival to 13.3 months compared to 3.1 months for placebo. This clinical
trial is currently ongoing.

TGF-p biomarkers have also been tested. Considering the numerous members of
the TGF-f superfamily, finding reliable biomarkers has been difficult. Galunisertib has
been shown to inhibit the phosphorylation of SMAD 2 in peripheral blood mononuclear
cells in about 64% of patients in a phase I study [178]. However, using phosphorylated
biomarkers in cells has extreme limitations in the clinic due to the difficulties of studying
this within patients. Difficulties include off target effects.

It is important to establish signaling connections to expand TGF- mediated
therapies. Establishing tMUCI1 as a potential biomarker for TGF-f signaling would
greatly benefit the field, especially for TGF-f related biomarkers and neutralizing TGF-f3
antibodies. Exploring the mechanism between tMUC1 and TGF-B1 could create new
avenues to treat PDA. Establishing tMUCIT as a reliable predictive biomarker in PDA to
identify patients who would benefit from TGF-f mediated treatments would be one
approach to increase the survival rate in many PDA cases.

Future studies should further our understanding of why TGF-B1 treatment
increases total tMUC] protein expression rapidly (~ 30 minutes) and then decreases it to
control levels (after 48 hours). One option is that TGF-B1 inhibits tMUC1 degradation.
The constant exposure of tumors to TGF-B1 could maintain the aggressive nature of PDA
tumors via tMUC]1 overexpression, which, in turn, leads to increased tyrosine

phosphorylation of the tMUC1-CT. This data is both intriguing and highly novel. To
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evaluate the above hypothesis, I will inhibit proteasome degradation, with and without
TGF-B1, and assess the tMUC1-CT protein expression. I will also determine if the
tMUC1 N-terminus follows the same trend as the tMUC1-CT after 30 minutes of
exposure to TGF-B1. Futhermore, I will also repeat the experiment with neutralizing
TGF-p antibody to determine the effects on tMUCI1-CT after 30 minutes. I hypothesize
that there will be no increase in total tMUC1-CT protein expression once we neutralize
TGF-B.

Through my dissertation work, I have established a novel biomarker for TGF-3
mediated therapies that could be used to increase the efficiency of PDA clinical trials.
Through this novel connection between tMUC1 and TGF-f, I hope to increase the overall

survival rate of PDA from the single digits into, finally, the double digits.
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SUPPLEMENTAL

The Effects of KRAS Activation on the Regulation of Tumor Associated MUCI1

5.1 Introduction

PDA has become the third leading cause of cancer-related deaths in the United
States with a median survival rate of less than six months and a 5—year survival rate of a
dismal 9% [114, 115]. By 2030, it is estimated to become the second leading cause. Its
mortality rate nearly matches its incidence rate [16]. Only 20% of patients are eligible for
surgery, the only therapy to fully cure [166]. In recent years, there has been an explosive
expansion in the field of immunotherapy and the use of small molecule inhibitors. Within
Pancreatic Cancer, the main target has been KRAS, the main initiating oncogene.
However, it is considered “undruggable” due to its size, protein folding structure, and
overall lack of knowledge of this protein and its effects [49]. Studying and evaluating the
KRAS pathway and its downstream effects is of upmost importance to understand this
deadly disease.

PDA is initiated by oncogenic mutant KRAS and present early in the progression
of the disease [47, 48]. It has been shown to drive pancreatic neoplasia [49]. 98% of
mutant KRAS driven PDA has a KRAS mutation at codon G12, G13, and Q61 [45]. With
point mutations at codon 12, 13, or 61, the initiating oncogene KRAS is responsible for
about 99% of all Pancreatic Ductal Adenocarcinoma (PDA) cases [48, 49]. RAS
mutations are present in about one third of all cancer cases, regardless of organ origin or
type. Given the severity of Ras mutations in cancers and the lack of direct targeting, there

needs to be mechanistic understanding of Ras pathways and its effects downstream [46].



76

PDA cell lines derived from tumors mostly have mutant KRAS. Rarely, a PDA
cell line will have Wild Type KRAS (WT KRAS). One predominantly used cell line is
BxPC3. KRAS typically requires sustained expression for cancer cell survival; however,
the molecular oncogene dependency is not clearly understood [50]. It is seen that
knocking down mutant KRAS in Non-Small Cell Lung Cancers suppress tumor growth
[51]. It also affects invasive pathways and receptors, such as the Akt pathway and
Epidermal Growth Factor Receptors. However, this was not considered sufficient
treatment to destroy the cancer. The tumors have been shown to escape this mutant
KRAS addiction, or dependency. Very few studies have been done studying KRAS
addiction within PC. One study shows that reoccurring pancreatic tumors escape the
addiction of mutant KRAS to relapse [52]. Yet, the mechanism involved is not clear.
Given the essential roles of oncogenic KRAS in PDA initiation and maintenance, mutant
KRAS and the related signaling pathways have become a main focus within cancer
research, especially PDA.

Tumor associated Mucin-1 (tMUCI) is a transmembrane glycoprotein that plays a
critical role in tumor progression and metastasis in PDA [56]. In normal epithelial cells
lining the ducts, MUCI1 is localized on the apical surface and plays the role of protective
barrier. However, when normal cells transform to malignant cells and lose their polarity,
tMUCI is no longer restricted to the apical surface; it becomes hypo-glycosylated, and
comes in close proximity to several growth factor receptors [65]. tMUCI plays an
important role in oncogenic signaling [62, 66-68]. tMUCI serves as a target for cancer
intervention and was named the 2nd most targetable tumor antigen by NCI in 2009 [158].

Studies have linked overexpression of tMUCT in tumors with enhanced EMT leading to



77

increased invasiveness, metastasis, and drug resistance [56, 74, 75]. tMUCI induces
increased production of prostaglandin (Cox-2) and growth factors (PDGF and VEGF),
which leads to enhanced invasiveness of cells mainly through induction of EMT related
genes [62, 63, 68, 77]. Importantly, tMUCI is overexpressed and aberrantly glycosylated
in over 80% of PDA cases [56, 59, 62-64]. It is well established that the oncogenic signal
transduction occurs through the cytoplasmic tail of MUC1 (tMUC1-CT) [69, 70]. Once
the tMUCI1-CT is phosphorylated, it associates with B-catenin and other transcription
factors, and becomes released from the N-terminus of tMUCI, leading it to translocate to
the nucleus and subsequently activate downstream signaling pathways [66, 67, 71].
tMUC1-CT is 72 amino acids long and is highly conserved with 7 tyrosine residues that
are phosphorylated by intracellular kinases. tMUCI1 in PDA acts as a binding site for
molecules, such as c-Src, a proto-oncogene linked to cancer progression [56, 72].
Understanding the upstream mechanisms involved in tMUCT regulation is important.
However, the transformation from ordinary MUCI to tumor-associated MUCI is
not known. A connection has been seen between tMUC1 and mutant KRAS in other
cancers. In non-small cell lung cancers, targeting tMUC1 allowed for mutant KRAS
independence, while inhibiting tumor growth [179]. In Ovarian Cancer, conditional
activation of mutant KRAS leads to diminished tMUCT1 expression [180]. Therefore,
PDA may escape KRAS addiction, or dependence, through tMUCI signaling promoting
cancer proliferation and growth. Understanding whether the tMUC]1 pathway is involved
in pancreatic cancer cell proliferation and growth following escape from KRAS addiction

is imperative to expand our knowledge of how to treat this disease.
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We hypothesize that the oncogenic mutant KRAS plays a role in MUCI transformation
in PDA. tMUCI may also play a role in escaping KRAS addiction leading to possible
reoccurrence of the primary tumor without significant KRAS signaling initiation.

To test our hypothesis, we transfected HEK.293 and BxPC3 cells using CRISPR-
Cas9 technology to induce a point mutation of either G12D or G12V. HEK.293 was
selected as it has been extensively assessed using CRISPR technology. A CRISPR-Cas9
plasmid, Px.458, was engineered to include KRAS single guide RNA (KRAS sgRNA)
that efficiently targets the KRAS gene. The entrance of the plasmid in cells was
monitored through the expression of the Green Fluorescent Protein (GFP) a part of the
Px.458 plasmid. To induce a point mutation of either G12D or G12V, ultramers or single
strand oligo donor nucleotides i.e., SSODN) of KRAS with either specific point mutation
were generated. The SSODN were added along CRISPR-Cas9 Px.458 plasmid to OPTI-
MEM media with Lipofectamine 3000 and its enhancer and cells incubated with the
mixture in complete media for 6 hours. The media was removed and fresh complete

media added.

5.2 Results

tMUCI expression is positively correlated with mutant KRAS protein
expression. Western Blot investigations of tMUC1 and mutant KRAS in panel of
cancerous cells and of cell overexpressing MUC1were conducted (Fig. 1). Mutant KRAS
non-transfected PDA cells expressing high levels of tMUCI also express high levels of

mutant KRAS (GTP-activate KRAS). Conversely, the cells with low levels of tMUC1
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also express low levels of mutant KRAS. To assess whether the mutant KRAS regulates
tMUCT expression or alternatively tMUC] regulate mutant KRAS, Panc02
overexpressing tMUC1 were generated i.e., Panc02.MUCI along with a control cell
transfected with the empty vector i.e., Panc02.Neo. No significant change in mutant
KRAS expression was detected in Panc02.MUCI supporting the hypothesis that mutant
KRAS is upstream of tMUC1. We also transfected the WT KRAS PDA cell, BxPC3 to
determine whether WT KRAS expression are altered following tMUC1 overexpression.
No significant change was measured in mutant KRAS protein levels, suggesting that
tMUCT is not associated with the conversion of WT KRAS to mutant KRAS. Finally, in
Chinese Hamster Ovarian (CHO) cells transfected with KRAS mutant expressed low
levels of tMUCT and extremely high levels of mutant supporting the hypothesis that

mutant KRAS activation prevents tMUC1 upregulation [180].

HEK.293 cells were successfully transfected with CRISPR-Cas9 technology.
HEK.293 cells were transfected with Px.458 plasmid alone, Px.458 plasmid with G12D
SSODN, or Px.458 plasmid with G12V SSODN. Untreated HEK.293 cells were used as
control. After 48 hours, all transfected wells had a significant number of GFP positive
cells. Due to the aggressive nature of the KRAS point mutations and the stressful process
of sorting cells, the KRAS mutation cells did overgrow the negative cells. Once the cells
were 90% confluent, the cells were reseeded at a 10% confluency and regrown. We

expect that over time the positive KRAS mutation cells would become the majority.
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HEK.293G12D and HEK.293G12V cells are more proliferative. Clonogenic
growth assays indicated that HEK.293G12D and HEK.293G12V cells had far more
colonies when compared to HEK.293untreated and HEK.293Px.458 cells. We confirmed

that the KRAS point mutations led to more aggressive and proliferative HEK.293 cells.

5.3 Discussion

In our exploratory experiments, we see a clear positive correlation between the
activation of mutant KRAS and tMUCT levels (Fig.1). This connection should be fully
investigated to determine if KRAS is the upstream mechanism that induces normal
MUCTI into tumor associated MUCI. To begin this line of study, we mutated KRAS to
either G12D or G12V in HEK cells (Fig. 2). We immediately see that KRAS point
mutations lead to cells becoming far more proliferative and aggressive (Fig. 3).

For future directions, we will test tMUC]1 expression levels via Western Blot and
Flow cytometry. CRISPR will also be completed on BxPC3 cells, a human WT KRAS
PDA cell line. This will help us determine if only the KRAS point mutation is sufficient

to activate tumor associated MUC1 in PDA.

5.4 Experimental Procedures

Cell Culture. HEK.293 cells were gifted by Dr. Andrew Truman (Department of

Biological Sciences, University of North Carolina at Charlotte) and maintained in

Dulbecco’s Modified Eagle Medium (DMEM; Gibco). Media was supplemented with
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10% fetal bovine serum (FBS; Gibco or Hyclone), 3.4 mM L-glutamine, 90 units (U) per
ml penicillin, 90 ug/ml streptomycin, and 1% Non-essential amino acids (Cellgro).

CRISPR-Cas9. Cells were seeded in 6 well plates. The experiment began when
the cells were 90% confluent. 5 micrograms of Crispr-Cas9 plasmid with KRAS
guideRNA, G12D or G12V single-strand oligo donor nucleotides (SSODN), and
Lipofectamine 3000 with enhancer were added in OPTI-MEM media and placed in
complete media within the wells. After 6 hours, the media was taken out and replaced
with fresh media. The cells were observed for GFP for up to 72 hours and sorted by
FACS-Aria.

Clonogenic Growth Assay. HEK.293untreated, HEK.293Px.458,
HEK.293G12D, and HEK.293G12V cells were seeded in 6-well plates (1,000 cells/well)
in triplicates. The cells were incubated for 10-14 days in complete media. Cells were
washed with 1xPBS and fixed with methanol: acetic acid (3:1) for 5 minutes. Cells were
then stained with 0.5% crystal violet (w/v in methanol) for 15 minutes. Once washed with
tap water, the plates were left to dry. Colonies were individually counted and then

dissolved in 10% glacial acetic acid to measure the Optical Density (O.D.) at 560nm.



82

5.5 Figures
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Figure 1. Western Blot shows positive correlation between tMUC1 and GTP-active
mutant KRAS (codons 12, 13, and 61) in a panel of PDA cell lines. Mutant KRAS was
determined by the activation of GTP-KRAS via a pan-mutant KRAS antibody.
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Figure 2. CRISPR-Cas9 generates GFP positive cells. The GFP positive cells were
successfully created in HEK.293 cells. The G12D and G12V cells were also exposed to
the appropriate SSODN:Ss.
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Figure 3. The HEK.293G12D and HEK.293G12V cells were more proliferative than
the untreated and Px.458 plasmid alone HEK.293 cells. The clonogenic growth assay
starkly shows that the mutant KRAS HEK.293 cell lines are far more proliferative and
aggressive when compared to the wild type KRAS HEK.293 cells.
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MUCI induces drug resistance in pancreatic cancer cells via
upregulation of multidrug resistance genes

S Nath, K Daneshvar, LD Roy, P Grover, A Kidiyoor, L Mosley, M Sahraei and P Mukherjee

MUC1 (CD227), a membrane tethered mucin glycoprotein, is overexpressed in >60% of human pancreatic cancers (PCs), and is
associated with poor prognosis, enhanced metastasis and chemoresistance. The objective of this study was to delineate the
mechanism by which MUC1 induces drug resistance in human (BxPC3 and Capan-1) and mouse (KCKO, KCM) PC cells. We report
that PC cells that express high levels of MUC1 exhibit increased resistance to chemotherapeutic drugs (gemcitabine and etoposide)
in comparison with cells that express low levels of MUC1. This chemo resistance was attributed to the enhanced expression of
multidrug resistance (MDR) genes including ABCC1, ABCC3, ABCC5 and ABCBI. In particular, levels of MRP1 protein encoded by the
ABCC1 gene were significantly higher in the MUC1-high PC cells. In BXxPC3 and Capan-1 cells MUC1 upregulates MRP1 via an Akt-
dependent pathway, whereas in KCM cells MUC1-mediated MRP1 upregulation is via an Akt-independent mechanism. In KCM,
BxPC3 and Capan-1 cells, the cytoplasmic tail motif of MUC1 associates directly with the promoter region of the Abcc1/ABCC1 gene,
indicating a possible role of MUC1 acting as a transcriptional regulator of this gene. This is the first report to show that MUC1 can

directly regulate the expression of MDR genes in PC cells, and thus confer drug resistance.
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INTRODUCTION

Pancreatic cancer (PC) is the fourth leading cause of cancer-
related deaths in the United States. The 5-year survival rate is
~3% and the median survival rate is <6 months." The current
therapeutic interventions include surgical resection, radiation
therapy, chemotherapy and immunotherapy.” Less than 20% of
PC patients are eligible for surgery because the disease is often
diagnosed in late stages.> However, in most cases where surgery is
an option, the tumor recurs within 1-2 years and patients develop
hepatic metastasis.* In case of patients with inoperable PC, the
standard treatment is chemotherapy that includes gemcitabine. In
this group of patients the survival is increased by a dismal
5 weeks.” The poor outcome of chemotherapy is partly due to the
drug-resistant phenotype of PC cells. Thus, failure of effective
chemotherapeutic treatment results in high mortality in PC
patients.” This underscores the importance of understanding the
mechanism of drug resistance and developing strategies that
would improve the outcome of chemotherapy.

Drug resistance can be classified into two categories: de novo
resistance or acquired resistance. Cancer patients that exhibit de
novo resistance do not respond to chemotherapy from the start.
However, in acquired resistance, the cancer cells initially respond
to a chemotherapeutic drug but eventually acquire resistance to it.
The cells might also show cross-resistance to other structurally
and mechanistically unrelated drugs—a phenomenon commonly
known as multi drug resistance (MDR).° Owing to acquisition of
MDR, treatment regimens that combine multiple agents with
different targets are no longer effective.>”

One of the primary mechanisms by which cancer cells attain
drug resistance is via upregulation of a family of ATP-binding

cassette (ABC) transporters. These transporters or drug efflux
pumps contribute to the MDR phenotype in cancer cells by
increasing the efflux of anticancer drugs, thereby reducing their
accumulation inside the cancer cells.® P-glycoprotein, MRP1-9 and
BCRP are some of the ABC transporters that have been positively
linked to the MDR phenotype in cancer cells. The Mdr1 (or ABCB1/
Abcb1) gene, which encodes for P-gp, is a well-characterized mdr
gene. The ABCC/Abcc (1-9) gene encodes for the MRP family of
multidrug transporters that are responsible for the acquired drug
resistance. The ABCCI1/Abccligene encodes for MRP1, which is
structurally very similar to P-gp.° Overexpression of the mdr genes
in cancer cells is considered to be the primary determinant of the
MDR phenotype. Another common mechanism of acquiring drug
resistance is through enhanced activation of PI3K/Akt and Erk1/2
pathways. These pro-survival pathways inhibit induction of
apoptosis in cancer cells. Interestingly, it has recently been
shown that PI3K/Akt activation regulates expression of the ABCC1
gene in prostate cancer cells.'® Studies have shown that in MUC1-
overexpressing cancer cells both Erk1/2 and PI3K pathways are
overstimulated.'""'? These reports indicate a possible role of these
pathways in conferring drug resistance in MUC1-overexpressing
PC cells.

MUC1 is a transmembrane mucin glycoprotein that is expressed
at the apical surface of epithelial cells.”> In over 80% of human
pancreatic adenocarcinomas (PDA), a differentially glycosylated
form of MUC1 is predominantly overexpressed.'*'® MUC1 is a
heterodimer, which consists of a unique N-terminal extracellular
domain and a C-terminal intracellular domain. The N-terminal
domain consists of variable number tandem repeats of
20 amino acids that are extensively modified by O-glycosylation.
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The C-terminal domain includes a 53-amino-acid-long extra-
cellular region, a 28-amino-acid-long transmembrane domain
and a 72-amino-acid-long cytoplasmic tail (CT).'®'® The
transmembrane (TM) and the seven tyrosine residues of MUC1
CT are highly conserved (88% and 100% identical, respectively)
among different species, suggesting important functional roles.
MUC1 CT serves as an adaptor protein that brings together kinases
and other proteins for the propagation of signals, which leads to
increased cell proliferation, changes in adhesive state of the cell,
invasion into the extracellular matrix and deregulation of
apoptosis.""'? Importantly, studies have shown that MUC1-
overexpressing breast, colon and thyroid cancer cells are
unresponsive to chemotoxic agents.'""'?

Thus, the goal of the present study was (1) to determine
if MUC1-overexpressing PC cells are resistant to chemotherapeutic
drugs and (2) to delineate the mechanism by which MUCI1-
associated resistance occur. We report that MUC1 regulates
the mdr gene expression via both Akt-dependent and -indepen-
dent pathways, which confers the MDR phenotype to PC cells.
This is the first report that demonstrates a direct relationship
between expression of MUC1 and mdr genes, in particular ABCC1
in PC.

RESULTS
PC cells expressing high levels of MUC1 are less sensitive to
chemotherapeutic drugs that are reversed upon MUC1
downregulation
To determine the relative expression of endogenous MUCT in
BxPC3 and Capan-1 cell lines, immunohistochemical analysis of
cells grown in chamber slides was performed using an antibody
against the tandem repeat of MUC1 (HMFG2). Immunohistochem-
ical staining showed that Capan-1 cells have higher endogenous
MUC1 expression as compared with BxPC3 cells (Figure 1a). This
was confirmed using western blotting assay using antibodies
against the tandem repeat (HMFG2) and CT of MUC1 (CT2). Both
antibodies showed that Capan-1 cells have higher endogenous
MUC1T compared with BxPC3 cells (Figure 1b). Next, we show
MUC1T expression in Capan-1 cells following treatment with
control and MUC1-specific siRNA (small interfering RNA) by
western blot. Complete knockdown of MUC1 is observed in
Capan-1 cells post 48-h treatment with MUC1-specific siRNA
(Figure 1c and Supplementary Table 1).

To determine the effect of MUC1 in drug resistance, BxPC3 and
Capan-1 cells were treated with etoposide and gemcitabine, and
proliferation post treatment was determined using H*-thymidine
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Figure 1.

siRNA treated cells (**P<0.05).
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MUC1 expression and drug sensitivity of a panel of cancer cells. (a) Staining of endogenous MUC1 expression in BxPC3 and Capan-1
cells using HMFG2 antibody, Capan-1 expresses high levels as depicted by the brown staining whereas BxPC3 cells have negligible levels of
MUCT1 staining. (b) Western blot analysis of MUCT expression in BxPC3 and Capan-1 cells by western blot using HMFG2 and CT2 antibody.
(c) Western blot analysis of MUC1 expression in Capan-1 cells following treatment with MUC-1 specific siRNA (48h). (d, e) H’-thymidine
incorporation to measure proliferation in PC cells following 24 h treatment with etoposide and gemcitabine (n=4). Significantly higher
proliferation was observed in Capan-1 cells, which express high levels of MUC1 (***P<0.001). (f) Percent difference in H*-thymidine uptake in
control siRNA and MUC1 siRNA treated cells as a function of Capan-1 WT cells. Cells were treated for 24 h with 500 nm of gemcitabine (n =4).
Cells treated with MUC1 siRNA showed significantly reduced proliferation in response to gemcitabine as compared with untreated or control
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incorporation assay. Etoposide is a toposiomerase Il inhibitor,
whereas gemcitabine is a nucleoside analog. Low MUC1-expres-
sing BxPC3 cells showed greater sensitivity to etoposide and
gemcitabine compared with high MUC1-expressing Capan-1 cells.
At 25 um dose of etoposide, we observed a 62.8% growth arrest in
BxPC3 cells. In contrast, at the same dose, only 12.14% growth
arrest was observed in Capan-1 cells (Figure 1d). Similarly, at
500 nw dose of gemcitabine, ~100% growth arrest was observed
in BxPC3 cells, compared with only 50% growth arrest in Capan-1
cells (Figure 1e). Further, when Capan-1 cells treated with MUC1
siRNA were exposed to 500 nu of gemcitabine, a 31% increase in
growth arrest was observed compared with untreated cells or cells
transfected with control scrambled siRNA (Figure 1f).

For further investigations, mouse PDA primary cells genetically
lacking Muc1 (KCKO) and ones expressing human MUC1 (KCM)
were included in this study. Upon using the CT2 antibody that
recognizes the CT of both mouse and human MUC1, KCM cells
showed high expression of MUC1T while KCKO cells showed no
detectable levels (Figure 2a and Supplementary Table 2). To
further validate the effect of MUC1 in drug resistance, KCKO and
KCM cells were treated with etoposide and gemcitabine. We
found 76% and 88% of growth arrest upon treatment of KCKO
cells with 1.25 um and 2.5 pm of etoposide, respectively. In contrast,
only 52% and 57% of growth arrest was observed in KCM cells at
1.25 and 2.5um of etoposide, respectively, indicating that KCM
cells were more resistant to etoposide (Figure 2b, left panel).
At 5um of etoposide, both cell lines irrespective of their MUC1
status were sensitive. Similar resistance of KCM cells to gemcitabine
was observed. At 3nm of gemcitabine, 60% of growth arrest was
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observed in KCKO cells compared with only 34% of growth arrest in
KCM cells. At higher doses, there was no difference in growth arrest
between KCKO and KCM cells (Figure 2b, right panel).
MTT assay was also performed to validate the cytotoxic effects of
these drugs on the same cell lines. At 50 um of etoposide, 48%
of cell death was observed in KCKO cells compared with only
27% cell death in KCM cells (Figure 2c, left panel). Similarly, at
150 nm of gemcitabine, 53.3% of cell death was observed in KCKO
cells compared with only 40% cell death in KCM cells (Figure 2c,
right panel).

To further confirm that the effect was due to MUC1 expression,
we stably expressed full-length MUC1 in BxPC3 cells that have low
levels of endogenous MUCT (BxPC3.MUC1), and as control we
transfected BxPC3 cells with empty vector that contains the
neomycin resistance gene (BxPC3.Neo). First we show the relative
expression of MUC1 in these cells (Figure 3a and Supplementary
Table 3). BxPC3 MUC1 cells express high levels of MUC1 while
BxPC3 Neo cells have negligible levels. BxPC3 MUC1 cells were
significantly resistant to both the genotoxic drugs as compared
with the BxPC3 Neo cells. At 25, 50 and 75 um of etoposide, cells
with low MUC1T showed significantly higher growth arrest
compared with cells expressing high levels of MUC1 (Figure 3b,
left panel). Similar results were observed with 6.25-25nM of
gemcitabine (Figure 3b, right panel). MTT assay was performed to
validate the cytotoxic effects of etoposide and gemcitabine on
both cell lines. At 75um of etoposide, 64% of cell death was
observed in BxPC3 Neo cells compared with only 39.6% cell death
in BxPC3 MUC1 cells (Figure 3c, left panel). Similarly, at 50 nm of
gemcitabine, 42.7% of cell death was observed in BxPC3 Neo cells
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Figure 2. Endogenous expression of MUC1 in PC cells confers resistance to cytotoxic drugs. (a) Western blot analysis of endogenous Muc1/
MUC1 expression in mouse cells lines, KCKO and KCM using CT2 antibody. Note: CT2 is the only antibody that recognizes both mouse and
human Muc1/MUCT. (b) Percent difference in H>-thymidine uptake in KCKO and KCM cells following 24h treatment with etoposide and
gemcitabine. Significant differences between KCKO and KCM cells at varying concentrations of the drugs are shown as P-values (n=4)
(**P<0.01, ***P<0.001). (c) Cell viability in KCKO and KCM cells following 24 h treatment with etoposide and gemcitabine. Significant
differences between KCKO and KCM cells at varying concentrations of the drugs are shown as P-values (n =6) (*P<0.1, **P<0.01, **P <0.001).
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Concentration of Gemcitabine

Exogenous expression of MUC1 in BxPC3 cells confers resistance to cytotoxic drugs. (a) Western blotting analysis of MUC1

expression in BxPC3 cells using CT2. (b) Percent difference in H*-thymidine uptake of BxPC3 Neo and MUC1 cells following 24 h treatment
with etoposide and gemcitabine (n= 4). Significant differences between BxPC3.Neo and MUC1 are shown (**P<0.01). (¢) Cell viability in
BxPC3 Neo and BxPC3 MUCT1 cells following 24-h treatment with etoposide and gemcitabine. Significant differences between BxPC3 Neo and
BxPC3 MUCT cells at varying concentrations of the drugs are shown as P-values (n =6) (*P<0.1, **P<0.01, **P<0.001).

compared with only 155% cell death in BxPC3 MUCT cells
(Figure 3¢, right panel). These results suggested that MUC1
confers resistance to gemcitabine and etoposide in PC cells.

MUC1 regulates expression of multidrug resistance genes in PC
cells in vitro

Previously we have published proteomics data that showed KCM
cells express eightfold higher P-glycoprotein, fourfold higher MRP-
1 and twofold higher MRP-5 protein compared with KCKO cells.'®
Therefore, we first determined the mRNA level of some of these
MDR genes. Consistent with those results, we found significantly
higher m-RNA levels of the Abccl, Abcc3, Abcc5, Abcbla and
Abcb1b genes in KCM vs KCKO cells using RT-PCR (Figure 4a, left
panel) Similarly, in BxPC3 MUC1, the m-RNA levels of ABCCI,
ABCC3, ABCC5 and ABCB1 genes were significantly higher
compared with BxPC3 Neo cells (Figure 4a, right panel). To
validate this finding, we determined the protein expression of
MRP-1 by western blotting, and, as expected, we observed
significantly higher expression of MRP-1 in KCM cells compared
with KCKO cells, and in BxPC3 MUC1 compared with BxPC3 Neo
cells (Figure 4b and Supplementary Table 4).

Tumors lacking MUC1 or expressing low levels of MUC1 have
lower expression of MRP-1

All of the data so far have been shown in cells grown in vitro. To
answer if this is true in vivo, we determined the MRP-1 protein

Oncogenesis (2013), 1-9

expression in spontaneously occurring PDAMUC1 (KCM) and
PDA.Muc1KO (KCKO) tumors, as well as in BxPC3 Neo and MUC1
tumors grown in nude mice. Immunohistochemical analysis was
performed on tumor sections from ~ 16-week-old KCM and ~ 24-
week-old KCKO mice, and a representative section from each
tumor type is shown in Figure 4c (left panel). Significantly higher
expression of MRP-1 protein was observed in KCM as compared
with KCKO tumor sections (Figure 4c). MRP1 levels in the tumor
lysates isolated from BxPC3 Neo and BxPC3 MUCI-xenografted
tumors were determined by western blotting. BxPC3 MUC1
tumors showed higher MRP-1 expression compared with BxPC3
Neo tumors (Figure 4d). Interestingly, the tumor sample (sample 3)
that had higher MUC1 expression compared with the other MUC1-
positive tumor sample (sample 4) also showed higher MRP-1
expression (Supplementary Table 5). The data suggest that a
positive correlation exists between MUC1 overexpression and
upregulation of mdr genes in PC cells.

