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ABSTRACT

SRITAMA NATH. Transcriptional regulation of genes associated with desigtance
and growth of pancreatic cancer cells by Mucinl (Undediteetion of DR. PINKU
MUKHERJEE)

Pancreatic ductal adenocarcinoma (PDA) is théedding cause of cancer-related
deaths in the US. An understanding of the molecular pathsgeoePDA is of utmost
importance to be able to improve the current or design m@egeted therapies for
treatment of PDA. MUC1 (CD227), a membrane tethered muggycoprotein is
overexpressed in >60% of human pancreatic cancers and BBZyoandis associated
with poor prognosis, enhanced metastasis, and chemonesistaPDA. The objective of
thesis was to delineate the mechanism by which MUC1 induces drigfance, and
promotes invasion and proliferation in PDA.

We report here for the first time that MUC1 contributesdrug resistance in
pancreatic cancer (PC) via upregulating the expressiorB@f thansporters that reduces
intracellular drug concentration inside the cancer c®ls. found that MUC1 high PC
cells exhibit increased resistance to chemotherapeutic (lyagwxitabine and etoposide)
in comparison to cells that express low levels of MUCLl.sTdtiemo resistances i
attributed to the enhanced expression of multidrug resistdVibdk) genes including
ABCC1, ABCC3, ABCC5 and ABCBL. In particular, levelsMRP1 protein, encoded by
the ABCC1 gene is significantly higher in the MUC1-hRDA cells. In human PDA cell
lines, MUC1 upregulates MRP1 via an Akt dependent pathway, whemeasuse cells
MUC1 mediated MRP1 upregulation is via an Akt independent mésrha However, in

both mouse and human cell lines, the cytoplasmic tailfrfbtMUC1 associates directly



v
with the promoter region of the Abccl/ABCC1 gene, indigpairpossible role of MUC1

asa transcriptional regulator of this gene. This is th& fieport to show that MUC1 can
directly regulate the expression of MDR genes in PDscand thus confer drug
resistance.

We also report that human and mouse PDA cell lineseegprg high levels of
endogenous MUCL1 also express high levels of Cox-2 comparddUC1 null cells.
Further, in both mouse and human cell lines, MUC1 upregu&tpsession of Cox-
2/COX-2 gene via an NF-kB dependent mechanism. In MUC1 pos$iidg cell lines,
MUC1 and NFkB binds to the 5°UTR of Cox-2/COX-2 gene around the NFkB response
element (within 500bp upstream of TSS), which is not obdemeMUC1 null PDA
cells. The increased expression of Cox-2 gives the MUC1 positivA Eé&ll lines a
growth and/or invasive advantage.

Lastly, we report that MUC1 modulates T@Kignaling axis causing TGF-B1 to act as a
tumor promoter in MUCL1 high cells and acting as a tumor suppras®UC1 null cells.
The difference in TGEB1 functioning could be partly attributed to difference in ¢h
expression profile of the TGBRI and TGF-BRII and activation of the downstream

signaling cascades
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CHAPTER1: INTRODUCTION

1.1.Pancreas Structure and Function

Pancreas is a glandular organ which is located deep withiatilominal cavity,
just below the stomach. Anatomically it is divided brgaufito three regions- head,
body and tail of pancreas. The head of the pancsesBiated close to the duodenum, the
centrally located large body is located just below timenach and the tail portion is
located furthest from the duodenum (Figure 1.1). It is a unaggan, as it has both
exocrine and endocrine glandular functions. The exegrart of pancreas is made up of
acinar cells, which secretes digestive enzymes whicistass the breakdown of
carbohydrates, proteins, and lipids. The endocrine parteopéimcreas is composed of
cell clusters called the islet of Langerhans, which sesrdiormones related to
metabolism. The islet of Langerhans is made up of foun tygpies of cells, alpha, beta,
gamma (PP) and delta cells. Each of these cell typesrperidistinct functions The o
cells secrete glucagon, the B cells secrete insulin, the delta cells secrete somatostatin and
the PP cells secrete pancreatic polypeptide, all of whigh important in glucose
metabolism ad regulating blood glucose concentration.

The digestive enzymes and hormones secreted by panoegaarsported via the
pancreatic duct, which either empties into bile duct to forenabmmon bile duct or
directly empties into the duodenum. The pancreatic duetdireed by ductal epithelial

cells which open into sac-like-structures of acinarsaodigure 1.2).



1.2. Pancreatic Cancer

Pancreatic Cancer (PC) is a debilitating disease ame iurth leading cause of
cancer related deaths in the United States. According t&R ®BEcer statistics review, in
2013, an estimated 45,220 men and women will be diagnosed wittepancancer and
an estimated 38,460 patients will die from the diseasg¢JL|Both men and women are
equally affected by this disease. The 5 year survival raaeoisnd 3% and the median
survival rate is less than 6 months [3], [4]. Despite tretfnaa advancement in the field
of medicine and biological sciences, the mortality @t pancreatic cancer has improved
marginally over the last 40 years. This indicates thdietter understanding of the
incidence and progression of pancreatic cancer is muchaeededer to help fight the
disease.
1.3. Pancreatic Ductal Adenocarcinoma (PDA) Cellulagi®and Genetic Mutations

Greater than 95% of pancreatic cancers arise iagitleelial ductal cells of the

pancreas and is designated pancreatic ductal ademmaeciPDA). PDA is the most
common type of pancreatic cancer and investigators userinepancreatic cancer and
PDA synonymously. It is commonly believed that PDA arisemfgenetic mutations in
the ductal epithelial cells that line the pancreatic du€igufe 1.2) [3], [5]. However,
there is evidence which suggests that transdifferentatigdr cells may also contribute
to PDA. The genetic mutation in K-r&sbelieved tobe the ‘early’ oncogenic event that
leads to the initiation and development of PDA. In additiamplification of HER-2/Neu
gene is observed in 16% of PDA patients and 9% of PDu#ermia are born with
germline mutation in BRCA2 gene [6], [7]. As the diseasmpsses, the lesions in the

duct accumulate more genetic mutatiehsuch as alterations in pl16, p53 and DPC4
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genes [3] [5]. However, it is still not clear how thesgnature genetic mutations
contribute to the initiation or the progression of tigease. Global genomic analysis on
24 pancreatic cancer samples indicated that the greatimabPDA cells carry on an
average 63 genetic alterations, which causes dysregutta set of 12 core signaling
pathways (Table 1.1, Fig 1.3.) [8].

1.4. Progression of PDA

Based on the pathological studies and genetic analystbeofesions, three
different preneoplastic lesions of the duct have bdentified that acts as precursors of
PDA. These lesions are pancreatic intraepithelial @estgplPanIN), intraductal papillary
mucinous neoplasm (IPMN) and mucinous cystic neoplasm (M@Mong these
lesions, the PanIN lesions are most frequent and coterib 85% of PDA. Another less
frequent form of pancreatic cancer is endocrine camin(PECA) or endocrine tumors
which accounts for less than 2% of pancreatic malignaneéesNs are graded into four
categories based on the severity of dysplasia (1A,21Bnd 3). In majority of cases,
low-grade PanINs (PanINs-1A, PanINs-1B, PanINs-2) may lbedfoin individuals
without any clinical manifestation of the disease. Intcast, PanINs-3 (also referred to
as in-situ carcinoma) [9f very rarely seen in the pancreas of individuals withdd# P
(Figure 1.4). The normal ductal epithelial cells havaiboidal appearance, are attached
to the basement membrane and maintain polarity. InNRantells appear elongated and
they overexpress mucin. In PanIN-2, moderate nucleg@isabccurs and the cells lose
polarity and detach from the basement membrane. I[INP&) severe nuclear atypia is
observed and cluster of cells bud off into the lumerdadts. In PanIN-4, invasive

carcinoma cells start infiltrating the neighboring healtbsue [3].



1.5. Pathology of Pancreatic Cancer

Pancreatic cancer is characterized by poorly defined edgdsintense non-
neoplastic desmoplastic stroma (Figure 1.5). The densmatprovides a niche for the
tumor cells to proliferate and progress into invasive statie cells. In addition,
pancreatic cancer contains pancreatic stellate dedis dre crucial for the formation,
reabsorption and turnover of the stroma. Within thectumicroenvironment, autocrine
and paracrine secretion of growth factors such as etatetived growth factor (PDGF),
transforming growthfactor B (TGF-B) and cytokines results in continuous interaction
between the stromal and the cancer cells. In respongeowth factors, the pancreatic
stellate cells produce collagen fibers that form the detreena. Another salient feature
of pancreatic cancer is poor vascularization which leadsirhor hypoxia. The role of
angiogenesis in pancreatic cancer remains controvefdiabugh early data suggested
that pancreatic cancer is angiogenesis-dependentieasast solid tumors, treatment
with inhibitors of angiogenesis has failed in patientwancreatic cancer. Due to its
dense stroma and low vascularization, pancreatic canoesisgant to most conventional
cancer therapies. However, a recent study in a mouse sooed that targeting ¢h
stromal hedgehog pathway increases tumor vascularizatesulting in increased
delivery of chemotherapeutic agents to pancreatic tumois [
1.6. Risk Factors Associated with Pancreatic Cancer

Pancreatic cancer rarely occurs before the age dBKdn year 2006 - 2010,
2.1% of the patients diagnosed with pancreatic cancer inghe age group of 35 to 44
years, whereas, 26% of the pancreatic cancer patidotsggke to the age group of 55 to
64 years. The majority of the cancer patients were ofe@ss age and above. [2]. This

data indicated that the risk of developing pancreaticezancreases sharply after the age
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of 50. The average age of patients diagnosed with paitcoeatcer is 71 years of age
[2]. Several risk factors have been identified that mugit to play a key role in the
development of the disease. Patients with a histbghmnic pancreatitis, diabetes and
chronic cirrhosis, are at a high risk of developing paat@recancer. Epidemiological
studies have linked tobacco use as a major risk factor f@laperng pancreatic cancer
[5]. Tobacco users have 2.5 to 3.6% increased likelihoodwelal@ing pancreatic cancer.
Other mild risk factors include moderate intake of alcobatfeine, a high fat and high
cholesterol diet [11], [12]. The most important risk faacbpancreatic cancer is a family
history of the disease. Individuals who had primary famigmbers being diagnosed
with pancreatic cancer have a 2.3 fold higher predispoditiateveloping this disease
[11].
1.7. SymptomsDiagnosis and Treatments

Pancreatic cancer is one of the most lethal maligrandue to its aggressive
growth and rapid development of distant metastasescr&sdit cancer is usually
asymptomatic until the disease progresses to late matastaige. In metastatic
pancreatic cancer, the disease spreads predominarttig liver and peritoneal cavity.
Vague abdominal discomfort, nausekll deep upper abdominal pain, back pain and
weight loss are some of the common symptoms of paiceaicer. Rarely, tumors in
the pancreas cause duodenal obstruction or gastrointebtewding [12] Since the
symptoms of pancreatic cancer are similar to the symptafnas wide array of other
diseases, the diagnosis of pancreatic cancer i afedayed until the disease has
progressedto late metastatic stage. The delay in diagnosis acctaurtse high mortality

rate associated with pancreatic cancer.
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The most widely accepted pancreatic cancer mask€A 19-9 (a carbohydrate
antigen on mucin glycoproteins) which is routinely used for tooing the progression
of the disease or recurrence of the tunktbowever, due to its high non-specificity, the
use of CA 19-9 for early diagnosis of pancreatic camcdimited in clinics. A study
showed that use of ICAM-1and osteoprotegerin along with CA ¢@&tly improves the
efficacy and sensitivity of the diagnostic test forngaatic cancer [13]CEA
(carcinoembryonic antigen), CA 50, CA 242, DUPAN2, MWNC, MUCIN2 and
MUCS5AC, elastase 1 and Span-1 are some the markerhatatadded to the growing
list of pancreatic cancer markers for their diagngstiposes [14], [15]

Surgery is the only curative option for treatment of panereancer. The 2 year
survival rate following surgery is only 20-40% and recurrencei@mbt with aggressive
phenotype occurs in 50% of the patients post-surgery Hé\vever, majority of the
pancreatic cancer patients present with grossly uneddectumors and only a small
percentage of pancreatic cancer patients (5-25%) arebleligor surgery. Hence,
chemotherapy is the critical componeot treatment regimen in combination with
radiotherapy [12]. With the current treatment modaling tmedian survival ranges
between 9 months to 10 months. For over a decade, gemcitabihe treatment of
choice [17], [18]. Multiple new agents with diverse mechagismh action, such as
oxaliplatin, bevacizumab, cisplatin in combinatiomhwgemcitabine have been tested in
randomized phase lll clinical trials, with no improveméantoutcome[19], [20], [21],
[22]. Erlotinib (an epidermal growth factor receptor inhibita)the only agent which
given in combination with gemcitabine produced a statisticagipificant improvement
of survival in comparison to gemcitabine alone [18]. As of laeek, FDA approved

Abraxane (paclitaxel bound to albumin) for the treatmainpatients with late stage
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pancreatic cancer. Patients treated with Abraxane plusigdmne lived on average 1.8
months longer than patients who were treated with gemcitalpiyg23].
1.8. Mucins: Classification, Structure and Function

Mucins are a class of modular proteins characterizethédyresence of mucin
domain (also called PTS domain) rich in proline/seriteédnine amino acids [24]
Mucins are typically found on the apical surface of gifendular or luminal epithelial
cells. They are high molecular weight proteins; composeldraf peptide chain called
‘apomucin’ which is extensively modified by O-glycosylation [25]. Based on their
location on the cell surface, and their biochemicaicstire, mucins are broadly classified
into two categories: gel forming (secreted) mucins are rfftembrane anchored or
transmembrane mucins. Altogether there are 20 membene mucin family of proteins
(Table 1. 2) [26]

1.8.1. Secreted Mucins

MUC2, MUC5AC, MUC5B, MUC6, MUC7 and MUC19 belong to the fanaf
secreted mucins. The main function of the secreted migitts oligomerize and form
protective mucinous gel that lubricates airways or protietsinderlying epithelia from
desiccation, changes in pH, pollutants, microbes etc [27]. RB]secreted mucins
contain serine/threonine rich PTS or mucin domain thaxtensively O- glycosylated
(Figure 1.6 A). It also contains von Willebrandt factomain (VWF-D and C-terminal
cysteine knot domains, which allow the mucin monontersoligomerize and form
mucinous gel. MUC7 and MUC9 are smaller secreted mucinsntither oligomerize
nor form gels. Most of the intestinal and airway muans of secreted form, with the

exception of MUC1, which is a membrane bound mucin.[29]



1.8.2. Membrane Bound Mucins

MUC1, MUC3A/3B, MUC4, MUC12, MUC16, MUC17, MUC21 and MUC22
are members of the membrane bound mucins [30]. The hallofiarlembrane tethered
mucins, is their heavily glycosylated, large extracellalamain which extends up to a
remarkable distance 1500 nm from the cell surface [24]. Hngel number of
carbohydrate side chains on the extracellular domain ghedransmembrane mucins
their classic bottle-brush appearance.