Knockdown of Akt decreases MRP1 expression in MUC1 high PC
cells and sensitizes them to chemotherapeutic drugs

Often in tumor cells, reduced sensitivity to chemotherapeutic
drugs is due to enhanced activation of the anti-apoptotic or
prosurvival pathways, which includes the PI3K/Akt pathway. We
first determined the activation status of PI3K/Akt pathway in
KCKO, KCM, BxPC3.Neo and BxPC3.MUC1 cells. Protein lysates
from these cell lines were subjected to immunoblotting using
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Figure 4  MUC1-positive PC cells express elevated levels of MDR genes in vitro and in vivo. (a) RT-PCR data showing fold changes in the
m-RNA level of MDR genes that are associated with multidrug resistance. (b) Levels of MRP1 protein in BxPC3 Neo, MUC1, KCKO and KCM cell
lysates analyzed by western blot. (c) Immunohistochemical analysis of MRP1 expression in the tumor sections from KCKO (24-week-old)
and KCM (16-week-old) mice. Note: Two different time points were deliberately selected, as the tumor burden in the KCKO mice at 24 weeks is
equivalent to the tumor burden in 16-week-old KCM mice. (d) Levels of MRP1 protein in BxPC3 Neo and MUC1 tumor lysates were determined

by western blot.

anti-phospho-Akt (p-Akt) and Akt antibodies. Significantly higher
levels of pAkt were found in MUC1-positive PC cells (KCM and
BxPC3 MUC1) compared with MUC1-low or -null PC cells (KCKO
and BxPC3 Neo) (Figure 5a and Supplementary Table 5). The levels
of total Akt remained same in all cell lines, indicating enhanced
activation of the PI3K/Akt pathway in KCM and BxPC3 MUCT cells.
This finding positively correlates with the results presented
previously in MUC1-overexpressing fibroblasts."'

To test the contribution of Akt on MRP1 expression and drug
resistance, we transiently knocked down Akt and evaluated the
levels of MRP1 expression by western blot and drug sensitivity by
MTT assay. The levels of Akt, MRP1 and MUC1 are shown in
Figures 5b-d. Upon Akt knockdown, we observed a 5.4-fold
decrease in MRP1 expression in Capan-1 cells and 4.6-fold
decrease in MRP1 expression in BxPC3 MUC1 cells (Figures 5b
and ¢, and Supplementary Tables 7 and 8). Furthermore, ~40%
and 25% increase in cytotoxicity was observed in Akt siRNA-
treated BxPC3 MUC1 cells upon treatment with 50 um of etoposide
and 25nm of gemcitabine, respectively (Figure 5e). These data
indicated that Akt pathway had an important role in MUCT1-
induced MRP1 expression, and drug resistance in Capanl and
BxPC3 cells.

© 2013 Macmillan Publishers Limited

Interestingly, we also observed a subsequent decrease in
MUC1 expression upon downregulation of Akt in Capan-1 and
BxPC3 MUC1 cells (Figures 5b and c). When Akt was transiently
knocked down in Capan-1 and BxPC3 MUC1 cells, a respective
3.2-fold and 2.5-fold decrease in MUC1 expression was observed
(Supplementary Tables 7 and 8). These data indicate that
MUCT gene is also under regulation of PI3K/Akt pathway.
Hence, abrogation of the Akt pathway causes a significant
decrease in MUC1 expression, which in turn negatively affects
MRP1 expression.

However, we did not see a significant decrease in MUC1
and MRP1 expression in KCM cells upon Akt knockdown (1.2-fold
decrease) (Figure 5d and Supplementary Table 9). Consequently,
we did not detect a significant increase in cytotoxicity in
Akt siRNA-treated KCM cells upon treatment with etoposide
and gemcitabine (data not shown). These data indicate that in
KCM cells, MUCT gene is not strongly regulated by PI3K/Akt
pathway. This observation further led to the possibility that in
KCM cells, an Akt-independent mechanism must be involved in
MUC1-induced MRP1 expression and drug resistance. It is of
interest that BxPC3 and Capan-1 are human cells while KCM is a
mouse cell line.
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Enhanced activation of the prosurvival pathways in MUC1-positive PC cells. MUC1 induces MRP1 expression via Akt- dependent and

-independent pathways. (a) BxPC3 Neo, MUC1, KCKO and KCM cell lysates were subjected to western blot analysis to determine
phosphorylation of Akt. Level of unphosphorylated Akt served as control for phosphorylation. 3-Actin served as loading control. (b-d) Cells
were treated with with 100 nw of Akt siRNA for 48 h, and the lysates were immunoblotted to evaluate the levels of Akt, MRP1 and MUCT. (-
Actin served as a loading control. (e) Cells growing in a 6-well plate were left untreated (WT) or treated with either control siRNA or Akt siRNA
(100 nm). Thirty-six hours post treatment, cells were trypsinized, and equal number of cells were re-plated in a 96-well plate. The cells were
allowed to adhere and, at 48 h, were left untreated or treated with 50 um of etoposide and 25 nw of gemcitabine. MTT assay was performed to

measure cytotoxicity 24 h post drug treatment.

MUC1.CT interacts within the promoter region of the ABCC1 gene
Several studies have shown that MUC1 CT associates with
mediators of signal transduction and transcriptional regulation,
and thereby modifies the expression of specific target genes'??
In this study, we wanted to investigate the occupancy of MUC1 CT
in the promoter region of ABCCI/Abccl gene, which can be
indicative of MUC1’s role as a modulator of ABCC1/Abccl gene
expression. First, we demonstrate that MUC1 CT localizes to the
nucleus of MUC1-positive PC cells. Nuclear and cytosolic fractions
were extracted from KCKO, KCM, BxPC3 Neo and BxPC3
MUC1 cells, and the lysates were immunoblotted to determine
the cellular localization of MUC1 CT in these PC cells. As expected,
we found MUC1 CT localizing to the nucleus of KCM cells
(Figure 6a, left top panel) and BxPC3 MUC1 cells (right top panel
Figure 6a). Lamin A/C and MEK1 served as controls for the
extraction process. Lamin A/C is a nuclear protein, and hence is
found only in the nuclear fractions (middle panels, Figure 6a).

Oncogenesis (2013), 1-9

MEK1 is a cytosolic protein and is found only in the cytosolic
fractions (bottom panels Figure 6a).

Next, we evaluated the occupancy of MUC1 CT in the genomic
regions of the ABCC1/Abcc1 gene upstream the transcription start
site (Figure 6b). Sheared DNA was immunoprecipitated using
MUC1T CT specific antibody CT2. IgG antibody was used as a
control. The immunoprecipitated DNA was amplified by PCR using
primers spanning around 1000bp upstream (ChIP region I) and
2000bp upstream (ChIP region Il) of the ABCC/Abccl gene
transcription start site (Figure 6b). In Capan-1 cells, we observed
a strong interaction between MUC1 CT and ChlP region | of ABCC1
gene (6.5-fold enrichment with CT2 antibody relative to IgG)
(Figure 6¢ and Supplementary Table 10). Similarly, in KCM cells, a
strong interaction was observed between MUC1 CT and ChIP
region | of Abccl gene (3.2-fold enrichment with CT2 antibody
relative to IgG) (Figure 6c and Supplementary Table 11). However,
no interaction was observed between MUC1 CT and ChlIP region Il
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in Capan-1 and KCM cells (Figure 6c). KCKO cells, which are null for
MUC1, did not show any interaction between MUC1 CT, and ChIP
region | and Il of AbccT gene (Figure 6c). These data indicated that
the interaction of MUC1 CT with the promoter region of ABCC1/
Abcc1 gene around ChIP region | is specific. However, in BxPC3
MUCT cells, a very weak interaction between MUC1 CT and ChIP
region | of ABCCI gene was observed (1.1-fold enrichment
compared with 1gG, Supplementary Table 12 and Figure 6c).
BxPC3 Neo cell also showed weak binding of MUC1 CT around the
same gene locus. This is most likely because BxPC3 cells express
low levels of endogenous MUC1 and are not null for the same
(Figure 6¢). The interaction between MUC1 CT and ChiP region Il
was not observed in BxPC3 cells (Figure 6b).

a KCKO KCM BxPC3 Neo BxPC3 MUC1
CE. NE CE NE CE. NE CE NE
MuCt CT - . -
Lamin A/C | -— R | - -
MEK1 I — | | _— ——
b Human ABCC1 gene
ChIP region Il
(control region) ChIP region |
——t .
- 1447bp/ -720bp/ ABCC11
-1155bp - 486bp gene
Mouse Abcc1 gene ]
ChIP region Il
(control region)  ChIP region |
s J | } l
«1956bp/ - 855bp/ Abcec1
-1367bp -653bp gene
c ChlIP region | ChIP region Il
S 9 A N &
Capan-1
KCKO
KCM
BxPC3 Neo
BxPC3 MUC1
Figure 6. ChIP-PCR assay reveals an interaction between the MUC1

CT and the ABCC1 promoter region. (a) Nuclear lysates of KCKO,
KCM, BxPC3 Neo and BxPC3 MUCT cells were subjected to
immunoblotting to determine the nuclear localization of MUC1
CT. Lamin and MEK1 were used as controls for nuclear and cytosolic
fractions, respectively. (b) Schematic representation of the primers
that were designed to PCR amplify the promoter region of human
ABCC1 gene (top panel) and mouse Abccl gene (bottom panel) in
ChlIP assay. (c) ChIP-PCR; lanes include: Input DNA, DNA precipitated
using control IgG and CT2, and amplified by PCR using Taq
polymerase and separated by 2% agarose gel.
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DISCUSSION

The ability of tumor cells to escape the cytotoxic effect of
chemotherapeutic agents may result from genetic alterations that
affect cell cycle, apoptosis or accumulation of drugs inside the cell.
Several studies in breast, colon and thyroid cancers have shown
that MUC1 attenuates stress-induced or chemotoxic agents-
induced apoptosis by blocking the release of cytochrome ¢ from
mitochondria."'?* "In this study, we demonstrate additional
mechanisms by which MUC1 enables PC cells to escape
chemotherapeutic drug-mediated cell death.

We found that cells expressing full-length MUC1 are less
sensitive to genotoxic drugs than cells lacking or expressing low
levels of MUCI, indicating a direct correlation between MUC1
expression and chemoresistance in PC (Figures 1, 2 and 3).

Here, for the first time, we provide evidence thatin PC cells, mdr
gene expression is directly correlated with MUC1 expression
(Figure 4). Previous work has shown that hyperactivation of
PI3K/Akt pathway is able to regulate expression of mdr genes,
including ABCC1, ABCC3, ABCC5 and ABCB1 genes.'® Studies
have demonstrated that MUC1 oncoprotein induces trans-
formation in rat fibroblasts or desensitizes thyroid cancer cells to
chemotherapy induced apoptosis through activation of Jak/Stat
and PI3K/Akt pathways.'"'> So, we evaluated if MUC1 induced
expression of the mdr gene ABCC1/Abcc1 via activating the PI3K/
Akt pathway. We found that in a subset of human PC cells (BxPC3
MUC1T and Capan-1), MUC1-induced MRP1 expression was via the
Akt pathway with a pattern that suggests increased refractoriness
of these cells to genotoxic drugs. Accordingly, abrogation of the
PI3K/Akt pathway resulted in increased responsiveness of these
cells to etoposide and gemcitabine (Figure 5). We also found the
evidence for existence of a positive feedback loop between MUC1
expression and PI3K/Akt signaling cascade. PC cells with high
MUCT expression exhibited hyperactivation of the PI3K/Akt
pathway, which in turn upregulated MUC1 expression in those
PC cells. However, it is beyond the scope of the current study to
determine how Akt pathway regulates MUC1 expression. In the
future, we would like to investigate the mechanism in further
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Figure 7. Schematic illustration of the two possible pathways by
which MUC1 regulates MRP1 gene expression in PC cells. In human
PC cell lines, Capan-1 and BxPC3 MUC1, MUC1-induced ABCCT gene
expression is dependent on PI3K/Akt pathway. The CT of MUC1
stimulates the PI3K/Akt pathway, which in turn increases MUC1
expression (left panel). In murine PC cell line, KCM, MUC1-induced
MRP1 expression is independent of the PI3K/Akt pathway (right
panel). The CT of MUCT1 translocates to the nucleus and binds to the
promoter of ABCCI/Abccl gene, possibly acting as a part of the
transcriptional complex that drives the expression of this gene (left
and right panels).

Oncogenesis (2013), 1-9

~

102



oo

MUC1 regulates mdr gene expression in PC
S Nath et al

detail. Interestingly, in the mouse PC cells, KCM, MUC1-induced
MRP1 expression was independent of PI3K/Akt pathway even
though the pAkt was significantly higher in the KCM vs KCKO cells.
These data underscored the possibility of involvement of an
alternative mechanism involved in MUC1-induced MRP1 expres-
sion (Figure 6). Thus, we report for the first time that two alternate
mechanisms may be involved in MUC1-induced MRP1 expression
in PC cells (Figure 7).

Interestingly, we found a strong association between MUC1 CT
and the promoter region of the ABCC1/Abccl gene (Figure 6). These
preliminary data raise a possibility that MUC1 might be part of the
transcriptional complex that regulates expression of the ABCC1/
Abccl gene. The 5'-untranslated promoter region of the human
ABCC1 gene contains several putative binding sites, such as GC
elements (—91to + 103) that bind Sp1, AP1 sites (— 511 to —492)
that bind a complex of cJun/cFos and E box elements (— 1020 to
— 2008) that bind N-myc.?*"2* We found MUC1 CT associating with
the promoter region of the ABCC1/Abccl gene within ChIP region I.
Both mouse and human ChIP region | contain putative AP1, CREB1,
GATA1, c-Ets1 and MZF1 binding motifs, as predicted by the
transcription factor binding site prediction tools that uses
TRANSFAC and JASPAR core databases (data not shown). MUC1
as such does not have a DNA-responsive domain, and studies so far
have shown that it binds to DNA via transcription factors such as
NF-kB, cJun, B-catenin and HIF-10.2"2%%7 Thus, in future we intend
to investigate in detail what MUC1 CT is doing at the promoter
region of ABCC1/Abcc1 gene and also the transcription factor that is
involved in MUC1-mediated MRP1 gene expression.

Taken together, our study shows that, in PC cells, MUC1
overexpression leads to chemoresistance, and that MUC1 CT
associates directly with the promoter region of the ABCC1/Abccl
gene. Thus, the data provide new insights into the mechanisms by
which MUC1 can interfere with the effectiveness of chemotherapy
in PC. As MUC1 acts as a vital component that minimizes the
efficacy of chemotherapy, it could be considered as a key
molecular target for sensitizing cancer cells to conventional or
novel treatments. The CT of MUC1 can be targeted to inhibit its
ability to initiate signaling cascades, and also to block its nuclear
translocation and subsequent binding to the promoter regions of
its target genes. MDR modulators did not gain much popularity in
the clinic owing to their ability to regulate more than one
transporter and subsequently causing severe side effects in
patients® As an alternative strategy, MUC1 CT can be targeted
to downregulate the expression of mdr genes or the activity of
these efflux pumps.

MATERIALS AND METHODS

Cell culture and establishment of stable cell lines expressing MUC1
BxPC3 cells (American Type Culture Collection, Manassas, VA, USA) are a
human PC cell line that express very little endogenous MUCT. For retroviral
infection, GP2-293 packaging cells (stably expressing the gag and pol
proteins) were co-transfected with the full-length MUCT construct or an
empty vector expressing the VSV-G envelope protein as previously
described.?*?® Cells were treated with 0.5 mg/ml of G418, beginning 48 h
post infection. Three independent infections of the constructs were carried
out with similar results. Expression of the constructs was stable throughout
the span of experiments. Cells infected with vector alone were used as
control and designated Neo. For MUC1-infected cells, MUC1-positive cells
were sorted using the FACS Aria (BD Biosciences, San Jose, CA, USA). For
Neo-infected cells, MUC1-negative cells were sorted. Capan-1 is a human
PC cell line that expresses high levels of endogenous MUCT.

Mouse model and mouse cell lines

In our laboratory, mice that develop spontaneous pancreatic ductal
adenocarcinoma (PDA) were generated by mating the P48-Cre with the
LSL-KRAS®'?® mice.?” PDA mice were further mated with the MUC1.Tg
mice (that express human MUC1) to generate PDAMUC1 mice or with the
Muc1 knockout mice to generate PDAMUCTKO mice.'”*® All these mice
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were on the C57/B6 background. Cell lines were generated from the
primary tumors of PDAMUC1 and PDAMucl KO mice, and were
designated as KCM and KCKO, respectively.

Transient knockdown using siRNA

The method is previously described in Sahraei et al?® In brief, cells were
seeded in a six-well plate and were allowed to reach 40% confluency. The
cells were then transfected with 100nm of MUC1 siRNA (Smart genome
pool) or 100nm of Akt siRNA (Santa Cruz Biotechnology, Santa Cruz, CA,
USA and Cell Signaling, Boston, MA, USA). Cells of the control group were
treated with 100nm of scrambled siRNA (Dharmacon, Thermo Fischer
Scientificc, CO, USA; Santa Cruz and Cell Signaling). Lipofectamine
(Invitrogen, San Diego, CA, USA) was used for the delivery of siRNA into
the cells over a period of 5-6 h in serum-free Opti-MEM. Forty-eight hours
post transfection, MUC1 and Akt expression were evaluated by western
blot. For MTT assay, 36 h post siRNA treatment, cells were trypsinized, re-
plated in a 96-well plate and treated with or without the drugs. MTT assay
was performed 24 h post drug treatment. The calculations were done as
follows.

The viability of each treatment group without drug treatment (that is,
WT alone, control siRNA alone and Akt siRNA alone) was considered as
100%. The viability following drug treatment on each of these treatment
groups was calculated using the following expression:

% viability of drug-treated WT cells= (OD of drug-treated WT cells/OD
of WT cells) x 100% viability of drug-control (or Akt) siRNA-treated
cells = (OD of drug + control (or Akt) siRNA treated cells/OD of control (or
Akt) siRNA treated cells) x 100

Preparation of nuclear extract

Cells were grown in a 10-cm plate. When the cells reached around 80%
confluency, they were scraped off the plate, and a nuclear extraction kit
(EMD Millipore, Billerica, MA, USA) was used to isolate the nuclear and
cytosolic fractions.

Western blots

Equal quantities of cell lysates were loaded on SDS-PAGE gels. MUC1
antibodies were a gift from Dr Sandra Gendler. pAkt and Akt antibodies
were purchased from Cell Signaling Technology (Danvers, MA, USA), MRP-
1, Lamin A/C and B-actin were purchased from Santa Cruz (CA, USA), and
MEK1 was purchased from Abcam (Boston, MA, USA). The antibodies were
used according to the manufacturer's recommendations.

MTT assay and H*-thymidine incorporation assays

10 x 10* cells were plated in quadruplicate in normal growth medium in
96-well plates and were permitted to grow for 18h. Cells were left
untreated or treated with etoposide (Sigma-Aldrich, St Louis, MO, USA) and
gemcitabine (Sigma-Aldrich) for 24 h. Next, MTT (Biotium) solution was
added (10l per well) to the cells, incubated for additional 3-4h. In the
final step, media was removed, formazan was dissolved in DMSO (200 pl
per well) and the absorbance was read on an ELISA plate reader.

For H-thymidine assay, 5x 10° cells were plated and treated as
described above. Twenty-four hours post drug treatment, H*-thymidine
(Perkin Elmer, Waltham, MA, USA) was added in fresh medium (1 uCi per
well), and cells were permitted to grow for another 24 h. At this time, cells
were washed to remove excess radioactivity, trypsinized and harvested
onto a filter plate, which was then read on a TopCount plate reader. The
data have been represented as % difference in H*-thymidine uptake, which
represents the % decrease in proliferation or % in growth arrest. The
following formula was used for calculations:

% difference in H>-thymidine uptake = ((c.p.m. untreated —c.p.m.
treated)/c.p.m. untreated x 100)

Semiquantitative RT-PCR

Total RNA was extracted from cells by TRizol (Invitrogen) according to the
manufacturer’s protocol. One to two micrograms of the extracted RNA was
used as template for RT-PCR reaction (Access quick RT-PCR kit, Promega,
Madison, WI, USA). Sequence of the primers is available upon request.

Immunohistochemistry

BxPC3 Neo and MUC1 cells (1 x 10° cells per mouse) were implanted
subcutaneously in nude mice, and 30 days later tumors were collected for
immunohistochemical analysis and protein lysate as described
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previously.?° In brief, paraffin-embedded blocks of formalin-fixed tumor
sections were made by the Histology Core at Mayo Clinic. Four-micron-
thick sections were prepared for immunohistochemical staining. MRP1
expression in the tumor was determined using anti-MRP1 antibody (1:50
dilution, Santa Cruz) followed by appropriate secondary antibody (1:100
dilution, Dako).

Slides were examined under a light microscope and pictures were
taken at x 20.

Chromatin immunoprecipitation

Cells grown to near 80% confluence were cross-linked with formaldehyde
(Sigma) at room temperature for 10 min. Cross-linked chromatin prepared
with a commercial ChIP assay kit (EZ-Magna ChIP; Millipore) was immuno-
precipitated with 20pug of normal Armenian hamster IgG (Santa Cruz
Biotechnology, CA, USA) and 20 pg of anti-MUC1 CT antibody (CT2). MUC1 CT
binding site on the ABCC/Abccl promoter was amplified by PCR using the
input DNA (1%) or DNA isolated from precipitated chromatin as templates
and using primers flanking the promoter region 1000bp upstream (ChIP
region 1) and 2000bp upstream (ChIP region Il) of ABCC1/Abccl gene
(Figure 6b). ChiIP region Il was used as a negative control for binding of MUC1
CT to the promoter region. Sequence of the primers is available upon request.

Statistical analysis
Statistical analysis was performed with GraphPad software, La Jolla, CA, USA.
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ORIGINAL ARTICLE

Mucin 1 Regulates Cox-2 Gene in Pancreatic Cancer

Sritama Nath, PhD,* Lopamudra Das Roy, PhD,* Privanka Grover, BSc,* Shanti Rao, BSc,
and Pinku Mukherjee, PhD*

Objective: Eighty percent of pancreatic ductal adenocarcinomas (PDAs)
overexpress mucin 1 (MUCI), a transmembrane mucin glycoprotein.
MUCI"" PDA patients also express high levels of cyclooxygenase 2
(COX-2) and show poor prognosis. The cytoplasmic tail of MUCI
(MUC1-CT) partakes in oncogenic signaling, resulting in accelerated can-
cer progression. Our aim was to understand the regulation of Cox-2 expres-
sion by MUC.

Methods: Levels of COX-2 and MUC1 were determined in MUC1 ",
MUCI1®™, and MUC1"*" PDA cells and tumors using reverse transcriptase
polymerase chain reaction, Western blot, and immunohistochemistry. Pro-
liferative and invasive potential was assessed using MTT and Boyden
chamber assays. Chromatin immunoprecipitation was performed to evalu-
ate binding of MUC1-CT to the promoter of COX-2 gene.

Results: Significantly higher levels of COX-2 mRNA and protein were
detected in MUC 1" versus MUC1'™™! cells, which were recapitulated
in vivo. In addition, deletion of MUC1 gene and transient knockdown of
MUCT led to decreased COX-2 level. Also, MUC1-CT associated with
the COX-2 promoter at ~1000 base pairs upstream of the transcription start
site, the same gene locus where nuclear factor kB p65 associates with the
COX-2 promoter.

Conclusions: Data supports a novel regulation of COX-2 gene by MUC'1
in PDA, the intervention of which may lead to a better therapeutic targeting
in PDA patients.

Key Words: pancreatic cancer, mucin 1 cytoplasmic tail,
cyclooxygenase 2, NF-kB p65

Abbreviations: MUC 1, mucin 1, MUCI-CT, MUC! cytoplasmic tail,
PDA, pancreatic ductal adenocarcinoma, PC, pancreatic cancer,
Cox-2, cyclooxygenase 2, PGE,, prostaglandin E,,

UTR, untranslated region, CRE, cAMP response element,

IHC, immunohistochemistry

(Pancreas 2015:44: 909-917)

ancreatic ductal adenocarcinoma is a lethal disease and is the
fourth leading cause of cancer-related deaths in the United
States. Because of the absence of effective screening methods, ef-
forts have been focused on developing new treatment modalities.
However, most new clinical trials have shown limited survival
benefit for the patients. Chronic inflammation is now considered
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as 1 of the 7 hallmarks of cancer. Cyclooxygenase 2 (Cox-2) is
an inducible proinflammatory enzyme that converts arachidonic
acid to prostaglandins. In cancer, the major functional metabolite
of Cox-2 is prostaglandin E, (PGE,). Cyclooxygenase 2 and
PGE, are frequently overexpressed in a vast majority of epithelial
malignancies,'? including pancreatic ductal adenocarcinoma
(PDA) (>60%).” and is known to be associated with enhanced
inflammation, metastasis, and immune suppression within the
tumor microenvironment.* 7 Cyclooxygenase 2 inhibition has
been successfully used as a chemopreventive agent against colon
polyps.” However, even in combination with chemotherapeutic
agents, Cox-2 inhibition has not been useful in patients with
PDA .’ This is possibly because regulation of Cox-2 is not well un-
derstood in PDA. Mucin 1 (MUCT), a heavily glycosylated mem-
brane tethered glycoprotein normally expressed on glandular
epithelial cells, becomes aberraml?' hypoglycosylated and vastly
overexpressed in malignant cells.'” The cytoplasmic tail of the
tumor-induced form of MUC1 (MUC 1-CT) associates with sev-
eral oncogenic proteins including [>-catenin and nuclear factor
KB (NF-kB)."" The complex then translocates to the nucleus and
promotes transcription of tumor-promoting genes.'*'* Approxi-
mately 80% of human PDA overexpresses the tumor form of
MUCI (tMUC1)" and is correlated with poor prognosis. We
therefore sought to assess if tMUC1 may be involved in the regu-
lation of Cox-2 in PDA. We have recently generated a mouse
model of spontaneous PDA that expresses human MUCI (PDA.
MUCI mice).'*'> PDA.MUCI mice develop a spectrum of pre-
malignant lesions called pancreatic intraepithelial neoplasias that
progress to adenocarcinoma with 100% penetrance. In most in-
stances, the tumors have a moderately differentiated ductal
morphology with extensive stromal desmoplasia commonly ob-
served in humans. Similar to human disease, these mice develop
metastases primarily in the liver, peritoneum, and lungs. Along
with overexpression of tMUCT, the tumors exhibit high levels of
Cox-2 and PGE,."* PDA.MUCI mice are highly resistant to
gemcitabine and celecoxib (a specific Cox-2 inhibitor) when each
drug is administered separately. However, when treated with a
combination of MUCT vaccine, celecoxib, and gemcitabine, the
antitumor response is clinically significant."® In addition, the
PDA.MUCT cells generated from these tumors exhibit increased
multidrug resistance genes.'*'* Thus, it becomes imperative to
understand the regulation of Cox-2 overexpression in PDA and
design alternative therapeutics to block Cox-2 activation.

We demonstrate a novel regulation of Cox-2 gene expression
by MUCI, suggesting MUC1 as an alternative target to prevent
Cox-2 overexpression and associated aggressiveness in PDA.

MATERIALS AND METHODS

Mouse Model and Cell Lines

PDA.MuclKO and PDA.MUC1 as described by Besmer
et al'® are used. KCM and KCKO cell lines were generated from
PDA.MUCT and PDA.Mucl KO mice, respectively.'®

Human PDA cell lines Hs766T, Capan-2, HPAFIIL, HPAC and
CFPAC, BxP(C3, Capan-1, and MIA-PaCa-2 were obtained from
ATCC (Manassas, Va). BXPC3 cells were stably transfected with
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empty vector or vector containing full-length MUC to generate
BxPC3.Neo and BxPC3.MUCTI cells, respectively. Dr Michael
Hollingsworth generously donated mouse Panc02.Neo and
Panc02.MUCT cell lines.

Transient Knockdown of Target Genes
Using siRNA

Cells were plated in a 6-well plate in antibiotic-free complete
media and upon reaching 30% confluence and were transfected
with 100 to 200 nM of smart pool MUC1 siRNA (DHARMACON;
Thermo Fisher Scientific, Waltham, Mass), 200 nM of NF-xkB
siRNA (Santa Cruz Biotechnology, Santa Cruz, Calif), or 100 to
200 nM of scramble control siRNA (Cell Signaling Technology,
Danvers, Mass) using Lipofectamine 2000 (Invitrogen, Grand
Island, NY) for 5 to 6 hours in serum-free Opti-MEM media
(Invitrogen). Whole cell lysates prepared at 48, 72, and 96 hours
post siRNA treatment were subjected to Western blotting to deter-
mine the efficiency of the knockdown.

Western Blots

Cell lysates were prepared using RIPA buffer, and 30 to
60 pg of protein was subjected to denaturing sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot. The polyvinylidene fluoride membrane was probed
with anti-MUCT antibody CT2, anti-NF-xB p65 (Cell Signaling
Technology), anti-Cox-2, anti-lamin A/C, and anti—{>-actin (Santa
Cruz Biotechnology) antibodies. Appropriate secondary antibod-
ies conjugated to horseradish peroxidase were used, and protein
detected using the chemiluminescence kit. All antibodies were
used according to manufacturer’s recommendations.

Preparation of Nuclear Extract

Cells were grown in 10-cm plate and upon reaching 85%
confluence were lysed using the EMD Millipore nuclear extrac-
tion kit to isolate the nuclear and the cytosolic fractions.

Serum PGE, Metabolite by Enzyme-Linked
Immunosorbent Assay

Serum PGE, levels were determined using a specific enzyme-
linked immunosorbent assay (ELISA) kit (Cayman Pharmaceuti-
cals, Ann Arbor, Mich) that measures for the prostaglandin E,
metabolite (PGEM) (13,14-dihydro 15-keto prostaglandin A,). The
protocol was followed as recommended by the manufacturer. Re-
sults were expressed in picograms per milliliter of PGE; or PGEM.

Human PDA Samples

Tissue sections of human pancreatic adenocarcinoma
(PDA) and normal pancreas were obtained from the National
Institutes of Health/National Cancer Institute tissue repository
(http://seer.cancer.gov/biospecimen). The sera of patients with
pancreatic cancer (PC) from different stages were also obtained
from the National Cancer Institute.

Mouse PDA Samples

Two-month-old nude mice were injected with 5 x 10°
BxPC3Neo or BxPC3.MUCT cells in the flank region, and the tu-
mors were allowed to grow for 2 months. Tumors were harvested
for immunohistochemistry (IHC) and tumor lysate. PDA.MUC1
and PDA.MUCI knockout mice between 16 and 40 weeks of
age were killed, and tumors were harvested. Paraffin-embedded
blocks of formalin-fixed tumor sections were made by the Histol-
ogy Core at Carolinas Medical Center. Four-micron-thick sections
were prepared for IHC staining.

910 | www.pancreasjournal.com

Immunohistochemistry

Standard IHC method was followed. Primary antibodies used
were as follows: Armenian hamster anti-MUCI-CT antibody
CT2 (1:50, gift from Dr Gendler) and goat anti-COX-2 (1:100;
Santa Cruz Biotechnology). Secondary antibodies used were
anti-hamster (1:250; Jackson Laboratory, Bar Harbor, Maine)
and anti-goat (1:100; Dako, Carpenteria, Calif) IgGs conjugated
to horseradish peroxidase. Immunopositivity was assessed using
light microscopy, and images were taken at 200x magnification.