Membrane bound mucins are single pass, type | transmemrateens, which
have plethora of biological functions ranging from agtas anti-adhesive molecule to
signal transduction molecule. By definition, membraneindo mucins bear serine/
threonine rich PTS domain, Sea urchin sperm proteinr@itase (SEA) domain, a
membrane spanning hydrophobic transmembrane domain (TMD) andoplasynic
domain (CD) or cytoplasmic tail (CT) (Figure 1.6B)he PTS, SEA domain mainly
comprises the extracellular domain of the membratieited mucin. The PTS domain is
encoded by a large intronless and highly polymorphic gene d than 10kb size. As a
result the sequence and the length of this domain vaaglgr@emong different members
of the membrane anchored mucins. Hence, this regiorsascalled as variable number
tandem repeat (VNTR) region (Figurel.The polymorphism of VNTR region of the
membrane bound mucins add a great variety to their beabgole [31] [25], [29]
VNTR region comprises of multiple copies of a sequenotf of 20 amino acids, which
makes up the peptide core. In mature mucins large branckaganfchains are added to
the hydroxyl group of the serine and threonine residues of V{¥igRare 1.6A [24].

The conserved Sk domain acts as a cleavage site, where mucins undergo

autoproteolysis within GSVVV site of SEA domaimuUC1, MUC3, MUC4, MUC16
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and MUC17 bear the conserved SEA domain [31]. The autoprot®alysioccur within
the cytosol or outside the cell membrane. It isugid that conformational strain induces
the autoproteolysis of mucins. Additionally studies havewshthat ADAM 17 (also
known as TACE) and MMP1 can trigger shedding of MUCL1 in respooséNF
stimulation [32]

The cytoplasmic tail of mucins is also poorly conservedrag different members
of the membrane tethered mucins. (Tablg [28]. Studies have shown that most of the
membrane bound mucins such as MUC1, MUC3 and MUC4 have sigraifity,
which mostly lies within the cytoplasmic domain (tail).eTaytoplasmic tail of MUC1
and MUC3 has been extensively studied. This will be discussetetail under the
section, structure of mucin 1.

1.8.3. Glycosylation bMucins

Following synthesis, the apomucins are extensively modifeianslationdly or
post translationally to yield the mature functional mucifbe VNTR is mostly O-
glycosylated and to a lesser extent is N- glycosyla@eglycosylation status correlates
with some biological properties of mucins, whereas, Ne@dylation is vital for their
folding, sorting, and secretion.

In the sequence of addition of sugar moieties to the apgame glycosylation
occurs first, which is ao-translational event. The mannose rich oligosacchasde
transferred to an acceptor asparagine residue in the tripésidXaaSer/Thr, motif on
VNTR. The reaction is catalyzed by a number of enzymefonging to N-
acetylgalactoseaminyltransferase (GalNAcT) family [26][38he mannose-rich N-
glycans undergo further modification and truncation in@udgi apparatus [34JAbout

40% of the amino acid in the VNTR comprises of serine)(8ad threonine (Thr)
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residuesin the glogi apparatus, step by step O-glycosylation s¢eunere Galactose, N-
acetylgalactoosamine (GalNAc), fucose, and/or sialic ace& added to the hydroxyl
group of Ser and Thr residues of VNTR by GalNAc transfera&gls [35]. The sugar
moieties greatly influence the overall charge, mokculeight and biological functions
of the mucins [32]. In addition, glycosylation stabilizes msacat the cell surface by
preventing them from undergoing clathrin mediated endsytand also shields them
from the proteolytic attack of the environmental enzymesg3g[87] .

The membrane anchored mucins are eventually transportacEiolumen to the
cell surface where it undergoes a series of recyclingitevé®uring recycling of the
mucin through the trans-Golgi network, its sialylation iases and further changes
occur in its O-glycosylation status [38]. During trangitnfr ER lumen to the cell surface,
secreted mucins oligomerize through disulfide bridges andwurgeguently packaged
into secretory granules. Membrane tethered mucins, aresported via trans-golgi
network to the cells surface, where they are trarlgierpressed, until they are trafficked
back to trans-golgi network to undergo further glycosylatisies. Through the process
of continued sialylation, the O-glycans of mucins gainumsion, as a consequence of
which, the glycosylation pattern of secreted mucinsifferdnt from the membrane
tethered mucins [38].

1.8.4. FunctionsfaMucins in Normal Epithelial Cells

The mucins mainly provide physiochemical protection from rsgvadverse
environmental conditions. The secreted mucins form musirgel around the apical
surface of the epithelial cells, which protects them fdmssication, changes in pH, entry
of microbes etc. It is also thought that mucins actti@ss sensor molecules. In normal

conditions, mucins sequester growth factors, chemokindsirdlammatory cytokines
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such as EGF, TGE; IL-1, TNF, IL-4, IL-6, IL-9 and IL-13. However, during breach
of the physicochemical barrier, release of the muctod®mains causes release of the
sequestered factors which now sends off warning signal by tmggerflammation. It is
also thought that conformational changes or changes ifigdmed status caused by the
release of mucin ectodomain triggers activation of tgeading axis of mucins (Figure
1.8) [39].

1.9. Structure of Mucin 1 (MUC1)

Mucin 1 (MUC1), a polymorphic, type | transmembrane glycopragemormally
expressed at the apical surface of the glandular omaingpithelial cells and to some
lesser extent in hematopoietic cells [40][41]. MUCL1 is tiyofound in the pulmonary
tracts, intestinal linings, mammary glands, pancreasfamale reproductive tract. It is
also referred to as episialin, PEM, H23Ag, EMA, CA35 MCA [42]. The gene
encoding MUC1 is located on the long arm (q) of chrames 1 at position 21, a region
which is frequently altered in breast cancer cells [43]. MREC1 gene is encoded as a
single polypeptide chain. Immediately after transelaticonformational stress causes
breakage of the MUCL1 polypeptide chain into two subunitsaofing sizes- the longer
N terminal and the shorter C-terminal subunits (Figure T!98.autoproteolysis occurs at
GSVVV site which lies within the SEA domain between the N-terhama C-terminal
subunits [24], [44] (Figure 1.10). The two subunits remain revadently associated
through hydrogen bonds and are exported to the surface oéithdhe exact functional
significance of the autoproteolysis still remains to be dhated. It is believed that
autoproteolysis allows rapid shedding of the extracellulanado of MUC1 in response
to stress, which forms a protective barrier around thinaal cells to protect the cells

from environmental insults.
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The N-terminal subunit of MUCL1 is mainly extracellugard it comprises of PTS
domain and SEA domain. The 20 amino acids repeats in tiH&RWidry from 40-60 in
numbers depending upon allelic polymorphism. Unlike human MUCIlmthese Mucl
does not have variable number tandem repeat. The N-térounaists of 16 tandem
repeats of 20-21 amino acids [45]. The serine and threoesidues of VNTR are
extensively modified by O-glycosylation, along with moderiit glycosylation on five
sites C-terminal to the VNTR region [4GBlycosylation of MUC1 occurs in the Golgi
complex and contributes 50-90% of the total weight ofpifzeein. MUC1 expressed by
different tissues have similar peptide core, but they difiethe number of tandem
repeats and in the glycosylation pattern. Tissue spedyftogylation pattern of MUC1
depends upon the expression profile of the glycosyltranstermsthose tissues [24]
Thus, MUC1 can weigh between 250-500KDa based on the presetioe mimber of
repeats and the extent of glycosylation. In normathepal cells, MUCL1 is heavily
glycosylated and the peptide core is masked by the sugeatiesoiBut in cancer cells,
MUC1 is undersglycosylated, which reveals the peptide core [#8]ufmasked peptide
backbone of tumor associated MUC1 behaves as a strong gomimant peptide.

In contrast to the long N-terminal domain, the C-termiuh@iain of MUCL1 is
rather short. The C-terminal subunit mainly comprise$® amino acids long SEA
domain, 28 amino acids long single pass transmembrane (©ktpin and 72 amino
acids long cytoplasmic tail (CT)'he N-terminal and C-terminal subunit are linked by
non-covalent bonds at the GSVVV motif. The cytoplasraitdf MUC1 weighs around
23 - 25KDa, which is further cleaved by TACE/ADAM17 or MT1/MM#® generate a
shorter peptide with a molecular mass of 15-17KDa (Figure) J4¥Y]. The cytoplasmic

tail of MUC1 contains a CQC motif. MUC1 monomers ass®e at CQC motif to
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generate functional homodimers, which translocates dontltleus and participates in
regulation of gene expression. The cytoplasmic taiMbfC1 contains phosphorylated
tyrosine and serine residues, which acts as docking siteefi@in signaling molecules
and thus participates in cell signaling cascades (Figure I'h@)TM domain and six of
the seven tyrosine residues of MUC1 CT are highly conseB&% @nd 100% identical
respectively) among different species of mammals suggestpgriamt functional roles
[24]. Phosphorylated tyrosine 20 and tyrosine 60 of the cytoyptaiil of MUC1 binds
to adaptor protein complex 2 and Grb2, which facilitates efathediated endocytosis of
MUC1. Studies have shown that Cys-palmitoylation of the CQ@f is necessary for
reentry of MUCL1 in the secretory pathway [48][49]. During sgjoent recycling, MUC1
glycosylation undergoes remodeling from Core 2 to core-y€agl[50].

1.10. Alternative Splice Variants of MUC1

In addition to full length membrane tethered MUC1; thereehbeen undisputable
reports about presence of MUCL1 isoforms, which are prafatly expressed in tissue
specific manner. Alternative splicing event generates atedcvariants of MUC1 mRNA
that lacks either the extracellular or cytoplasmic daned MUC1. Till date 9 isoforms
of MUC1 have been reported. MUC1 Y contains all the domaktept the VNTR
region [51]. It is expressed in high levels in breastriamaand prostate cancer cells [52],
[53]. MUC1/X and MUC1/Z similarly lacks the VNTR region, but are 18 amatics
longer than MUC1/Y splice variant [40JUC1/SEC, which lacks the hydrophobic TM
domain and the cytoplasmic domain, is secreted from ndllagts as a binding partner
for MUC1/Y. Interaction of MUC1/SEC with MUCLY results in the phosptation of
tyrosine residues of MUCL1/Y. Presently; there is a lackleér understanding of the

functional significance of the various splice variaftmMC1.
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1.11. Expressionfdviucins n Normal Pancreas and in Pancreatic Cancer

Normal pancreatic epithelial cells express fully glycoggdatorm of membrane
anchored MUC1 and secreted MUCS5B. In addition, moderate expnesf MUC2 and
MUCS6, and rare expression MUC5A and MUCS5C are observetieise cells [9]. An
aberrantly glycosylated form of MUCL1 is overexpressed B0% of PDA (Figurel.13).
In addition, MUCA4, which is usually absent in normal pancresasxpressed by PDA
cells at PanIN 1 lesion and its expression gradually ineseas the disease progresses
PanIN3 is characterized by strong expression of MUC1, MBX@BMUCA4. There are no
reports of MUCL17 expressioat PanIN stage, but its overexpression is observed in
pancreatic tumor cell lines and in tumor sampMB8C5A and MUC5C which are not
expressed in healthy pancreas are neoexprasgeahiN1 lesions (70% of cases) and its
expression reaches 85% in adenocarcinoma. MUC6 exprgssads in PanIiN1A (74%)
and then decreases during carcinogenetic progression (35% of. PDW}g, the
expression profile of mucins alter at different stageBA [40].

Over the recent years, a large body of evidence hasdagkered that indicates
the role of membrane tethered mucins, especially MUC1, Mda@d MUC16 in the
progression of cancer. In clinics, MUC1 (CA15-3) and MUC16 129 are used as
biomarkers for detection of breast and ovarian can{24} [54]. Among the membrane
tethered mucins, MUC1 is the most thoroughly studied mucin mtegb of cancer
progression. A clear relationship has been establishegéertchanges in the expression
and glycosylation pattern of MUC1, and the progressioraater; especially in breast,

lung, colon, pancreas and prostate cancer.
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1.12. Regulation of MUC1 Gene Expression

Over expression of MUCL in cancer cells is caused due itaceease in the gene
dosage and an increase in the level of transcription &fCM gene [55]. Pro-
inflammatory cytokines, interferons, prolactin, stérdvormones, TNF: and PMA
stimulate MUC1 gene expression via activation of STAT stdption factors [56]
MUC1 gene promoter contains several cis-elements such a&BpH4, NF4, NFxB, an
E-box, GC boxes, and estrogen and progesterone recepoj4sit
1.13. Role of MUC1n Cancer

Research over the last decade has brought tremendoussnsig the structutre
function and role of MUC1 in the pathogenesis of cantemor associated MUC1
differs from MUC1 expressed in normal cells, both in th®achemical features and
cellular distribution. In normal glandular or lumirgpithelial cells, MUCL1 is expressed
at normal levels and is confined to the apical surfadbetells. But in carcinoma cells,
MUC1 is overexpressed and loss of cell polarity causes MidQik distributed all over
the cell surface and also in the cytoplasm [4@kk of cell polarity in cancer cells also
causes re-distribution of growth factors all over tledl surface, which otherwise in
normal epithelial cells remain confined to the basal sar{&tgure 1.14). Growth factors
situated in close proximity of MUC1 phosphorylates 18 paéntiotifs (serine and
tyrosine residues) on MUC1 CT and thewy activates it. The phosphorylated MUC1 CT
acts as docking site for binding other kinases and compopéell signaling cascades,
such as Erk1/2, P13K/Akt, Wnt and are likely to regulate theain status of these
pathways. Hence, MUC1 positive cancer cells of pancreaastydung and colon origin,
commonly displgt hyperactivation of these pathways [57] [58][59][60h addition,

MUC1 CT interacts with several transcription factord aedirects them to their target
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genes. Several studies have indicated that MUC1 plays tecakrrole in the
transcriptional regulation of genes that are relateidvtasion, metastasis, angiogenesis,
proliferation, apoptosis, drug resistance, inflammatiah iarmune regulation [28], [57],
[61], [62], [63], [64], [65] [66] Studies on mouse models of human pancreatic and breast
cancer provides evidence that suppohie importance of MUCL in the progression of
cancer Mucl/  mice expressing high levels of polyomavirus middle T antigethe
mammary gland spontaneously develop breast cancer, budigmsty a profound delay
in the progression and metastatic spread of breast camdengs in comparison to
Mucl’/" mice [67]. A similar study performed in a mouse modelP®@A that
spontaneously develop pancreatic cancer showed that miderrMducl (KCKO) show
delayed tumor progression and metastasis compared te BMpressing mouse
Mucl1(KC) or human MUC1(KCM) [58]

1.13.1. Role of MUCL1 in Tumor Growth

Early studies in various tumor cell lines revealed that Mg{ays a crucial role
in tumor growth and survival. MUCL1 induces production of growttofacsuch as CTGF
and PDGF-A, PDGF-B, which promotes activation of MARI &13K/Akt pathways in
MUC1 positive cells and thereby potentiate proliferation surdival of tumor cells [58],
[61], [68]. Upon EGF stimulation, MUC1 directly assoctqateith EGFR, translocate to
the nucleus and binds to the promoter of CCND1 and MYBL2 geh&h allows the
expression of G1/S phase genes [69]. Another study showed that RIPGFA
stimulation, activated MUC1 associates with Hk-and upregulates the expression of
PDGF-A, leading to increased proliferation and invasionPBfA cells [63] These

observations are recapitulated nicely in a study on mowske| of human PDA [58].
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1.13.2. Role of MUC1 in Invasion and Metastasis

During the progression of cancer from carcinoma in-sitonétastatic disease, the
tumor cells acquire invasive and metastatic potential. lomasauses destruction of the
tissues, and prevents normal organ functioning, whereaastasis allows systemic
dissemination of malignant cells and formation of sdeoy tumors Cancer patients
presenting locally advanced or metastatic disease dfieulti to treat as surgical
resection of tumors is not enough for cure. Thus, ressis the most life threatening
aspects of cancer and accounts for 95% of death in panaraater patients [4], [70].

Invasion is an early and prerequisite step to metastasision comprises of a
cohort of biochemical events that allow the cancels del detach from the basement
membrane, degrade the surrounding matrix and invade intoefpbboring tissues or
enter bloodstream [71Recently, a new concept emerged called EM€&pithelial to
mesenchymal transition, to support the biological processHighweancer cells acquire
invasive potential. In normal epithelial tissuafracellular adhesion junctions, such as
adherens, tight junctions and desmosomes maintain #grityt of epithelial cell layers
cell polarity and spatially confine the signaling moleculBght junctions, positioned
apically define the segregation between the apical andlatasal surfaces of the
epithelial cells. Whereas, adheren junctions, latatieectly below the tight junctian
maintain cell to cell contact via cadherin molecules. IUEMT the junctional
complexes are weakened, followed by loss of apico-bpskrity and contact with
basement membrane, finally leading to acquisition of inegsroperties (Figure 1.15).

Classical cadherin junctions constitute a basic coniplered by the association
of cadherin molecules with a-, B- andp120 catenins. B-catenin bridges the gap between

cell surface and the actieytoskeleton through a-catenin, whichgives B-catenin the
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ability to induce changes in the cytoskeletal architectureegponse to extracellular
signals or perturbed junctional assembly [46]. In noreyithelial cells, MUC1 is
localized to the apical surface, adheren junctiorthedateral surface and growth factors
to the basal surface of the cells. However, stress indossdf apico-basal polarity of
cancer cells causes MUC1 to be redistributed all ovesuhiace of cancer cells. As a
result, MUCL1 is found in close vicinity of adheren junoticand growth factors [24]
Studies have shown that the cytoplasmic tail of MUC1 @ates with 3-catenin
translocates to the nucleus and repress expressioneoE{8ADHERIN gene and
upregulates expression of the EMT inducers- Snail, Slugektim and Twist [62] [72].
As a consequence, the adheren junctions are destabilizegrafmind cytoskeleton
rearrangement occurs, which makes the cancer cellsaadds cell contact and invade
the basement membrane (Figure 1.9). PDGF-BB stimulation giesmnuclear
localization of MUCI1B catenin transcriptional complex, which results in increased
invasiveness of PDA cells [73]. Studies evaluating the osiship between MUC1
overexpression and metastasis or prognosis on cliniogbtlea have shown that MUC1
overexpression leads to metastasis and poor progngsasoifeas, gall bladder and colon
cancer [74], [75], [76]

After the tumor cells have left the site of primary turrand are in circulation, the
migrating cancer cell binds to endothelial cells, extraeagad form secondary tumors at
distant sites. The peptide core of underglycosylated Meiptessed on tumor cells, acts
as ligandsto cell adhesion molecules such as I-CAM, E-selectin QI@&LECS (sialic
acid binding immunoglobulin superfamily lectins) expressed on ealialtitells, and

thereby aids the tumor cells to reestablish secondargrai(Figure 1.16) [39]
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1.13.3. Role of MUC1 in Angiogenesis

Unregulated cellular proliferation leads to formatiorcefiular mass that extend
beyond the normal vasculature. This leads to deprivafioutvients and oxygen within
the tumor mass. However, the proliferating tumor celilgpa to survive amidst low
nutrient and oxygen environment (hypoxia) by promoting formationew blood vessels
within the tumor. Hypoxianducible factor 1o (HIF-1a), an oxygen sensing molecule is
the key mediator of cellular responses under oxidativesst(hypoxia) HIF-1a is
constitutively expressed and is stable for less than htesnunder normaxic conditions.
The stability of HIFia is dependent upon the intracellular abundance of prolyl
hydroxylase (PHD) and its activity. At normaxic conditiq@ more than 5%)PHD
hydroxylates HIFto at Pro-402 and Pro-564 and marks it for ubiquitination and
subsequent proteosomal degradation. During oxidative stress,etfaeel ROS level
attenuates PHD activity and thereby increases stability oflkIF77]. There are around
70 genes that are under transcriptional regulation of i8], [79]. Activated HIFda
induces expression of pro-angiogenic factors, such as vastdathelial growth factor-
A (VEGF-A) and platelet-derived growth factor-B (PD@®J- which promotes tube
formation in endothelial cells and synthesis of new bloeskgls within the tumor [80]
In addition, HIF1a regulates the expression of enzymes involved in glycolytic pathway
which is the preferred metabolic pathway in proliferatiagoer cells [78]

The signaling and transcriptional role of MUCL is crititr mediating HIF1a
angiogenesis in cancer. A recent finding demonstrated EidC1 overexpression in
breast cancer cells promote the synthesis and smtretivascular endothelial growth
factor (VEGF) through the AKT signaling pathway [81]. Recentl showed that

MUC1 in association with HIR«a drives the expression of PDGF-A in PDA cells.
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MUCL1 gene itself is under regulation of Hlle- In pancreatic cancer and renal
carcinoma cells, HIRo binds to the promoter of the MUCI1 gene and drives its
expression. MUCL1 in turn drives transcriptionally upregulatesexpression of CTGF
gene by binding to its promoter through B-catenin and p53 [64MUCL1 induced pro-
angiogenic factors not only stimulates angiogenesis Isat promotes migratory and
invasive properties of cancer cells [63], [82], [83].
1.13.4. Role of MUC1n Resistance to Apoptosis

Apoptosis or programmed cell death is a key mechanism by vphig$iological
growth is regulated and tissue homeostasis is maintaiedt of the anti-cancer
treatments such as chemotherapy, radiotherapy, thengy and immunotherapy work
through induction of apoptosis in cancer cells. However, mbste cancer cells have
defects in the apoptotic pathway and therefore do not rdspeii to these anti-cancer
treatments. MUCL1 is one such molecule that aids cacelés to evade cell death via
blocking activation of intrinsic apoptotic pathway. In rdirdiblasts 3Y1, overexpression
of MUC1 interferes with activation of apoptosis via stlety upregulating the
expression of anti-apoptotic protein Bcl-xL and inactivgitthe pro-apoptotic protein
Bad via phosphophorylating it [68]Reactive oxygen species activates apoptotic
pathways in hypoxic cells. However, it has been reportetl BMidC1l decreases
intracellular ROS concentration by upregulating expressiaratalase. Another study in
colon cancer cell reported that MUC1 induced decrease tracellular ROS
concentration reduces PHD-3 activity and thereby suppressldii$tability. Thus,

MUC1 blocks hypoxia induced cell death in colon cancer cells [84]
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Figure 1.1.Anatomical position of pancreas within the &ninody.[85]
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Common bile duct

Pytoric sphincter

Figure 1.2. Pancreas structure and the pancreatic canc&hdgancreatic ducts empties either
directly into the duodenum or through common bile duct.())The pancreatic duct opens to sac
like structures formed by acinar cel{d) The Islets of Langerhans are found interspersed within
acinar cells. Islets of Langerhans are made up of alpha,daetema (PP) and delta cells. Figure
adapted from [3].
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Table 1.1.A complete listing of the gene sets defining these signalitigpvags and
processes that are mutated [8].

Number of Fraction of tumors
Regulatory process genetically with genetic .
or pathway altered genes alteration of at least Regpesentative s tered genes
detected one of the genes
Apoptosis 9 100% CASP10, VCP, CAD, HIP1
DNA damage control 9 83% ERCC4, ERCC6, EP300, RANBP2, TP53
RGN OF /5 et 19 100% CDKN2A, FBXW7, CHD1, APC2
transition
P TBX5, SOX3, LRP2, GLI1, GLI3, BOC,
0,
Hedgehog signaling 19 100% BMPR2, CREBBP
CDH1, CDH10, CDH2, CDH7, FAT,
" & PCDH15, PCDH17, PCDH18, PCDHY,
Homophilic cell adhesion 30 79% PCDHB16, PCOHB2, PCDHGAL,
PCDHGA11, PCDHGC4
- s ¢ ITGA4, ITGAY, ITGA11, LAMA1, LAMA4
o ’ ’ ’ . ’
Integrin signaling 24 67% 5, FN1, ILK
¢-Jun N-terminal kinase signaling 9 96% MAP4K3, TNF, ATF2, NFATC3
KRAS signaling 5 100% KRAS, MAP2K4, RASGRP3

\DAM11, ADAM12, ADAM19, ADAM5220,
Regulation of invasion 46 92% ADAMTS15, DPP6, MEP1A, PCSK6,
APG4A, PRSS23

Small GTPase~dependent AGHGEF7, ARHGEF9, CDC42BPA,

& e 33 79% DEPDC2, PLCB3, PLCB4, RP1, PLXNB1,
signaling (other than KRAS) PRKCG
TGF-§ signaling 37 100% TGFBR2, BMPR2, SMAD4, SMAD3

MYC, PPP2R3A, WNT9A, MAP2,TSC2,

o . 0,
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Figure 1.4. Progression model for pancreatic cancer: Tmenal pancreatic ductal
epithelial cells undergo phenotypic changes and progressesnvasive cancer cells.
Based on the cytological atypia of the lesions, Pamifdsgraded into three categories -
PanIN 1A, PanIN 1B, PanIN 2 and PanIN 3. The signagergetic mutations that are
commonly observed in the PanIN lesions are point mutatiorK-ras gene, and
homozygous deletion of p16, p53, DPC4 and BRCA2 genes. Figure attapidd].
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(b)

Figure 1.5. Hematoxylin and eosin staining of PanIN lesionssandhal cells in human
PDA specimens: (a) Adenocarcinoma marked by haphazard amangef the glands
and the associated non-neoplastic desmoplastic s{lyrdd. higher magnification - the
desmoplastic stroma (black solid arrow) and the markednpdrphism in the cancerous

duct [11].
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Table 1.2: Members of the mucin family of proteins and theiuleelllocation. Table
adapted from [26].

Human

mucin Approved name
MUC1 Mucin 1, cell surface associated

MUC2 Mucin 2, oligomeric mucus/gel-forming
MUC3/17 Mucin 17, cell surface associated
MUCS3A Mucin 3A, cell surface associated
MUC3B Mucin 3B, cell surface associated

MUC4 Mucin 4, cell surface associated

MUCS5AC Mucin 5AC, oligomeric mucus/gel-forming
MUC5B Mucin 5B, oligomeric mucus/gel-forming
MUC6 Mucin 6, oligomeric mucus/gel-forming
MUC7 Mucin 7, secreted

MUCS8 Mucin 8

MUC9 Oviductal glycoprotein 1, 120 kDa (mucin 9, oviductin)
MUC10 Record discontinued

MUC11 Withdrawn and substituted by MUC12
MUC12 Mucin 12, cell surface associated

MUC13 Mucin 13, cell surface associated

MUC14 EMCN, endomucin

MUC15 Mucin 15, cell surface associated

MUC16 Mucin 16, cell surface associated

MUC18 MCAM, melanoma cell adhesion molecule
MUC19 Mucin 19, oligomeric

MUC20 Mucin 20, cell surface associated
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Figure 1.6. Schematic representation of the general strucfumeucins: A. Secreted
mucins contain Ser/Thr rich PTS domainand cytoplasnii@taAll membrane anchored
mucin containing conserved PTS domain (VNTR), EGF like doemerokinase, and
agrin (SEA) domain, transmembrane domain (TMD) and cysopta tail MUCA4
exclusively contains the AMOP, NIDO and VWF domains but lack& 8&main. The
apoprotein is extensily O-glycosylated in both secreted amdanbrane anchored
mucins[25].
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Figure 1.7 Schematic representation of the viable length of PTSadoamong different
types of human membrane bound mucins. The PTS domain is hpghignorphic
among the different members of the membrane bound musimgligated by the green
bar. MUC4 lacks SEA domain but contains von-Williebrand (vidjJFdomain [31].
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Table 1.3. Sequence of the cytoplasmic tail of the vamoeisbers of membrane bound
mucins: The cytoplasmic tails of membrane tethered mwsmgoorly conserved. The
size and sequence vary greatly between the various meaflibesmucins. The tyrosine

residue(s)n the cytoplasmic tail of mucins is (are) phosphorylated¢clvhcts a potential

docking site for cell signaling molecules [47].

Sequence and functions of the cytoplasmic tails of membrane-bound mucins.