Chromatin Immunoprecipitation

Cells grown to near 80% confluence were cross-linked with
formaldehyde (Sigma) at room temperature for 10 minutes. Cross-
linked chromatin prepared with a commercial chromatin immuno-
precipitation (ChIP) assay kit (EZ-Magna ChIP; Millipore) was
immunoprecipitated with normal Armenian hamster IgG (1:20)
(Santa Cruz Biotechnology), anti-MUCI-CT antibody (CT2)
(1:15), and anti-NF-xB p65 (1:20) antibody. IgG was used as a
negative control for the immunoprecipitation step. Input DNA
(2%) and DNA isolated from the precipitated chromatin were am-
plified by polymerase chain reaction (PCR) using mouse- or
human-specific primers flanking the promoter region containing
the NF-kB-binding site (ChIP region I) or distant sites from the
promoter region (ChIP region II). Chromatin immunoprecipita-
tion region I was used as a negative control to evaluate specificity
of association between MUC1-CT and NF-sB p65 to the pro-
moter region of Prgs2/PTGS2 gene. Sequence of the primers is
available upon request.

Semiquantitative and Quantitative
Reverse Transcriptase-PCR

TRIzol (Invitrogen) was used to extract total RNA according
to the manufacturer’s protocol; I to 2 pg of the extracted RNA was
used as template for semiquantitative reverse transcriptase (RT)-
PCR reaction (Access quick RT-PCR kit; Promega, Madison,
Wis) and real-time RT-PCR (KAPA SYBR Fast One-step qRT-
PCR kit, Willmington, Mass). Sequence of the primers is available
upon request.

Cell Growth by MTT Assay

Ten thousand cells plated in a 96-well plate were permitted to
grow overnight. Cells were left untreated or treated with celecoxib
(Pfizer, China) for 24 hours. Next, MTT (Biotium, Hayward, Calif)
solution was added (10 pL/well) to cells incubated for an addi-
tional 3 to 4 hours. In the final step, media was removed, formazan
was dissolved in dimethyl sulfoxide (200 puL/well), and the absor-
bance read using an ELISA plate reader.

Invasion Assay

Cells were grown in culture dishes and serum starved for
18 hours before plating for the invasion assay. In a 24-well plate,
50,000 cells in serum-free media with or without celecoxib were
plated over Transwell inserts (BD Biosciences, San Jose, Califomia)
precoated with reduced growth factor Matrigel (BD Biosciences).
Cells were allowed to invade through the matrix toward the serum-
supplemented media contained in the bottom chamber over a
period of 36 hours. Percent invasion was calculated as follows:
(absorbance of samples / absorbance of controls) x 100.

Confocal Microscope

Cells grown on chamber slides were fixed with formalin,
permeabilized with 0.5% Tween, and incubated with CT2 conju-
gated with fluorescein isothiocyanate (Jackson Laboratory) and
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anti-NF-kB p65 (rabbit IgG) antibody (Santa Cruz Biotechnology)
overnight. On the next day, the cells probed with anti-rabbit IgG
antibody conjugated with Alexa fluor (Invitrogen) for 1 hour at
room temperature and mounted with ProLong Gold antifade re-
agent with DAPL. Photographs were taken at 400 x using the con-
focal microscope (Carl Zeiss International, Thornwood, NY).

Densitometric Analyses

The bands on Western blot and semiquantitative RT-PCR
were quantified using image analysis software (Image J) from
the National Institutes of Health (Bethesda, Md).

Statistical Analysis

Statistical analysis was performed with GraphPad software
(La Jolla, Calif). Statistical significance was determined using
1-way analysis of variance (ANOVA), 2-way ANOVA, and / test.

RESULTS

Human Primary PDA Expresses High Levels of
MUC1 and Cox-2 Protein

Human PDA sections (n= 4 patient tumors) showed high ex-
pression of both MUCT and Cox-2 protein in comparison to the
normal pancreas, as indicated by intense brown staining in PDA
compared with the normal counterpart (Fig. 1A). In serum of pa-
tients with stages 2, 3, and 4 PDA, the PGEM levels increased
from a normal level of 63.8 pg/mL (designated as stage 0) to
118 pg/mL in stage 2, 148.8 pg/mL in stage 3, and 210 pg/mL
in stage 4 (Fig. 1B), suggesting a stage-dependent increase.
There was a 4-fold increase in serum PGEM level of patients
with stage 4 versus stage 0. Prostaglandin E, metabolite is a
measure of Cox-2 enzymatic activity. The same serum samples
analyzed for circulating MUCT showed a similar stage-dependent
increase in shed MUCI level.'” The data indicated a positive
correlation between MUCT and Cox-2 expression and function
in human PDA.

Human Pancreatic Normal
Adenocarcinoma pancreas
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FIGURE 1. Expression of MUC1 and COX-2 in human PDA sections and levels of PGEM in the patient serum. A, Immunohistochemistry
was performed to compare MUC1 and Cox-2 expression between the human PDA and adjacent normal pancreas tissue sections.
Morphologically normal pancreas section shows low apical membranous MUCT staining and lack of Cox-2 expression. Pancreatic ductal
adenocarcinoma samples show strong membranous and cytoplasmic MUCT1 staining and show abundant Cox-2 in tumor cells. B, Serum
PGE; levels from patients with PDA were assessed by PGEM ELISA kit. An average of n = 5 patient samples are shown. One-way ANOVA
was performed to determine the statistical significance between the samples (*P = 0.05, ***P = 0.0005).
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Positive Correlation Between MUC1 and Cox-2
Expression in Human PDA Cell Lines

A panel of human PDA cell lines expressing various levels of
endogenous MUCT was analyzed for basal MUCT and Cox-2 pro-
tein levels by Western blot. HPAFII, HPAC, CFPAC, and Capan-1
PDA cells expressing high levels of endogenous MUCI also
expressed high Cox-2, whereas Hs766T, Capan-2, and MIA
PaCa-2-expressing low levels of endogenous MUC1 expressed
low Cox-2 (Fig. 2A). However, this was not the case with BxPC3
cell line that has low endogenous MUCT but expresses high levels
of Cox-2. This may be because BxPC3 cells have normal
Kras protooncogene, whereas all other cell lines tested have mu-
tated Kras.'"® Nevertheless, when we overexpressed full-length
MUCT in BxPC3 cells, we did observe a significant increase
in Cox-2 levels but no increase in Cox-2 message (Supplemental
Figure 1, http/links.lww.com/MPA/A375 and Supplemental Table 1,

http://links.lww.com/MPA/A376). Overall, the data validate the
existence of a positive correlation between MUCT and Cox-2 ex-
pression in Kras-driven PDA.

Overexpression of MUC1 Augments Cox-2
Expression and a Simultaneous Attenuation Upon
MUC1 Down-regulation

Next, we manipulated the levels of MUCT protein in PDA
cells to determine the importance of MUCT in the regulation of
Cox-2 expression. Overexpression of MUCI in normally low
MUC I-expressing Panc02 cells (Panc02.MUCI) caused a 2.6-
fold increase in Cox-2 protein level compared with its control
counterpart (Panc02.Neo) (Fig. 2B, Supplemental Table 1,
http://links.lww.com/MPA/A376, tabulating the densitometric
analysis of the blots). Similarly, KCM (MUC]1-hi) cells expressed
3.9-fold higher Cox-2 than KCKO (Mucl-null) cells (Fig. 2B,
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FIGURE 2. Positive correlation between MUCT and Cox-2 expression in human PC cell lines (in vitro) and in mouse PDA sections. A,

Endogenous levels of MUCT and Cox-2 protein in a panel of human PDA cell lines were evaluated by Western blot using MUC1-CT-specific
antibody CT2 and anti-Cox-2 antibody, respectively. Sixty micrograms of protein was loaded for SDS-PAGE. B-Actin was used as loading
control. B, Levels of endogenous MUCT and Cox-2 protein in mouse PDA cell lines, KCM and KCKO, as wellas Panc02 cells that were stably
infected to overexpress human MUCI. In addition, MUCT was knockdown in HPAFIl and HPAC human PDA cells using a smart pool of
MUCT -specific siRNA. Seventy-two hours later, Cox-2 and MUC1 levels were analyzed by Western blot; 60 pg of protein was loaded for
SDS-PACE. C, Immunohistochemistry was performed to compare levels of MUC1 and Cox-2 expression between spontaneously occurring KCKO
and KCM tumors at 24 weeks of age. BxPC3 Neo and BxPC3 MUC1 xenografted tumors were stained for MUC1 and Cox-2 expression. KCM
and BxPC3.MUCT tumors showed high levels of Cox-2 in comparison to MUCT-low KCKO and BxPC3 Neo tumors. D, Total mRNA from PDA cell
lines were isolated using TRIzol, and the basal levels of Cox-2 mRNA were determined using semiquantitative 1-step RT-PCR kit. E, Graphical
representation of fold increase in levels of Cox-2 mRNA normalized to Gapdh2 using real-time quantitative RT-PCR. Unpaired t test was performed
to determine the statistical significance between KCKO and KCM, n = 3 (***P < 0.0004). Unpaired t test was performed to determine the
statistical significance between Panc02Neo and Panc02MUCT, n = 3 (***P < 0.001). One-way ANOVA was performed to determine the
statistical significance between HPAFIl WT, control siRNA, and MUC1 siRNA-treated samples, n = 3 (****P <0.0001).
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Supplemental Table 1, http:/links.lww.com/MPA/A376). Upon
transient knockdown of MUCT, we observed a 3.5- and 5.8-fold de-
crease in Cox-2 expression in HPAFII and HPAC cells, respectively
(Fig. 2B, Supplemental Table 1, http:/links.lww.com/MPA/A376).
Thus, manipulation of the MUCT level altered Cox-2 expression
in PDA cells, indicating that Cox-2 (Ptgs2/PTGS2) may be regu-
lated by MUC1.

This was further confirmed in vivo in the PDAMUCI and
PDA MuclKO tumors. Immunohistochemistry was performed
to evaluate the coexpression of MUC1 and Cox-2 in situ. PDA.
MUCT tumors expressed higher levels of Cox-2 in comparison
to the PDA.Mucl KO tumors, as indicated by the strong brown
staining (Fig. 2C, left panel). A similar trend in MUC1 and
Cox-2 expression was observed in xenografted human BxPC3.
MUCT and BxPC3.Neo tumors in nude mice. As was expected,
BxPC3.MUCI tumors showed higher Cox-2 expression than
MUC I-low BxPC3.Neo tumors (Fig. 2C, right panel).

MUC1 High PDA Cells Express High Levels of
Cox-2 mRNA

The level of Cox-2 mRNA in PDA cells expressing variable
levels of MUCI was analyzed by semiquantitative and quan-
titative RT-PCR. Significant increase and decrease in the Cox-2
transcript level were detected upon MUCI overexpression or
down-regulation, respectively (Fig. 2D, Supplemental Table 2,
http:/links.lww.com/MPA/A376) by semiquantitative RT-PCR.
Furthermore, data obtained using quantitative RT-PCR revealed
that the steady-state level of Cox-2 mRNA was 2.4- and 3-fold
higher in MUC1-positive Panc02 MUC1 and KCM cells, respec-
tively, compared with Panc02.Neo and KCKO cells (Fig. 2E).
Conversely, a 3-fold decrease in Cox-2 mRNA level was observed
upon transient knockdown of MUCT1 in HPAFII cells (Fig. 2E),
indicating that the Cox-2 gene may be regulated by MUCI in
PDA cells.

MUC1T and NF-kB colocalizes and Binds to the
Promoter of the Cox-2 Gene (Ptgs2/PTGS2 Gene)

We investigated the molecular mechanism of MUCI-
induced Cox-2 gene expression in PDA cells. The 5 untranslated
region (UTR) of human Cox-2 gene (PTGS2/Ptgs2 gene) contains
a TATA box and several potential transcriptional regulatory ele-
ments such as CRE (cAMP response element) (59/53), NF-IL6
(—132/-124), and NF-kB (-233/-214 and —448/-439), whereas
mouse Cox-2 gene contains CRE-2 (-438/-428), NF-xB (—400/
—392), C/EBP (—136/-128), and AP-1 (—=67/-62) sites, which
are essential for transcriptional regulation of Cox-2 gene expres-
sion. In colon cancer, NF+B p65 is an important transcriptional
regulator of Cox-2 gene as indicated by attenuation of Cox-2 ex-
pression upon NF-kB p65 down-regulation in colon cancer
cells."*?* To determine if NF-kB p65 is also important for up-
regulation of Cox-2 gene in PDA, we determined Cox-2 levels fol-
lowing the transient knockdown of NF-«B p65 in KCKO and
KCM cells. Upon down-regulation of NF-xB p65 subunit, we ob-
served significant attenuation of Cox-2 expression in KCM cells
(Fig. 3A, Supplemental Table 3, http:/links.lww.com/MPA/A376).
In contrast, the level of Cox-2 was unaffected in KCKO cells sug-
gesting that MUCT cooperates with NF-kbp65 to drive the over-
expression of Cox-2 gene in PDA cells.

To further assess MUC I’s role in driving Cox-2 gene expres-
sion, we performed Chip assay to test if MUC1-CT and NF-«B
p65 bind to the promoter region of Cox-2 gene (PTGS2/Ptgs2
gene). Primers were designed to amplify the precipitated chromatin
flanking —377/-175 base pairs (bp) upstream (ChIP region I) and
+8320/+8550-bp downstream (ChIP region II) of transcription

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

start site of mouse Cox-2 (Ptgs2) gene (Fig. 3B, top panel). Cor-
responding human-specific primers were designed spanning
—346/-118 bp upstream (ChIP region I) and —4053/3820 bp up-
stream (ChIP region II) of human Cox-2 (PTGS2) gene (Fig. 3B,
bottom panel). In Panc02.MUCI, KCM, and HPAFII cells,
we observed MUCI1-CT and NF-sB p65 binding to the mouse
Cox-2 (Ptgs2) or human Cox-2 (PTGS2) promoter ChIP region
I, respectively (Fig. 3C, left panel, Supplemental Table 4,
http://links.lww.com/MPA/A376). This region contains the
NF-kB p65 response element (NF-kB p65 RE). In contrast,
Panc02.Neo and KCKO cells did not show strong binding of
NF-kB p65 to the same region (Fig. 3C, left panel, Supple-
mental Table 4, http://links.lww.com/MPA/A376). No signif-
icant interaction was observed between MUCI-CT and
NF-kB p65 with Cox-2 (PTGS2/Ptgs2) promoter in the con-
trol region (ChIP region II) (Fig. 3C, right panels, Supple-
mental Table 4, http://links.lww.com/MPA/A376) validating
the specificity of binding.

To confirm that MUC1 and NF-xB p65 translocate to the
nucleus, we assessed the nuclear localization of MUCI and
NF-kB p65 in PDA cell lines. Western blot on the nuclear fraction
demonstrated the presence of MUCI-CT in the nucleus of
Panc02.MUC1, KCM, HPAFII, and HPAC cells and absence in
Panc02.Neo and KCKO cells (Fig. 3D, Supplemental Table 5,
http://links.lww.com/MPA/A376). However, we did not observe
any significant difference in the nuclear accumulation of NF-xkB
p65 in the MUCI-null/low (KCKO and Panc02 Neo) versus
MUCI-high (KCM and Pan02.MUC1) cells (Fig. 3D), indicating
that the nuclear localization of NF-kB p65 is not affected by the
absence of MUCT in these PDA cells. Confocal microscopy fur-
ther confirmed the colocalization of MUCI1 and NF-sB p65 in
the cytoplasm and in the nucleus of the KCM cells (Fig. 3E).
Taken together, these data suggest that MUCI binds to NF-xkB
p65 subunit, translocates to the nucleus, and drives the transcrip-
tion of Cox-2 (Ptgs2/PTGS2) gene.

Blocking Cox-2 Activity With a Specific Inhibitor,
Celecoxib, Reduces Proliferation and Invasion in
PDA Cells

We and others have demonstrated that overexpression of
MUCT increases the proliferative index and invasive potential of
the PDA cells.'>*"* Thus, we questioned if the aggressive phe-
notype of MUC I-positive PDA cells may be a manifestation of
Cox-2 up-regulation in these cells. To test our hypothesis, we
blocked Cox-2 activity with celecoxib and analyzed growth and
invasive potential of the PDA cells.

A dose-dependent increase in percentage of cells undergoing
growth arrest was observed in HPAFII and HPAC cells treated
with 50, 75, and 100 uM of celecoxib with18.9%, 42.7%, and
56.4% for HPAFII (Fig. 4A, left panel) and 16%, 47.1%, and
59.6% for HPAC (Fig. 4A, middle panel). In KCKO and KCM
cells, a similar dose-dependent increase in percentage of cells un-
dergoing growth arrest was observed upon treatment with increas-
ing dose of celecoxib (Fig. 4A, right panel); however, KCM cells
were more resistant to the treatment than KCKO cells. Treatment
with celecoxib caused a gradual decrease in the Cox-2 protein ex-
pression in all cell lines (Fig. 4B). However, there was no signifi-
cant change in MUCI expression upon Cox-2 inhibition
(Fig. 4B). The data thus indicated that Cox-2 is under the regula-
tion of MUC1, but MUCT is not under Cox-2 regulation. Interest-
ingly, in HPAC cells, we observed a moderate increase in MUCI
expression upon exposure to celecoxib (Fig. 4B, middle panel).
Although down-regulation of Cox-2 expression upon celecoxib
treatment was comparable in KCM and KCKO cell lines, KCM
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using NF-kB p65-specific siRNA; 72 hours later, Cox-2 and NF-kB p65 levels were analyzed by Western blot; 35 g of protein was loaded for
SDS-PAGE. B, Schematic representation of the promoter region with its putative DNA-binding elements in mouse and human Cox-2
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The immunoprecipitated chromatin was PCR amplified. D, Nuclear lysates were immunoblotted to determine the constitutive nuclear
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cells were more resistant to growth arrest in comparison to KCKO.
This could be due to hyperactivation of the prosurvival pathway
such as PI3K/Akt in KCM cells, which counteracts the growth
inhibitory effect of celecoxib.'® The exact mechanisms for
celecoxib’s anticancer activities are still not clear, but they most
likely involve both COX-2—-dependent and COX-2—-independent
mechanisms, as growth arrest was observed regardless of Cox-2
levels in the PDA cells.

We next evaluated the invasive potential of PDA cells upon
blocking Cox-2 activity. A 2-fold decrease in the invasive potential
of CFPAC cells was observed upon treatment with 15 and 30 uM of
celecoxib (Fig. 4C), indicating that Cox-2 is important for the en-
hanced invasive potential of the MUC1-high PDA cells. Similarly,
1.6-fold (51.6%) and 4.3-fold (19.49%) decrease in the invasive
potential of the KCM cells was observed upon treatment of the
cells with 15 and 30 uM of celecoxib, respectively (Fig. 4D).

DISCUSSION

The data demonstrate that in PDA cells the proinflammatory-
inducible enzyme, Cox-2, is under the regulation of tMUC1. The
2 proteins are abundantly coexpressed in the human and mouse
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PDA tissues, and their expression increases with stage of the tu-
mor (Fig. 1). Furthermore, overexpression of full-length MUC1
in PDA cells increases Cox-2 mRNA and protein expression,
and conversely, knockdown of MUCT attenuated Cox-2 mRNA
and protein expression (Fig. 2). In most human cell lines tested,
high MUCT levels correlated with high Cox-2 levels except in
BxPC3 cells. These cells displayed significantly high level of
Cox-2 despite low levels of MUCT1 (Fig. 2A). This difference
may be due to the presence of normal Kras protooncogene in
the BxPC3 cells.'® All other cell lines tested exhibit mutated Kras.
Interestingly, there was no significant difference in the Cox-2
mRNA levels between BXPC3.MUCI and BxPC3.Neo cells,
indicating a possible role of posttranscriptional regulation of
Cox-2 gene by MUCT in BxPC3 cells (Supplemental Figure 1,
http:/links.lww.com/MPA/A375 and Supplemental Table 1,
http:/links.lww.com/MPA/A376). The 3 UTR of Cox-2 mRNA
contains the ARE elements that may regulate the stability of
Cox-2 mRNA at a posttranscriptional level in BxPC3 cells.
The Erk1/2, p38 MAPK, and PI3K pathways have been reported
to be imlrumenlal in mediating posttranscriptional regulation of
Cox-2 gene.”® Most of these core signaling pathways are
overactivated in cancer cells that overexpress MUCI,'*16-24
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FIGURE 4. Selective inhibition of Cox-2 with celecoxib attenuates the growth and invasive potential of PDA cells. A, MTT assay was performed
to determine the growth inhibition following celecoxib treatment. Significant growth arrest is noted in all cell lines tested in response to
celecoxib. To determine the statistical significance between celecoxib-treated HPAFIl and HPAC cells, 1-way ANOVA was performed, n = 6
(**P<0.001, ***P < 0.0001). To determine the statistical significance between celecoxib-treated KCKO and KCM cells, 2-way ANOVA (right
panel) was performed, n = 5 (***P < 0.001, **P < 0.01). B, Cells grown overnightin a 6 well plate were left untreated or treated with indicated
concentration of celecoxib for 24 hours. Cell lysates were prepared and were subjected to immunoblotting. The membrane was probed for
MUCT (CT2), Cox-2, and B-actin. No change in MUCT levels was observed following treatment with celecoxib. C and D, Significant reduction
in invasive potential was observed in CFPAC and KCM cells after treatment with celecoxib. One-way ANOVA was performed to determine

the statistical significance between celecoxib-treated CFPAC (n = 3, P = 0.0004) and celecoxib-treated KCM cells (n = 3, P= 0.0002).
Percentage of invasion was calculated as absorbance of samples / absorbance of controls x 100.

Thus, a possibility of MUCI increasing Cox-2 expression
posttranscriptionally in PDA cells cannot be overruled. Recently,
it was reported that down-regulation of miR-143 in PDA cells
increases the stability of Cox-2 mRNA, leading to increased
Cox-2 protein in PDA cells.”> Mucin 1 has been shown to
mediate posttranscriptional regulation of 1 of its target gene
galectin 3 expression via miR-322.%

To elucidate the mechanism by which MUCT regulates Cox-2
expression, we assessed the (a) nuclear accumulation of MUCT and
NF-B p65 in MUC1-high and -low PDA cells and (b) occupancy
of MUCI and NF-kB p65 on the promoter of Cox-2 (PTGS2/
Ptgs2) gene by ChIP assay. There was no difference in the nuclear
accumulation of NF-«B p65 in MUC I-high and -low PDA cell
lines, indicating that the nuclear localization of NF-kB p65 is
not affected by the presence or absence of MUCT in the cells.
This observation is in contrast to previous reports that showed de-
creased nuclear accumulation of NF+«B p65 in ZR-75-1 breast
cancer cells upon MUC1 down-regulation”” The contrast in

© 2015 Wolters Kluwer Health, Inc. All rights reserved.

observation could arise from differences in tumor origin (breast vs
pancreas). Nevertheless, we found that MUCI-CT and NF-xB
bind to ChIP region I (within 1000 bp upstream of transcription
start site) of the 5 UTR region of both mouse and human COX-2/
Cox-2 gene. KCKO cells that are null for MUCT did not show
any binding of MUC1-CT and NF-kB p65 to the 5 UTR of mouse
Ptgs2 gene (Fig. 3). These cells also display low Cox-2 mRNA
levels, indicating that the loss of MUCT attenuates binding of
NF-kB p65 to the promoter of Cox-2 gene and thereby affects
the transcription of Prgs2 gene. We postulate that during tumor
progression, possibly due to hypoglycosylation of MUCI, the
MUCI-CT cleaves, associates with NF-xB p65 and translocates
as a complex to the nucleus, and binds to the promoter of Cox-2
driving its transcription. The by product of Cox-2 enzymatic activ-
ity, PGE,, interacts with its EP receptors and enhances cell sur-
vival, proliferation, and invasiveness (Fig. 5).

In colon, breast, PDA, and non—small cell lung cancer
(NSCLC), Cox-2/PGE, signaling axis promotes proliferation,
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positive KCM cells, making them more resistant to celecoxib.

Although Cox-2 is overexpressed in MUC 1-high PDA cells,
the biological effect of Cox-2 may not be the same in all MUCI1-
high cell lines. We found Cox-2 to be critical for proliferation of
HPAFIL, HPAC, KCKO, and KCM cells, but not for their invasive
potential (data not shown). In contrast, Cox-2 was important for
both invasion and proliferation of CFPAC and KCM cells. This
variation in the biological effect of Cox-2 could be attributed
to the difference in the expression profile of the EP receptors in
these cells lines and the subsequent engagement of 1 or more of
the signaling pathways downstream of Cox-2/PGE, signaling
axis. Nonetheless, the significance of Cox-2 overexpression by
the MUC 1-high cells cannot be underrated, as Cox-2 affects not
only tumor cells but also other cellular components in the tumor
microenvironment such as immune responses against tumor by
recruiting myeloid-derived suppressor cells in the tumor microen-
vironment. Moreover, Cox-2 is known to regulate vascular
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either through de-
creased production of CD44, MMP-2, and EP4 receptors®' or by
suppressing E-cadherin expression via transcriptional suppressor
ZEB1.3? Thus, lastly, we determined the biological significance
of Cox-2 in the MUC1-high PDA cells by blocking the Cox-2 ac-
tivity. We observed a dose-dependent decrease in growth of
HPAFII, HPAC, KCKO, and KCM cells upon treatment with
celecoxib underscoring the importance of Cox-2 in proliferation
of PDA cells (Fig. 4). Regardless of the levels of Cox-2 or
MUCT, all cells responded to Cox-2 inhibition to some degree. In-
terestingly, KCKO cells that express low levels of Cox-2 as com-
pared with KCM cells were more susceptible to growth inhibition
by celecoxib compared with KCM. This may be due to the fact
that celecoxib not only inhibits Cox-2 activity, but also modulates
cell survival pathways and other cellular responses. A study
showed that the antitumor effect of Cox-2 is not entirely contin-
gent upon its ability to inhibit Cox-2 activity but rather to its abil-
ity to initiate ER stress.*® It could be possible that celecoxib
initiates ER stress in cells that is counteracted better in MUCI-

endothelial growth factor expression and promote angiogene-
sis.***3 Previously, others and we reported that MUC 1 modulates
expression of vascular endothelial growth factor in pancreatic and
breast cancer cells.?'

Controlling Cox-2 overexpression in cancers remains a chal-

lenging task. Our study indicates that MUC1 may serve as an al-
ternative target for blocking Cox-2 overexpression in PDA cells.
GO-203, a small molecule inhibitor designed to block MUC-C di-
merization and its nuclear translocation, has been shown to re-
verse MUCI-mediated proliferation in NSCLC and multiple
myeloma cells*”*® Thus, it might be worth investigating if
GO-203 can similarly prevent MUCT localization to the nucleus
and block MUC1-mediated Cox-2 overexpression in PDA cells.
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A novel association of neuropilin-1 and MUCI in pancreatic
ductal adenocarcinoma: role in induction of VEGF

signaling and angiogenesis

R Zhou', JM Curry', LD Roy', P Grover', J Haider? LJ Moore', S-t Wu', A Kamesh', M Yazdanifar', WA Ahrens? T Leung®
and P Mukherjee'

We report that Mucin1 (MUC1), a transmembrane glycoprotein that is overexpressed in > 80% of pancreatic ductal
adenocarcinoma (PDA), induced a pro-angiogenic tumor microenvironment by increasing the levels of neuropilin-1 (NRP1, a
co-receptor of vascular endothelial growth factor (VEGF)) and its ligand VEGF. Expression of tumor-associated MUC1 (tMUC1)
positively correlated with NRP1 levels in human and mouse PDA. Further, tMUC1" PDA cells secreted high levels of VEGF and
expressed high levels of VEGF receptor 2 (VEGFR2) and its phosphorylated forms as compared with tMUC1'°*/™!' PDA. This enabled
the tMUC1"/NRP1" PDA cells to (a) induce endothelial cell tube formation, (b) generate long ectopic blood vessels and (c) enhance
distant metastasis in a zebrafish xenograft model. Concurrently, the proteins associated with epithelial-to-mesenchymal transition,
N-cadherin and Vimentin, were highly induced in these tMUC1/NRP1 " PDA cells. Hence, blocking signaling via the NRP1-VEGF axis
significantly reduced tube formation, new vessel generation and metastasis induced by tMUC1™ PDA cells. Finally, we show that
blocking the interaction between VEGF, s and NRP1 with a NRP1 antagonist significantly reduced VEGFR signaling and PDA tumor
growth in vivo. Taken together, our data suggest a novel molecular mechanism by which tMUC1 may modulate NRP1-dependent

VEGFR signaling in PDA cells.

Oncogene (2016) 35, 5608-5618; doi:10.1038/0nc.2015.516; published online 25 January 2016

INTRODUCTION

Angiogenesis is a complex process of new blood vessel formation
from pre-existing vascular networks by capillary sprouting. Full
execution of angiogenesis requires complex signaling via vascular
endothelial growth factor (VEGF) and its receptors (VEGFRs).!
VEGF-A is one of the major stimulators of angiogenesis induced
by hypoxia during oncogenic process. Within the VEGF-A family
of growth factors, VEGF,4s is well characterized and mediates
angiogenic sprouting and endothelial cell organization in vitro and
in vivo.*

Three structurally homologous tyrosine kinase VEGFRs are
VEGFR1  (FIt-1), VEGFR2 (KDR/Flk-1) and VEGFR3 (Flt-4).
The majority of the endothelial cell responses to VEGF including
differentiation, proliferation, migration and formation of the
vascular tubes are mediated through VEGFR2.*”7 VEGFR1 is
speculated as a decoy receptor, sequestering VEGF signaling
through VEGFR2.*® VEGFR3 expression is restricted mainly
to the lymphatic endothelium of adult tissues. It binds VEGF-C
and VEGF-D, but not VEGF-A, and is thought to control
lymphangiogenesis ®*°

Neuropilins (NRPs) are transmembrane receptors without a
tyrosine kinase domain and can act as co-receptors for
VEGF family of pro-angiogenic cytokines'® and for the class 3
semaphorin (Sema3) family of axon guidance molecules.'’ NRPs
are gaining much attention as multifunctional proteins involved
in normal development, immunity and tumor progression as
reviewed by Prudhomme and Glinka.'> NRP1 is expressed by

endothelial cells, dendritic cells, regulatory T cells, several other
normal cell types and tumor cells as well."*"'® It is a co-receptor for
VEGFR2, with VEGF,¢s binding to both NRP1 and VEGFR2
simultaneously.'® It has been proposed that NRP1 may enhance
VEGF6s binding and bioactivity by forming a bridge between
NRP1 and VEGFR2, bringing these receptors into close proximity
and promoting angiogenesis.'® Neutralizing NRP1 is additive to
VEGF neutralization in suppressing vascular remodeling and
tumor growth."” Importantly, NRP1 is predominantly expressed
in carcinomas (in particular those of epithelial cell origin),
including carcinomas of the lung, breast, prostate, pancreas and
colon."®™  Overexpression of NRPs correlates with disease
progression, metastatic potential and poor prognosis. ™ o

Therefore, NRP1 is an attractive therapeutic target. A number of
strategies have been evaluated by using NRP1 ectodomains
or soluble NRP1 as VEGF Trap, anti-NRP1 antibodies, knockdown
by small interfering RNA (siRNA), or by using a small peptide-
mimetic of VEGF to selectively block VEGF binding to NRP1.'®
A heptapeptide ATWLPPR (A7R) is identified by screening a
phage-displayed peptide library against an anti-VEGF antibody
that blocks VEGF,¢s-dependent endothelial cell proliferation.?'
A7R inhibits VEGF,4s binding to NRP1 but not to VEGFR1, VEGFR2
or heparin. In vivo treatment with A7R reduces blood vessel
density and endothelial cell area, and suppresses the growth
of MDA-MB-231 xenografts in nude mice.?