Apomucin Cytoplasmic tail sequence Protein binding-domains
and phosphorylated
tyrosines
MuUC1 CQCRRKNYGQLDIFPARDTY 7 Tyr
HPMSEYPTYHTHGRYVPPSS SH2 domain
TDRSPYEKVSAGNGGSSISYT ¢-Src, Lyn, Lck, ZAP70,
NPAVAATSANL c-Abl, Grb2, IKK, HSP70,
HSP90, b-catenin,
GSK3, FGFR3

MUC3 AVRSCWWGGQRRGRSWD SH2 domain
QDRKWFETWDEEVVGTFSN
WGFEDDGTDKDTNFHVALE
NVDTTMKVHIKRPEMTSSSV

MUC4 LRFWGCSGARFSYFLNSAEALP 1 Tyr

MuC12 SQRKRHREQYDVPQEWRKEG 2 Tyr
TPGIFQKTAIWEDQNLRESRFG
LENAYNNFRPTLETVDSGTELH
IQRPEMVASTV

MuUC13 VTARSNNKTKHIEEENLIDEDF 2 Tyr
QNLKLRSTGFTNLGAEGSVFPK PKC
VRITASRDSQMQNPYSRHSSM
PRPDY

MUC15 GKRKTDSFSHRRLYDDRNEPVL 4 Tyr
RLDNAPEPYDVSFGNSSYYNPT
LNDSAMPESEENARDGIPMDD
IPPLRTSV

MUC16 VTTRRRKKEGEYNVQQQCPG 3 Tyr
YYQSHLDLEDLQ moesin

MuC17 SIYSNFQPSLRHIDPETKIRIQRP 1 Tyr
QVMTTSF PDZK1

MUC20 ENGGFLLLRLSVASPEDLTDPRV c-Met
AERLMQQLHRELHAHAPHFQV
SLLRVRRG

MuC21 RNSLSLRNTFNTAVYHPHGINH 1 Tyr
GLGPGPGGNHGAPHRPRWSPN
WFWRRMVSSIAMEMSGRNSGP

MuUC22 SFCLRNLFFPLRYCGIYYPHGHSH 6 Tyr
SLGLDLNLGLGSGTFHSLGNALV
HGGELEMGHGGTHGFGYGVGH

GLSHIHGDGYGVNHGGHYGHG
GGH
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Figure 1.8. Membrane associated mucins act as receptogasars of the environment.
(a) Membrane anchored mucins act as ligands for leeisctins, bacteria and other
adhesion molecules. It also detects changes in the pHeoénvironment. (b) Mucin

ectodomain is release in response to external stimuh sscchanges in pH. Upon
activation, the C-terminal subunit of mucins undergoes aromdtional changes,

phosphorylation of the cytoplasmic tail and recruitsaimng molecules [39].
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Figure 1.9. Schematic representation of the structure of MMMIICL1 is a heterodimer
consisting of the N-terminal and C-terminal subunitse Naterminal subunit comprises
the VNTR of 20 amino acids that are extensively O-glylaisy at serine and threonine
residues and sparingly glycosylated at the arginine residues.CTterminal domain
consists of a 53 amino acid long extracellular domairgr@io acid long transmembrane
domain and the 72 amino acid long cytoplasmic tail. Immeljiatfter translation, the
MUC1 protein undergoes autoproteolysis at GVVV site to genéhat&-terminal and
C-terminal subunits. The autoproteolytic cleavage s with the SEA domain of the
subunits. Figure adapted from the PhD thesis of Ashlyn Bernier
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Figure 1.10. Autoproteolytic cleavage of MUCL1: Cleavage at38B¥VV site generates
two subunits of MUCZ- the N-terminal and C-terminal subunits. The confornmatlio
strain causes the hydroxyl group of Ser1098 to attack the cargomyp of Gly1097.

[86]

The two subunits are held together by hydrogen bonds. Figurbeemisadapted from
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Figure 1.11 MUC1 cleavage by sheddase: The extracellular region of MidCleaved
by ADAM17 (TACE) or MMPL1 to generate shorter peptide fragimé¢h5-17KDa)[47] .
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Figure 1.12. Protein binding and phosphorylation sites onyttoplasmic tail of MUC1.:

The cytoplasmic tail of MUC1 contains tyrosine (7) andingerresidues that are
phosphorylated. The phosphorylated residues physicallyaaitevith other signaling
molecules and thus can modulate cell signaling cascadss. MUC1 monomers
dimerizes around the CQC motif in the cytoplasmicRajure adapted from [47].
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Figure 1.13. MUCL1 expression in PanIN lesions of human PBwaunohistochemical
staining of MUC1 in normal pancreas and PanIN lesions u8ifig antibody which
detects the cytoplasmic tail of MUC1. The expressioMbIC1 protein increases with
the progression of PanIN lesions.
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Figure 1.14 Loss of polarity of MUCL1 in cancer cells: Inmakepithelial cells, MUCL1 is
confined to the apical surface of the cells and growttofa to the basal surface.
However, in cancer, the tumor cells lose apico-basalripgl for which MUC1 is found
all over the surface of the tumor cells often in clps&ximity of the growth factors [87].
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Figure 1.15. Multistep process of metastasis which occuosigh EMT-MET transition:

In a healthy tissue, the normal epithelial cells arech#td to the basement membrane. In
carcinoma in-situ, the transformed cells exhibit incrdge®liferation, loss of polarity
followed by acquisition of invasive and metastatic properfldge cancer cells enter
circulation, disseminate through bloodstream and exibtbedstream at a remote site,
where they form micro or macro metastases. Figures atfpta [71], [88].
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Figure 1.16. Adhesion of cancer cells via interaction of @dUwith cell adhesion
molecules on the endothelial cells: Tumor cells amly express high levels of
underglycosylated MUC1, exposing the peptide core, whichaasctggands for several
cell adhesion molecules such as I-CAM, E-selectin @l&LECS (sialic acid binding
immunoglobulin superfamily lectins). Figure adapted from [39]



CHAPTER 2 MUC1 INDUCES DRUG RESISTANCE IN PANCREATIC CANCER
CELLS VIA UPREGULATION OF MULTIDRUG RESISTANCE GENES.

2.1. Introduction

Chemoresistance:

Chemoresistance not only affects PC but also affecisus types of tumors such
as acute myeloid leukemia (AML), ovarian, colon, pancieabreast and lung cancer.
The tumor consists of mixed cell population, where somé¢hefmalignant cells are
sensitive and some are resistant to chemotherapeutic ddugsg chemotherapeutic
treatment, the drug sensitive cells are effectively eeddd, leaving behind the drug
resistant population, whiak accountable for the relapse of the diseasmncer patients.

Drug resistance can be classified into two categoriesnavo resistance or
acquired resistance (Figure 2.1). Cancer patients that egeibiovo resistance do not
respond to chemotherapy from the start. However, in aadjuésistance, the cancer sell
initially respond to a chemotherapeutic drug but eventuatiyiee resistance to it. The
cells might also show cross-resistance to other struigtarad mechanistically unrelated
drugs - a phenomenon commonly known as Multi Drug Resis{@hb&) [89]. Due to
acquisition of MDR, treatment regimens that combine mpleltegents with different
targets are no longer effective [89], [90], [91]. Theicaify of chemotherapy is
compromised in pancreatic cancer due to its inherent chestargsnature of the

disease. Resistance to drugs in cancer cells is causeatipridue to two reasons:



39

Interference with the apoptotic pathway - A lot of ara&icer drugs work through
inducing apoptosis in cancer cells. However, most of the mastec cells have
deregulated apoptotic pathway and the anti-cancer drugs faihdwca apoptosis
effectively. Thus decreased apoptosis can lead to chestares

Efflux of drugs from the cancer celisAnother common mechanism by which cancer
cells evade killing by drugs is via upregulation of ATP dependesibrane efflux
pumps or ATP-binding cassette (ABC) transporters. Thesspoaters or pumps efflux
anticancer drugs and reduces the accumulation of drugs irfs@deancer cells, thus
allowing the cancer cells to evade the toxic effectthefdrugs (Figure 2)Z92], [93].
This type of resistance is mostly seen against amphdthgs such as vinkaalkaloids,
anthracyclins, which enter the cell through passive diffus®ince the movement of
these molecules cannot be restricted, organisms gtdrim bacteria to humans have
developed methods to overcome the toxic effects of tmebietics by reducing their
intracellular concentration [94].

ABC transporters- Structure, function and expression:

The ABC superfamily comprises of structurally and highly fiometlly diverse
group of proteins that are crucial for all living cells faansport of a variety of substrates
such as organic ions, lipids, oligosaccharide, oligopeptmteseins, vitamins, metals etc.
Till this date 49 ABC transporters have been identifiadd they are designated A
through G

The basic unit of an ABC transporter consists of foarecdomains— two
transmembrane domains (TMD) and two nucleotide binding domaiB®) (Figure
2.3). The hydrophobie-helices of TMD span the plasma membrane multiple giared

are required for the insertion of the protein into tipadl| bilayer. The TMDs form
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hydrophilic aqueous pore through which solutes are transporteds attresplasma
membrane. The aqueous pore has a large opening which faeasrtoellular part of the
membrane. In addition, TMD harbors the substrate bindingtkaé,usually can bind a
wide range of substrates. Table 2.1 lists the variousstgdeABC pumps and their
substratesThe NBD is hydrophilic, and is peripherally situated towards theptgsmic
face of the membrane. The NBD domain consists of thezidsemino acids which bind
ATP and use the energy of ATP catalysis to drive tipoeof substrates across the cell
membrane [89], [95]. The NBD domain is highly conserved andrémbers of ABC
family of proteins are defined by the presence of this domai

MRP1 and its structurally and functionally similar counterpagp are the two
most extensively studied ABC transporters. They shandas substrate specificity and
they both efflux a wide variety of anticancer drugs sashetoposide, daunorubicin,
doxorubicin, epirubicin etc. MRP1 is also called as glutehidrug conjugate pumps or
GSX pumps because it transports a wide range of sulstthée are conjugated to
negatively charged hydrophilic ligands such glutathione, glucuracid and sulfates
[89], [94]. Structurally ABCB1 differs from P-gp around the DMP-gp contains two
transmembrane domains (TMD) and two nucleotide binding domsiBB). In contrast
ABCC1 contains three TMD and two NBD (Figure2.4) [96] [97].

Upregulation of Mdrl (or ABCB1/Abcbl) gene, encodeing for P-gu a
ABCC/Abcc (1-9) genes encoding for the MRP family of multidrug transgrsrtare
frequently observed in cancer cells. The increases in ssipreof the ABC pumps are
thought to be responsible for increased chemoresistancanter cells. In particular,
ABCB1 (P-glycoprotein), ABCC1 (MRP1), ABCC2 (MRP2) and ABCG2 M

MXR) actively extrude several types of anti-cancer drugsnfcancer cells, thereby
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conferring drug resistance to those agents.[88] study involving tumors from 45
pancreatic cancer patients was conducted to analyze phession of two types of ABC
transporters P-gp and MRP1. It was found that 93.3% of thenpatincluded in the
study either or expressed high levels of both P-gp and M&idlonly a very small
fraction of patients (6.7%) expressed neither P-gp nor N}, In contrast, another
study involving 31 pancreatic tumor and 6 normal pancreas saraphalyzed for MRP1-
9 and BCRP expression reported that only MRP3 gene is is@riily upregulated in
pancreatic tumors and the mRNA levels match the tustage and grading [99].
Analysis of human PDA cell lines BXxPC3, AsPC1, PANC-1 and Gdpaall lines
shows high expression of MRP1 but little P-gp, suggestingintdnsic drug resistance
may be caused by MRP-1 and not P-gp. This observatiobhdsasfurther confirmed by
studies on PDA cell lines that shows 97% of the PDA cell linpeess MRP1 [100]

PI3K and Chemoresistance:

Another common mechanism by which cancer cells acquing desistance is
through enhanced activation of the pro-survival pathwa@&Mkt and Erk1/2 , which
interferes with apoptosisf cancer cells. PI3K constitute a family of lipid kinasest thas
the catalyzes the phosphorylation of hydroxyl grouppbdsphatidylinositols (Pls) at
their 3-position to form P1(4,5)P2 to PI(3,4,5)P3. Thieafof PIP3 is mediated through
its specific interaction with PDK1 and Akt/PKB, which aretical mediators of PI3K
signaling cascade (Figure 2.4) [101].

PI3K are heterodimergonsisting of the regulatory subunit p85 and the catalytic
subunit p110. Binding of the p85 subunit to the phosphotyrogsineenisus motif on
receptor tyrosine kinases (RTK) or G-protein coupled recsptleads to allosteric

activation of the catalytic subunit. Studies havewshohat p85 binds to the consensus
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sequence of MUC1 CT (phosphor tyrosine at YHPM motif of MUQ) @a its SH2
domain. Upon binding to the consensus sequence motif, p85vatadti which in turn
activates the catalytic subunit p110 [59], [68Ence PI3K pathway is often observed in
MUCL1 high cancer cells. Studies have shown that MUC1 opeesgion in breast, colon
and thyroid cancer cells exhibit overactivated Erk1/2 and REtKways, which is linked
to their unresponsiveness to chemotoxic agents [68], [10&jerRly a link has been
shown between activation of activation of PI3K/Akt patiwend upregulation of
ABCC1 gene expression in prostate cancer cells [103]

Pancreatic cancer is one of the most difficult malmgies to treat because of its
aggressive and drug resistant nature. An understanding of ¢obamism of drug
resistance in PC is needed for developing strategiesvthaltd improve the outcome of
chemotherapy. Thus, the goal of the present study wdisstodetermine if MUC1-
overexpression in PDA cslmakes them resistant to chemotherapeutic drugs and second
to delineate the mechanism by which MUC1-associated nesestaccurs. We report that
MUC1 regulates the mdr gene expression via both Akt deperadehtindependent
pathways, which confers the MDR phenotype to PDA cellss Ththe first report that
demonstrates a direct relationship between expression of IMW@ mdr genes, in
particular ABCC1lin pancreatic cancer.

2.2. Materials and Methods

Cell culture and Establishment of Stable Cell Lines Exprg9dUC1.:

BxPC3 (American Type Culture Collection, Manassas, USA) is a human
PDA cell line that express very little endogenous MUCL1. Etoviral infection, GP2-
293 packaging cells (stably expressing the gag and pol proteins) avaamsfected with

the full length MUC1 construct or an empty vector exprgssire VSV-G envelope



43
protein as previously described [62], [68)ells were treated with Orig/ml of G418,
beginning 4& post infection. Three independent infections of thestacts were carried
out with similar results. Expression of the constrwess stable throughout the span of
experiments. Cells infected with vector alone were usecbatrol and designated Neo.
For MUC1-infected cells, MUC1-positive cells were sorteing the FACS Aria (BD
Biosciences, San Jose, CA, USA). For Neo-infected delldC1l-negative cells were
sorted. Capan-1 is a human PDA cell line that expresggs lavels of endogenous
MUCL1.