Pancreatic ductal adenocarcinoma (PDA) is the fourth
leading cause of cancer-related death in the United States.?
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The transmembrane glycoprotein Mucin1 (MUC1) is overex-
pressed and aberrantly glycosylated in >80% of metastatic PDA
and is associated with poor prognosis?>* We and others have
shown that this tumor-associated form of MUC1 (tMUC1)
enhances invasiveness of pancreatic cancer cells by inducing
epithelial-to-mesenchymal transition (EMT), and that these tumors
express high levels of VEGF, cyclooxygenase-2, prostaglandin E2
and platelet-derived growth factor.*?® Lack of tMUC1 in PDA
mice prevents tumor progression and metastasis, and has lower
levels of VEGF.?*?7 In addition, MUC1 overexpression has been
demonstrated to promote VEGF production through insulin-like
growth factor-1 receptor/Akt cascades, leading to the enhanced
tumor growth and angiogenesis in human breast carcinoma.?®
Thus, in this study we assess whether tMUC1 induces a
pro-angiogenic microenvironment in PDA and begin to elucidate
the mechanism. We show for the first time that PDA cells and
tumors that express high levels of tMUC1 have increased levels of
NRP1 as compared with PDA with no or low levels of tMUC1. NRP1
potentiates VEGFR signaling and pro-angiogenic activities, thus
indicative of enhanced intra-tumoral angiogenesis and disease
progression. Finally, we show that blocking the interaction
between VEGF,s5 and NRP1 within the tumor microenvironment
leads to disruption of VEGF signaling and therapeutic benefit in
mouse models.

RESULTS

Level of NRP1 expression correlates with expression of tMUC1

in human PDA

We and others have shown that tMUC1 is overexpressed in
PDA and is associated with enhanced metastasis and poor
diagnosis.”****”%° parikh et al.*® first reported NRP1 expression
in the PDA. Here we first showed that tMUC1 and NRP1 were
expressed in primary human PDA, but minimally in the normal
pancreas (Figure 1a). The staining in the tumor was mainly
restricted to the ductal epithelia. To determine whether a
correlation existed between tMUC1 and NRP1, we examined a
panel of human PDA cell lines that endogenously express high,
medium or low tMUC1 by western blotting using an antibody
against the extracellular tandem repeat of MUC1 (TAB0OA4).
Cells expressing high endogenous tMUC1 such as CFPAC, HPAFII
and HPAC also displayed high NRP1, whereas cells with low
endogenous tMUC1 displayed low NRP1 with the exception of
Panc1 cells (Figure 1b; quantification data shown as Supple-
mentary Figure S1a). As NRP1 is a co-receptor of VEGF and
signaling through VEGFR2 is critical for the angiogenic signaling to
occur,'® we examined the levels of VEGFR2 in the same cell lines.
However, the correlation between tMUC1 and VEGFR2 levels were
not consistent among the cell lines (Figure 1b).

Thus, we determined whether MUC1 regulated the expression
of NRP1 by conducting gain- and loss-of-function studies. The full-
length human MUC1 was stably transfected into two tMUC1'*%
cells, a human pancreatic cell line BxPC3 and a mouse pancreatic
cell line Panc02. The overexpression of tMUC1 was confirmed by
flow cytometry (Figure 1c left panel) and by western blotting
(Figure 1c right panels). In BxPC3.MUC1 and Panc02.MUC1 cells,
tMUC1 overexpression induced significantly higher expression
of NRP1 than their control counterparts carrying the empty
vector (BxPC3.Neo and Panc02.Neo) (Figure 1c right panels and
Supplementary Figure S1b). On the other hand, three tMUC1" cell
lines (HPAC, CFPAC and HPAFII) treated with MUC1-specific siRNA
showed dramatically reduced MUC1 and moderately decreased
NRP1 expression, although not statistically significant (Figures 1d
and e). Protein expression of tMUC1 and NRP1 relative to B-actin
was shown in Figure 1e. Whether this regulation was direct or
indirect was yet to be delineated.

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Increased expression of NRP1, VEGFR and VEGF in tumor cells
derived from spontaneous Muc1® PDA mouse

We have established two mouse PDA cell lines, KC and KCKO,
from spontaneously arising PDA tumors in wild-type (Muc1 intact)
and in Mucl-null mice, respectively.”’ A gene microarray was
conducted in these two cells and in BxPC3.MUC1 and BxPC3.Neo
cells as well. Among those altered genes, KC and BxPC3.
MUC1 cells showed higher NRP1 levels than those in KCKO and
BxPC3.Neo cells (data not shown). Thus, we confirmed expression
of Mucl and NRP1 in KC cells by flow cytometry (Figure 2a) and
western blotting (Figure 2b and Supplementary Figure S2).
Compared with KCKO, KC cells displayed higher levels of Muc1
(Figure 2a left panel and Figure 2b) and moderately higher level of
NRP1 (Figure 2a right panel and Figure 2b). In addition, Muc1" KC
cells expressed higher levels of VEGFR2 than the Muc1-null KCKO
cells (Figure 2b).

Further, KC cells secreted significantly higher levels of VEGF
than KCKO cells (Figure 2c), which could be partially inhibited by
NRP1 antagonist A7R (Figure 2d) without affecting cell numbers
(Figure 2e). These data may suggest that the NRP1-VEGFR2
signaling may positively regulate VEGF secretion and this may be
partially dependent on Muc1 expression in PDA cells.

Mucl-expressing PDA cells promote endothelial cell tube
formation through VEGF signaling

As endothelial tube formation assay is used as a surrogate for
angiogenesis, we studied the influence of conditioned medium
from tumor cells on endothelial cell tube formation and whether
signaling via NRP1 was required. As shown in Figure 3a, murine
endothelial 2H11 cells endogenously expressed high levels of
NRP1 and VEGFR2. Functionally, capillary-like structure formation
is one of the most important morphological changes during
angiogenesis and can be quantified by counting the sprouting
and branching of endothelial cells’ As compared with
conditioned medium from KCKO cells, the medium from KC cells
induced enhanced tube formation in 2H11 cells (5h post
incubation) (Figure 3b). Tube formation was partially suppressed
by blocking NRP1 activity with A7R or by neutralizing VEGF
(Figure 3d). Combination of A7R with anti-VEGF antibody had
additive effect in significantly inhibiting the tubular structure
formation on the matrigel basement (Figure 3d). The quantitative
results were shown in Figures 3c and e. In addition, direct
pretreatment of KC cells with A7R effectively decreased VEGF
secretion in the supernatant (Supplementary Figure S3a). Further,
the supernatant from A7R-pretreated KC cells induced significantly
less tube formation (Supplementary Figures S3b and ¢).

NRP1 has a critical role in promoting ectopic blood vessel
formation and enhancing metastatic spread in a zebrafish embryo
xenograft model

As MUC1/VEGF signaling increased the in vitro endothelial cell
tube formation (Figure 3), we evaluated the role in vivo. The
zebrafish/tumor xenotransplantation has been characterized as a
whole-animal model to study tumor angiogenesis in vivo.*? In this
zebrafish model, we studied whether the xenograft of muct ™y
NRP1" cells affected formation of ectopic blood vessel (number
and length) 1 day post tumor cell injection. We showed for the
first time that human PDA cell line, BXPC3.MUC1 promoted a
significant increase in the number and length of ectopic vessels
than its BxPC3.Neo counterpart (Figures 4a and b, see arrows).
Furthermore, compared with BxPC3.Neo cells, BxPC3.MUC1 cells
exhibited significantly more metastasis by showing their migration
away from the site of injection (Figures 4c and d). To elucidate
the role of NRP1 in the tumor-induced angiogenesis and
metastasis, BxPC3.MUC1 cells with or without A7R treatment
were injected into the zebrafish embryo. A known angiogenesis
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Figure 1. In PDA, tMUC1T may regulate NRP1 protein expression. (a) IHC staining in human pancreas tissues. The top panels show
representative images and the bottom panels show the intensity quantification for protein expression. (b) Western blotting of total cell lysates
from a panel of human pancreatic cell lines. p-actin was included as control for equal loading of protein. (¢) Gain of function. BxPC3 (human)
and Panc02 (murine) PDA cell lines were stably transfected with full-length human MUC1. Left panel, tMUC1 expression in BxPC3 cells
analyzed by flow cytometry. Cells were left unstained or stained with tMUC1-specific TABOO4 antibody. Right panel, tMUC1 and NRP1
expression analyzed by western blotting. CT, cytoplasmic tail; TR, tandem repeat. (d) Loss of function. Western blotting of cell lysates from
tMUC1M cells treated with control small interfering RNA (siRNA; Ctl), MUC1-specific siRNA (MUC1) or left untreated (UN) for 48 h (in HPAFII) or
72 h (in HPAC and CFPAC). (e) The quantification of repeated experiments for d with ImageJ software. *P < 0.05 and **P < 0.01.

inhibitor, PTK787 was used as a positive control that blocks all
known VEGFR tyrosine kinases3*** We observed moderately
reduced growth of ectopic vessels and tumor cell metastasis in the
embryos treated with PTK787. However, A7R treatment signifi-
cantly blocked ectopic vessel formation and metastatic spread,
implicating a critical involvement of NRP1 (Figure 4e).

Muc1 upregulates NRP1 and creates a pro-angiogenic niche in vivo
To further demonstrate that high expression of Muc1 may create a
pro-angiogenic niche in vivo, spontaneously arising tumors from
PDA mice were assessed for the expression of angiogenesis-
related proteins by immunohistochemistry (IHC) staining. Expres-
sion of NRP1, VEGF, CD31 and proliferating cell nuclear antigen
(PCNA) was higher in the spontaneously arising KC than KCKO
tumors (Figure 5a). It was noted that the NRP1 and PCNA

Oncogene (2016) 5608-5618

expressions were mainly localized to the epithelial layer of ductal
region.

To understand the mechanism of NRP1-associated VEGF
signaling, lysates from KC and KCKO tumors were analyzed for
the VEGFR2 phosphorylation and proteins of other angiogenesis-
related pathways. Western blotting data were summarized in
Figure 5b and quantified (Supplementary Figure S4). Interestingly,
not only were the levels of NRP1 and VEGFR2 significantly lower in
the KCKO tumors, the phosphorylation of VEGFR2 at tyrosine sites
of 1175 and 996 were also lower as well (Figure 5b), which was
likely due to the lower level of receptor itself. Tyrosine1175 is
essential for VEGF-induced kinase activation, including PLC-y
and mitogen-activated protein kinase, and for VEGF-induced
proliferation of endothelial cells>® Other sites of tyrosine
autophosphorylation include Tyr996 along with Tyr951, 1054 and

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 2.  Mucl-expressing spontaneous mouse PDA cells have increased NRP1 expression and VEGF production. (a) KC cells were positive for
Muc1 and expressed higher NRP1 than KCKO cells by flow cytometry analysis. (b) The expression of Muc1, NRP1 and VEGFR2 were assessed in
cell lysates by western blotting. (c) KC cells produced more VEGF determined by ezyme-linked immunorsorbent assay (ELISA). ***P < 0.001.
(d) NRP1 antagonist A7R suppressed VEGF production in KC cells. *P < 0.05 and **P < 0.01. (e) No significant effect of A7R on KC cell viability
determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.

1059.3%%7 Moreover, levels of N-Cadherin and Vimentin were
higher, while E-Cadherin was lower in KC versus KCKO tumors
(Figure 5b), suggestive of EMT transition. Together, the data
suggested that lack of Muc1 impaired the expression of NRP1 and
VEGFR2, and thereby downregulated the angiogenic and EMT
signaling, which are potential pre-requisites for metastasis.

Blockade of NRP1 signaling attenuates tMUC1™ tumor growth

in vivo

Based on the above findings, we lastly validated the activity
of NRP1 antagonist A7R in tumor-bearing mice. In the immune-
competent C57BL/6 mice, the growth of KC tumor was
significantly reduced over time by subcutaneous injection of
A7R (Figure 6a). Nude mice bearing BxPC3.MUC1 tumors also
responded to the monotherapy with A7R, displaying significantly
lower tumor burden and with four out of seven mice showing a
complete response (Figure 6b). Western blotting data from A7R-
treated KC tumors further confirmed that the in vivo inhibition of
NRP1 activity by A7R led to the reduction of VEGFR2 activation,
as evidenced by decreased phosphorylation at Tyr1175 (Figure 6¢
and Supplementary Figure S5). In addition, interestingly, the
protein level of NRP1 was clearly reduced by suppressing its own
activity, suggesting a possible autocrine regulation of NRP1
expression via the VEGFR2 signaling.

Primary human PDA tumors express varying levels of NRP1

The tumors from pancreatic cancer patients expressed tMUC1 and
NRP1 as shown in Figure 1a. In addition, the IHC staining verified
the presence of pro-angiogenic factors including VEGF, CD31 and
PCNA in the tumors (Figure 7a). Using a pancreatic cancer tissue

© 2016 Macmillan Publishers Limited, part of Springer Nature.

array, tMUC1 expression was detected in all PDA tissues restricted
to the ductal epithelia, but the intensity of expression varied
(Supplementary Figure S6a). Normal adjacent pancreas tissue also
showed MUC1 staining but was restricted to the acinar secretions
and absent in the ductal epithelial cells (data not shown). Similarly,
NRP1 was expressed at varying levels in the tumors from the same
40 PDA patients. Closely but not exactly, we found the higher the
tMUC1 expression in PDA, the stronger the NRP1 expression
(Figures 7b and ¢, and Supplementary Figure S6). A nonparametric
Spearman’s correlation of 0.70 was achieved with n=65 tissue
cores, which was highly significant (P < 0.0001) and indicated a
positive association between the MUC1 and NRP1 in human PDA.

DISCUSSION

To the best of our knowledge, we are the first to demonstrate that
tMUC1 in PDA may have a role in VEGF signaling through the
upregulation of VEGF co-receptor NRP1 (Figures 1 and 2), and that
blocking the interaction between VEGF;¢s and NRP1 within the
tumor microenvironment has therapeutic benefit in vivo (Figure 6).
Positive staining for NRP1 in n =41 patient PDA sections (Figure 7)
substantiates the clinical relevance of this protein as a potential
therapeutic target.

Our previous study has shown that the spontaneously arising
Muc1/MUC1-expressing PDA mice developed aggressive tumors
and had poor survival than PDA mice null for Muc1/MUC1.?’
tMUC1 enhances the molecular process of EMT, promotes the
expression of pro-angiogenic and pro-metastatic proteins in
PDA,** and make tumors more drug resistant?%*® In this study,
we found a positive correlation between tMUC1 expression and
NRP1 level in PDA cell lines and tumors (Figures 1 and 2), which
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Figure 3. KC cell conditioned medium induces stronger tube formations in 2H11 endothelial cells, which can be reversed by blocking VEGF
signaling. (a) 2H11 cells expressed NRP1 and VEGFR2, determined by flow cytometry (left panel) and western blotting (right panel). Gray-
shaded histogram, isotype staining; open white histogram, anti-NRP1 staining. (b) KC (Muc1™) cell conditioned medium induced more
capillary-like structure in 2H11 cells. (c) Quantification of tube formation in b with Image). *P < 0.05. (d) Reversal of tube formation by NRP1
blockade and VEGF neutralization. KC cell conditioned medium was pre-incubated with 500 pm of A7R and/or 2 pg/ml of anti-VEGF antibody
for 2 h before adding to 2H11 cells on Matrigel. (e) Quantification of tube formation in d.

may suggest the contribution of NRP1 to the malignant
progression of tMUC1" tumor.

It has been proposed that VEGF can signal through NRP1 in
tumor and endothelial cells by (1) autocrine signaling in tumor
cells to inhibit tumor cell apoptosis, (2) paracrine signaling from
tumor cells to endothelial cells for angiogenesis induction, or (3)
juxtacrine signaling in both cells in which VEGF may bind to NRP1
on tumor cells and bind to VEGFR2 on endothelial cells
simultaneously for NRP1 induction of angiogenesis and tumor

Oncogene (2016) 5608-5618

growth.'®*° We found that although blockade of NRP1 activity
inhibited VEGF-induced extracellular signal-regulated kinase and
Akt activation in KC cells (data not shown), the cell proliferation
and survival were not affected (data not shown), indicating that
the NRP1-dependent extracellular signal-regulated kinase and Akt
activation may have roles in other aspects of tumor growth. We
further found that NRP1 was involved in VEGF production
probably by VEGF self-regulation through VEGFR-NRP1 signalin%
The partial reduction of VEGF by NRP1 antagonism in tMUCT™

© 2016 Macmillan Publishers Limited, part of Springer Nature.

118



a no cells

BxPC3.Neo

BxPC3.MUC1

(1]

Metastasis with §xPC3.Neo xenograft

% metastasis in xenograft Q.

# of ectopic vessel (EV)/embryo @

s

1%

3

1

2

2

°

28

4 g2

sk 82

2 k]

£

2

[} H

PO T
‘\e" 0°° Q A

Figure 4.

# of ectopic vessel (EV)/embryo T

embryos

Targeting NRP1 in tmuctM pancreatic cancer

R Zhou et al
8 2 s00 R
KK =
6 g a0
S
o
o % 300
4 '§§
gs 200
2 -
e 100
2
0 3 0
© o N @ N
& ¥ R )
9 N o % N
€ 3‘* qo», <€ & &>
LA LR
40 -
30
20
10
BxPC3.Neo BxPC3.MUC1
g 0
g’ * *
o 40
=8
] 'E
@
£9% 2
g
]
£
® 0
Control  PTK ATR

NRP1 is essential in promoting ectopic blood vessel formation and enhancing tumor cell metastasis in a zebrafish embryo xenograft

model. (a) Representative images of zebrafish embryo with formation of new ectopic blood vessels, as pointed with white arrows.
(b) Quantitative measurement of number and length of ectopic vessels formed in the embryo. ***P < 0.001 between BxPC3.Neo group and
BxPC3.MUC1 group. (c) Representative images of zebrafish embryo with metastatic lesions. The metastatic spread of tumor cells from the site
of injection was pointed with white arrows. (d) The percentage of metastasis in the embryo. **P < 0.01 between BxPC3.Neo group and BxPC3.
MUC1 group. (e) Suppression of ectopic vessel formation (length and number) and metastatic spread in embryo by VEGFR or NRP1
antagonists. Statistics was performed between control and treatment groups. *P < 0.05 and ***P < 0.001.

cells might emphasize its role as a co-receptor for VEGFR2,
but also suggested the involvement of other signaling cascades.
Woo et al.?® has reported the MUC1 overexpression/insulin-like
growth factor-1-insulin-like growth factor-1 receptor/Akt/VEGF
signaling in the human breast carcinoma models, which could be
one of the possibilities involved in our models. Although we did
not prove the juxtacrine signaling between tumor cells and
endothelial cells here, it was obvious from Figure 3c that PDA cells
could directly promote the formation of capillary structure in
endothelial cells through soluble factors. VEGF was not the only
soluble contributor for tube formation, as neutralization of VEGF
only partially suppressed the tube induction. However, combina-
tion of A7R treatment with VEGF neutralization displayed additive
benefit in suppressing endothelial tube formation (Figure 3e). As
blocking NRP1 on either tumor cell (Supplementary Figure S3) or
endothelial cell (Figures 3d and e) effectively decreased the tube
formation, it shed light on the NRP1 as a promising target for
tumor-associated angiogenesis.

Furthermore, BxPC3 cells with high tMUC1/NRP1 could enhance
new vessel formation in the zebrafish embryo xenotransplantation
model (Figures 4a and b) and they were also highly migratory
(Figures 4c and d). These activities were largely dependent on
NRP1 as demonstrated by its blockade (Figure 4e). Together, our
data strongly suggested that tMUC1 increased NRP1 level, which
was essential for tumor-associated angiogenesis and metastasis.

© 2016 Macmillan Publishers Limited, part of Springer Nature.

Despite the advantages and simplicity of the zebrafish model, the
spontaneously arising PDA mouse model resembles more closely
the human disease. We found minimal expression of pro-
angiogenic proteins (VEGF, NRP1, CD31 and PCNA) in tumors
from Muc1™' KCKO mice when compared with tumors from
Muc1™ KC mice (Figure 5a). In addition, the NRP1, VEGFR2 and its
activation forms of Tyr1175 and Tyr996 were significantly higher in
the KC versus KCKO tumors (Figure 5b). These data strongly
indicate that increased NRP1/VEGF signaling in tMUC1™ tumors
correlates with enhanced angiogenesis in vivo. However, as both
tumor cells and endothelial cells express NRP1 and other VEGF
signaling molecules (Figures 2 and 3), the contribution of intra-
tumoral endothelial cells for their expression and activation could
not be excluded. In addition, there was also biased expression of
EMT markers in KC tumors versus KCKO tumors, which may favor
the KC cell invasion and metastasis. In our early publication, we
found that the cytoplasmic tail of MUC1 translocates to the
nucleus in association with B-catenin, represses E-Cadherin
expression and upregulates the level of the EMT inducers Snail,
Slug, Vimentin and Twist.2> VEGF and NRP1 have been found to
directly promote EMT.*° Besides, it has been proposed that NRP1
enhances signaling in three major pathways that are linked to
EMT, that is, transforming growth factor 1, Hedgehog and
hepatocyte growth factor and its receptor (cMet)."> Together, we
speculate that in the presence of high tMUC1, the increased NRP1
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Figure 5. tMUC1 enhances proteins associated with angiogenesis and EMT. (a) Higher expression of angiogenesis-associated proteins in
spontaneously developed KC tumor compared with KCKO tumor. (b) Higher VEGF signaling and EMT switch in Muc1-expressing KC tumor.
KC and KCKO cells were subcutaneously injected into C57BL/6 mice. After 26 days, tumors were collected and lysates were analyzed by
western blotting. Data from three mice out of six to eight mice were shown.
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Figure 6. NRP1 antagonist A7R retards tumor growth in vivo. (a) Treatment with A7R attenuated KC tumor growth in C57BL/6 mice. *P < 0.05.
(b) Treatment with A7R attenuated BxPC3.MUC1 tumor growth in nude mice. **P < 0.01. (c) A7R treatment in vivo reduced NRP1 level as well
as VEGFR2 phosphorylation at Tyr1175. Data from three mice out of seven mice were shown.
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40

Figure 7. Primary human PDA tumors express NRP1 and other angiogenesis-associated proteins. (a) High expression of angiogenesis-
associated proteins in primary human PDA tissue. The CD31" vessels were pointed by black arrows. (b) Pancreas tissue microarray for
NRP1 expression. Representative images of n=40 PDA cores were shown at x40 magnification. The pathologic/diagnostic information
was provided in Supplementary TableS1. () MUC1 and NRP1 staining in PDA tissues from the same patients: images from cores 2, 9 and
16 were shown at higher magnification. Using 65 such cores, a nonparametric Spearman’s correlation of 0.70 was achieved, which was highly
significant (P < 0.0001) and indicated a positive association between the two biomarkers (Supplementary Figure S6).

may have dual roles in both VEGFR2-associated angiogenesis and
EMT-led metastasis, resulting in the aggressive tumor growth.
Finally, targeting NRP1 activity with a 7-mer peptide, A7R,
inhibited the tMUC1™ tumor growth of both mouse and human
origin but had little effect on tMUC1-low cells (data not shown).
A7R competes with VEGF,¢s for binding to NRP1 without affecting
its binding to VEGFR2.22 As a result, it partially prevented VEGFR2
activation in vivo (Figure 6c), decreased NRP1 protein level
and in turn led to retardation of tumor growth (Figures 6a and
b). Furthermore, we observed high expression of these pro-
angiogenic factors including NRP1, VEGF and CD31 in sponta-
neous mouse PDA tumors and in the primary human PDA tissues,
signifying the clinical relevance of this study. It may thus be
promising to target NRP1 along with other standard therapies for
treatment of tMUC1" PDA. As recently discovered, NRP1 and NRP2
actually have much broader activities. They bind transforming
growth factor B1 and its receptors, hepatocyte growth factor/

© 2016 Macmillan Publishers Limited, part of Springer Nature.

cMet, platelet-derived growth factor and its receptors, fibroblast
growth factors and integrins. They also promote Hedgehog
signaling. These ligands and pathways are all relevant to
angiogenesis and wound healing. In the immune system, the
NRPs are expressed primarily on dendritic cells and regulatory
T cells, and exert mainly inhibitory effects. They promote EMT,
and the survival and self-renewal of cancer stem cells.*'** These
important functions of NRP1 are extremely relevant to this study,
as tMUC1 is expressed on pancreatic cancer stem cells* and is
associated with platelet-derived growth factor signaling, EMT and
drug resistance?®?%3® in pancreatic cancer. Further, tumors
with high tMUC1 shows higher prevalence of T-regulatory cells
and myeloid-derived suppressor cell population in the tumor
draining lymph nodes and tumor-infiltrating lymphocytes.** Thus,
the precise mechanism for tumor inhibition by A7R will need to be
further demonstrated.
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In conclusion, despite the complex role of NRP1 in endothelial
and tumor cells, and in tumor progression, NRP1 may be an
excellent target for treating tMUC1 "' PDA. Our current study lays
the ground for combinational therapy of NRP1 antagonist with
standard-of-care drugs. We recognize that previous trials with
drugs targeting angiogenesis have produced serious side effects,
including hypertension, thrombotic events and allergic reactions.
Several phase | studies of the human monoclonal anti-NRP1
antibody MNRP1685A in patients with solid tumors have shown its
inhibition of the VEGF pathway, either alone or in combination
with VEGF blockade.**~® It is well accepted that drug delivery into
the pancreas is difficult, as PDA is highly desmoplastic with dense
stroma. Thus, compared with the anti-NRP1 antibody therapy, a
small peptide antagonist against NRP1 is probably more effective
to get into tumor. In the next study we propose targeted drug
delivery by conjugating NRP1 inhibitors to a tMUC1-specific
antibody and combine this with other standard chemotherapy,
which might be highly efficacious for treatment of tMUC1" PDA.

MATERIALS AND METHODS

Spontaneous mouse models and tissue culture

KC mice were generated in our laboratory on C57BL/6 background by
mating the P48-Cre with the LSL-KRAS (G12D) mice.*® They were further
mated with the Mucl knockout mice to generate KCKO mice®
The respective KC and KCKO cell lines were generated and maintained
as described previously.”” The animal study protocol was approved
by the Institutional Animal Care and Use Committee of the University of
North Carolina at Charlotte. Animal care and use were in compliance with
institutional guidelines.

Cell culture

Selected human pancreatic cancer cell lines (CFPAC, HPAFII, HPAC, Capan1,
Capan2, Panc1, HS766T and Miapaca2) were obtained from American Type
Culture Collection and cultured as instructed. BxPC3.Neo and BxPC3.MUC1
were generated as described previously;”® Panc02.Neo and Panc02.
MUC1 cells were originally gifted by Dr Hollingsworth (University of
Nebraska) and maintained in medium with Geneticin (G418; Invitrogen,
Carlsbad, CA, USA). Murine endothelial 2H11 cell line was kindly provided
by Dr Didier Dreau (Department of Biological Sciences, University of North
Carolina at Charlotte).

NRP1 antagonist A7R

The A7R peptide (ATWLPPR) was synthesized by Selleck Chemicals
(Houston TX, USA) and also by Shengnuo Peptide USA (Menlo Park, CA,
USA). A7R was dissolved in phosphate-buffered saline (PBS) and sterilized
by filtration.

siRNA transfection

HPAC, CFPAC and HPAFII cells were plated at 3 00 000 cells/well in six-well
plates and grown to 50% confluence. Cells were transfected with human
MUC1-specific siRNA (Dharmacon, Lafayette, CO, USA) or control siRNA
(Cell Signaling Technologies, Danvers, MA, USA) in Lipofectamine 2000
transfection reagent (Invitrogen), in accordance with the manufacturer’s
instructions. MUC1 and NRP1 protein levels were determined after
transfection.

Flow cytometry

Cells were stained for human MUC1 with TAB004 (OncoTab Inc., Charlotte,
NC, USA*Y) conjugated with Cy5.5 (Abcam, Cambridge, MA, USA) and for
mouse NRP1 with CD304-APC (Biolegend, San Diego, CA, USA). For mouse
Muc1, cells were fixed in 4% paraformaldehyde (Sigma-Aldrich, St Louis,
MO, USA) and permeabilized with Triton X-100 (Fisher Scientific, Waltham,
MA, USA ), stained with CT2 antibody (kind gift from Dr Gendler at Mayo
Clinic Arizona®"), followed by Phycoerythrin (PE)-conjugated anti-Armenian
hamster antibody (BD Biosciences, San Jose, CA, USA). Data were acquired
on BD LSRFortessa flow cytometer (BD Biosciences) and analyzed with
FlowJo software (version 8.8.7; FLOWJO, Ashland, OR, USA).

Oncogene (2016) 5608-5618

Ezyme-linked immunorsorbent assay

KC and KCKO cells were plated overnight, followed by serum starvation for
24 h. Cell conditioned medium (culture supernatant) was collected and
frozen at — 80 °C. For A7R treatment, various concentrations of A7R were
added into serum-free cell culture for 24 h. The VEGF concentration was
determined by ezyme-linked immunorsorbent assay (R&D Systems,
Minneapolis, MN, USA).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay

KC cells were plated as triplicate overnight and treated with various
concentrations of A7R in serum-free medium for 24 h. The cell viability was
determined by Vybrant MTT Cell Proliferation Assay Kit (Life Technologies,
Grand Island, NY, USA).

Tube formation assay

A 96-well tissue culture plate was coated with 50 pl/well of growth factor-
reduced Matrigel (BD Biosciences), which was allowed to solidify at 37 °C
for 30 min. 2H11 murine endothelial cells (4x 10* cells/50 ul/well) was
added to the Matrigel in the presence of different treatments and
incubated at 37 °C for varying times. Cells were photographed using a
phase contrast microscope (Nikon USA, Garden City, NY, USA). Tube
formation was quantified by counting the average number of branching
points in four randomly selected fields, using x40 magnification.

Western blotting

Western blotting was performed as previously described.” CT2 and
TAB004 antibodies were used. NRP1 antibody was purchased from Abcam
and B-actin antibody from Santa Cruz Biotechnology (Dallas, Texas,
USA). Other antibodies were purchased from Cell Signaling Technologies.
The density of signal was quantified by ImageJ (version 1.490; National
Institutes of Health, Bethesda, MD, USA) and summarized as
Supplementary Data.

IHC staining

Tissues were fixed in 10% neutral-buffered formalin. Paraffin-embedded
blocks were prepared by the Histology Core at the Carolina Medical Center
and 4-um-thick sections were cut for staining. IHC was performed as
described previously.” Representative images were taken at x100 or
% 200 magnification and quantified by CaresBio Laboratory (Shelton, CT,
USA). Antibodies for NRP1 and CD31 were from Abcam, and antibodies for
VEGF and PCNA were from Santa Cruz. Horseradish peroxidase-conjugated
TAB004 was used for tMUC1 staining at 1:750 dilution. The normal and
malignant patient pancreas tissues were kindly provided by National
Cancer Institute. The tissue microarray slides were purchased from US
Biomax (Rockville, MD, USA). The staining procedure for NRP1 was adapted
from literature published previously.”? The tissue microarray slides were
deparaffinized in xylene, rehydrated in a series of ethanol (100, 95 and
70%) followed by tap water and PBS, and then subjected to antigen
retrieval in 99°C water bath for 40 min. The activity of endogenous
peroxidases was blocked by 2% hydrogen peroxide for 15 min. The slides
were washed twice in PBS, followed by PBS containing 0.05% Triton X-100,
for 5 min each wash. The slides were blocked with 5% normal goat serum
for 1h at room temperature and then incubated with diluted NRP1
antibody (1:200) overnight at 4 °C. The tissues were washed twice in PBS
and incubated with secondary goat anti-rabbit antibody (1:100). The signal
was enhanced by one-step incubation with Vectastain Elite ABC reagent
(Vector Laboratories, Burlingame, CA, USA) for 30 min at room tempera-
ture. The substrate 3,3'-diaminobenzidine was added for 5 min, followed
by counterstaining with Mayer's hematoxylin solution. The tissue
microarray tissues were then dehydrated in a series of ethanol, immersed
into xylene and mounted using Permount (Fisher Scientific).

Zebrafish/tumor xenograft model

The transplantation of tumor cells into zebrafish embryos is described in
details by Moshal et al®® In brief, tumor cells were stained with
chloromethylbenzamido-Dil (showing red fluorescence, Invitrogen) and
injected at the superficial location of the yolk near the perivitelline space
of the 2-day-old zebrafish embryos. Six days later, the metastatic spread of
the chloromethylbenzamido-Dil-labeled tumor cells from the site of
injection represented metastasis. Imaging was performed using an
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Olympus MVX10 MacroView Fluorescence Microscope (Olympus, Center
Valley, PA, USA) with Hamamatsu C9300-221 high-speed digital
charge-coupled device camera (Hamamatsu City, Japan).

The tumor-induced angiogenic response was evaluated on the new
vasculature sprouting from the developing subintestinal vessels by using
whole-mount alkaline phosphatase staining. One day after transplantation,
the zebrafish embryos were fixed in 4% paraformaldehyde and stained for
endogenous alkaline phosphatase activity using nitroblue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate (Roche Applied Science, Indianapo-
lis, IN, USA). Images were taken by using Nikon SMZ1500 fluorescent
stereomicroscope with digital color camera DXM1200c (Nikon Instruments,
Lewisville, TX, USA). The number and length of the newly formed
ectopic blood vessels were quantified by using NIS-Element AR software
(Nikon Instruments) for analysis; N= 100 embryos/each group.

Where appropriate, A7R at 1 mm was mixed with tumor cell suspension
right before cell injection. PTK787 (Santa Cruz Biotechnology) at 0.1 pm
was added into the embryo culture medium right after tumor cell injection;
N =33 embryos/each group.

In vivo tumor growth

Eight- to 10-week-old C57BL/6 mice were subcutaneously injected with KC
cells at 4 x 10°cells/mouse (in 100 ul PBS) into the flank. Nude mice (J:NU)
were subcutaneously injected with BXPC3.MUC1 cells at 4 x 10°cells/mouse
(in 100 pl PBS) into the flank. When tumor reached ~ 30-60 mm’, the mice
were treated subcutaneously with A7R at 100 mg/kg (for KC tumor) or
20mg/kg (for BxPC3.MUC1 tumor) in 100 ul PBS, close to tumor, three
times a week. Caliper measurements were taken by investigator and tumor
weight was calculated according to the formula: weight (mg) = (length in
mm x (width in mm)?)/2).” On killing, the tumors were weighed, prepared
for tissue lysates and fixed for IHC. Mice were from Jackson Laboratory
(Bar Harbor, ME, USA) and randomly assigned as seven mice/group.

Statistical analysis

Data were analyzed with GraphPad Prism 6 software (GraphPad Software,
La Jolla, CA, USA). Results were expressed as mean + s.d. where indicated
and were representative of two or more independent experiments.
Significance was determined by unpaired Student's t-test or two-way
analysis of variance (*P <0.05, **P < 0.01 and ***P < 0.001). A nonpara-
metric Spearman’s correlation (SAS program; SAS Institute, Cary, NC, USA)
was used to determine the association between MUC1 and NRP1 in patient
samples.

ABBREVIATIONS

EMT, epithelial-to-mesenchymal transition; IHC, immunohistochemistry;
NRP1, neuropilin-1; PCNA, proliferating cell nuclear antigen; PDA,
pancreatic ductal adenocarcinoma; siRNA, small interfering RNA; tMUC1,
tumor-associated MUC1
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Antibody-Guided In Vivo
Imaging for Early Detection of
Mammary Gland Tumors®?

Abstract

BACKGROUND: Earlier detection of transformed cells using target-specific imaging techniques holds great
promise. We have developed TAB 004, a monoclonal antibody highly specific to a protein sequence accessible in
the tumor form of MUC1 (tMUC1). We present data assessing both the specificity and sensitivity of TAB 004
in vitro and in genetically engineered mice in vivo. METHODS: Polyoma Middle T Antigen mice were crossed to the
human MUC1.Tg mice to generate MMT mice. In MMT mice, mammary gland hyperplasia is observed between 6
and 10 weeks of age that progresses to ductal carcinoma in situ by 12 to 14 weeks and adenocarcinoma by 18 to
24 weeks. Approximately 40% of these mice develop metastasis to the lung and other organs with a tumor
evolution that closely mimics human breast cancer progression. Tumor progression was monitored in MMT mice
(from ages 8 to 22 weeks) by /n vivo imaging following retro-orbital injections of the TAB 004 conjugated to
indocyanine green (TAB-ICG). At euthanasia, mammary gland tumors and normal epithelial tissues were collected
for further analyses. RESULTS: In vivo imaging following TAB-ICG injection permitted significantly earlier detection
of tumors compared with physical examination. Furthermore, TAB-ICG administration in MMT mice enabled the
detection of lung metastases while sparing recognition of normal epithelia. CONCLUS/ONS: The data highlight the
specificity and the sensitivity of the TAB 004 antibody in differentiating normal versus tumor form of MUC1 and its
utility as a targeted imaging agent for early detection, tumor monitoring response, as well as potential clinical use
for targeted drug delivery.
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obvious symptoms have developed, would permit better therapeutic
intervention. Thus, the concept of molecularly targeted diagnostic
approaches would be very valuable.

MUCI is a conserved transmembrane protein with an extensive
extracellular domain composed of repeated glycosylated peptide
motifs [9,10]. In tumor cells including breast tumors, these motifs are
hypoglycosylated and the MUCI distribution is altered [11-13]. In
addition, as early as hyperplasia stages, the distribution and
glycosylation of MUCI are altered and the cell-cell organization
disrupted [12,14]. As such, MUCI is viewed as a key therapeutic
target in patients with breast cancer [15,16]. In breast cancers,
presence of circulatory MUCI is associated with cancer progression
and can be monitored through detection of MUCI (CA-15-3
antigen) circulatory concentrations [17-19]. However, CA-15-3 tests
rely mostly on the tumor burden and shed MUCI and lack the
specificity to identify hypoglycosylated MUCT, a hallmark of breast
cancer progression. We have developed a new antibody that
specifically detects altered hypoglycosylated form of MUCI
(tMUCI1): TAB 004 (OncoTAb, Inc., Charlotte, NC) [20].

Breast cancer progression is uniquely modeled in the
immune-competent spontaneous murine MMT model [10,21].
Derived from the PyMT model of spontaneous breast cancer and
genetically engineered to express the human form of hypoglycosylated
mucin-1 (tMUCI1), the MMT mice develop spontaneous mammary
gland tumors expressing the human form of tMUCI [10]. In those
mice, as in the parental PyMT mice, mammary gland hyperplasia is
observed between 6 and 10 weeks of age that progresses to ductal
carcinoma in situ by 12 to 14 weeks and adenocarcinoma by 18 to 24
weeks, and approximately 40% of the mice develop metastasis to the
lung and other organs [10]. In MMT mice, mammary tumor
evolution closely mimics human breast cancer progression. The
tumors are basal in cell origin and Her-2 + subtype [10].

Here we investigated the specificity and sensitivity of TAB 004 for
the early detection and monitoring of mammary tumor progression in
the MMT mice. Results indicate that TAB 004 specifically
immunoreacts with human tMUCI and, when conjugated to an
imaging agent, indocyanine green (ICG), allows the early detection
and monitoring of mammary tumor progression and metastases by in
vivo imaging systems.

Material and Methods

Chemical and Reagents

TAB 004 was graciously provided for the study by OncoTAb Inc.
Conjugation kits to derive biotin-conjugated, horseradish peroxidase
(HRP)-conjugated, and ICG-conjugated TAB 004 were obtained
from Dojindo Molecular Technologies, Inc. (Rockville, MD) and

used according to manufacturers’ recommendations.

Generation of TAB 004 Antibody

Briefly, TAB 004 antibody (patent #US-2011-0123442, PCT/
US2011/037972) is a mouse IgGl monoclonal antibody obtained
through the hybridoma approach and selected for its specific binding to
extracellular repeated sequences of tumor associated MUCT altered, i.e.,
hypoglycosylated MUCI protein specifically the TAPPA sequence and
the specific epitope (STAPPVHNV) [20]. The production of TAB 004 is
currently conducted in batches of antibody rigorously assayed for
consistent binding, stability, and purity (Supplemental Figure 1S, A-C;
LakePharma Inc., Belmont, CA).

Cells and In Vitro Cultures

Murine cells PyMT and MMT were derived as described
previously [10]. The PyMT cell line was derived from PyMT
tumor, and the MMT cell line was obtained by stably expressing
full-length MUCI in PyMT cells. Both cell lines were derived in Dr.
Mukherjee’s laboratory originally in 1998 and stored in multiple vials
in liquid nitrogen. Cells were authenticated by polymerase chain
reaction for specific DNA signatures for the polyoma middle T
antigen; the MMTV promoter; and, for MMT cells, the human
MUCI gene. Additionally, in MMT cells, the cell surface expression
of human MUCI was also assessed by Western blot (WB) and flow
cytometry. For this study, the PyMT and MMT cells used were
authenticated using the characterization methods described above
within 6 to 12 months of their use. All cells used either to generate
lysates or for cytometry investigations were cultured in sterile
conditions in Dulbecco’s modified Eagle’s medium in the presence
of antibiotics and antifungals supplemented with FBS and incubated
at 37°C, >90% humidity, and 5% CO, conditions.

Orthotopic Mammary Tumor Model

MMT cells were implanted in the mammary pad of C57bl/6 6- to
8-week-old female mice, and the tumor growth was monitored using
both physical examination including caliper to measure tumor growth
and fluorescent monitoring as described for MMT spontaneous
tumor model (see below). Controls included mice similarly implanted
with PyMT cells. Furthermore, the route of injection of TAB 004 was
assessed in the orthotopic model. Briefly, C57bl/6 mice implanted
orthotopically with MMT tumor cells were injected 2 to 3 weeks
post—tumor implantation with either saline (vehicle control) or
intratumorally, intravenously, or intraperitoneally with TAB 004
conjugated with biotin, and tissues including tumor, spleen, kidneys,
liver, and lungs were collected 24 hours later. Tissues were fixed and
embedded in paraffin, and the presence of biotin-conjugated TAB
004 in the different tissues was assessed following incubation with
streptavidin-HRP and 3,3'-diaminobenzidine (DAB). As shown in
Figure 28, in the absence of antibody, no HRP activity was detected.
HRP activity associated with the HRP-conjugated TAB 004 antibody
was faintly, highly, and strongly detected in tumor following
intratcumoral, intravenous, and intraperitoneal injections, respectively.
With the exception of the spleen, in animals administered
biotin-conjugated TAB 004 intravenously, no other organ exhibited an
HRP activity associated with the HRP-conjugated TAB 004 antibody.

Specificity and Sensitivity of TAB 004 Antibody

The presence of altered MUC-1 was also determined by flow
cytometry and WB on PyMT and MMT murine cells using TAB
004. Briefly, for flow cytometry analyses, cells were grown in culture
conditions described above; detached from vessels; and, following a
blocking step incubated with TAB 004 antibody (30 minutes) and
after a secondary antibody stain (15 minutes), run on a Fortessa flow
cytometer (BD-Biosciences, San Jose, CA). Raw data were further
analyzed using FlowJo Software (Ashland, OR). Data are presented as
histogram with information on mean fluorescence intensity and
percentage of positive cells along with controls. Additionally, PyMT
and MMT cell lysates and MMT tumor mass lysates were assessed by
WBs. Briefly, lysates were obtained from cell cultured as described
above and from MMT tumors through incubation with lysis buffer as
described previously [22,23]. Cell lysates were stored at - 80°C until
use. Following electrophoresis in reducing conditions and transfer to
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polyvinylidene difluoride membranes, the presence of altered tMUC1
was determined using TAB 004 antibody (overnight, 4°C) and
revealed using ECL reagent (ThermoFisher Scientific, Waltham,
MA). B-Actin was used as the loading control.

Monitoring Mammary Tumor Growth in the MMT
Spontaneous Murine Model

All mice were monitored and followed in accordance with the
University of North Carolina at Charlotte Institutional Animal Care and
Use Committee-approved protocol. MMT mice were genetically derived
from PyMT mice (C57BL/6 background) that spontaneously develop
mammary tumors and specifically express MUCI [10]. Spontaneous
tumor progression follows a similar time line in PyMT and MMT female
mice. From puberty (6-8 weeks old) onward, mammary tissues expressing
the polyoma middle T antigen driven by the MM TV promoter mimic all
the steps of breast cancer progression in humans including hyperplasia,
ductal carcinoma in situ, invasive carcinoma, and metastasis [10] at any
given time from 8 up to 22 to 24 weeks of age. Furthermore, multiple
tumor masses at different stages are present in this spontaneous model of
breast cancer progression. This murine model is aggressive as most
animals (>95%) develop multiple mammary tumor lesions which are
usually palpable by 14 to 16 weeks of age [10]. The main difference in
tumor progression between PyMT and MMT mice is the expression of
murine and human MUCI glycoprotein, respectively [10].

Here, MMT mice were monitored iz vivo for tumor progression
using the iz vivo imaging system (IVIS; Perkin Elmer, Waltham,
MA). Both C57Bl/6 and PyMT mice were used as controls. /n vivo
monitoring was conducted according to manufacturer’s recommen-
dations, following injections of TAB 004 conjugated with the
fluorophore indocyanine green (TAB-ICG). ICG has been shown to
have no significant side effects and is currentdy FDA-approved for
multiple procedures including angiography [24]. Before each imaging
sequence, TAB-ICG in sterile saline was administered retro-orbitally
or intraperitoneally to mice, and imaging was conducted 0.5, 4, 24,
and 48 hours postinjection. Animals were injected and imaged every 2
weeks for tumor progression. Tumor fluorescence was analyzed using
the Life Science Software Suite (Perkin Elmer), and region of interest
was defined at tumor location. In parallel, the presence of tumor
masses was assessed by palpation and recorded. Additionally, after
mouse euthanasia, further analyses of tumors (T) and specific organs
including mammary pads (MP), liver (Li), lungs (Lu), spleen (S), and
kidneys (K) were conducted ex vivo using the IVIS system and by
histology and immunohistochemistry (IHC; see below).

MMT spontaneous mammary tumor growth was also monitored
over time for gross pathology, cellular morphology, and the presence
of specific markers including tMUCI using IHC with TAB 004
antibody (see below).

Monitoring Mammary Tumor Lung Metastases in the MMT
Spontaneous Murine Model

In the PyMT and MMT mouse models, early metastases, which
occur in the lungs, is masked in vivo by the fluorescence emitted by
larger tumors. Therefore, ex wvivo analyses of organs isolated
posteuthanasia were conducted using the IVIS system. The
fluorescence signal (expressed as fluorescence units) was normalized
to the background fluorescence generated by each organ specifically
the lung, liver, spleen, and brain from control MMT mice (i.e.,
MMT mice not injected with TAB-ICG). Additionally, the presence
of lung metastases was determined following fixation, embedding,

and sectioning of the lungs of MMT mice. Briefly, lungs from
animals 16 weeks or older were collected 24 hours postinjections and
embedded in paraffin. Five- to six-micrometer—thick sections were
obtained, stained with hematoxylin and eosin (H&E), and examined
for the presence of metastases.

Detection of tMUCI by IHC

The expression of human altered MUCI (tMUCI1) was
determined in murine tumors using TAB 004. Murine tumors
from PyMT and MMT mice and normal mammary gland from
C57bl/6 mice were collected. Samples were fixed in buffered formalin
and embedded in paraffin, and 5- to 6-pm-thick sections were
obtained. In addition to H&E staining, murine samples were assessed
for expression of tMUCI using TAB 004 antibody. Briefly, either
unconjugated TAB 004 antibody followed with a second step
detection with an anti-mouse HRP-conjugated secondary antibody or
the TAB 004-HRP conjugated was used. The staining procedure
includes a blocking step, incubation with primary antibody
(overnight, 4°C) and secondary antibody (1 hour), or incubation
with primary antibody conjugated with HRP (overnight, 4°C). In
both approaches, the presence of TAB 004 antibody was revealed
using DAB with a hematoxylin counterstain followed by mounting
the tissue slides. Tissue slides were then assessed by light microscopy,
and microphotographs were taken using a DP70 camera and the
Olympus Software Suite (Olympus, Waltham, MA).

Statistical Analyses

The linearity associating TAB 004 dose with the detection of
tMUCI was assessed by linear regression. The difference between
methods in early detection time was determined by unpaired 7 test.
The detection of lung metastases was assessed by one-way ANOVA
followed with post hoc tests with a priori significance sets at P <.05.

Results

The MMT Murine Model Mimics Human Breast Cancer Progression

The MMT mouse model has been described previously [10]. Briefly,
as schematized in Figure 14, this spontaneous model of mammary tumor
progression was developed through the generation of double transgenic
mice by crossing of mice expressing human MUCI gene [25] and mice
expressing the polyoma middle T antigen under the MMTV promoter
[26]. PyMT and MMT tumor cell lines were also developed (Figure 14).
Over time, MMT tumors mimic the stages and cellular morphology of
human breast cancer progression (Figure 1B). Furthermore, the
biomarker tumor profiles indicate a decrease in both estrogen receptors
(ERs) and progesterone receptors (PRs), increase in Neu and Cydin D1,
and decrease in integrin  as tumor progresses mimicking the ER"PR™
Neu" human disease [27]. In addition, tMUCI expression detected by
TAB 004 increases as tumors progress (Figure 1B), which makes this
model ideal for our studies. Importantly, TAB 004 does not recognize
normal mammary epithelial tissue from non—tumor-bearing control mice
(Figure 1B). The monoclonal antibody TAB 004 recognizes the
hypoglycosylated tandem repeat epitope within the STAPPVHNV
sequence of human MUCI [20].

TAB 004 Specifically Recognizes tMUCI In Situ by IHC, In
Vitro by Flow Cytometry, and In Vivo Following Orthotopic
Implantation of MMT Cells

PyMT and MMT cell lines were tested for tMUCI expression in
vitro and in vivo. Compared with PyMT cells, MMT cells expressed
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Figure 1. (A) Human MUC1 expressing mammary tumor (MMT) transgenic mouse model and associated PyMT and MMT tumor cells. Briefly,
the spontaneous MMT mammary tumor model was generated through the cross of MUC1.tg mice [C57BL/6-Tg(MUC1)79.24Gend/J mice] [25]
with PyMT mice [FVBN-Tg(MMTV-PyVT)634Mul/J mice] [26]. The resulting dual transgenic female mice spontaneously develop mammary
tumors that express human MUC1. Additionally, associated PyMT and MMT cell lines have been developed that are transgenic for the polyoma
middle Tantigen and for both the polyoma middle T antigen and human MUC1, respectively. (B) Mammary tumor growth in the MMT transgenic
mouse model mimics human breast cancer progression. Briefly, in the spontaneous MMT mammary tumor model, the stages of hyperplasia,
adenoma, and early and late carcinoma are identified at 6to 8, 10to 12, 18to0 20, and 22 to 24 weeks of age, respectively. Each stage is associated
with gross pathology and cellular morphology similar to those observed in human breast cancer progression as indicated by visual observation
and H&E staining. Moreover, expressions of biomarkers including ERs and PRs decreased, whereas tMUC1 expression (detected using TAB 004)
increased, with mammary tumor progression as determined using specific antibodies and IHC techniques (scale bar = 200 um). Normal C57BI/6
mammary gland is also displayed (left) and shows no staining with TAB 004.

significantly higher levels of tMUCI as determined by TAB 004-Cy7  the MMT tumors but not to the PyMT tumors, further indicating
staining and flow cytometry (Figure 2, A and B). Additionally, IHC  specificity to the human form of tMUCI (Figure 2, C and D). To
staining with TAB 004-HRP confirmed that TAB 004 only binds to  determine if TAB 004 specifically localizes to the MMT tumor when

128



Translational Oncology Vol. 9, No. 4, 2016

Breast Cancer Detection Using a Specific Antibody to MUC1

Moore et al. 299

injected in vivo, TAB-ICG was injected (retro-orbitally) into PyMT
and MMT tumor-bearing mice, and tumor progression was
successfully imaged in MMT mice over time using the IVIS system
(Figure 2, E and F). Tumor volume was monitored by caliper
measurements (Figure 2, G and H). Although both tumors grew at a
similar rate, TAB-ICG only localized to the MMT but not in the
PyMT tumors, and accumulation of TAB-ICG increased with tumor
size (Figure 2, E and F).

Next, we determined the expression of tMUCI in the spontane-
ously arising tumors dissected from the PyMT and MMT mice. By
WB analysis, TAB 004 showed immunoreactivity with the tumor
lysates from MMT but not from PyMT tumors (Figure 2/). Lysate
from the MMT cell line was used as the positive control, and p-actin
served as the loading control. By IHC, TAB 004 stained the MMT
tumors but did not stain normal mammary epithelia or PyMT tumors
(Figure 2/). Taken together, TAB 004 showed high specificity to
human tMUCI and did not bind to normal or mouse Mucl.

Monitoring of Mammary Tumor Progression Is Dependent on
the Dose of TAB 004 Administered in the MMT Mice

The dose of TAB-ICG injected to monitor the presence of tumor
mass within the MMT spontaneous mammary tumor model was
assessed for doses ranging from 12.5 to 100 pg (Figure 3). As
expected, regardless of the dose, the tumor fluorescent signal peaked
at ~ 24 hours and decreased thereafter, as shown in the representative
IVIS images taken over time (Figure 34). When compared with the
number of palpable tumors, the number of fluorescent tumors in
MMT mice (8-22 weeks old) with at least one tumor mass 24 hours
postinjection of TAB-ICG varied depending on the dose of
TAB-ICG administered (Figure 3B). Indeed, whereas detection
following injections of 12.5 pg or 25 pg of TAB-ICG was high,
injections of 50 p1g or 100 pg of TAB-ICG were associated with lower
tumor mass detection (Figure 3B). Furthermore, analyses limited to
mice with two or more tumors (11-22 weeks old) demonstrated that
the fluorescent detection was correlated with the amount of
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Figure 2. TAB 004 detects tMUC1 in MMT cells and allows the monitoring over time of MMT orthotopic tumor growth /in vivo. TAB 004
detected tMUC1 in MMT cells (B) but not in PyMT cells (A) by flow cytometry and IHC (C and D), respectively (scale bar = 100 um). When
orthotopically implanted in C57BI/6 mice, PyMT and MMT tumors grew over time (as determined by caliper measurements) (G and H) and
could be monitored using ICG-conjugated TAB 004 but only for MMT tumors (E and F). By WB, HRP-conjugated TAB 004 detected human
tMUCT1 in lysates from MMT cells as well as in lysates from tumors collected following orthotopic implantation of MMT tumor cells but
not in lysates from PyMT cells (I). Furthermore, IHC analyses (J) of normal mammary gland [C57bl/6 (i), PyMT (i) and MMT (iii, iv, v)] using
HRP-conjugated TAB 004 detected human tMUC1 (brown stain) only in MMT tumors (scale bar = 150 um).
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Figure 3. /n vivo detection of mammary tumor masses in the MMT mice following TAB-ICG injection is dose-dependent. MMT mice (8-22
weeks old) with palpable tumors were repeatedly injected with ICG-conjugated TAB 004 (12.5, 25, 50, or 100 ug in sterile saline) and
monitored for fluorescence using the VIS system. (A) Representative IVIS imaging of MMT mice injected with 25 ug (top) and 100 ug
(bottom) of ICG-conjugated TAB 004 taken 1, 24, and 48 hours postinjection. The fluorescent scale [from low (blue) to high (red)] indicates
the presence of fluorescence with varying intensity at different location with the mice monitored. (B) Tumor mass fluorescent detection
(% of palpable tumors) in MMT mice with at least one tumor mass 24 hours postinjection of ICG-conjugated TAB 004. As shown, the
injection of 12.5 and 25 g of ICG-conjugated TAB 004 was associated with improved tumor detection compared with 50 and 100 ug.
Furthermore, when only mice with two or more tumors were analyzed (B, inset), the detection increased with decreasing amount of
ICG-conjugated TAB 004 injected: from 0% to 76% for 100 and 12.5 ug, respectively (r> = 0.96, P = .019).

TAB-ICG injected (Figure 3B, inserf). When the amount of
TAB-ICG injected decreased, the detection using fluorescence
increased: from 0% to 75% for 100 pg and 12.5 pg, respectively
(> = 0.96, P = .019). Thus, all subsequent studies were conducted
with 12.5 pg of TAB-ICG.

Administration of TAB-ICG Enables Specific and Overtime
Monitoring of tMUCI-Positive Tumors in the MMT Mice

The MMT mouse model uniquely permits the investigation of
spontaneous tumor progression in an immunocompetent mouse
model [10]. In this model, tumor progression leads to multiple tumor
masses heterogeneous for both size and stages [10]. Nevertheless, the
MMT model closely mimics human breast cancer progression
[10,27]. Here, MMT and PyMT mice at 16 wecks of age bearing
multiple palpable tumors were injected with TAB-ICG. The presence
of TAB-ICG was monitored in vivo by IVIS. As shown in Figure 44,
TAB-ICG detected multiple palpable tumor masses in MMT mice
but did not accumulate in any of the PyMT tumors (Figure 44). The
nonspecific fluorescence around the liver of the mice was attributed to
tissue autofluorescence.

Injections of 12.5 pg of TAB-ICG allowed the overtime
monitoring of mammary tumor progression in MMT mice (10, 14,
17, and 21 weeks of age) as indicated by representative IVIS images
shown in Figure 4B. As indicated by the yellow asterisk in the
10-week-old MMT mice, we detected the tumor by flourescence, but
there were no palpable tumors at that time. As mice aged to 14 weeks,
several of those tumors that were nonpalpable became palpable as
indicated by the yellow arrows. At later ages (weeks 17 and 21), the
yellow arrows indicate palpable tumors with accumulation of the
TAB-ICG. Whereas tumor detection by palpation and fluorescence
was similar in 13-week-old and older MMT mice, tumor detection
following injection of TAB-ICG was significantly increased compared
with palpation in MMT mice 12 weeks of age or younger

(Figure 4C). Moreover, comparison of physical examination (i.e.,
palpation) and TAB 004 fluorescence indicates that primary tumors
were detected significantly earlier (- 3.4 weeks earlier) by fluorescence
monitoring than by physical examination (9.4 + 0.7 weeks of age vs
12.8 + 0.4 weeks of age, n = 9, P = .0016, Figure 4D). Thus,
TAB-ICG has the ability to detect early stages when normal MUCI is
undergoing the molecular transformation to tMUCI much before
any obvious palpable tumors appear.