Mouse model and Mouse Cell Lines:

In our laboratory, mice that develop spontaneous pancredtictal
adenocarcinoma (PDA) were generated by mating the P48-@re¢he LSL-KRAS?P
mice [104]. PDA mice were further mated to the MUC1.Tg micat(dxpress human
MUC1) to generate PDA.MUC1 mice or to the Mucl knockout micegeéoerate
PDA.MUC1KO mice [58], [105]. All these mice were on the C57/Békgeaaund. Cell
lines were generated from the primary tumors of PDA.MUC1 @.Mucl KO mice
and were designated as KCM and KCKO respectively.

MTT assay and Thymidine Incorporation Assays:

10 X 10 cells were plated in quadruplicate in normal growth mediu®6-well
plates and were permitted to grow for 18 hours. Cells wétreréreated or treated with
etoposide (Sigma-Aldrich) and gemcitabine (Sigrddrich) for 24 hours. Next, MTT
(Biotium) solution was added (10 ul/well) to cells, incubdtadadditional 3-4 hours. In
the final step, media was removed, formazan was dissatv®MSO (200ul/well) and

the absorbance was read on an ELISA plate reader.
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For H-thymidine assay, 5 X f@ells were plated and treated as described above.
24 hours post drug treatment>-thymidine (Perkin Elmer, USA) was added in fresh
medium (1 pCi/well) and cells were permitted to grow for another 24 hours. At this time,
cells were washed to remove excess radioactivity, tngesd, and harvested onto a filter
plate, which was then read on a TopCount plate reader. Thdas been represented as
% difference in H— thymidine uptake, which represents the % decrease in patitife
or % in growth arrest. The following formula was useddaiculations:

% difference in B thymidine uptake = ((cpm untreatedcpm treated)/ cpm
untreated*100)

Transient Knockdown Using siRNA:

The method is previously described in [63]. In brief, cellsense=eded in a 6 well
plate and were allowed to reach 40% confluency. The cells theretransfected with
100nm of MUC1 siRNA (Smart genome pool) or 100 nm of Akt siRISaAnta Cruz and
Cell Signaling). Cells of the control group were treated w@finm of scrambled siRNA
(Dharmacon, Thermo Fischer Scientific, CO, USA, SantazGnd Cell Signaling).
Lipofectamine (Invitrogen, San Diego, CA, USA) was used ferdalivery of siRNA
into the cells over a period of 5-6 hours in serum f@&e&i-MEM. 48 hours post
transfection, MUC1 and Akt expression were evaluated by weskettrnFor MTT assay,
36hours post siRNA treatment; cells were trypsinized, rieghlan a 96 well plate and
treated with or without the drugs. MTT assay was performedh@4rs post drug
treatment. The viability of each treatment group withouigdreatment (i.e. WT alone,
control siRNA alone and Akt siRNA alone) was considemas 100%. The viability

following drug treatment on each of these treatment groupsalaulated as follows:
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% viability of drug treated WT cells = (O.D. of drug treated WANs¢O.D. of WT
cells)*100
% viability of drug + control (or Akt) siRNA treated cells(©.D. of drug + control (or
Akt) siRNA treated cells/O.D. of control (or Akt) siRNfetated cells)*100

Preparation of Nuclear Extract:

Cells were grown in 10cm plate. When the cells reached a@@¥tdconfluency,
they were scraped off the plate and nuclear extracitofEKID Millipore) was used to
isolate the nuclear and cytosolic fractions.

Western Blots:

Equal quantities of cell lysates were loaded on SPSGE gels. MUC1
antibodies were a gift from Dr. Sandra Gendler. pAkt aktlaktibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA), MRPELamin A/C and B-actin
were purchased from Santa Cruz (CA, USA) and MEK1 was purcheasedAbcam
(Boston, USA). The antibodies were used according to manufacturer’s recommendations.

Semi-Quantitative RT-PCR:

Total RNA was extracted from cells by TRIzol (Invitrogeagcording to the
manufacturer’s protocol. 1-2 pg of the extracted RNA was used as template for RT-PCR
reaction (Access quick RT-PCR kit, Promega, Madisoh, WEA). Sequence of the
primers isavailable upon request.

Immunohistochemistry:

Cells (1X16 cells per mouse) were implanted subcutaneously in nude nice an
30 days later, tumors were collected for IHC and protein dy§g2]. In brief, paraffin
embedded blocks of formalin fixed tumor sections were madié¥istology Core at

Mayo Clinic. 4 micron thick sections were prepared for imaiistochemical staining.
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MRP1 expression in the tumor was determined using anti-MR#dodw (1:50 dilution,
Santa Cruz) followed by appropriate secondary antibody (1:10tlod, Dako). Slides
were examined under light microscope and pictures were tal2&Xa

Chromatin Immunoprecipitation (ChiP):

Cells grown to near 80% confluence, were cross-linked wotimdldehyde
(Sigma) at room temperature for 10 min. Cross-linked chtomprepared with a
commercial ChlIP assay kit (EZ-Magna ChIP; Millipore) wasunoprecipitated with 20
pg of normal Armenian hamster IgG (Santa Cruz Biotechnology, CA, USA) and 20 pg
of anti-MUC1 CT antibody (CT2). MUC1 CT binding site on@8/Abccl promoter was
amplified by PCR using the input DNA (1%) or DNA isolated fronegyitated
chromatin as templates and using primers flanking thengier region 1000 bp upstream
(ChIP region 1) and 2000bp upstream (ChIP region Il) of 8B\bccl gendFig. 6B).
ChIP region Il was used as a negative control for bindifng@C1 CT to the promoter
region. Sequence of the primersigilable upon request.

Statistical Analysis:
Statistical analysis was performed with GraphPad software.
2.3 Results

To determine the relative expression of endogenous MUCXRCB and Capan-
1 cell lines, immunohistochemical analysis of cells grownchamber slides was
performed using an antibody against the tandem repeat of IMHMFG2).
Immunohistochemical staining showed that Capan-1 cells haveerhigndogenous
MUC1 expression as compared with BXPC3 cells (Figure 2.8a@$. Was confirmed
using western blotting assay using antibodies againstatidem repeat (HMFG2) and

CT of MUCL1 (CT2). Both antibodies showed that Capan-1 beN& higher endogenous
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MUC1 compared with BXPC3 cells (Figure 2.6b). Next, we shodd# expression in
Capan-1 cells following treatment with control and MUQ@ekafic siRNA (small
interfering RNA) by western blot. Complete knockdown of MUEblbserved in Capan-
1 cells post 48-h treatment with MUC1-specific SIRNA (Figréc and supplementary
table 2.1). To determine the effect of MUCL1 in drug resigaBgPC3 and Capan-1 cells
were treated with etoposide and gemcitabine, and prolifergaast treatment was
determined using Hthymidine incorporation assay. Etoposide is a toposicsreth
inhibitor, whereas gemcitabine is a nucleoside analog. MWC1-expressing BxPC3
cells showed greater sensitivity to etoposide and geme#abompared with high
MUC1-expressing Capan-1 cells. At 28l dose of etoposide, we observed a 62.8%
growth arrest in BXPC3 cells. In contrast, at the sdose, only 12.14% growth arrest
was observed in Capan-1 cells (Figure 2.6d) Similarly, an®@ose of gemcitabine,
~100% growth arrest was observed in BXPC3 cells, compardgdonly 50% growth
arrest in Capan-1 cells (Figure 2.6e). Further, when Gapeeils treated with MUC1
SiRNA were exposed to 500M of gemcitabine, a 31% increase in growth arrest was
observed compared with untreated cells or cells tramsfewith control scrambled
siRNA (Figure 2.6

For further investigations, mouse PDA primary cells gealyidacking Mucl
(KCKO) and ones expressing human MUC1 (KCM) were includedhigh study. Upon
using the CT2 antibody that recognizes the CT of both enand human MUC1, KCM
cells showed high expression of MUC1 while KCKO cells showedetectable levels
(Figure 2.7a and supplementary table 2.2). To further valilateffect of MUCL in drug
resistance, KCKO and KCM cells were treated with etogosidd gemcitabine. We

found 76% and 88% of growth arrest upon treatment of KCKIS wgth 1.25uM and
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2.5uM of etoposide, respectively. In contrast, only 52% and 57% of growth arrest was
observed in KCM cells at 1.25 and 24 of etoposide, respectively, indicating that
KCM cells were more resistant to etoposide (Figure 2.7b gdafte). At 5uM of
etoposide, both cell lines irrespective of their MUC1 ustatvere sensitive. Similar
resistance of KCM cells to gemcitabine was observed. ¥l ®f gemcitabine, 60% of
growth arrest was observed in KCKO cells compared witl 84% of growth arrest in
KCM cells. At higher doses, there was no difference awgin arrest between KCKO and
KCM cells (Figure 2.B, right panel). MTT assay was also performed to vadidae
cytotoxic effects of these drugs on the same cell line®0AM of etoposide, 48% of
cell death was observed in KCKO cells compared with only 2&ldeath in KCM cells
(Figure 2., left panel). Similarly, at 150M of gemcitabine, 53.3% of cell death was
observed in KCKO cells compared with only 40% cell deatk@M cells (Figure 2.¢,
right pane).

To further confirm that the effect was due to MUC1 expresswa stably
expressed full-length MUC1 in BXPC3 cells that have lowIewe¢ endogenous MUC1
(BXPC3.MUC1), and as control we transfected BxPC3 celth wimpty vector that
contains the neomycin resistance gene (BxPC3.Neo). Firstshwev the relative
expression of MUCL1 in these cells (Figure 2.8a and supplenyetdable 3). BxPC3
MUC1 cells express high levels of MUC1 while BXPC3 Neo celleh@egligible levels.
BxPC3 MUCL1 cells were significantly resistant to both theotgexic drugs as compared
with the BXPC3 Neo cells. At 25, 50 and /M4 of etoposide, cells with low MUCI1
showed significantly higher growth arrest compared with edfgessing high levels of
MUC1 (Figure 2.8b, left panel). Similar results were obskrwégth 6.2525nM of

gemcitabine (Figure 2.8b, right panel). MTT assay was pedd to validate the
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cytotoxic effects of etoposide and gemcitabine on bothinel. At 75uM of etoposide,
64% of cell death was observed in BXPC3 Neo cells comparédonly 39.6% cell
death in BXPC3 MUCL1 cells (Figure 2.8c, left panel). Similaty50nM of gemcitabine,
42.7% of cell death was observed in BXPC3 Neo cells compegitdonly 15.5% cell
death in BXPC3 MUCL1 cells (Figure 2.8c, right panel). Theseltse suggested that
MUC1 confers resistance to gemcitabine and etoposide indels\

Previously we have published that KCM cells express 8-foigher P-
glycoprotein, 4-fold higher MRP-1, and 2-fold higher MRRsfotein compared to
KCKO cells [58]. Therefore, we first determined the mRNyeleof some of these MDR
genes. Consistent with those results, we observed isamtify high m-RNA levels of the
Abccl, Abcc3, Abcc5, Abcbla and Abcblb genes in KCM versus KCHI® (@&gure
2.9a, left panel). Similarly, in BXPC3 MUC1, the m-RNA levelsABCC1, ABCC3,
ABCC5, and ABCBL gene was significantly higher compard8x®C3 Neo cells (Figure
2.9a right pane). To validate this finding, we determined the protein expressidtRP-
1 by western blotting and as expected we observed significhigther expression of
MRP-1 in KCM cells compared to KCKO cells and in BXPC3 MUGQimpared to
BxPC3 Neo cells (Figure 2.9b).

All of the data so far has been shown in cells grown in vitooanswer if this is
true in vivo, we determined the MRP-1 protein expression in apeatsly occurring
PDA.MUC1 (KCM) and PDA.MuclKO (KCKO) tumors as well as in BxPR8o and
MUC1 tumors grown in nude mice. IHC was performed on tumoiosecfrom ~16-
week old KCM and ~24-week KCKO mice and a representative sdobioneach tumor
type is shown in Figure 2.9 c. Significantly higher expressibMRP-1 protein was

observed in KCM as compared to KCKO tumor sections (Figure)2IRP1 levels in
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the tumor lysates isolated from BXPC3 Neo and BxPC3 Miiibgrafted tumors were
determined by western blotting. BXPC3 MUC1 tumors showed higiRd?-1 expression
compared to BXPC3 Neo tumors (Figure 2.9 d). Interestinglytuther sample (sample #
3) that had higher MUCL1 expression compared to the other Mid&itive tumor sample
(sample #4) also showed higher MRP-1 expression (Suppleimahta 5). The data
suggests that a positive correlation exits between MUCZgpegssion and upregulation
of mdr genes in PDA call

Often in tumor cells, reduced sensitivity to chemotherapedrugs is due to
enhanced activation of the anti-apoptotic or prosurvival patewahich includes the
PI3K/Akt pathway. We first determined the activation stawti$I3K/Akt pathway in
KCKO, KCM, and BxPC3.Neo and BxPC3.MUCL1 cells. Proteiratigs from these cell
lines were subjected to immunoblotting using anti-phospho-@kiakt) and Akt
antibodies. Significantly higher levels of pAkt was fiduin MUC1 positive PDA cedl
(KCM and BxPC3 MUC1) compared to MUC1 low or null PDA celllCKO and
BxPC3 Neo) (Figure 2.10)aThe levels of total Akt remained same in all cell lines
indicating enhanced activation of the PI3K/Akt pathway in MKGand BxPC3
MUC1cells. This finding positively correlates with the results presdnpreviously in
MUC1 overexpressing fibroblasts[68].

To test the contribution of Akt on MRP1 expression andgdresistance, we
transiently knocked down Akt and evaluated the levels oPWMRxpression by western
blot and drug sensitivity by MTT assay. The levels of Akt, MRad MUC1 are shown
in Figure 2.10 b - d. Upon Akt knockdown, we observed a 5.4 foldedse in MRP1
expression in Capan-1 cells and 4.6 fold decrease in MRP1ssikpren BXPC3 MUC1

cells (Figure 2.10p2.10c, Supplemental table 7 & 8). Furthermore, roughly 40% and
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25% increase in cytotoxicity was observed in Akt siRNA tred&PC3 MUCL1 cells
upon treatment with 50uM adtoposide and 25nM of gemcitabine respectively (Fig.
2.10E).This data indicated that Akt pathway played an importdatin MUC1 induced
MRP1 expression and drug resistance in Capanl and BxPC3 cells.