Administration of TAB-ICG Enables Monitoring of tMUCI -
Positive Tumors Demonstrated by Ex Vivo Assessment of
Tumors Dissected from MMT Mice

To further ascertain the potential of TAB-ICG for detection of
mammary tumor masses at early onset, ex wvivo analyses were
conducted. An 18-week-old MMT mouse was injected with
TAB-ICG and imaged. Figure 54 shows high fluorescent signal
corresponding to a large tumor. When dissected and imaged ex vivo,
as expected, a very strong fluorescent signal was seen corresponding to
the largest tumor mass, but weak fluorescent signal was also noted in
the rest of the mammary fat pads (Figure 5B), indicating that these
mammary glands were not normal but had transformed to express low
levels of tMUCI. Thus, when mammary fat pads from 8- to
10-week-old MMT mice were assessed following TAB-ICG
injection, we once again detected low fluorescent signal in some of
the mammary fat pads (Figure 5C) indicating the presence of tMUC1
at very early stages of cancer progression. H&E staining confirmed
and highlighted the presence of hyperplasia in those fluorescing
mammary fat pads (Figure SE (ii)), whereas the nonfluorescing
mammary fat pad was composed mostly of normal tissue (Figure SE (7)).
Ex vivo imaging following TAB-ICG administration of tumors
and mammary fat pad dissected from 18-week-old MMT mice
bearing multiple tumors revealed that the amount of fluorescent
signal distinguishes between tumor masses and hyperplastic
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Figure 4. Early detection of primary mammary tumors in the MMT mice following TBA-ICG injection. (A) ICG-conjugated TAB 004
detected tMUC1 + tumors in MMT mice only but not in PyMT mice, where tumors were not fluorescent (only nonspecific liver
fluorescence was observed). (B) Representative VIS images of tumor masses detected in MMT mice 10, 14, 17, and 21 weeks of age. The
presence of tumor mass was monitored over time in MMT mice aged 9 to 23 weeks. Both physical examination (palpation) and
fluorescence monitoring using the VIS system 24 hours postinjection of ICG-TAB 004 were collected over time. Yellow asterisks and
yellow arrows indicate the presence of nonpalpable and palpable tumors, respectively, whereas red arrows note the presence of
nonfluorescent palpable tumor mass essentially in older mice. (C) Whereas tumor detection by palpation and fluorescence was similar in
13-week-old and older MMT mice, tumor detection following injection of ICG-conjugated TAB 004 associated with IVIS system was
increased compared with palpation in MMT mice 12 weeks old and younger. (D) Early detection indicates that primary tumors are
detected significantly earlier by fluorescence monitoring than by physical examination (9.4 + 0.7 weeks of age vs 12.8 + 0.4 weeks of

age,n =9, P = .0016).

mammary fat pads (Figure 5D). H&E staining confirmed the
extensive presence of tumor in the strongly fluorescing tumor in

the 18-week-old MMT mice (Figure 5F).

Administration of TAB-ICG Allows Monitoring of tMUCI-
Positive Lung Metastases Demonstrated by Ex Vivo Assessment
of Fluorescent Signal in the Lungs of MMT Mice

Whether TAB 004 could detect the presence of metastases in the
MMT mice was assessed ex vivo following in vivo administration of
TAB-ICG. The fluorescent signal in several organs dissected from
MMT mice at various ages (<16, 16-20, and >20 weeks of age) was
determined using the IVIS system. No increase in fluorescence was
observed in the liver, spleens, and brain of MMT mice versus normal
C57BL/6 organs (data not shown). However, fluorescent signal in the
lungs was significantly higher than control mouse lung, and the signal
exponentially increased with the age of MMT mice (Figure 64) [1.71 x
10°£0.11x10%,2.21 x 10°£0.08 x 10°, and 2.10x 10° £ 0.05 x 10°
for8-to 11- (12 = 7), 16- to 18- (2= 6), and 19-to 22- (n = 7) week-old
MMT mice, respectively, P < .05]. This increase in fluorescent
signal with age suggests micrometastasis in the lungs. Indeed, as in

the PyMT model, MMT mice develop metastases mainly in the lungs
[10]. The presence of micrometastases was confirmed in these MMT
mice following H&E staining of the lung (Figure 6B). Representative
H&E shows dear lesion in the MMT lung [Figure 6B (if)] versus no
lesion in the control lung [Figure 6B ()].

Discussion

We have demonstrated the specificity and sensitivity of TAB 004, an
antibody against the hypoglycosylated form of human MUCI
(tMUCI1). TAB 004 conjugated to indocyanine green (TAB-ICG)
enables the in wvivo monitoring of primary mammary tumor
progression and metastasis in the MMT mice. The results highlight
the early detection of neoplastic transformation as well as detect
micrometastases in the lungs.

In contrast to PyMT mice, MMT mice have been genetically
engineered to express human tMUCI, whereas the former express the
murine form of hypoglycosylated Mucl [10]. Those models,
although significantly more aggressive than generally observed in
human breast cancer progression, appropriately mimic the cancer
progression from hyperplasia to adenocarcinoma and metastasis in an

131



302  Breast Cancer Detection Using a Specific Antibody to MUC1

Moore et al. Translational Oncology Vol. 9, No. 4, 2016

Figure 5. £x vivo assessment of mammary gland tumors from MMT mice post TAB-ICG injection. Representative mouse assessed for
fluorescence using IVIS system following injection of 12.5 ug of TAB 004 conjugated with ICG in vivo (A) and the corresponding ex vivo
posteuthanasia mammary fat pads assessed using the same system (B). Entire mammary ridges (left and right) isolated from a
10-week-old (C) and an 18-week-old (D) MMT mouse are displayed, and the presence within the mammary pad (MP) of tumor mass (T) is
noted. Furthermore, when assessed following H&E staining (scale bar = 100 um), MP from the 10-week-old mouse presented mostly
normal mammary tissues [E (i)]. However, even that early, hyperplasia was observed in a few areas of the MP [arrow, E (ii)]. In older mice
(~ 18 weeks old), whether PyMT or MMT, the presence of tumor was extensive (F).

immunocompetent environment [10] and thus are appropriate
models to investigate iz vivo tumor detection.

TAB 004 specifically targets the transformed MUCI protein with
minimal immunoreactivity with the normal MUCI. This increased
specificity of TAB 004 to tMUCI expressed in the spontaneously
arising mammary gland tumors in MMT mice is a novel finding and
may allow earlier diagnosis of breast tumors. The specificity of TAB
004 was further demonstrated in MMT cell lines by IHC, WB, and
flow cytometry. Extensive clinical research indicates that there are
several molecular classifications of breast tumors based upon the
expression of specific receptors (ER, PR, Her2/neu) and the cell
origin (basal versus luminal). These subtypes are associated with

significant differences in patients’ survival [28-30]. For instance,
triple-negative breast cancers are more aggressive and difficult to treat.
Those observations led to the generation of multiparameter tests (e.g.,
Oncotype DX, 21-gene recurrence score) to support therapeutic
decision [31,32]. Although those tests have proven beneficial
especially in determining specific treatment courses for a given
tumor type [33,34], the tests are not useful for early diagnosis. The
clinical use of TAB 004 may be in the space of aiding diagnosis early
and accurately especially given that mammograms fail in women with
dense breast 50% of the time and overall misses 25% of the tumors.
Furthermore, mammograms have high false-positive rates as >80% of
biopsies post suspicious mammograms turn out to be benign. Indeed,
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Figure 6. Detection of lung metastases in the MMT mice post TAB-ICG injection. (A) The presence of fluorescence [expressed as arbitrary
unit (AU)] associated with the injection of ICG-conjugated TAB 004 was measured ex vivo on isolated lungs posteuthanasia using the VIS
system. Compared to control (Ctrl) lungs (lungs isolated from a noninjected MMT mouse), detected fluorescence increased with age in
MMT mice [5.99 x 108 + 1.5 x 10%, 11.73 x 10° + 0.8 x 10° and 13.1 x 10° + 2.23 x 10° for MMT mice <16 (n = 7), 16-20 (n = 6), and
>20(n = 7) weeks old, respectively; *P < .05]. (B) Normal lung (i) and micrometastasis (i) in the lungs of a 16-to 17-week-old MMT female

mouse stained with H&E (scale bar = 100 um).

using a panel of 440 patient breast cancer tissue arrays, we determined
that 95% of BCs express tMUCI, as detected by TAB 004 staining
and THC, regardless of the tumor subtype and density of the breast
tissue (manuscript in preparation).

Although most approaches (physical, imaging, blood tests, and
combination thereof) diagnose with significant accuracy the presence
of advanced breast cancer, the earlier stages remain much more
difficult to detect reliably [4,7,35,36]. Indeed, for those early stages
including atypical hyperplasia and ductal carcinoma in situ,
mammographic examination is associated with a high false-positive
rate [6]. Similarly, the determination of circulatory CEA and or
CA-15-3 antigen lacks the specificity and sensitivity in individuals
with early disease, although they may be of benefit in monitoring
metastasis and disease recurrence [37]. Multiple studies have
demonstrated improved detection when using ultrasounds and
magnetic resonance imaging (MRI) [7,38], although those ap-
proaches are mostly used to further assess suspicious mass
abnormalities detected during mammography [4,38] as opposed to
screening. The numbers of false-positive and to a lesser extent of
false-negative cases highlight the potential of molecularly targeted
imaging, especially to detect early stages of the disease and possibly
micrometastasis.

Moreover, as tMUCT is present in multiple epithelial cancers including
colon carcinoma, ovarian cancer, and pancreatic cancer, TAB 004 may
serve as a detecting and monitoring tool for multiple cancers. Already,
preclinical and clinical observations have demonstrated the specificity of
TAB 004 antibody toward tMUCI antigen in pancreatic cancer [20].

In vivo, TAB-ICG detected primary tumors generally before they
were palpable in the MMT model. The early detection of
nonpalpable tumors by TAB-ICG including hyperplasia forms
proof of principle of the potential use of this antibody in the clinic
in conjunction with other imaging modalities. For example,

conjugated with radioactive imaging agents, TAB 004 could greatly
improve the reliability of early breast cancer diagnosis when used in
conjunction with computed tomography or MRI [39-43].

Interestingly, ex vivo imaging and H&E staining provide evidence
that TAB-ICG enabled detection of lung metastases as early as 16
weeks of age in MMT mice (Figure 6). Thus, we suggest that TAB
004 conjugated to radioactive material such as technetium (99m)
along with MRI and computed tomography scan may provide
improved monitoring of the development of distant metastases in
patients with breast cancer.

Clinically, although early detection is the key in breast cancer
treatment, standard mammography generates a high number of false
negatives, especially in women with dense breasts [4,6,7,44—46]. For
those patients, additional examinations and imaging such as
ultrasounds and MRI may be conducted. Mammography also
generates false positive and biopsies, which in many cases are
unwarranted [4,47]. Overall, two-dimensional mammograms have
been deemed of limited use in individuals with dense breast tissues
(40% of the women) [6-8] because for those patients, the
mammograms are often difficult to interpret [44,48].

In summary, our investigations demonstrate the specificity of TAB
004 antibody against hypoglycosylated human MUCI and its
potential in early detection of transformed mammary epithelial cells
and micrometastasis. Based on this proof of principle, we suggest that
TAB 004 conjugated with contrasting agents or radioisotopes used in
current clinical imaging protocols will allow both early and accurate
detection and monitoring of breast cancer, even in women with dense
breast tissue. We further propose that because tMUCI is present in
most epithelium-derived cancers, TAB 004 likely may be beneficial in
the detection and monitoring of multiple cancers.

Supplementary data to this article can be found online at heep://dx.
doi.org/10.1016/j.tranon.2016.05.001.
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ABSTRACT

Pancreatic Ductal Adenocarcinoma (PDA) has a mortality rate that nearly matches
its incidence rate. Transforming Growth Factor Beta (TGF-B) is a cytokine with a dual
role in tumor development switching from a tumor suppressor to a tumor promoter.
There is limited knowledge of how TGF-B function switches during tumorigenesis.
Mucin 1 (MUC1) is an aberrantly glycosylated, membrane-bound, glycoprotein that
is overexpressed in >80% of PDA cases and is associated with poor prognosis. In
PDA, MUC1 promotes tumor progression and metastasis via signaling through its
cytoplasmic tail (MUC1-CT) and interacting with other oncogenic signaling molecules.
We hypothesize that high levels of MUC1 in PDA may be partly responsible for the
TGF-B functional switch during oncogenesis. We report that overexpression of MUC1
in BxPC3 human PDA cells (BxPC3.MUC1) enhances the induction of epithelial to
mesenchymal transition leading to increased invasiveness in response to exogenous
TGF-B1. Simultaneously, these cells resist TGF-B induced apoptosis by downregulating
levels of cleaved caspases. We show that mutating the tyrosines in MUC1-CT to
phenylalanine reverses the TGF-B induced invasiveness. This suggests that the
tyrosine residues in MUC1-CT are required for TGF-B induced invasion. Some of
these tyrosines are phosphorylated by the tyrosine kinase c-Src. Thus, treatment of
BxPC3.MUC1 cells with a c-Src inhibitor (PP2) significantly reduces TGF-B induced
invasiveness. Similar observations were confirmed in the Chinese hamster ovarian
(CHO) cell line. Data strongly suggests that MUC1 may regulate TGF-B function in
PDA cells and thus have potential clinical relevance in the use of TGF-$ inhibitors in
clinical trials.

INTRODUCTION cancer-related deaths in the United States [3]. Its mortality
rate nearly matches its incidence rate [4].

Pancreatic Ductal Adenocarcinoma (PDA) is the Transforming Growth Factor Beta (TGF-p) is a
fourth leading cause of cancer related deaths in the United cytokine with a dichotomous role in oncogenesis. In
States with a median survival rate of less than six months normal tissue development and early oncogenesis, the
and a S5—year survival rate of a dismal 7% [1, 2]. By TGF-f signaling complex is a cell cycle regulator and
2030, PDA is predicted to be the second leading cause of induces apoptosis. The canonical pathway of TGF-p
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signaling starts with binding of two TGF-p Receptor
type II (TGF-BRII) to two TGF-B Receptor type I (TGF-
BRI) to activate the SMAD pathway [S5, 6]. The receptors
dimerize, when the ligand binds, triggering the activation
of TGF-BRI kinase activity and switching it to a docking
site for SMAD proteins [7]. SMAD 2 and SMAD 3 are
activated by the TGF-fRI [8]. Once phosphorylated by
TGF-BRI, SMAD 2 and 3 dimerize forming the SMAD
2/3 complex [9]. The SMAD 2/3 dimer joins with SMAD
4, creating a heterohexameric complex [9]. The newly
created complex translocates to the nucleus, allowing
for the transcriptional regulation of target genes which
regulate cellular processes, such as induction of apoptosis
[10]. However, it has been shown that in a SMAD 4 null
cell line SMAD2 and SMAD?3 are still able to translocate
to the nucleus [11]. SMAD 4 is often mutated or deleted
in about 55% of PDA cases showcasing the importance
of studying SMAD4 independent mechanisms of PDA
development [12]. Loss of functional SMAD 4 in PDA
interferes with the TGF-B/SMAD pathway leading to
decreased growth inhibition [13].

In later stages of cancer, a switch occurs and the
TGF-B signaling pathway becomes a tumor promoter,
inducing invasion and metastasis. TGF-p1 stimulates
Epithelial-to-Mesenchymal Transition (EMT) through
the activation of the ERK pathway [14]. As reviewed in
Kalluri et al, EMT is a biological process that transforms
an epithelial cell to a mesenchymal cell phenotype,
which can lead to resistance to apoptosis [15]. Increased
migration and invasion of cancer cells has also been
associated with EMT [16]. The TGF-3 switch in function
from a tumor suppressor, via apoptosis, to a tumor
promoter, via EMT, is elusive but holds high importance
in treatment refractory cancers like PDA [17]. The
TGF-p ligand family consists of three different, highly
homologous isoforms: TGF-p1, TGF-p2, and TGF-B3
[18-20]. The most abundant isoform is TGF-B1 [9].
TGF-B is considered an important target for cancer
therapy, and there are multiple anti-TGF-f compounds in
clinical trials [21].

Mucin-1 (MUC1), a transmembrane glycoprotein
that plays a critical role in tumor progression and
metastasis in PDA [22]. In normal epithelial cells lining
the ducts, MUCT1 is localized on the apical surface and
provides a protective barrier. However, when normal
cells transform to malignant cells and lose their polarity,
MUCTI is no longer restricted to the apical surface; it
becomes hypo glycosylated, and comes in close proximity
to several growth factor receptors including TGF-f
receptors [23]. The tumor-associated form of MUCI
plays an important role in oncogenic signaling [24-27].
Studies have linked overexpression of MUCT in tumors
with enhanced EMT leading to increased invasiveness,
metastasis, and drug resistance [22, 28, 29]. MUCI1
induces increased production of prostaglandin (Cox-2)
and growth factors (PDGF and VEGF), which leads to

enhanced invasiveness of cells mainly through induction
of EMT related genes [24, 27, 30, 31]. Importantly, MUC1
is overexpressed and aberrantly glycosylated in over 80%
of PDA cases [22, 24, 30, 32, 33]. It is well established
that the oncogenic signal transduction occurs through the
cytoplasmic tail of MUC1 (MUC1-CT) [34, 35]. Once the
MUCI-CT is phosphorylated, it associates with B-catenin
and other transcription factors, and becomes released
from the N-terminus of MUCI, leading it to translocate
to the nucleus and subsequently activate downstream
signaling pathways [25, 26, 36]. MUC1-CT is 72 amino
acids long and is highly conserved with seven tyrosine
residues that are phosphorylated by intracellular kinases.
The phosphotyrosine residues act as a binding sites for
molecules, such as c-Src, a proto-oncogene linked to
cancer progression [22, 37].

In this study, we show that overexpression
of MUCI in human SMAD4 deleted PDA cell line
BxPC3, plays an important role in the switch of TGF-f
from a tumor suppressor to a tumor promoter, via a
SMAD#4 independent mechanism. Similar data is also
reported in CHO cells. This study is the first to show
that overexpression of MUCI directly reduces TGF-p
induced apoptosis and increases invasive potential in
BxPC3 and CHO cells via signaling through the tyrosines
in MUCI CT.

RESULTS

Overexpression of MUC1 in BxPC3 and CHO
cells significantly increases the amount of
TGF-B1 produced without altering levels of the
TGF-p receptors or SMAD2/3

For this study, we selected Chinese hamster
ovarian cell line (CHO) that is null for human MUC1
and a human PDA cell line BXPC3 that express low
levels of endogenous human MUC1 and has SMAD4
independent TGF-p signaling, CHO cells have intact
canonical TGF-f signaling pathway and were selected
as a control cell line to investigate the effects of MUC1
on TGF-p signaling and phenotypic outcomes. Using
a retroviral gene delivery system, we overexpressed
the full-length human MUCT transgene in BxPC3 and
CHO cells creating two MUCI high cell lines: BXPC3.
MUCI and CHO.MUCI. An empty vector, which does
not carry the human MUCI gene, was used to create the
control cell lines BxPC3.Neo and CHO.Neo. Western
blotting was performed to confirm the expression of
human MUCI in these cell lines. Cell lysates probed
with CT2 antibody that recognizes the last 17 amino
acids (SSLSYNTPAVAATSANL) of the cytoplasmic
tail (CT) [38] revealed that BxPC3.MUC1 and CHO.
MUCTI cells expressed high levels of human MUCI,
while BXPC3.Neo and CHO.Neo did not (Figure 1A and
1B). Next, we tested expression of the key signaling
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components of the canonical TGF-p pathway, TGF-
BRI, TGF-BRII, SMAD 2/3, and SMAD4 (expressed
in CHO cells) [39]. We found that the levels of these
signaling proteins were not significantly altered in the
BxPC3.MUC1 compared to BxPC.Neo (Figure 1B) or
in CHO.MUC! compared to CHO.Neo (Figure 1A).
Densitometric arbitrary units are shown in Figure 1A
and 1B representing the levels of protein normalized to
their B-actin loading control.

To investigate if overexpression of MUCI alters
SMAD#4 independent TGF-f3 signaling, we first looked for
differences in TGF-B1 secretion by these cells. Specific
ELISA was used to determine the TGF-B1 concentration
in the supernatant of these cells. Our data showed
significantly higher levels of TGF-B1 in the supernatants
of CHO.MUCT at 48 hours and BxPC3.MUC]1 at 6, 12,
and 24 hours when compared to the control cell lines
that expressed low levels of endogenous MUC1 (Figure
1C, p<0.01 and 1D, p<0.001), suggesting that MUC1 is
a major contributor to the abundant release of TGF-p1.
(Note: Only 48h time point is shown for CHO cells as
carlier time points had very low undetectable levels
of TGF-B1 release). Thus, we concluded that MUC1
overexpression increases TGF-B1 released but does not
affect the expression of the receptors or the downstream
signaling component.
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Overexpression of MUCT protects PDA cells
from TGF-p1-mediated apoptosis

We determined the effect of exogenous TGF-B1
on induction of apoptosis in CHO and BxPC3 cells in
context of MUCI1 expression. Apoptosis was measured
by performing Annexin V/7AAD staining followed by
flow cytometry. Treatment with TGF-B1 induced a 2-fold
induction of apoptosis in the CHO.Neo cells compared
to 0.5-fold induction of apoptosis in CHO.MUC1 cells
(Figure 2A, p<0.05). Similarly, BxPC3.MUCI cells were
completely protected from TGF-B1 induced apoptosis
compared to 5-fold induction of apoptosis in BxPC3.Neo
cells (Figure 2B, p<0.05). Furthermore, we found that
TGF-B1 treatment activated cleavage of Caspase 3 more
in the BxPC3.Neo cells than in the BxPC3.MUCI cells
(Figure 2C and 2D, p<0.0001) even though total Caspase
3 was significantly higher in the BxPC3.MUCI versus
the Neo cells (Figure 2C and 2E, p<0.001). Caspase 3 is
a death protease commonly associated with changes in
cell morphology, and induction of apoptosis [40]. MUC1
expression has been shown to reduce stress induced
apoptosis by blocking activation of Caspase 8, which is
known to interact and activate Caspase 3 [41]. It has also
been shown to inhibit apoptosis under genotoxic stress
via JNK1 activation [29, 42]. Upon comparing overall
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Figure 1: MUCI1 overexpressing cells release significantly higher amounts of active TGF-$1 when compared to MUC1-low
expressing cells. (A and B) Westem blotting detecting expression of MUC1-CT, TGF-BRI, TGF-BRII, SMAD 2/3, and SMAD4 in CHO and
BxPC3 cells. Corresponding densitometric analysis for the TGF-f receptors. (C and D) TFG-p specific ELISA of supernatants from CHO and
BxPC3 cells cultured in serum free medium for the indicated times. Results are presented as means +/- SEM of n=3. ™ p < 0.01, " p<0.001.

www.impactjournals.com/oncotarget

Oncotarget

138



Caspase 3 activation, we observed that BxPC3.Neo has a
statistically significant increase when compared to BxPC3.
MUCT in the presence of TGF-B1 (Figure 2C and 2F,
p<0.0001). We did not observe any significant difference
in cleaved Caspase 7 between BxPC3.Neo and MUC1
cells in response to TGF-B1 treatment (Figure 2C and
2G). However, when we compared the ratio of cleaved
Caspase 7 versus total Caspase 7, a significant decrease
in cleaved Caspase 7 in the MUC1-overexpressing cells
was noted when exposed to TGF-p1 (Figure 21, p<0.01).
As with Caspase 3, Caspase 7 levels were significantly
higher in BxPC3.MUC1 when compared to BxPC3.
Neo cells (Figure 2C and 2H, p<0.05). Etoposide was
used as the positive control for inducing Caspase 3 and
7 cleavage and activation. However, we did not observe
any significant difference in Caspase 3 and 7 cleavages,
because both BXPC3.MUC 1 and BxPC3.Neo cells were
equally sensitive to high concentration (100uM) of
etoposide. Therefore, we suggest that cleaved caspases
may regulate TGF-f induced apoptosis in the absence of
MUCI. The densitometric arbitrary unit shown in Figures
2D, 2E, 2G, and 2H represent levels of protein normalized
to their B-actin loading control while F and I represent
levels of cleaved caspase/total caspase.

Treatment with TGF-B1 increases invasive
properties of MUC1-overexpressing cells as
compared to their Neo counterparts

We hypothesized that TGF-B1 may induce
invasiveness in MUC 1-high but not MUC1-low cells by
activating EMT. To test this hypothesis, we determined
the invasive properties of BxPC3.MUC1 and CHO.
MUC1 versus BxPC3.Neo and CHO.Neo cells in
response to TGF-B1. Results show 20-fold higher levels
of invasion in CHO.MUC1 when compared to CHO.
Neo (Figure 3A, p<0.0001) and 1.5-fold higher in
BxPC3.MUC1 when compared to BxPC3.Neo (Figure
3B, p<0.05). We recognize that CHO cells that are
SMAD4 positive respond better to TGF-f. However,
to further explore whether SMAD4 deletion plays a
role, we also tested the invasive potential of Wild Type
SMAD4 PDA cell lines HPAF-II and MIA PaCa-2
(Supplementary Figure 4). HPAF-II, an endogenously
high MUCI line significantly increases its invasive
potential when exposed to TGF- B1. Following the trends
established, MIA PaCa-2, an endogenously low MUC1
line, significantly decreases its invasive potential in the
presence of TGF- 1. These cell lines, in relation to
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Figure 2: MUCI overexpressing cells resist apoptosis in response to treatment with TGF-p1 with corresponding
decrease in cleaved caspase 3 when compared to MUCT1 low expressing cells. (A and B) Apoptosis was determined at 48
hours post treatment with TGF-B1 by Annexin V+/7AAD staining and flow cytometry. Data is presented as fold change in apoptosis from
untreated cells. (C) Western blotting of apoptotic markers (cleaved Caspase 3 and 7) in BxPC3 cells 48 hours post TGF-$1 treatment. (D-I)
Corresponding densitometric analysis of C is presented. (D and G) Arbitrary densitometric unit of cleaved caspase 3 and cleaved caspase 7
normalized to B-actin respectively; (E and H) Arbitrary densitometric unit of total caspase 3 and caspase 7 normalized to B-actin; 2F: Ratio
of cleaved caspase 3 and 7 normalized to total caspase 3 and 7. Results are presented as means +/- SEM of n=3. “ p < 0.05, " p < 0.01, """

p<0.001, **** p<0.0001.
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their endogenous MUC levels, will be further studied.
Overall, the results suggest that there is synergistic
interaction between MUCI and TGF-f signaling
resulting in increased motility and invasiveness. Next,
we assessed the levels of EMT associated proteins by
western blotting in TGF-p1 treated versus untreated
cells. Forty-eight hours post TGF-f1 treatment,
levels of Snail, Slug, Vimentin, and N-Cadherin was
determined. The percent change in density of the bands
due to TGF-B1 treatment is significantly higher in the
BxPC3.MUC1 compared to BxPC3.Neo for all the
EMT associated proteins except for Snail (Figure 3C-
3G). Percent change was determined by formula (TGF-p
treated — No treatment/No treatment) * 100. If the final
answer was negative, this was percentage decrease
(suggesting that the protein level remained unchanged
with treatment). We observed no difference in the
activation of the ERK pathway when examining levels of
phospho-ERK between MUC1 and Neo cells. Presently,
we do not know why that is, however we suspect that
in the absence of SMAD4 in the MUCI1 overexpessing
BxPC3 cell line that the ERK pathway may not be
activated [43].
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TGF-p mediated functions require signaling
through the tyrosines present in MUC1-CT

We next investigated if the functional differences
of TGF-B were manifestations of signaling crosstalk
between the TGF- signaling components and MUC1-
CT. MUCI1 associated non-canonical regulation of
TGF-p signaling in a SMAD4 independent mechanism is
responsible for the activation of other transcription factors
via their interaction with the cytoplasmic tail of MUC1
[44]. Therefore, we hypothesized that the interaction of
MUCI1-CT with the TGF-f signaling pathway regulates
the differences in apoptosis and induction of EMT
independently of SMAD4. To test this hypothesis we
generated a phosphomutant form of MUC1 (CHO.Y0
and BxPC3.Y0), where all seven tyrosines of MUC 1-CT
were mutated to phenylalanine. The MUC! Y0 mutant
is considered ‘a non-functional form’ of MUC1 CT as it
lacks the tyrosines for phosphorylation, a precursor for
downstream signal transduction (Figure 4A). Western
blots show the expression levels of MUCI-CT in Neo,
MUCI, and YO cells (Figure 4B and 4C). As previously
observed, TGF-B1 treatment increases invasiveness in
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Figure 3: MUCI1 overexpressing cells undergo significantly higher levels of invasion in response to TGF-1 treatment.
(A and B) Invasion was determined by standard transwell assay at 48h time point. Results are presented as fold change from untreated.
(C) Western blots to detect EMT markers 48 hours post TGF-1 treatment. (D-G) Corresponding densitometric analysis of C is presented.
Percent change from untreated is presented. All values are first normalized to its corresponding B-actin levels. Results are presented as
means +/- SEM of n=3. " p < 0.05, " p < 0.01, ™" p<0.0001. D-G calculation: First the density value of each protein was normalized to
their respective B-actin density value. Next the percent change was calculated by the formula: (TGF- treated — No treatment/No treatment)

100. If the final answer was negative, this was percentage decreased.
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the MUC1-overexpressing cells when compared to the
Neo cells. However, when comparing phosphomutant
BxPC3.Y0 or CHO.YO cells to the full-length MUC1-
overexpressing cells, we observed a complete reversal of
the enhanced invasion when exposed to TGF-p1 (Figure
4D and 4E). Since the only difference between the full
length MUC1 and MUC1.Y0 expressing cells is the
ability to signal through the tyrosine residues of MUC1-
CT. We postulate that the tyrosine residues of MUC1-CT
are critical for the synergistic cross talk between MUC1
and TGF-f signaling that results in the TGF-p associated
apoptosis and invasion. To our surprise we observed an
increase in Vimentin in the BxPC3.YO0 cells post TGF-f1
treatment (Supplementary Figure 1A); however, it was
striking to note that there were no cleaved caspases 3 or
7 in these cells post TGF-B1 treatment suggesting that
the tyrosines play a major role in the TGF-B induced
apoptotic pathway (Supplementary Figure 1B). To confirm
that treatment itself did not cause any changes in the
MUCT1 levels, we conducted western blotting for MUCI

extracellular domain expression pre and post-TGF-f1 or
ctoposide treatment in BxC3.Neo, MUCI, and YO cells
(Supplementary Figure 2). Treatment did not result in
any change in the expression levels of MUCT in the cells.
Due to the changes in tyrosine to phenylalanine, the Y0
cells always run smaller in size and has been published
extensively [45].

C-Src inhibition negates TGF-p mediated
invasion in MUC1-overexpressing cells

It has been shown that when Dasatinib, a Src
inhibitor, was used on PDA cell lines PANC-1 and Colo-
357, it inhibited TGF-B1 induced SMAD phosphorylation,
migration, and invasion, therefore it is a tyrosine to
consider [46]. c-Src is also associated with MUC1-CT
and plays a vital role in MUC1 induced tumor metastasis
[22, 37, 47]. Therefore, when BxPC3.MUCI cells were
treated with PP2, a c¢-Src inhibitor, the invasiveness of
the cells in response to TGF-B1 was decreased (Figure
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Figure 4: TGF-B1 mediated invasiveness is dependent upon signaling through the tyrosines in MUC1-CT. (A) Amino
Acid sequence of MUCI CTWT and MUC1 CT Y0 where tyrosines are mutated to phenylalanine. (B and C) Western blots to detect MUCI
using the MUCI-CT antibody in CHO.Neo, MUCT, and YO cells as well as BxPC3.Neo, MUCI, and YO cells. (D and E) 48 hour invasion
in response to TGF-B1 treatment presented as fold change from untreated cells. Results are presented as means +/- SEM of n=3. * p<0.05,

** p<0.001.

www.impactjournals.com/oncotarget

6902 Oncotarget

141



5B and 5D, p<0.05). However, PP2 treatment did not
affect the invasive potential of BXPC3.Neo cells (Figure
5B and 5C). Although the BXxPC3.Y0 cells had lower
percent invasion than BxPC3.MUC1 and BxPC3.Neo
cells, it is interesting that PP2 treatment further decreased
invasiveness in BXPC3.Y0 cells (Figure 5B and SE,
p<0.001, p<0.05). The fact that PP2 inhibition affected
the YO cells may be because PP2 is non-selective and is
known to weakly inhibit EGFR and many other kinases
with similar affinities [48, 49]. Overall, the results suggest
that overexpression of MUCT in these cell lines drive the
anti-apoptotic oncogenic functions of TGF-f ina SMAD4
independent manner, and that this is partially via signaling
interaction of ¢-Src with MUC1-CT. Further investigations
need to be conducted to better understand the mechanisms
and importance of MUC1-CT tyrosines and the interaction
with other oncogenic signaling pathways. In a pilot study,
we established the MUC1 CT expression levels and
the natural invasive potential of a variety of MUC1-CT
mutated BXxPC3 cells (Supplementary Figure 3A and 3B).
In BXxPC3.Y2 and 5; BXxPC3.Y6; BXPC3.Y7; and BXxPC3.

Y3, 6 and 7 cell lines where either single or multiple
tyrosines are mutated to phelyalanine, the results show that
these cells behave similarly to BxPC3.Y0. These results
further establish the critical oncogenic role of MUCI CT
as reviewed in [44].

It must be noted that the levels that we report for the
endogenous TGF-B1 production is in picograms/ml and
what we add exogenously is in ngs/ml. In the CHO.MUC1
cells, the level is only 0.1ngs and in BxPC3.MUCI, it is
0.6ngs (Figure 1). Therefore, the functional differences
we report in Figures 2-5 is due predominantly through the
exogenous addition of TGF-B (10ngs).

DISCUSSION

In a noncancerous pancreas, MUC1 is expressed
in low levels on the luminal surface of the ductal
epithelial cells. Yet, an exponential increase in MUC1
expression occurs during early stages of pancreatic cancer
development. Even in early stage pancreatic intraepithelial
neoplasia (PanIN) lesions, there is an observed increase
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Figure 5: C-Src inhibition negates the aggressiveness of TGF-f mediated invasion in MUC1 expressing cells. (A)
Schematic of MUC-CT amino acid sequence and the potential kinase binding sites. (B) Percent invasion was determined by standard
transwell assay at 48 hours post treatment with TGF-$1 = PP2 as indicated in the figure. (C-E) Each treatment is compared to the untreated
within each individual cell line. Results of the invasion assay are presented as means +/- SEM of n=3. " p<0.05, ™" p<0.001.
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in MUCI expression [27, 50, 51]. It is also shown that
TGF-f mediated response changes from apoptotic and
cell growth regulatory to increasing invasiveness and
migration in cancer [9]. The data presented herein suggests
that MUC’s interaction with components of the TGF-p
signaling pathway, in a SMAD4 independent mechanism,
increases the oncogenic features of anti-apoptosis,
increased EMT signaling, and more invasion. This has
important clinical relevance, because MUC1 may be a
biomarker for anti-TGF-p therapies in PDA cells. Tumors
with high MUCI1 expression can now be considered
for TGF-B neutralizing strategies, while MUCI1 low
expressing tumors should not be considered for the same.

Using a SMAD4 independent PDA cell model, we
demonstrate that MUC1 increases TGF-f1 secretion,
without affecting expression of the key components of the
TGF-f signaling in a SMAD-4 deleted cell line (Figure
1). We believe that the increase in TGF-B1 secretion in
the MUCI overexpressing cells (Figure 1) may be due
to the 3-fold increase in latent TGF-beta binding protein
1 (LTBP-1) gene expression in the BXPC3.MUC1 when
compared to the Neo cells (from our microarray data’
(data not shown)). LTBP-1 activates TGF-f secretion.
This targets latent complexes of TGF-p to the extracellular
matrix, where the latent cytokine is subsequently activated
by various mechanisms. It has been previously shown
that MUC1 expression increased TGF-B1 expression at
the mRNA and protein levels in human hepatocellular
carcinoma cells [52]. In dry eye disease, it has also been
shown that MUCI1 increases basal TGF-f expression
[53]. Recently, it has been shown that TGF- signaling
and deletion of SMAD 4 can alter AGR2 expression,
which in turn positively correlates with MUC1 expression
[54]. These studies support our findings that in a MUC1-
overexpressing SMAD 4 deleted PDA cell line model,
MUCI increases TGF-f1 expression and release. The
mechanisms for upregulation of TGF-B1 are unknown.
However, once malignant cells lose their growth inhibitory
response to TGF-B1 and produce high levels of these
protein, the increased expression of TGF-f1 provides a
selective advantage for tumor cell survival as TGF-B1
are also angiogenic and have potent immunosuppressive
effects [39].

During the early phases of tumorigenesis, TGF-$
inhibits primary tumor development and growth by
inducing cell cycle arrest and apoptosis [55, 56].
Apoptosis is characterized by morphological and
biochemical changes [57]. When the role of TGF-f
changes from tumor suppressor to tumor promoter, as
reviewed in Lebrun 2012, the tumor promoting effects
of TGF-B includes induction of EMT, resistance to
apoptosis, migration, invasion, and tumor metastasis
[58]. It has been shown that SMAD-4 deleted WT BxPC3
cells constitutively activates ERK, has an increased anti-
apoptotic response but does not promote invasiveness
[43, 59]. Finally, it has also been shown that MUC1

expression can confer resistance of epithelial cancer
cells to cell death via anoikis [60]. Data from our study
indicates that MUC1-overexpressing cells are resistant
to TGF-B mediated apoptosis, (Figure 2) and become
highly invasive in a SMADA4-independent manner
(Figure 3). We have also shown similar results in an
endogenously MUC1 high Wild Type SMAD4 PDA cell
line (Supplementary Figure 4). Another study reported
that inhibiting TGF-p downstream signaling reduces
invasiveness in PANC-1 PDA cell line that is known
to express MUC1 [61]. Thus, our data correlates with
that study, showing that the MUC1-over expressing cell
lines, BxPC3.MUCI and CHO.MUCI, have significantly
reduced TGF-p-induced invasiveness when downstream
signaling is blocked in the MUC1 phosphomutant YO cells
or in PP2 treated cells (Figures 4 and 5). The blocking of
MUCI-CT downstream signaling in SMAD4 - negative
pancreatic cancer cell line reduces the effects previously
seen in the MUC1-high expressing cells, establishing the
importance of MUC1-CT. This is significant for the 55%
of PDA cases where SMAD4 is deleted. It is important to
note that MUC1 expression level does not change with
TGF-B1 treatment or in cells with MUCI CT tyrosines
mutated to phenylalanine (Supplementary Figure 2).
Therefore, the effects are not a reflection of differences
in MUC1 expression levels. Although MUC1 is known
to confer resistance to apoptosis in response to several
genotoxic drugs in PDA and other cancer cells [29,
41, 42], this is the first study that shows MUCI blocks
TGF-f induced apoptosis. Signaling through the CT of
MUCT is critical for cleavage of caspases and apoptosis
(Supplementary Figure 1B).

Previous studies have shown that the clinical
efficiency of inhibition of c-Src in PDA cells is due to
inhibition of tumor-promoting TGF-f3 signaling [46]. Our
data supports this interaction by providing evidence that
in BXPC3.MUCT1 cells treated with ¢-Src inhibitor PP2
significantly reduced TGF-B-induced invasion (Figure 5).
However, it is also shown that PP2 can be non-selective
by weakly inhibit EGFR and have other off-target effects
[48, 49]. Further array analysis can be performed to
understand the complete mechanism. Solving the mystery
of the molecular interactions with other oncogenic
signaling pathways associated with SMAD4 independent
TGF-B signaling will provide great insight into the
functional switch of TGF-B from a tumor suppressor to
a promotor of tumor development. This knowledge may
potentially enable anti-TGF- therapies in combination
with standard therapies and/or immunotherapy to become
more efficiently used in the clinic. For example, although
certain TGF-p inhibitory treatments have worked in vivo
using mouse models, the results have not been particularly
promising in clinical trials [62]. Targeting TGF-p carries
a substantial risk as this pathway is implicated in multiple
homeostatic processes and is known to have tumor-
suppressor functions. Establishing the mechanism, and
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determining a potential biomarker, should be priority
before continuing anti-TGF-B  clinical trials. The
mechanisms for upregulation of TGF-f remain unknown.
However, once malignant cells lose their growth inhibitory
response to TGF-B and produce massive amounts of
TGF-p (as seen in the MUCI-high cells-Figure 1), the
increased expression of TGF-f provides a discerning
advantage for tumor cell survival. If MUC]1 can be shown
as a correlative biomarker, as our data suggests, we may

alleviate some of the complications associated with anti-
TGF-p therapies, especially in SMAD4 independent PDA
cases. The data presented here is just the beginning in
establishing why certain patients may be more suitable
candidates for TGF-p targeted therapies than others may.
We conclude that signaling through MUCI-CT plays a
critical role in the switch of SMAD4 independent TGF-$
function from a pro-apoptotic to a pro-invasion cytokine
(Figure 6).

APOPTOSIS

\ TGF-BRII TGF-BRI
MUCl—CI’% Cleaved Caspase 3
Cleaved Caspase 7
Al 0sIS

TGF-BRIl TGF-BRI

leaved Caspase 3
Cleaved Caspase 7

APOPTOSIS

+MUC1

-MUC1

Invasion/\ Vimentin

Figure 6: A schematic of the proposed mechanism of MUC1 mediating TGF-p signaling. Schematic showing that MUC1-CT
plays an important role in switching the role of TGF-B from a tumor suppressor to a tumor promoter in PDA, specifically in BxPC3 cells.
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EXPERIMENTAL PROCEDURES
Cell lines and culture

CHO.MUC1, CHO.Neo, CHO. Y0, BxPC3.MUCI,
BxPC3.Neo, BxPC3.Y0 were generated as previously
described [30]. HPAF-II and MIA Paca-2 were obtained
from American Type Culture Collection and cultured
as instructed. Cell lines were maintained in Roswell
Park Memorial Institute 1640 medium (RPMI; with,
L-glutamine; ThermoFisher). RPMI was supplemented
with 10% fetal bovine serum (FBS; Hyclone), 3.4 mM
L-glutamine, 90 units (U) per ml penicillin, 90 pg/
ml streptomycin, and 1% Non-essential amino acids
(Cellgro). RPMI was also supplemented with Geneticin
(G418; Invitrogen, Carlsbad, CA, USA). Cells were kept
in a 5% CO, atmosphere at 37°C. The antibiotic G418
(50 mg/ml) was added to every passage of BXPC3.Neo
and BxPC3.MUC]1 to ensure positive selection of MUCI
positive cells. For all experiments, cell lines were passaged
no more than 10 times.

Western blotting

Cellular lysate preparation and Western blotting
was done as previously described [30]. The cells
were either treated as such: no treatment, 10 ng/ml of
TGF-B1 (Peprotech, Rocky Hill, NJ, USA), or 100uM
of Etoposide for 48 hours due to more pronounced
signaling. 1:500 Armenian hamster monoclonal anti-
human MUC! cytoplasmic tail (CT2) antibody was used
to probe for MUCT in phosphate- buffered-saline-Tween
20 (PBS-T) with 5% BSA. CT2 antibody recognizes the
last 17 amino acids (SSLSYNTPAVAATSANL) of the
cytoplasmic tail (CT) of human MUCI [38]. 1:10,000
TABO004 (OncoTAb, Charlotte, NC) was used to detect
the N-terminus extracellular domain of MUCI1 [24,
51]. Membranes were also probed with the following
antibodies from Cell Signaling (1:1000): Smad4 (Rabbit,
38454), Smad 2/3 (Rabbit, 5678), Vimentin (Rabbit,
5741), Snail (Rabbit, 3879), Slug (Rabbit, 9585),
N-cadherin (Rabbit, 13116), Cleaved Caspase 3 (Rabbit,
9664), Caspase 3 (Rabbit, 9665), Cleaved Caspase 7
(Rabbit, 8438), Caspase 7 (Rabbit, 12827), and B-Actin
(Mouse, 3700). Other antibodies used include TGF-
BRI (Abcam, 1:200, Rabbit, ab31013) and TGF-BRII
(Abcam, 1:1000, Rabbit, ab61213). Densitometric
analysis was conducted using the ImagelJ software and
percent change is calculated accordingly: First, each
density unit for the particular protein was normalized
to their respective B-actin density. Percent change was
determined by formula (TGF-p treated — No treatment/
No treatment) * 100. If the final answer was negative,
this was percentage decrease (suggesting that the protein
level remained unchanged with treatment).

ELISA

Cells plated in duplicates in 6 well plates were
cultured for 6, 12, and 24 hours. At the indicated
time point, the culture supernatant was collected and
concentrated using Amicon ultra-centrifugal filters (3KDa
cutoff). The protein retenate was reconstituted up to 0.5ml
with PBS. TGF-B1 levels in the supernatant were assessed
using a specific ELISA (R&D systems, Minneapolis, MN),
according to the manufacturer’s recommended protocol.
The total protein concentration was determined by BCA.
The TGF-B1 levels were normalized to the total protein
content of each sample. Results were expressed as TGF-B1
pg/ml concentration.

Apoptosis assay

Cells that were serum starved for 18 hours were left
untreated or treated with 10ng/ml of TGF-B1 (Peprotech,
Rocky Hill, NJ, USA) and 100uM of Etoposide (as a
positive control). 24 hours after treatment began; the
cells were harvested and stained with Annexin V and PI
(Annexin V/Dead Cell Apoptosis Kit, Life Technologies,
Eugene, Oregon). The cells were analyzed using BD
FORTESSA and FlowJo Version 8.8.7. Fold-change was
calculated as TGF-B treated percent apoptosis/control
percent invasion.

Invasion assay

Cells were serum starved 18 hours before plating for
the invasion assay. 50,000 cells in serum-free media were
plated over transwell inserts (BD Biosciences, San Jose,
CA, USA) precoated with diluted reduced growth factor
Matrigel in serum free media, plus or minus TGF-f1
(Peprotech, Rocky Hill, NJ, USA). The cells were allowed
to invade through the Matrigel for 48 hours towards the
serum contained in the bottom chamber. After 48 hours,
only the control wells were swabbed with a cotton swab,
followed by staining of all inserts with coomassie blue.
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 UV/Vis Spectrophotometer at 562uM. Percent invasion
was calculated as sample absorbance/control absorbance X
100. Fold-change was calculated as TGF-p treated percent
invasion/untreated percent invasion.

Treatment with c-Src inhibitor

BxPC3.MUCI, Neo, and YO cells were serum
starved 18 hours before plating for the invasion assay.
50,000 cells were plated as in the invasion assay protocol.
Cells were either left untreated, treated with 10 ng/ml of
TGF-B1 (Peprotech, Rocky Hill, NJ, USA), or the c-Src
inhibitor PP2 (Tocris), or a combination of 10 ng/ml of
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TGF-B1 and PP2. The invasion assay was performed as
described above.

Statistics

Graphpad Prism 5 and Imagel were used to analyze
the western data. Graphpad Prism 5 was used to create the
graphs and perform statistical analysis.

Footnotes

The content is solely the responsibility of the authors
and does not necessarily represent the official views of the
National Institutes of Health.

Abbrevations

PDA= Pancreatic Ductal Adenocarcioma; TGFp=
Transforming Growth Factor Beta; MUC1= Mucin 1;
MUCI.CT= Mucin 1 cytoplasmic tail; BxPC3.MUCI1=
BxPC3 cell line overexpressing human MUCI protein;
PP2= ¢-Src inhibitor; CHO= Chinese Hamster Ovarian
cell line; TGFPRI= Transforming Growth Factor Beta
Receptor I; TGFPRII= Transforming Growth Factor Beta
Receptor IT; EMT= Epithelial- Mesenchymal Transition;
COX-2= cyclooxygenase-2; PDGF= Platelet Derived
Growth Factor; VEGF= Vascular Endothelial Growth
Factor; CT= cytoplasmic tail; CHO.MUCI1= Chinese
Hamster Ovarian cell line overexpressing human MUC1
protein; BxPC3.Y0= BxPC3 cell line expressing Mucin
1 protein where all 7 tyrosines are mutated; CHO.Y0=
Chinese Hamster Ovarian cell line expressing Mucinl
protein with 7 mutated tyrosines; Y0= mutated tyrosines;
PanIN= Pancreatic intraepithelial lesions; LTBP1= Latent
Transforming Growth Factor Beta Binding Protein.
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Abstract

Pancreatic ductal adenocarcinoma (PDA) is the fourth-leading cause of cancer death in the
United States with a 5-year overall survival rate of 8% for all stages combined. But this
decreases to 3% for the majority of patients that present with stage IV PDA at time of diag-
nosis. The lack of distinct early symptoms for PDA is one of the primary reasons for the late
diagnosis. Common symptoms like weight loss, abdominal and back pains, and jaundice
are often mistaken for symptoms of other issues and do not appear until the cancer has pro-
gressed to a late stage. Thus the development of novel imaging platforms for PDA is crucial
forthe early detection of the disease. MUC1 is a tumor-associated antigen (tMUC1)
expressed on 80% of PDA. The goal of this study was to determine the targeting and detec-
tion capabilities of a tMUC1 specific antibody, TAB004. TAB004 antibody conjugated to a
near infrared fluorescent probe was injected intraperitoneally into immune competent ortho-
topic and spontaneous models of PDA. Results show that fluorophore conjugated TAB004
specifically targets a) 1 week old small tumor in the pancreas in an orthotopic PDA model
and b) very early pre-neoplastic lesions (PanIN lesions) that develop in the spontaneous
PDA model before progression to adenocarcinoma. Thus, TAB004 is a promising antibody
to deliver imaging agents directly to the pancreatic tumor microenvironment, significantly
affecting early detection of PDA.
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Introduction

Incidence and mortality trends predict pancreatic cancer will become the second-leading
cause of cancer related deaths by 2020 in the United States. The mean expectation of life is less
than six months and there are few long-term survivors. According to the Annual Cancer Sta-
tistics Review, patients with pancreatic carcinoma have the lowest 5-year survival rate [1,2].
Poor prognosis for patients is mainly due to late diagnosis, as a result of the lack of distinct
early symptoms and effective diagnostics [3]. Only 15-18% of pancreatic cancer cases are
resectable, and surgery offers the only single modality for potential cure. These patients have a
two-year survival rate of 20%- 40% with surgery, but despite surgical resection, local
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recurrence or metastasis occurs in more than 50% of the patients (predominantly liver and
peritoneum). Adjuvant therapy in patients with resectable pancreatic cancer including radia-
tion and chemotherapy is a subject of controversy with randomized trials showing contradic-
tory results. Very often the cancer becomes resistant to such therapies. Several of these
therapies also produce undesirable side effects and in some instances damage to major organs.
Overall survival from PDA is only possible with surgery and adjuvant treatment when detected
early [4,5]. Thus, development of an effective and targeted detection platform is essential in
order to improve the survival of PDA patients. Infiltrating PDA accounts for over 95% of all
exocrine pancreatic malignancies. Activating mutations in the KRAS proto-oncogene are
found in over 90% of invasive PDA and are thought to represent an initiating event. Recently a
transgenic mouse model has been created that expresses physiological levels of oncogenic
KRAS with a glycine to aspartate substitution at codon 12 (KRAS%'*) in the progenitor cells
of mouse pancreas. These mice develop the full spectrum of pancreatic ductal adenocarcinoma
from preinvasive neoplasias (PanINs) to invasive and metastatic disease (designated as the
Cre-LSL-KRAS"?P or PDA mice).

Mucin-1 (MUCI1), is a transmembrane protein with a heavily glycosylated extracellular
domain [6]. Normal expression of MUC1 can be found on all glandular epithelial cells of the
mammary gland, esophagus, stomach, duodenum, uterus, prostate, lung, and pancreas [7].
The negatively charged glycosylated extracellular domain of MUCI in normal healthy tissues
creates a physical barrier and an anti-adhesive surface, preventing pathogenic colonization [8].
However, in 80% of PDA, the extracellular domain of MUCI is hypoglycosylated and the pro-
tein overexpressed [9]. This alteration of the structure and expression of MUCI is associated
with higher metastasis and poor prognosis [10,11] but also makes it the 2" most targetable
tumor antigen [12].

We have generated the PDA.MUCI mice by breeding the Cre-LSL-KRAS®"*” to a human
MUCL.Tg mice (designated KCM mice) that develop the entire spectrum of PanIN lesions
and adenocarcinoma mimicking the human disease [13]. We generated cell lines from these
KCM mice (KCM cells) [11,14,15] and developed a novel monoclonal antibody, TAB004
(OncoTADb, Inc., Charlotte, NC), which specifically targets the hypoglycosylated/tumor-associ-
ated form of MUCI1 (tMUC1) [16-19].

Using the syngeneic KCM cell lines, we demonstrate that TAB004 specifically binds to
tMUCI expressing orthotopic KCM tumors in immunocompetent mice. Further, we show
that TAB004 specifically targets the pancreas in the spontaneous tumor model (the KCM
mice) at the early PanIN lesion stage much before the development of invasive PDA. We show
that accumulation of TAB004 is significant at the tumor site but not so at other glandular epi-
thelial organs. TAB004 can be further developed as a diagnostics imaging tool for early detec-
tion of PDA.

Methods

Cell culture and generation KCM-Luc cells

KCM cell line was generated by the Mukherjee lab from spontaneous PDA tumors from KCM
mice [14]. This cell line expresses both mouse Mucl and human MUC1 and was maintained
in Dulbecco’s modified Eagle’s medium (DMEM, 11965-092, Gibco, Waltham, MA).
KCM-Luc cell line was generated by retroviral transduction of KCM cells with MSCV Lucifer-
ase PGK-Hygro (MSCV Luciferase PGK-hygro was a gift from Scott Lowe, Addgene plasmid #
18782, Cambridge, MA) was performed by transfecting GP2-293 cells with the MSCV Lucifer-
ase PGK-Hygro and pVSV-G vectors and using the subsequent viral supernatant to infect
KCM cells. Growth media for these cell lines were supplemented with 10% fetal bovine serum
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(FBS, Gibco, Waltham, MA), 3.4mM L-glutamine, 90 units (U) per ml penicillin, and 90pug/ml
streptomycin (Cellgro, Corning, Manassas, VA).

TABO004 production and comparison

TABO004 antibody (patent US 8518405 B2 and US 9090698 B2 provided by OncoTAb. Charlotte,
NC) [16,18-22]. Parental Murine TAB004 (mTABO004) is a mouse IgG1 monoclonal antibody
created from a hybridoma. Chimeric TAB004 (cTAB004) is a chimeric IgG1 antibody with
mouse ScFv and human Fc regions. cTAB004 was cloned into a Lake Pharma high expression
stable cell line mammalian vector system (CHO cells). After two rounds of cell screening, three
top performing CHO cells expressing the antibody were selected for production runs to assess
the characteristics of the final stable cell line. The production of all versions of TAB-004 is cur-
rently conducted by LakePharma Inc., Belmont, CA. Comparison of mTAB004 and cTAB004
binding profiles were performed by ELISA. 100l of 3ug/ml in 1x PBS of each antibody was
used to coat 96-well ELISA plates (07-200-721, Fisher Scientific, Pittsburgh, PA) for 24 hours at
4°C. Varying concentrations of KCM cell lysate were incubated for 1 hour at room temperature.
Following incubation, detection antibody conjugated to HRP was added and incubated for 1
hour at room temperature. After 100ul of TMB (PI137574, Thermo Scientific, Waltham, MA)
was allowed to incubate for 30 minutes, 50ul of Stop solution (SS03, Invitrogen, Waltham, MA)
was added. All steps were followed by 5x washed with 1x wash buffer.

Conjugation of TAB004 to fluorophore

TAB004 conjugation to indocyanine green (ICG) was performed using the ICG Labeling Kit-
NH, (LK31-10, Dojindo Molecular Technologies, Inc., Washington, D.C.). All conjugations
were performed using manufacturer protocols.

Confocal microscopy

Tumor/pancreas sections were treated with NucBlue Fixed Cell ReadyProbes Reagent (Ther-
moFisher, Waltham, MA) for 5 minutes and Wheat Germ Agglutinin-488 (Molecular Probes,
Waltham, MA) for 20 minutes. The slides where then washed with PBS for 5 minutes (3x) and
fixed with 4% formaldehyde. Prolong Gold Antifade reagent with DAPI (P36935, Molecular
Probes, Waltham, MA) was applied to mount coverslips. Images were acquired on an Olympus
Fluoview FV 1000 confocal microscope.

In vivo experiments

C57Bl/6 mice were purchased from Jackson Laboratory and housed at UNC Charlotte’s vivar-
ium. For the orthotopic tumor model, C57/Bl6 female mice were injected in the pancreas with
5x10° KCM-Luc cells and allowed to recuperate for 7 days before any experiments were per-
formed. For tumor and antibody visualization, orthotopic KCM-Luc tumor bearing C57/Bl6
mice were injected with 125l of Redijet D-Luciferin (760504, Perkin Elmer, Waltham, MA)
intraperitoneally and imaged 25 minutes later. For groups injected with antibody, 12.5ug of
IgG1 Isotype conjugated to ICG or TAB004 conjugated to ICG was injected intraperitoneally
and imaged at various time points with a Perkin Elmer IVIS Spectrum. KCM mice were gener-
ated in the Mukherjee lab. This mouse model is a triple transgenic cross of LSL-KRASG12D x
P48-Cre x Human MUC1.Tg that will develop PDA spontaneously and express human MUC1
in a tissue specific manner [13]. The P48-Cre mice have a tamoxifen inducible promoter and
therefore, oncogenesis is initiated only when mice are treated with tamoxifen (75 mg/kg in
100ul of corn oil, 1 injection per day for 2 weeks [10 days]. T5648-1G, Millipore Sigma,
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St. Louis, MO) as recommended by Jackson labs (https://www.jax.org/research-and-faculty/
tools/cre-repository/tamoxifen). Mice were euthanized at the end of all imaging studies. This
study and all procedures were performed after approval from the Institutional Animal Care
and Use Committee of UNC Charlotte.

Image analysis

All fluorescent slide images were analyzed using Image-] (National Institutes of Health,
Bethesda, Maryland). All mice and organ images were processed in Living Imagine 4.3.1 (Cali-
per Life Sciences, Waltham, MA).

Immunohistochemistry

The pancreases of KCM mice were collected and samples fixed in buffered formalin and
embedded in paraffin, and 5- to 6-um-thick sections were obtained. Standard H&E staining
protocol was performed and the tissue slides were then assessed by light microscopy to deter-
mine the PanIN lesions and progression to PDA at increasing disease stage. Microphotographs
were taken using a DP70 camera and the Olympus Software Suite (Olympus, Waltham, MA)

Results

Targeting of tMUCI in immunocompetent orthotopic PDA model with
TAB004-ICG

Control groups. Four control groups were imaged alongside TAB004 injected groups.
Radiance efficiency (RE) values were collected using the Region of Interests (ROIs) for all
images.

Control group 1 comprised of normal C57/Bl6 mice with nothing injected that had their
organs imaged using the IVIS (S1 Fig). The purpose of Control group 1 was to determine back-
ground fluorescence (of ICG) levels in C57/Bl6 mice (Fig 1). Background fluorescence of the
interior of the mice (in-situ) where the tumor is normally located (S1A Fig) and each organ
(S1B Fig) is shown. The remaining imaging groups would use the radiance efficiency values
from Control group 1 for background normalization.

Control group 2 comprised of normal C57/Bl6 with orthotopic KCM-Luc tumors (S2 Fig).
This group is to determine the RE of KCM-Luc tumor by itself without injection of
TABO004-ICG. The KCM cell line is a syngeneic mouse PDA cell line that expresses high levels
of tMUCI [11,19,23,24]and therefore a good target for in vivo TAB004 [17]. Post luciferin
injection, exterior bioluminescent image in live mice confirmed the presence of KCM tumor
at 7 days post KCM challenge (S2A Fig). One representative image is shown with n = 3 mice
showing similar images. After imaging of the live mice, mice were euthanized and the organs
of the mice in-situ photographed confirming the location of tumor in the pancreas (S2B Fig).
Additionally, IVIS images confirmed that KCM tumors (S2C Fig) do not auto fluoresce. RE
values of organs from Control group 2 were recorded (52D Fig) and compared with RE values
of Control group 1. There was no significant increase in RE values between in-situ and organ
images of Control group 1 and 2 (Fig 1), therefore background RE values do not increase if an
orthotopic tumor is present.