Interestingly, we also observed a subsequent decreddg@1 expression upon
downregulation of Akt in Capan-1 and BxPC3 MUC1 cells (Fig 2.20K)c). When Akt
was transiently knocked down in Capan-1 and BxPC3 MUCL1 caléspective 3.2 fold
and 2.5 fold decrease in MUC1 expression was observed (Suppdériadiie 7 & 8).
This data indicates that MUC1 gene is also under regulaifoPI3K/Akt pathway.
Hence, abrogation of the Akt pathway causes a significamedse in MUC1 expression,
which in turn negatively affects MRP1 expression.

However, we did not see a significant decrease in MUC1 andIMRRpression in
KCM cells upon Akt knockdown (1.2 fold decrease) (Fig 2.10d) (Supieahtable 9).
Consequently, we did not detect a significant increaseytiotaxicity in Akt sSiRNA
treated KCM cells upon treatment with etoposide and gabine (data not shown). This
data indicates that in KCM cells, MUC1 gene is not gilpmegulated by PI3K/Akt
pathway. This observation further led to the possibility timatKCM cells, an Akt
independent mechanism must be involved in MUC1 induced MRP1 expressl drug
resistance. It is of interest that BXxPC3 and Caparelhaman cells while KCM is a
mouse cell line.

Several studies have shown that MUC1 CT associates witlatoes of signal
transduction and transcriptional regulation and therelmdifies the expression of
specific target genes [63][64]. In this study, we wanted to imyastithe occupancy of

MUC1 CT in the promoter region of ABCC1/Abccl gene, which ba indicative of
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MUCT1’s role as a modulator of ABCC1/Abccl gene expressiorst,Rive demonstrate
that MUC1 CT localizes to the nucleus of MUC1 positive PB&lls. Nuclear and
cytosolic fractions were extracted from KCKO, KCM, BXP«®eo and BxPC3 MUC1
cells and the lysates were immunoblotted to determine thdardtbcalization of MUC1
CT in these PDA cells. As expected, we found MUC1 CT locaizo the nucleus of
KCM cells (left top panel Figure 2.11a) and BxPC3 MUC1 celgh{rtop panel Figure
2.11a). Lamin A/C and MEK1 served as controls for the etitna process. Lamin A/C is
a nuclear protein and is hence is found only in the nudteations (middle panels,
Figure 2.11a). MEK1 is a cytosolic protein and is found onlthecytosolic fractions
(bottom panels Figure 2.11a).

Next, we evaluated the occupancy of MUC1 CT in the genoegons of the
ABCC1/Abccl gene upstream the transcription start site (Eigutlh. Sheared DNA
was immunoprecipitated using MUC1 CT specific antibody CT2.dgthody was used
as a control. The immunoprecipitated DNA was amplified RR using primers
spanning around 1000 bp upstream (ChlIP region I) and 2000bp upstred@hégibh I1)
of the ABCC/Abccl gene transcription start site (FigudelBB). In Capan-1 cells, we
observed a strong interaction between MUC1 CT and @g®n | of ABCC1 gene (6.5
fold enrichment with CT2 antibody relative to IgG) (Figurdl1z, Supplemental table
10). Similarly, in KCM cells, a strong interaction was aked between MUC1 CT and
ChIP region | of Abccl gene (3.2 fold enrichment with Gir2ibody relative to 1gG)
(Figure 2.11c, Supplemental table 11). However, no interaet@s observed between
MUC1 CT and ChIP region Il in Capan-1 and KCM cells (Fig2irElLc). KCKO cells,
which are null for MUC1 did not show any interaction betw®&#dC1 CT and ChIP

region | and Il of Abccl gene (Figure 2.11c). This daticated that the interaction of



53
MUC1 CT with the promoter region of ABCC1/Abccl gene aro@dP region | is
specific. However, in BxPC3 MUCL1 cells, a very weak interaction betwd&C1 CT
and ChIP region | of ABCC1 gene was observed (1.1 fold enrichommpared to IgG,
Supplemental table 12) (Figure 2.11c). BXPC3 Neo cell alsweshaveak binding of
MUC1 CT around the same gene locus. This is most likely bedxBC3 cells express
low levels of endogenous MUC1 and are not null for thees@ifigure 2.11c). The
interaction between MUC1 CT and ChIP region Il was ruteoved in BXPC3 cells
(Figure 2.11h
2.4. Discussion

The ability of tumor cells to escape the cytotoxic effetctcloeemotherapeutic
agents may result from genetic alterations that affegt cycle, apoptosis or
accumulation of drugs inside the cell. Several studieseadit colon and thyroid cancers
have shown that MUCL1 attenuates stress induced or chemag®eqts induced apoptosis
by blocking the release of cytochrome ¢ from mitochon{B&, [102], [106]. In this
study, we demonstrate additional mechanisms by which MUC1 en&ié\ cells to
escape chemotherapeutic drug mediated cell death.

We found that cells expressing full length MUC1 are lsssitive to genotoxic
drugs than cells lacking or expressing low levels of MUGdicating a direct correlation
between MUC1 expression and chemoresistance in PC (Rgbiyre7 and 2.8). Here,
for the first time, we provide evidence that in PDA celldr mene expression is directly
correlated with  MUC1 expression (Figure 2.9). Previous work Bhown that
hyperactivation of PI3K/Akt pathway is able to regulate esgicm of mdr genes,
including ABCC1, ABCC3, ABCC5, and ABCBL genes [103]. Studies has@dstrated

that MUC1 oncoprotein induces transformation in rat fibrdblas desensitizes thyroid
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cancer cells to chemotherapy induced apoptosis throughatahvof Jak/Stat and
PI3K/Akt pathways [68][102]. So, we evaluated if MUC1 induced expressf the mdr
gene ABCC1/Abccl via activating the PI3K/Akt pathway. We tbtimat in a subset of
human PDA cells (BXPC3 MUC1 and Capan-1), MUC1 induced MR§piession was
via Akt pathway with a pattern that suggests increased refirzets of these cells to
genotoxic drugs. Accordingly, abrogation of the PI3K/Akt pathwesulted in increased
responsiveness of these cells to etoposide and gemci{&dguee 2.10). We also found
the evidence for existence of a positive feedback lczpden MUC1 expression and
PI3K/Akt signaling cascade. PDA cells with high MUC1 expressahibited hyper
activation of the PI3K/Akt pathway which in turn upregulated@®1 expression in those
PDA cells. However, it is beyond the scope of the cursamdy to determine how Akt
pathway regulates MUC1 expression. In the future, we wouldtbkéevestigate the
mechanism in further detalhterestingly, in the mouse PDA cells, KCM, MUC1 induced
MRP1 expression was independent of PI3K/Akt pathway even ththeyipAkt was
significantly higher in the KCM versus KCKO cells. This daiaderscored the
possibility of involvement of an alternative mechanism involvedMidC1-induced
MRP1 expression (Figure 2.11). Thus, we report for the fiins¢ that two alternate
mechanisms may be involved in MUC1-induced MRP1 expressiobDAdells (Figure
2.12).

Interestingly, we found a strong association between MOThnd the promoter
region of the ABCC1/Abccl gene (Figure 2.1This preliminary data raises a possibility
that MUC1 might be part of the transcriptional comptleat regulates expression of the
ABCC1/Abccl geneThe 5° untranslated promoter region of the human ABCC1 gene

contain several putative binding sites such as, GC eleni@igo +103) which binds
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Spl; AP1 sites (-511 to -492) which binds a complex of cJun/ckbE &@ox elements (-
1020 to -2008) which binds N-myc [106], [107], [108]. We found MUC1 CT @ssng
with the promoter region of the ABCC1/Abccl gene withinFCregion I. Both mouse
and human ChIP region | contain putative AP1, CREB1, GAT&Etsl and MZF1
binding motifs, as predicted by the transcription factor inopcite prediction tools that
uses TRANSFAC and JASPAR core databases (data not shéMuG1 does not hava
DNA - responsive domain and studies have shown that it binB$NA via transcription
factors such as NkB, cJun, B-catenin and HIR- [60], [63], [64]. Thus, in future we
intend to investigate in detail what MUC1 CT is doing at gtemoter region of
ABCC1/Abccl gene and also the transcription factor ghatviolved in MUC1 mediated
MRP1 gene expression.

Taken together, our study shows that, in PC cells, MUC1 gpegssion leads to
chemoresistance, and that MUC1 CT associates direathy the promoter region of
the ABCC1/Abccl gene. Thus, the data provide new insighdstive mechanisms by
which MUC1 can interfere with the effectiveness of chraapy in PC. As MUC1 acts
as a vital component that minimizes the efficacy anobtherapy, it could be considered
as a key molecular target for sensitizing cancer teltonventional or novel treatments.
The CT of MUCL1 can be targeted to inhibit its ability tdiate signaling cascades, and
also to block its nuclear translocation and subsequadirg to the promoter regions of
its target genes. MDR modulators did not gain much popylarithe clinic owing to
their ability to regulate more than one transporter amdesuently causing severe side
effects in patients. [89]. As an alternative stratellJC1 CT can be targeted to

downregulate the expression of mdr genes or the actiityese efflux pumps.
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2.5. Figures
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Figure 2.1: Classification of the cancer resistance im0 broad types: de-novo or
acquired resistance. A. De-novo resistance consigieesénce of multiple drug resistant
sub population of cancer cells, which emerge as the dominlne following
chemotherapy treatment. These subpopulations of pe#lsess stem cell like properties
and are believed in dormancy, thus escaping the insutthesnotherapy. B. Acquired
drug resistance results from alterations in the cammmdr following exposure to
chemotherapy. In both cases the surviving cell populaienlikely not to respond to
chemotherapy and will be responsible for the relajpsieeodiseas€109].
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Figure 2.2: Chemoresistance caused by efflux of drugs by ABGsgorters: ABC
transporters effelux drugs and prevent accumulation of dngide the drug resistant
cancer cells. The drug sensitive cells are eradicatecelyhibmotherapeutic drugs.



Table 2.1: The different members of ABC pumps and theirtsatbs [89].
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ABCB1 (P-gp) ABCG2 (BCRP)
Actinomycin D Daunorubicin
Daunorubicin Doxorubicin
Docetaxel Epirubicin
Doxorubicin Etoposide
Epirubicin Flavopiridol
Etoposide Gefitinib
Mitoxantrone Imatinib
Paclitaxel Irinotecan, SN38
Teniposide Methotrexate
Vinblastine Mitoxantrone
Vincristine Teniposide
Tomudex
Topotecan
ABCC1 ABCC2 ABCC3 ABCC4 ABCC5 ABCC6 ABCC7
(MRP1) (MRP2) (MRP3) (MRP4) (MRPS5) (MRP6) (MRP7)
Antimony Cisplatin Etoposide Folate Folate Cisplatin Daunorubicin
Daunorubicin Daunorubicin Tenipogide Glucuronides GSH-conjugates | Daunorubicin Doxorubicin
Doxorubicin Doxorubicin Folate GSH-conjugates | Leucovorin Doxorubicin Epirubicin
Epirubicin Epirubicin Glucuronides || o covorin Methotrexate | Epirubicin Etoposide
Etoposide Etoposide Leucovorin Methotrexate Etoposide Teniposide
Teniposide Teniposide Methotrexate Snifaies Teniposide Glucuronides
Folic acid Glucuronides Sulfates Topotecan GSH-conjugates | GSH-conjugates
Methotrexate GSH-conjugates Sulfates
Glucuronides Methotrexate Taxans
mes'::iza“ Sulfates Vinblastine
Sulfates Vinblastine Vincristine
Taxol Vincristine
Vinblastine
Vincristine
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Figure 2.3: Basic structure of ABC transporters: ABC trartep® consist of an aqueous
pore with a large opening towards the extracellular regibe. agueous pore is made up
of transmembrane domains (TMD), which spans the lipid bilafeell membrane. The
nucleotide binding domain (NBD) which is partly embedded into ihée bilayer faces

the cytosolic part [95].
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Figure 2.4: Schematic representation of the topolofgedres of the ABC transporters:
ABCB1 contains two transmembrane domain (TMD) and twoeaticle binding domain
(NBD). In contrast ABCC1 contains three TMD and 2 NBD [96]
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Figure 2.5: Activation of PI3K pathway. [101]
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Figure 2.6: MUC1 expression and drug sensitivity of a panel afecatells: (a) Staining
of endogenous MUCL1 expression in BXPC3 and Capan-1 cells usigsRNntibody,
Capan-1 expresses high levels as depicted by the bromimgtarhereas BXxPC3 cells
have negligible levels of MUCL1 staining. (b) Western blodlysis of MUC1 expression
in BXPC3 and Capan-1 cells by western blot using HMFG2 and &ifibody. (¢
Western blot analysis of MUC1 expression in Capan-1 cellewimg treatment with
MUC-1 specific siRNA (48). (d, e) H-thymidine incorporation to measure proliferation
in PDA cells following 24 treatment with etoposide and gemcitabine (n=4).
Significantly higher proliferation was observed in Capan-1scetllhich express high
levels of MUC1 (***P<0.001). (f) Percent difference irf-thymidine uptake in control
siRNA and MUCL1 siRNA treated cells as a function of @apaWT cells. Cells were
treated for 24 with 500nM of gemcitabine (n=4). Cells treated with MUC1 siRNA
showed significantly reduced proliferation in responsgemcitabine as compared with
untreated or control siRNA treated cells (**P<0.05).
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Figure 2.7: Endogenous expression of MUCL1 in PDA cells cordsistance to cytotoxic
drugs: (a) Western blot analysis of endogenous Mucl/MUC1 expnegsimouse cells

lines KCKO and KCM using CT2 antibody. Note: CT2 is the only antibody that

recognizes both mouse and human Mucl/MUCL. (b) Percent differencetliyrridine
uptake in KCKO and KCM cells following 24 hours treatmenthwétoposide, and
gemcitabine. Significant differences between KCKO and KCMIscat varying
concentrations of the drugs is shown as p-values (n=4) (*¢isx0** p<0.001). (c) Cell
viability in KCKO and KCM cells following 24 hours treatmewtth etoposide, and
gemcitabine. Significant differences between KCKO and KCMlIscat varying
concentrations of the drugs is shown as p-values (n=6) (*p¥@40.01, *** p<0.001).
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Figure 2.8: Exogenous expression of MUC1 in BxPC3 cells confssistance to
cytotoxic drugs. (a) Western blotting analysis of MUC1 expressidBxPC3 cells using
CT2. (b) Percent difference in*Hhymidine uptake of BxPC3 Neo and MUC1 cells
following 24 hours treatment with etoposide and gemcitakine4). Significant
differences between BxPC3.Neo and MUC1 are shown (**p<0.0L)Cédl viability in
BxPC3 Neo and BxPC3 MUC1 cells following 24 hours treatmeitit etoposide, and
gemcitabine. Significant differences between BxPC3 Neo afiCB MUCL1 cells at
varying concentrations of the drugs is shown as p-values ((p=<®)1, **p<0.01, ***
p<0.001).
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Figure 2.9: MUC1-positive PDA cells express elevated leweMDR genes in vitro and
invivo. (a) RT-PCR data showing fold changes in the m-RNA level of MipRes that

are associated with multidrug resistance. (b) Level8BP1 protein in BXPC3 Neo,
MUC1, KCKO and KCM cell lysates analyzed by western blot. [T of MRP1
expression in the tumor sections from KCKO (24 weeks old) K@M (16 weeks old)
mice. Note: Two different time points were deliberately selected since the tuna@nbur

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 MUCL1 turysates were
determined by western blot.
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Figure 2.10: MUC1 induces MRP1 expression via Akt- dependent addpendent
pathways. (a) BXPC3 Neo, MUC1, KCKO and KCM cell lysates warijected to
western blot analysis to determine phosphorylation of Aktel of unphosphorylated
Akt served as control for phosphorylation. f-actin served as loading control—¢) Cells
were treated with with 100M of Akt siRNA for 48h, and the lysates were
immunoblotted to evaluate thevtls of Akt, MRP1 and MUCI. B-actin served as a
loading control. (e) Cells growing in a 6-well plate wik untreated (WT) or treated
with either control siRNA or Akt siRNA (100M). Thirty-six hours post treatment, cells
were trypsinized, and equal number of cells waplated in a 96-well plate. The cells
were allowed to adhere and, at W8were left untreated or treated with |BA of
etoposide and 28M of gemcitabine. MTT assay was performed to measureoxytity

24 h post drug treatment.
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Figure 2.11: ChIPPCR assay reveals an interaction between the MUC1 @Tthan
ABCC1 promoter region. (a) Nuclear lysates of KCKO, KBAPC3 Neo and BxPC3
MUC1 cells were subjected to immunoblotting to determine théeaudocalization of
MUC1 CT. Lamin and MEK1 were used as controls for nucledrcytosolic fractions,
respectively. (b) Schematic representation of the psntieat were designed to PCR
amplify the promoter region of human ABCC1 gene (top para mouse Abccl gene
(bottom panel) in ChIP assay. (c) ChHCR; lanes include: Input DNA, DNA
precipitated using control IgG and CT2, and amplified by PCRyuBaq polymerase and
separated by 2% agarose gel.
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Figure 2.12: Schematic illustration of the two possible pathwaysvhich MUC1
regulates MRP1 gene expression in PDA cells. In human &fllAines, Capan-1 and
BxPC3 MUC1, MUC1-induced ABCC1l gene expression is dependenPl8K/Akt
pathway. The CT of MUC1 stimulates the PI3K/Akt pathwafjol in turn increases
MUC1 expression (left panel). In murine PDA cell line, KCMUC1-induced MRP1
expression is independent of the PI3K/Akt pathway (rightepa The CT of MUC1
translocates to the nucleus and binds to the promoter GICABAbccl gene, possibly
acting as a part of the transcriptional complex thatedrthe expression of this gene (left
and right panels).



CHAPTER 3: MUC1 POSITIVE PANCREATIC CANCER CELLS ACQUIRE GRVTH
AND METASTATIC ADVANGTAGE THROUGH UPREGULATION OF COX-2 GENE.

3.1 Introduction

Cyclooxygenase (Cox) and prostaglandins (PGH):

Cyclooxygenase (Cox), also known as prostaglaiktiinrsynthase are a class of
membrane bound bi-functional enzymes that calatyzesrates limiting step in the
conversion of arachidonic acid to prostaglandins (P@&)staglandins include a large
class of regulatory molecules, which mediate a wide aftayucial biological functions,
such as regulation of immune function, inflammation, meiance of gastrointestinal
integrity, kidney development and reproductive biology [113fachidonic acid (AA)
an o-6 polyunsaturated fatty acid (PUFA), abundantly distributedugghout the lipid
bilayer is first oxidized to PGG2 by the oxygenase activitfCox enzyme, which is
further reduced to PGH2 by the endoperoxidase activity of Cigxr@3.1) [110]. Less
commonly, Cox enzymes also catalyze conversioDigliomo«-linolenic acid (DHLA)
to PGH1 and eicosapentaenoic acid (ERAp-3 fatty acid to PGH3. PGH2 is further
converted into different isoforms by tissue specifiariscases (Figure 3.2). Prostaglandin
E (PGE) isomerase is found in most cell types and PGH2 isiost abundant isoform

Cox isoforms and their tissue expression profile

Initially COX was thought to be a single enzyme that catslythe rate limiting
step in the conversion of arachidonic acid to PGH. Howevexgdn became apparent

that there are different isoforms of Cox, which haviéed@nt expression profile and
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physiological functions. Cox-1 is expressed constitutiielfissues such as kidney, lung,
stomach, duodenum, jejunum, ileum, colon, and cecunuortrast, Cox-2 is an inducible
enzyme or early response gene. The basal level expressfoox-2 is absent in most
tissues, with the exception of CNS and kidney, which domisely expresses CoR-
[111]. LPS, tumor necrosis factor (TNF), interleukin (IL), wiegon — y, serum,
epidermal growth factor (EGF), platelet activating factgkK}, tumor growth factor o
(TGF-n), endothelin and arachidonic acid are some of the factorsnthates Cox-2 gene
and increases its expression in tissues [112]. iWdhfew hours of stimulation, the gene
is induced, causing a spike in the levels of Cox-2 mRNA aotkj; which returns to
basal level within 24 hours of stimulation [111].

Cox genestranscripts and proteins:

Cox isoforms are encoded by two different genes (PTGS1/Paysd
PTGS2/Ptgs2)which are located on different chromosomes. Cox-1 isstrébed by
Ptgsl gene, located on human chromosome 11, whereas CosaBsisribed by Ptgs2
gene, located on human chromosome 1. Ptgsl gene consiktifigexons transcribes a
2.8kb long transcript. In contrast, Ptgs2 gene, consistid@ afxons transcribes a 4 kb
long transcript. The Cox-2 mRNA is relatively shorelivdue to the presence ‘Ghaw
Kamen instability’ elements in the 3’UTR that affects its stability [111]. Inspite of
substantial difference in the length and sequence of thectiprs, Cox-1 and Cox-2
proteins are very similar in length and molecular weiglothBCox-1 and Cox-2 exits as
homodimers in solution. Both Cox-1 and Cox-2 monomers~&(0 amino acids long
and the molecular weight is ~71K3equence homology study revealed 60%-65%
sequence similarity between Cox isoforms from the sapecies and 85% - 90%

sequence similarity between ortholagsdifferent species[110].
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General structure of Cox and the isoform specific strattlifferences:

The crystal structure shows significant three-dimensi@t@ictural homology
between the different isoforms of Cox [113]. Broadlyg tfOX monomer consists o
three domains: the N-terminal EGF like domain, a membrardirig domain (MBD) of
about 48 amino acids, and a large C-terminal globulatytatdomain (Figure 3.4). The
exact function of the EGF domain is still not known. ThBDMdomain comprises df
sheets which allows mototypic insertion of the enzyme th&lipid bilayer. The Cox
catalytic domain constitutes bulk of the enzyme, which coseprof peroxidase (POX)
catalytic site, cyclooxygenase (COX) active site aaohd prosthetic group. POX active
site lies in a large groove opposite the MBD. The COX catalytic site is situated
opposite to the POX site and heme prosthetic (Figure 3.4) grotip25A° long
hydrophobicL shaped Cox channel extends from the MBD to the actteeoiCOX
catalytic domain. The Cox channel contains severalmidi&ets and water channels. The
Cox channel tapers to form a narrow aperture which sepahaehannel from the Cox
catalytic site (Gly 533). 24 non-polar amino acids and orpplar amino acids line the
hydrophobic COX active site [114]. Arg120 binds the carboxylatemaf arachidonic
acid (AA) at the COX active site, whereas thamethyl group of AA lies at the narrow
terminus of the channel. This places carbon-13 of A&lase proximity to Tyr-385,
which is a critical amino acid required for the COX acyivithe active site of Cox-2 is
20% bigger and is of different shape in comparison to Caé.cyclooxygenase active
site in Cox-2 has 3 amino acids substitution. Ile 434528 and His-513 in Cox-1 are
substituted by Val-434, Val-523 and Arg-513 in Cox-2 [1T4lis dramatically increases
the substrate binding pocket of Cox-2 and consequentddbre its substrate specificity.

Cox-1 and Cox-2 have same specificity for AA, but Cox-2 isengfficient at catalyzing
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the conversion of bulkier fatty acids such as lenolerid and eicosapentanoic acid
[111]. Another difference between Cox isoforms is thatlength and sequence of amino
acids vary considerably around the signal peptide in @uters The signal peptide in
Cox-2 consists of an 18 amino acids insert, 6 amindsaaivay from the end of the C-
terminal. However the insert does not disrupt the last 4@macids in the C-terminal,
which contains the ER-targeting signal. It is believeat tine 18 amino acid insert in
Cox-2 acts as a nuclear membrane targeting signal, whiohiex for the presence of
Cox-2 in both ER and nuclear membrane [111]

Both Cox-1 and Cox-2 are N-glycosylated at three sites§8, Asn 144 and Asn
410). Cox-2 is N-glycosylated at an additional site (Asn 5&3)x-1 is uniformly
glycosylated, whereas, Cox-2 is heterogeneously glyatesyland hence the molecular
weight of Cox-2 ranges from 65Kda to 80KDa [111]. Studies hetv@wn that N-
glycosylation of Cox enzymes are required for the méturaof the protein but is not
essential for thie catalytic activity.

Selective inhibitor of Cox-2 - Celecoxib:

The classical non-steroidal anti-inflammatory drugs (N®Akuch as aspirin and
ibuprofen are competitive cyclooxygenase inhibitors and thiefpit enzyme activity of
both Cox-1 and Cox-2. However, use of NSAID leads to ssrigide effects, such as
gastric lesions and renal toxicity, as NSAID have higdpecificity for Cox-1 enzyme
and inhibition of Cox-1 activity leads to disruption of trgoprotective function of Cox-
1 [113]. The 2¥ generation Cox inhibitors, such NS398, Celecoxib, Refecokithate
reduced toxicity as they are specifically designed to intfigitCox-2 activity. Celecoxib

has 100-1000 times more specificity for Cox-2 compared to CoRelecoxib, is
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approved for clinical use by FDA and is routinely used feating symptoms of
osteoarthritis and rheumatoid arthritis [115]

The Cox-1 and Cox-2 enzyme has minute structural differeacesnd the
opening of the Cox channel and catalytic sitbese minute structural differences have
been exploited for designing Cox-2 specific inhibitdrse last of the four helices in the
MBD of Cox-2 is cantilevered upward, which creates a bigger opeaf the Cox
channel and allows bulkier celecoxib in accessing the tataite of Cox-2 (Figure
3.5)[110] Moreover, His-513 substitution to Arg-513 alters the chengoaironment in
the side pocket of the cyclooxygenase active site. ialgitcharged Arg-513 interacts
with 4-methylsulfonyl of Celecoxib (Figure 3.6).

Link between inflammation, cancer and Cox-2:

Cox-1 is important for cryoprotection and for maintainirggue homeostasis. In
contrast, Cox-2 is expressed in response to growth faatmrsnflammation The link
between cancer and inflammation has been long appreciatedngAedong list of
proinflammatory molecules that has been closely linkecatwear, Cox-2 plays a critical
role in the pathogenesis and progression of cancer.vlastamajority of malignancies,
Cox-2 and its metabolite PGE2 is frequently overexpressed,its overexpression is
associated with aggressive phenotype and poor prognosanoér. Cox-2 is important
for both the initiation and progression of candgox-2 induces production of reactive
oxygen species (ROS) and reactive nitrogen intermedi&tid$),(which in excess can
induce oxidative DNA damage leading to genetic mutations. CaXe®vs cancer
progression by promoting proliferation, invasion, metastasigiogenesis, and resistance
to apoptosis. Cox-2 is also known to attract and retain nuyeleiived suppressor cells

(MDSC), which suppress T cell activation and thereby cause®ume immune
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suppression around the tumor microenvironment [116], [11Ffhe multifaceted role of
Cox-2 in cancer underscores the importance of studyingetip@ation of Cox-2 gene
expression in malignant cells.

Previously, we reported that in PDA.MUC1 transgenic mouseseapression of
MUC1 is detected at early stage PanIN lesions and its &sipresteadily increases as the
cancer progresses. Similarly, a stage dependent increas®xi2 @xpression was
observed in these mice (Figure 3.7) [118]. So, we asked oursbkaguestion, does
MUCL1 exert its tumorigenic effect in PDA via Cox-2/PGE2 sigraxis and if so does
MUC1 directly regulates Cox-2 gene expression. In this pagereport for the first time
that MUC1 directly regulates Cox-2 gene expressior\\#ekB dependent pathway and
that inhibition of Cox-2 leads to a reduction in the preodif®en and invasive potential of
the MUC1 high PDA cedl.

3.3 Materials and Methods

Cell Lines and stable transfection

The human PDA cell lines Hs766T, Capan-2, HPAFII, HPAC and CFPAC,
BxPC3, Capan-1 and Mia-Paca-2 were obtained from thEA{Manassas, Virginia,
USA). Cells were cultured in DMEM, MEM and RPMI media s@ppénted with 10%
fetal bovine serum (FBS), essential amino acids andiatiti. The cells were maintained
in 5% CQ, 95% air at 37°C. BXPC3 cells, expressing low levels of endagehtiJC1,
were stably transfected with empty vector or full-lengttJGL construct expressing
neomycin resistance gene as selection marker to ger#&BC3 Neo and BxPC3 MUC1
respectively [62]. Cells were selected with 0.5 mg/mL G418 for 48shpost infection

and were sorted using FACS Aria to isolate MUC1l+ve celBxpression of the
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constructs was stable throughout the span of experimeiksthen level of MUC1
expression was validated using Western blot.

Mouse model and mouse cell lines:

In our laboratory, we generated mice that spontaneousogepahcreatic ductal
adenocarcinoma (PDA) by mating the P48-Cre with the LRAR®*?° mice. PDA mice
were further mated to the MUC1.Tg mice (that express huME1l) to generate
PDA.MUC1 mice or to the Mucl knockout mice to generate PDA.MKI@ Inice. All
these mice were on the C57/B6 background. Cell lines were geshdram the primary
tumors of PDA.MUC1 and PDA.Mucl KO mice and were designated @&l kand
KCKO respectively. Panc02 Neo and Panc02 MUCL1 cell lines werr@ssly donated
by Dr. Michael Hollingsworth.