Control group 3 and 4. Next, we were interested in seeing if a control IgG isotype antibody
conjugated to ICG would accumulate in any regions of the mice. Control group 3 consisted of
normal non-tumor bearing C57/Bl6 mice that were injected with IgG1-ICG (Fig 2). Exterior
ICG images taken 24 hours post injection of the IgG1-ICG show no fluorescent signal stronger
than the background of the control (Fig 2A). Interior (Fig 2B) and organ (Fig 2C) ICG RE
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Fig 1. Quantification of ROI values from all imaging groups. The ROI radiance efficiency values for organs from all
groups were quantified used Living Image software. * denotes significance between TAB004 (both Murine and
Chimeric) and control groups, # denotes significance between Murine and Chimeric TAB004 groups, > denotes
significance between Murine TAB004 and other control groups. Data shown is mean +SEM (n = 3) and determine by
2way ANOVA with Tukey post hoc test, “p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

https//doi.org/10.1371/journal.pone.0193260.9001
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Fig 2. Fluorescent IVIS images of organs from mouse in control group 3. Representative images for non-tumor
bearing mice injected with mouse IgG1 isotype control are shown. (A) Fluorescent IVIS image of before (control) and
24 hours post injection of IgG1 conjugated with ICG. 24 hours PI fluorescence is normalized to its own control
fluorescence. (B) The mouse is imaged with filter pair ICG on the IVIS Spectrum. Background has been removed and
the ROI measurements for the area where tumor would have been are shown. (C) Organs from mouse are imaged
individually in the IVIS Spectrum. Intensity of the red-yellow fluorescence in ROI measurements indicate background
and antibody accumulation for each organ.

httpsz/doi.org/10.1371/journal.pone.0193260.g002
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Fig 3. Fluorescent IVIS images of organs from mouse in control group 4. Representative images for tumor bearing
mice injected wutg mouse IgG1 isotype control are shown. (A) Fluorescent IVIS image of before (control) and 24
hours post injection of IgG1 conjugated with ICG. 24 hours PI fluorescence is normalized to its own control
fluorescence. (B) The mouse is imaged with filter pair ICG on the IVIS Spectrum. Background has been removed and
the ROI measurements for the tumor is shown. (C) Organs from mouse are imaged individually in the IVIS Spectrum.
Intensity of the red-yellow fluorescence in ROI measurements indicate background and antibody accumulation for
each organ.

httpsz/doi.org/10.1371/journal.pone.0193260.g003

values display no significant increase over values of Control group 1 or 2 (Fig 1). Control
group 4 comprised of orthotopic KCM tumor-bearing C57/Bl6 mice injected with IgG1-ICG
(Fig 3). Exterior ICG images taken 24 hours after injection of the IgG1-ICG showed no signifi-
cant increase in fluorescence at the tumor site (Fig 3A). Additionally, no significant increase in
RE values from interior (Fig 3B) and organ (Fig 3C) images was observed between all the con-
trol groups (Fig 1). Therefore, the injection of an isotype control antibody with ICG does not
increase background ICG RE values and any increase in ICG RE values seen in TAB004-ICG
injected mice can be unequivocally taken as true accumulation of TAB004 at tumor region.
TAB004-ICG experimental groups. Murine monoclonal TAB004 antibody: The first
treatment group consisted of KCM tumor-bearing C57/Bl6 mice injected with mTAB004-1CG
(Figs 4 and 5). Exterior ICG images taken as early as 1 minute post injection (PI) show accu-
mulation of the mTAB004 at the tumor site (Fig 4A). The accumulation appears to increase 14
hours PI but decreases after 24 hours (Fig 4A). Exterior bioluminescent image of the same
mouse confirm the location of the tumor (Fig 4B). In-situ photograph (Fig 5A) confirms the
location of the tumor and IVIS images show significant accumulation of mTAB004-ICG at the
tumor site (Fig 5B). The larger region of red-yellow fluorescence indicates accumulation of
mTABO004 at the tumor (Fig 5B). Significant increases in RE values (Fig 5C) was observed in
the pancreatic tumor, liver, small intestine, and spleen (Fig 1) which indicates the accumula-
tion of mTAB004 selectively in those organs. RE values at the tumor site were ~ 3.5 fold higher
and ~2 fold higher at the liver and small intestine site compared to the control groups (Fig 1).
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Fig 4. Fluorescent IVIS images taken at different time points of mouse injected with murine monoclonal TAB004.
Representative images are shown. (A) Fluorescent IVIS image with filter pair ICG of before (control) 1 minutes, 14
hours, and 24 hours post injection of Parental TAB004 with ICG. Fluorescence images taken after injection are
normalized to their own control fluorescence. Background has been removed and the ROI measurements for antibody
fluorescence are shown. Intensity of the red-yellow fluorescence in ROI measurements indicates background and

ibody acc lation. (B) Bioluminescent image of orthotopic tumor in same mouse.

https//doi.org/10.1371/journal.pone.0193260.9004

The increase in RE values in the liver is expected [25] from an IgG antibody. While the
increase in RE values in the small intestines and spleen would suggest mTAB004 accumulation
at the organs, and could be explained by some residual tumor in those organs that could not
be completely dissected from the organ. Taken together, mTAB004 showed high specificity to
the tumor and proves to be useful for detection of PDA by imaging.

Chimeric TAB004. Due to promising results with mTABO004, we generated a chimeric
version of the antibody which shared an identical binding profile to mTAB004 in an ELISA

Kidneys
-

s \

Stomach Colon Small Intestine

Fig 5. Fluorescent IVIS images of organs from mouse in injected with murine monoclonal TAB004.
Representative images are shown. (A) Photograph images of mouse to show location of tumor. (B) The mouse is
imaged with filter pair ICG on the IVIS Spectrum. Background has been removed and the ROI measurements for the
tumor are shown. (C) Organs from mouse are imaged individually in the IVIS Spectrum. Intensity of the red-yellow
fluorescence in ROI measurements indicates background and antibody accumulation for each organ.

httpsz/doi.org/10.1371/journal.pone.0193260.g005
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Fig 6. Fluorescent IVIS images taken at different time points of mouse injected with chimeric TAB004. Representative images are shown. (A)
Fluorescent IVIS image with filter pair ICG of before (control) 1 minutes, 14 hours, and 24 hours post injection of Chimeric TAB004 with ICG.
Fluorescence images taken after injection are normalized to their own control fluorescence. Background has been removed and the ROI measurements
for antibody fluorescence are shown. Intensity of the red-yellow fluorescence in ROI measurements indicates background and antibody accumulation.
(B) Bioluminescent image of orthotopic tumor in same mouse.

https://doi.org/10.1371/journal.pone.0193260.9006

(S3 Fig). A shift to humanize the antibody is essential for further development of any anti-
body-based targeted imaging for diagnostics or for targeted therapy. We acquired a chimeric
version of TAB004, cTAB004, which comprises of murine antigen recognition moiety in a
human IgG1 backbone. KCM orthotopic tumor-bearing C57/Bl6 mice were injected with
c¢TAB004-ICG (Figs 6 and 7). Similar to the mTAB004-ICG (Fig 4), exterior ICG images taken
as early as 1 minute post injection show accumulation of the cTAB004 at the tumor site (Fig
6A). The accumulation increases 14 hours PI but decreases post 24 hours (Fig 6A), similar to

\\Z '\./

Spleen Kidneys Pancreas/Tumors

Small Intestine Stomach

Fig 7. Fluorescent IVIS images of organs from mouse injected with chimeric TAB004. Representative images are
shown. (A) Photograph images of mouse to show location of tumor. (B) The mouse is imaged with filter pair ICG on
the IVIS Spectrum. Background has been removed and the ROI measurement for the tumor is shown. (C) Organs
from mouse are imaged individually in the IVIS Spectrum. Intensity of the red-yellow fluorescence in ROI
measurements indicates background and antibody accumulation for each organ.

httpsz/doi.org/10.1371/journal.pone.0193260.g007
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mTAB004 injected mice. Exterior bioluminescent image of the same mouse confirm the loca-
tion of the tumor (Fig 6B). In-situ photograph of a cTAB004 injected mouse confirms the loca-
tion of the tumor (Fig 7A). IVIS in-situ image shows accumulation in the tumor and few other
organs (Fig 7B). Dissected organs were imaged separately by IVIS to calculate the RE. The
larger region of red-yellow fluorescence indicates accumulation of cTAB004 at the tumor (Fig
7B). Significant increases in RE values were observed in the pancreatic tumor, liver, and small
intestine (Fig 1); however, unlike mTABO004, there was minimal accumulation of the cTAB004
in the spleen. RE values at the tumor were ~ 3.5 fold higher while ~ 0.5 fold higher in the liver
and ~2.5 fold higher in the small intestine compared to control RE values (Fig 1). As with
mTABO004, RE values in the liver is expected to be higher [25] with an IgG antibody; however,
the liver was significantly lower in the cTAB004 compared to mTABO004 injected mice, possi-
bly due higher uptake of chimeric antibody by macrophages [26]. The RE values of cTAB004
in the small intestines is the same as the mTAB004 treatment group, where residual secondary
tumor bodies could not be removed from the organ.

All experiments shown in Figs 2-7 were conducted with n = 3 mice per experimental group
and representative images from 1 mouse is shown for all groups. Fig 1 shows the ROI RE val-
ues plotted for n = 3 mice per group and significance are represented as p value.

Tumors from 24h post cTAB004-ICG injected mice were removed, fixed, paraffin embed-
ded, sectioned (4micron sections) and imaged under a confocal microscope to determine the
cellular localization of cTAB004 ICG (Fig 8). Tumors from 3 cTAB004-ICG mice are shown
alongside a control tumor from mice that were not injected with cTAB004-ICG. Tumor sec-
tions from the cTAB004-ICG injected mice display significantly more ICG fluorescent signal
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Fig 8. Confocal imaging of tumor sections from Chimeric TAB004 injected mice. Representative images shown.
(A)Tumor sections from Chimeric TAB004 injected mice were sectioned into slides imaged. Blue = nucleus (DAPI),
Green = cell membrane (Alexa Fluor 488), Red = Chimeric TAB004-ICG. (B) Quantification of fluorescent signal from
Chimeric TAB004-ICG using Image J. Data shown is mean +SEM (n = 3) and determine by unpaired t-test.” p<0.05,""
p<001.

https//doi.org/10.1371/journal.pone.0193260.9008
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(red) than control tumors without TAB004 ICG (Fig 8A) in all 3 mice. The blue and green
fluorescent signals are DAPI (nucleus) and wheat germ agglutinin (membrane) respectively.
Red ICG fluorescence was noted within the tumor bed as well as in the edges of the tumor.
Most of staining seems to be localized in the surface and cytoplasm of the tumor cells. Green
fluorescence suggests the disorganized membrane staining typical of undifferentiated tumors.
Quantification of the red fluorescence showed significant increase in the corrected total cell
fluorescence (Fig 8B).

Overall, we have shown that cTAB004 behaves nearly identical to mTAB004 when binding to
the pancreas/tumor site, with no loss in accumulation index, which was determined by the RE val-
ues (summarized in Fig 7). Expected accumulation in other organs, besides the liver, was not sig-
nificantly higher than control groups. cTAB004 is highly specific for the tumor and provides
rationale for further development of this platform technology for targeted imaging of PDA.

Targeting the pancreas before PDA develops in the KCM mice

Although we determined the specific targeting in an orthotopic tumor model, the question
remains if this antibody can be developed for early detection of pre-neoplastic lesions prior to
the development of PDA. As a starting point to address this question, we generated KCM mice
by crossing the LSL-KRAS®'? with the tamoxifen inducible "**Cre with the human MUCL.
Tg mice [13]. These triple transgenic KCM mice develop spontaneous PDA when induced
with tamoxifen. As controls, we generated KC mice that are double transgenic cross between
LSL-KRAS'?P x tamoxifen-inducible "**Cre mice. KC mice do not express the human
MUCI. Tamoxifen was injected in KCM and KC mice to initiate oncogenesis while control
KCM mice remained without tamoxifen (therefore no initiation of oncogenesis). The 3 groups
of mice (tamoxifen-induced or un-induced KCM and KC mice) were injected with cTA-
B004-ICG and imaged 24 hours PI (Fig 9). Both KC and KCM mice without tamoxifen induc-
tion did not display any ICG fluorescence signal in the pancreas from the exterior (Fig 9A and
9B left) or interior (Fig 9A and 9B right) IVIS images where the pancreas was imaged at its
original and secondary positions. Secondary position represents moving the pancreas in situ
using a forceps to confirm that any fluorescence signal is originating from the pancreas and
nowhere else. As early as 3-weeks post tamoxifen induction, KCM mice showed ICG fluores-
cent signal over background from the exterior (Fig 9C left) and interior (Fig 9C right) IVIS
images. Moving the pancreas from behind the liver and stomach displays a clearer ICG fluo-
rescent signal over background (Fig 9C far right). Organs from these animals were also imaged
with the pancreas possessing the highest level of RE over other organs, similar to the orthoto-
pic tumor model (53 Fig). None of the other organs showed fluorescence signal above back-
ground levels. It must be noted that in these KCM mice, all other glandular epithelial organs
express normal human MUCI but TAB004-ICG only accumulates in the pancreas post initia-
tion of oncogenesis suggesting the high specificity of TAB004 to transformed/tumor associated
form of MUCI. Based on our previous publication, we infer that at 3-weeks post completion
of tamoxifen treatment, the mice have PanIN lesions la and b [13]. Additionally, KCM mice
11 weeks post tamoxifen induction, which develop PanIN 2 lesions at this point, were also
injected with cTAB004-ICG to determine if it was possible to track disease progression (Fig
9D). By this time, the pancreas is larger and the TAB004-ICG fluorescent signal shows accu-
mulation at the pancreas as well. Moving the pancreas from its primary location provides a
clear image of the TAB004-ICG signal in the pancreas (Fig 9D). The control tamoxifen un-
induced KCM and tamoxifen-induced KC mice at the same age showed no TAB004-ICG
fluorescence in the pancreas or any other organ (54 Fig). The data clearly suggests that cTA-
B004-ICG is binding to tMUClat very early stages in PDA initiation (at the early PanIN stage)
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Fig 9. IVIS images of KC and KCM spontaneous mice (3 and 11 weeks PI of tamoxifen) injected with TAB004.
Representative images are shown. Left to Right: Exterior IVIS images with ICG filter pair, IVIS image with ICG filter
pair with pancreas in original position, photograph of original position, IVIS image with ICG filter pair with pancreas
moved to secondary position, photo graph of secondary position. Forceps indicate location of pancreas. (A) KC mouse
(lacks MUCI transgene). (B) KCM mouse w/o tamoxifen treatment. (C) KCM 3 weeks post tamoxifen treatment. (D)
KCM mouse 11 weeks post tamoxifen treatment. Rainbow fluorescence intensity indicates background and antibody
accumulation in A-C. Red-yellow fluorescence intensity indicates background and antibody accumulation in D.

httpsz/doi.org/10.1371/journal.pone.0193260.g009

and is effective in tracking disease over time. All images are representative of n = 3 mice per
group. Finally, H&E section of the pancreas 5, 8, 11, 22, and 33 weeks post tamoxifen injection
confirms the formation of abnormal ducts at 3 weeks and PanIN lesions as early as 8 weeks
(Fig 10).

Discussion

The concept of molecularly targeted diagnostic approaches would be very valuable toward the
goal of precision medicine. The ability to monitor preneoplastic lesions and progression on a
molecular level not defined by the presence of a palpable tumor mass and before any overt
physiologic symptoms have developed would permit early and more adequate therapeutic
intervention. This study addresses this need by examining the possibility of predictive diagnos-
tics for PDA in a genetically engineered mouse model of pancreatic cancer. tMUC1 is overex-
pressed in over 80% of pancreatic cancer patients [27,28] and is also expressed in pancreatic
intraepithelial neoplasia (PanIN) lesions, precursors of PDA [13]. This makes it a promising
target for early detection and diagnostics of PDA. Specifically, we illustrate the detection of the
changes in the expression profile of the molecular biomarker tMUCI with a noninvasive imag-
ing approach. By focusing on early disease, i.e., the PanIN lesion, we explore a scenario in
which the molecular changes in tMUCI precede changes in anatomical and physiologic signs
of tumor development. This study extends our prior work in breast cancer, which demon-
strated that changes in MUCI antigen that occur in breast cancer development could detected
in vivo using TABO004 as a carrier for imaging agent [17,29]. By broadening the application of
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Fig 10. I histochemistry images of p from KCM mice. Representative images are shown. At different

weeks post tamoxifen treatment, the progression from abnormal ducts to full adenocarcinoma is identified by H&E
staining.

https://doi.org/10.1371/journal.pone.0193260.9010

this methodology to pancreatic cancer, we move closer to establishing the value of tMUCI as a
wide-ranging cancer biomarker.

Progress has already been made in the direction of targeted cancer diagnostics. An example
includes screening for the BRCA mutation for the assessment of breast cancer risk. With
regard to noninvasive imaging, the development of dynamic MRI techniques, magnetic reso-
nance spectroscopy and positron emission tomography have contributed to progress. Still,
none of these technologies probes for specific molecular biomarkers expressed by cells in pro-
portion to their potential for malignancy. Consequently, this highly specific molecular imaging
approach has the potential for capturing the earliest signs of neoplastic transformation and in
the future permit predictive diagnosis and response to therapy.

Our results from the orthotopic tumor model demonstrate that TAB004 is highly specific in
targeting the PDA tumor and does not accumulate in other organs. In control group 1 (normal
C57/Bl6 mice) and 2 (KCM-Luc tumor bearing mice-no TAB004 injected), we established
background fluorescence levels for the mice and used these values to determine antibody accu-
mulation at the tumor site and other organs. Control groups 3 (non-tumor bearing mice
injected with isotype IgG1-ICG) and 4 (KCM-Luc tumor bearing mice injected with isotype
IgG1-ICG) displayed no significant increase in fluorescence levels in all regions when com-
pared to control groups 1 and 2, suggesting that from an imaging standpoint, non-targeting
antibody at the chosen concentration clears from the mice in 24 hours. The significant increase
in RE within the pancreas/tumor in mTAB004 and cTAB004 injected groups clearly demon-
strates the retention of the targeting antibody. The livers from TAB004 injected groups dis-
played significant increase in RE over the control groups as well, with mTAB004 showing a
greater increase over cTAB004. This appears to be a specific effect, possibly due to the presence
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of hepatic metastases from pancreatic cancer [30]. It also appears that TAB004 accumulates in
the small intestine and spleen of mice, due to the increase in RE (Fig 7). Due to the orthotopic
nature of the tumor, we have evidenced outgrowth of the primary pancreatic tumor into the sur-
rounding organs including the spleen and small intestine due to their proximity to the pancreas.
Whether this outgrowth is due to true metastasis or dissemination of tumor cells while injection
isnot clear at this time. Cells from the initial injection may leak out and cause many secondary
tumors in the intraperitoneal space. Furthermore, we confirm that TAB004-ICG accumulates in
the margins and within the pancreatic tumor bed (Fig 8). Other studies have attempted to target
tMUCI for diagnostic, imaging, and targeted therapy [17,31-33]. However, due to the non-spec-
ificity of most of the MUCI antibodies, we believe that TAB004 can improve the specific visuali-
zation of pancreatic tumor. Furthermore, fluorescent-tagged antibody may be useful in defining
the tumor margins improving patient outcome that are eligible for resection [34].

Finally, we utilized a genetically engineered mouse model that spontaneously induced
human tMUCI -positive pancreatic cancer (in KCM mouse) (Figs 9 and 10). The data from the
KCM mice show that TAB004 can target tMUCI being expressed in the pancreas before PDA
develops. Examination of the pancreas from KCM mice show no evidence of a primary tumor,
but IHC sections from these mice show the presence of PanIN 2 lesions. PanIN 2 lesions are
the first stage in the development of PDA that is associated with significant genetic and molec-
ular changes [35]. This early detection of the PanIN lesions can be translated into early detec-
tion of PDA and significantly improve disease outcome [5,36]. Recent studies have shown
there is an association of pancreatic cancer with new onset diabetes [37-39]. In some studies,
diabetes was determined to be present in nearly half of the pancreatic cancer patients at diag-
nosis, with 75%-88% of the cases of diabetes being new onset [40,41]. It is also interesting that
other studies have shown that patients with new onset diabetes have a higher chance of devel-
oping pancreatic cancer [42-44]. Perhaps the methods used in this study can be adapted for
early detection of pancreatic cancer in people with new onset diabetes.

The use of ICG as an imaging agent is a limitation in this proof of concept study demon-
strating the ability of TAB004 to target early stages of PDA its tumors in an immune compe-
tent model. While ICG imaging is effective in mice, it may not be as effective in humans. As an
advantage, ICG has a high photon count rate, but its depth of penetration is estimated to be
between 2 and 4 cm [45], limiting its utility to imaging near the surface of the patients skin or
patients undergoing surgery. There isa trend to shift from fluorescent imaging to radiolabeling
targeting agents such as antibodies [46] to overcome this penetrance limitation. Single-photon
emission computed tomography (SPECT) and positron emission tomography (PET) are the
two majors molecular imaging modalities based on the detection of radioactive decay. Both
PET and SPECT do not have limits in regards to their penetration depth and the image data is
highly quantifiable [47-49]. For future studies we propose to use a fully humanized version of
TAB004 with radioisotope labeling to target human xenograft tumors in immune compro-
mised mice. Presently, this is outside the scope of this study.

As tMUCI expression has global relevance in adenocarcinomas including pancreatic can-
cer, this study focused on applying our imaging approach to pancreatic cancer, as it has the
lowest survival rate among all common cancers.

Supporting information

S1 Fig. Fluorescent IVIS images of organs from normal C57/Bl6. Representative images are
shown. (A) The mouse is imaged with filter pair ICG on the IVIS Spectrum. Background has
been removed and the ROI measurement for the area where tumor would have been present is
shown. (B) Organs from mouse are imaged individually in the IVIS Spectrum. Intensity of the
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red-yellow fluorescence in ROI measurements indicate background levels for each organ.
(TIF)

$2 Fig. Fluorescent and bioluminescent IVIS images of organs from normal C57/B16 with
orthotopic KCM-Luc tumors without TAB004 ICG injection. Representative images are
shown. (A) Bioluminescent image of tumor. Rainbow indicates tumor site. (B) Photograph
images of mouse to show location of tumor. (C) The mouse is imaged with filter pair ICG on
the IVIS Spectrum. Background has been removed and the ROI measurements for the area
where tumor is present and would have been present are shown. (D) Organs from mouse are
imaged individually in the IVIS Spectrum. Intensity of the red-yellow fluorescence in ROI
measurements indicates background levels for each organ.

(TIF)

$3 Fig. Binding profiles of murine and chimeric TAB004. The binding profiles of mTAB004
(red) and cTAB004 (blue) were determined by ELISA and the OD values graphed against con-
centrations of KCM lysate.

(TIF)

S4 Fig. Fluorescent IVIS images of organs from KCM mice. Representative images are
shown. (A) IVIS images with ICG filter pair of organs from KCM Spontaneous mouse 3 weeks
post tamoxifen induction, KCM Spontaneous mouse w/o tamoxifen, and a KC mouse. B)
Organs from a KCM Spontaneous mouse 11 weeks post tamoxifen induction. Left-photo-
graph of organs, Middle-Legend, Right-IVIS images with ICG filter pair. Intensity of the red-
yellow fluorescence in ROI measurements indicates background and antibody accumulation
for each organ.

(TIF)

$5 Fig. Quantification of ROI values from control imaging groups. The ROI radiance effi-
ciency values for organs from control groups were quantified used Living Image software.
Data shown is mean +SEM (n = 3), except for Mouse IgG1 in KCM group (n = 1, only 1
mouse was available for this experiment).

(TIF)
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Department of Biological Sciences, UNCC

Graduate & Professional Student Government, UNCC

2018 St. Jude Future Fellow Research Conference

* From over 1,500 students invited to apply for the 2018 St.
Jude symposia, I am one of 21 students selected by a faculty
review committee to attend.

Invited speaker at Project GENES Symposium, Pfeiffer
University, North Carolina

* Project GENES invites science interested, Charlotte-area
high school students who will be the first of their family to
attend college. 1 have the privilege of discussing cancer
research to them and their families.
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Papers
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Guest Lecturer in UNCC BIOL 2140Lab Recitation
* Discuss Biological Sciences research with freshmen and
sophomores of UNCC.

Benjamin Jaques, UNCC Biology student

Chelsea Maccow — UNCC Honors Biology Research
* Will complete Honors Research Thesis project

Paul Slota, Case Western Reserve University

Haohiep Nyugen, former UNCC student

*Currently, medical student at St. George’s University in
Grenada

Rhea Gopali

Coral Levkovitz

Vijay Rachakonda

Aditya Banerji

Priyanka Grover, Monica D Nye, Mahboubeh Yazdanifar,

Mohammad Ahmad, Ru Zhou, Lopamudra Das Roy, Kajal Grover,

Shu-ta Wu, Sritama Nath, Pinku Mukherjee. ‘MUCI regulates TGF-

function in Pancreatic Cancer.” Manuscript in preparation.

2. Mahboubeh Yazdanifar, Ru Zhou, Priyanka Grover, Chandra
Williams, Mukulika Bose, Shu-ta Wu, Richard Chi, Didier Dreau and
Pinku Mukherjee. ‘Developing a novel anti-MUC1 CAR T cell for
treating pancreatic cancer and breaking the resistance by combination
therapy.” Manuscript in preparation.

3. Jennifer M Curry*, Dahlia M Besmer*, Timothy K. Erick, Lopamudra
D. Roy, Priyanka Grover, Shanti Rao, Sritama Nath, Pinku

Mukherjee.

‘Combinational treatment with MUCI1 vaccine and

indomethacin reduces breast tumor burden via a COX-independent
pathway.” Manuscript submitted.
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Shu-ta Wu, Chandra D. Williams, Priyanka A. Grover, Laura J.
Moore, Pinku Mukherjee. Early detection of pancreatic cancer in mouse
models using a novel antibody, TAB004. PLOS One (2018) 12(2):
€0193260. https://doi.org/10.1371/journal.pone. 0193260

Priyanka Grover*, Sritama Nath*, Monica D. Nye, Ru Zhou,
Mohammad Ahmad, Pinku Mukherjee. ‘SMAD4-independent
regulation of TGF- 3 by MUCI in a human pancreatic cancer cell line.’
Oncotarget. 2018 Jan 5;9(6):6897-6910. doi:
10.18632/oncotarget.23966. eCollection 2018 Jan 23.

Laura Jeffords Moore, Lopamudra Das Roy, Ru Zhou, Priyanka
Grover, Shu-ta Wu, Jennifer M. Curry, Lloye M. Dillon, Priya M. Puri,
Mahboubeh Yazdanifar, Rahul Puri, Pinku Mukherjee, and Didier
Dréau. ‘Antibody-Guided In Vivo Imaging for Early Detection of
Mammary Gland Tumors.’ Translational Oncology (2016) v9 (4) 295-
305; DOL: http://dx.doi.org/10.1016/j.tranon.2016.05.001

R Zhou, J Curry, L D Roy, P Grover, J Haider, L J Moore, S-t Wu, A
Kamesh, M Yazdanifar, W A Ahrens, T Leung, P Mukherjee. ‘A novel
association of neuropilin-1 and MUC1 in pancreatic ductal
adenocarcinoma: role in induction of VEGF signaling and
angiogenesis.” Oncogene (2016) 35(43): 5608-5618. PMCID:
PMC4960005

Sritama Nath, Lopamudra Das Roy, Priyanka Grover, Shanti Rao,
Pinku Mukherjee. 'MUCI regulates COX-2 gene expression in
pancreatic cancer.' Pancreas (2015) 44(6): 909-917. PMCID:
PMC4500655

Sritama Nath, Kaveh Daneshvar, Lopamudra Das Roy, Priyanka
Grover, Logan Mosley, Amritha Kidiyoor, Mahnaz Sahraei, and Pinku
Mukherjee. MUCI induces drug resistance in pancreatic cancer cells
via upregulation of multidrug resistance genes.' Oncogenesis (2013) 2,
e51

Conference presentations

1.

Priyanka Grover, Ru Zhou, Mahboubeh Yazdanifar, Mohammad
Ahmad, Johanna Sanders, Kajal Grover, and Pinku Mukherjee.
‘MUCI regulates TGF- B function in Pancreatic Cancer.” Abstract
presented to American Association of Cancer Research, Atlanta, 2019

Mahboubeh Yazdanifar, Ru Zhou, Shu-ta Wu, Priyanka Grover,
Didier Dreau, Richard Chi, and Pinku Mukherjee. ‘Developing a novel
engineered T cell to target resistant pancreatic cancer.’” Abstract
presented to American Association of Cancer Research, Atlanta, 2019
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. Priyanka Grover, Mahboubeh Yazdanifar, Mohammad Ahmad, Ru
Zhou, Angat Puri, Kajal Grover, Xinghua Shi, and Pinku Mukherjee.
‘MUCI regulates TGF- B function in Pancreatic Cancer.” Abstract
presented UNC Charlotte College of Biological Engineering and
Sciences Poster Competition, University of North Carolina at
Charlotte, 2018.

o 1% place overall

. Priyanka Grover, Mahboubeh Yazdanifar, Mohammad Ahmad, Ru
Zhou, Angat Puri, Kajal Grover, Xinghua Shi, and Pinku Mukherjee.
‘MUCI regulates TGF- B function in Pancreatic Cancer.” Abstract
presented to American Association of Cancer Research, Chicago, 2018

. Priyanka Grover, Monica D. Nye, Mehoubeh Yazdanifar,
Mohammad Ahmad, Lopamudra Das Roy, Kajal Grover, and Pinku
Mukherjee. ‘MUCI regulates TGF- B function in Pancreatic Cancer.’
Abstract presented at Graduate Research Symposium, University of
North Carolina at Charlotte, 2018
o 2" place in Poster category for Natural and
Physical Sciences

. Priyanka Grover, Monica D. Nye, Mehoubeh Yazdanifar,
Mohammad Ahmad, Lopamudra Das Roy, Kajal Grover, and Pinku
Mukherjee. ‘MUCI regulates TGF- B function in Pancreatic Cancer.’
Abstract presented to UNC Charlotte College of Biological
Engineering and Sciences Poster Competition, University of North
Carolina at Charlotte, 2017

. Priyanka Grover, Monica D. Nye, Mehoubeh Yazdanifar,
Mohammad Ahmad, Lopamudra Das Roy, Kajal Grover, and Pinku
Mukherjee. ‘MUCI regulates TGF- B function in Pancreatic Cancer.’
Abstract presented to American Association of Cancer Research,
Washington D.C., 2017

. Priyanka Grover, Sritama Nath, Mohammad Ahmad, Pinku
Mukherjee. ‘In Pancreatic Cancer, MUCI regulates function of TGF-3
and thus enhances metastasis.” Abstract presented to American
Association of Cancer Research, Philadelphia, 2015

. Priyanka Grover, Sritama Nath, Mohammad Ahmad, Emily Ashkin,
Pinku Mukherjee. ‘In Pancreatic Cancer, MUCI regulates function of
TGF-B and thus enhances metastasis.” Abstract presented to UNC
Charlotte College of Biological Engineering and Sciences Poster
Competition, University of North Carolina at Charlotte, 2014



10.

11.

12.

13.
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Ru Zhou, Jennifer Curry, Priyanka Grover, Lopamudra Das Roy,
TinChung Leung, Pinku Mukherjee. ‘MUCI1 enchances neuropilin-1
signaling in pancreatic ductal adenocarcinoma.’ Abstract presented to
American Association of Cancer Research, San Diego, 2014

Sritama Nath, Lopamudra Das Roy, Priyanka Grover, Shanti Rao,
Pinku Mukherjee. 'MUCI regulates COX-2 gene expression in
pancreatic cancer cells.' Abstract presented to Graduate Research
Symposium, University of North Carolina at Charlotte, 2013

Sritama Nath, Lopamudra Das Roy, Shanti Rao, Priyanka Grover,
Pinku Mukherjee. 'MUCI regulates COX-2 gene expression in
pancreatic cancer cells." Abstract presented to American Association of
Cancer Research, Washington, D.C., 2013

Jennifer M Curry, Dahlia M Besmer, Lopamudra D. Roy, Priyanka
Grover, Sritama Nath, Shanti Rao, Pinku Mukherjee. ‘Combinational
MUCI1 vaccine therapy and Indomethacin treatment reduces breast
tumor burden via a COX-independent pathway.” Abstract presented to
American Association of Cancer Research, Washington, D.C., 2013