Transient knockdown of target genes using siRNA:

Cells plated in a 6well plate in antibiotic free condplenedia upon reaching 30%
confluene were trasfected with 100-200nM of smart pool MUC1 siRNA
(DHARMACON, Thermo Fisher Sc.) and 100-200nM of scrambletrobsiRNA (Cell
Signaling) using Lipofectamine 2000 (Invitrogen) fe6chours in serum-free Opti-MEM
(Invitrogen). Cells were washed with PBS and replenishdud mitdia supplemented with
FBS. Whole cell lysates prepared 48, 72, and 96 hours post stRM#ment were
subjected to western blot to determine the efficiency of Mdi@ickdown.

Western blots:

Cell lysates were prepared using RIPA buffer and 30-60ug of pretere
subjected to denaturing SBIBAGE and western bloThe PVDF membrane was probed
with anti MUC1 antibody CT2, anti- NFKB (Cell Signalifigechnology Danvers, MA,

USA), anti-Cox-2, anti- Lamin A/C and arfitactin (Santa CryzZCA, USA) antibodies.
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Appropriate secondary antibodies conjugated to HRP were sechamiluminescence
kit was used for detection. All antibodies were used acagprdm manufacturés
recommendations.

Preparation of nuclear extract:

Cells grown in 10cm plate upon reaching¥8®onfluence were lysed with
appropriate buffers provided in the EMD Millipore nuclearrastion kit, to isolate the
nuclear and the cytosolic fractians

Serum PGEM by ELISA:

Serum PGE levels were determined using a specific ELISA kit (Cayman
Pharmaceuticals, Ann Arbor, MI) that measures for {B&FPmetabolite (PGEM; 13,14-
dihydro 15-keto prostaglandin,A The protocol was followed as recommended by the
manufacturer. Results were expressed as pg/ml of PGE2 (MPGE

Human samples:

Tissue sections of pancreatic adenocarcinoma (PDA)hanthal pancreas were

obtained from the NIH/NCI tissue repository (http://seer.cagoe/biospecimen The
serums of PC patients of different stages were alstraa from NCI.

Mouse Tumor Samples:

1X10° BxPC3 Neo and MUCL1 cells were injected subcutaneousiadah nude
mice to grow BxPC3 Neo and MUC1 xenografted tumors. A mondr, latice were
sacrificed and tumors and other organs were harvesteliH@® and for preparation of
tumor lysate. PDA mice were sacrificed at between 16 waels40 weeks to obtain
KCKO and KCM tumors. Paraffin embedded blocks of formalindixemor sections
were made by the Histology Core at Mayo Clinic. 4 midiook sections were prepared

for immunohistochemical staining.


http://seer.cancer.gov/biospecimen
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Immunohistochemistry:

The tumor sections were treated with Dako antigen retr&lation at 95°C for
20-40 min followed by cooling it at RT for 20 min. To quench endoge peroxidase,
slides were rinsed, incubated for 10 minutes in methanol2@ solution. Sections
were washed, blocked in 5% normal bovine serum for 45 min,nandated overnight at
4°C with primary antibodies. Sections were incubated With appropriate secondary
antibody, developed with a diaminobenzidine (DAB) substrateinterstained with
hematoxylin, and mounted with Permount. Primary antdg®dised were: Armenian
hamster anti-MUC1 cytoplasmic tail (CT) CT2 (1:50, own), tgaati-COX-2 (1:100;
Santa Cruz Inc). Secondary antibodies were anti-harfis&50, Jackson Labs), and anti-
goat (1:100, Dako) IgGs conjugated to horseradish peroxidase. Immudfyosias
assessed using light microscopy and images taken at 20x roatioifi

Chromatin Immunoprecipitation (ChlIP):

Cells grown to near 80% confluence, were cross-linked wottmdldehyde
(Sigma) at room temperature for 10 min. Cross-linked chtomprepared with a
commercial ChIP assay kit (EZ-Magna ChIP; Millipore) vemnunoprecipitated with
normal Armenian hamster IgG (1:20) (Santa Cruz Biotechnol@fy, USA), anti-
MUC1 CT antibody (CT2) (1:15) and amiF-kB (1:20) antibody. MUC1 CT binding
site on Cox-2 gene promoter was amplified by PCR using the DNt (2%) or DNA
isolated from precipitated chromatin as templates andgugrimers flanking the
promoter region -377/-175 bp upstream (ChlIP region |) and +8320/+8550 bptdeam
(ChIP region Il) of transcription start site (TSS)rmouse Cox-2 gene (Fig. 3.11b, top
panel) and -346/-118 bp upstream (ChIP region 1) and -4053/3820 bp up$GhHn

region 1) of human COX-2 gene (Figure 3.11b, bottom parglp was used as a
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negative control for immunoprecipitation step and Ofé§ion Il was used as a negative
control for binding of MUC1 CT and NFkB to the promoter oggiSequence of the
primers isavailable upon request.

Semi-quantitative and quantitative RT-PCR:

Total RNA was extracted from the cells by TRIzol (Invitrogencording to the
manufacturer’s protocol. 1-2 ug of the extracted RNA was used as template for semi-
guantitativeRT-PCR reaction (Access quick RT-PCR kit, Promega, Mexli8Vl, USA)
and real time RT- PCR (KAPA SYBR Fast One-step gRT-PGR &equence of the
primers isavailable upon request.

Cell growth by MTT assay

10 X 10 cells were plated in quadruplicate in normal growth medius6-well
plates and were permitted to grow for 18 hours. Cells wéreréreated or treated with
Celecoxib (Pfizer, CN, USA) for 24 hours. Next, MTT (Biotiusolution was added (10
ul/well) to cells, incubated for additional 3-4 hours.Ha final step, media was removed,
formazan was dissolved in DMSO (200ul/well) and the absorbanceremas on an
ELISA plate reader.

Invasion assay:

Cells were grown on culture dish and serum-starved fdr d&fore plating for the
invasion assay. In a 24 well plate, 50,000 cells in serumsfredia with or without
Celecoxib were plated over transwell inserts (BD Bioscien&an Jose, CA, USA)
precoated with reduced growth factor matrigel (BD BioscienSas Jose, CA, USA).
Cells were allowed to invade through the matrix toward &mars supplemented media
contained in the bottom chamber over a period of 36 lteReinvasion was calculated

asabsorbance of samples/absorbance of controls*100.
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Densitometric quantification of western blot analyses: dioantification of the
bands of Western blot and semi-quantitative RT-PCR, itdenstric analysis was
performed using image analysis software (Image J) fro#tenal Institutes of Health
(Bethesda, MD).

Statistical Analysis: Statistical analysis was perfawih GraphPad software.
3.3. Results

Human PDA sections express high levels of MUC1 andZprotein:
Overexpression of Cox-2 is frequently observed in psat@ cancer. The

objective of the study was to first analyze if Cox-2 verexpressed in PDA and if so
does its expression correlate with MUC1 overexpresside performed IHC to
determine the MUC1 and Cox-2 expression in human PDAosecénd compared it with
adjacent normal pancreas sections. All four human PD#iosscstained strongly for
both MUC1 and Cox-2n comparison to the adjacent normal pancreas indicahiag
MUC1 and Cox-2 a overexpressed in PDA and there is a possible link between the
coexpression of these two molecules in human PDA. (Fig@&#®) We next analyzed the
PGE2 levels in serum obtained from PDA patients diagphegth stage O to stage 4 of
PDA. We detected 63.8 pg/ml, 118 pg/ml, 148.8 pg/ml and 210 pg/ml of PGEM/m
serum in stage 0, stage 2, stage 3 and stage 4 samplesivebpgfeigure 3.8B). There
was a 4 fold increase in the serum PGEM lewelstage 4 PDA patients compared to
stage 0 PDA patients. Our data indicates that during the pmigmeof human PDA,
serum PGEM levels progressively increases in a stage dependener, implicating
possible role of Cox-2 in the progression of the diseasmilagly, there was a steady

increase in levels of MUC1 in the same serum sanipled (Appendix, figure 1).



80

Cox-2 is overexpressed in PDA cell lines that endogenougsess high
levels of MUC1:

To validate our observation of positive correlationigetn MUC1 and Cox-
2 expression in human PDA, we examined a panel human PDAnes that express
various levels of endogenous MUC1 and analyzed basal MUC1 axe Gevels by
western blot. HPAFII, HPAC, CFPAC and Capan-1 PDA cell lingsess high levels of
endogenous MUC1, whereas BxPC3, Hs766T, Capan-2 and MiaPagaessiow
levels of endogenous MUCL1 (Figure 3.9 A). We found that MHadC1 high HPAFII,
HPAC, CFPAC and Capan-1 cells expressed higher levelsxe@ompared to MUC1
low Hs766T, Capan-2 and Mia-Paca-2. However, BxPC3 cell linevesth significantly
high levels of Cox-2 expression inspite of having low lsvef endogenous MUC1
(Figure 3.9 A). This observation is similar to what hasnbegported before in a study
where a panel of PDA cells lines were evaluated for endog&mu levels and BXPC3
was reported to be a very high Cox-2 expressing cell line [T20§. may be due to the
fact that BXPC3 is known to have a normal ras proto-oncogéiie all other cell lines
have mutated ras [121Qut of the eight human PDA cell lines that were includethe
study, seven cell lines exhibited a positive correlation betwd&C1l and Cox2
expression.

Overexpression of MUC1 augments Cox-2 expression anchudtaneous
attenuation upon MUC1 downregulation:

We next performed a gain of function and loss of fomctstudy, to
determine if Cox-2 gene expression is altered upon manipulatidUCL1 levels in the
PDA cell lines. We found that BxPC3 and Panc02 cells stabigfreted with full length

MUC1 express 3.3 fold and 2.6 fold higher Cox-2 levels resggtin comparison to
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BxPC3 and Panc02 cells stably transfected with the empty véEigure 3.9B
supplemental table 1). Similarly, mouse PDA cell line KG#lcthat genetically express
MUC1 express 3.9 fold higher Cox-2 compared to KCKO cellsdahatgenetically null
for MUC1 (Figure 3.9B, supplemental tablg. Next, we transiently knocked down
MUC1 expression transiently using MUC1 specific siRNA in MUgh HPAFII and
HPAC cell lines and evaluated the levels of Cox-2 by wedtn Following MUCL1
downregulation, we observed a 3.5 fold decrease in Cox-2ssxpnein HPAFII cells
(Figure 3.9C, supplemental table 2) and a 5.8 fold decrease iBdx-2 expression in
HPAC cells (Figure 3.9C, supplemental figure 2). Thus we obdehat overexpression
of MUCL1 in PDA cells lines causes an increase in MUC1 expnessid downregulation
of MUC1 causes a decrease in MUC1 expression indicatingGbaf2 gene irPC is
regulated by MUC1

IHC was performed to compare MUC1 and Cox-2 expression betwee
tumors from PDA mice that are null for MUC1 (KCKO) otpeess MUC1 (KCM). As
expected, KCKO do not show any staining for MUC1 and exprésseevels of Cox-2,
whereas, KCM tumors show strong membranous and cytoplddidcl staining and
show abundant Cox-2 tissue expression. BXPC3 Neo and BMAIC1 xenografted
tumors were also stained for MUC1 and Cox-2 expression.CBANUC1 tumors
expressing high levels of MUC1 also show high Cox-2 exmres® comparison to
MUC1 low BxPC3 Neo tumors.

We performed IHC on mouse PDA tumors that are nulMbiC1 (KCKO)
or MUCL1 positive (KCM) to evaluate the coexpression of MU&1d Cox-2 insitu.
KCKO tumors did not stain for MUC1 and showed low Cox-grexsion as indicated by

weak brown staining. In contrast KCM tumors showed high egjmesf both MUC1
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and Cox-2, as indicated by the strong brown staining (Figli@ &ft panel). Staining
for Cox-2 and MUC1 xenografted tumors showed similar trersl.epected, MUC1
high BXPC3MUCL1 tumors showed higher expression of Cox-2 ceadgar MUC1 low
BxPC3 Neo tumors (Figure 3.8ght panel).

MUC1 high PDA cells express high levels of Cox-2 mRNA:

We next evaluated the levels of Cox-2 mRNA in PDA ceksi expressing
variable levels of MUCL. The steady state levels ok-ZomRNA was significantly
higher in MUC1 positive Panc02 MUC1 and KCM cells compared to Mld@IKCKO
and Panc02 Neo cells (Figure 3.10A)e observed 2.14 fold higher Cox-2 mRNA in
Panc02 MUCL1 cells in comparison to Panc02 Neo cells by ne& §PCR (Figure
3.10B). A significant decrease (13.9 fold) in Cox-2 mRNA lewels observed upon
transient knockdown of MUC1 in HPAFII cells (Figure 3.10Ajis data suggests that
Cox-2 gene is upregulated in MUC1positive PDA cell lines.

MUC1 and NFkB colocalizes and binds to the promoter of theZogene:

We next sought to investigate the molecular mechanfsiiC1 induced
Cox-2 gene regulatiorilhe 5’UTR of human COX-2 gene contains a TATA box and
several potential transcriptional regulatory elementh siscCRE (59/53NF-1L6 (-132/-
124) and NF-kB (-233/-214 and -448/-439) and mouse Cox-2 gene contain CRE
438/-428), NF-kB (-400/-392), C/EBP (-136/-128) ak@-1 (-67/-62), that are essential
for Cox-2 gene expression [122], [123] In colon cand¥F-kB is important for
transcriptional regulation of Cox-2 geasindicated by attenuation of Cox-2 expression
upon NFkB downregulation in colon cancer cells [124], [125]. Ptesljoit was reported
that MUC1 CT constitutively associates with NB-p65 subunit and prevent IkBa from

binding to NFxB p65. MUCI also promotes the occupancy of NF-xB transcriptional
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complex to the promoter of NkB p65 target gene Bcl-xL gene and thereby increases its
expression [65]Thus, we explored the possibility if MUC1 and MB-co-localizesto
the promoter of the COX-2/Cox-2 gene and @sits expression.

We first evaluated the nuclear localization of MUC1 & NF«B p65 in
the human and mouse PDA cell lines under basal levebMerved presence of MUC1
CT in the nucleus of Panc02 MUC1, KCM, HPAFII and HPAC cells absence of
MUCL1 CT in the nucleus of Panc02 Neo and KCKO cells (Figure 3.tdpgApanel). We
did not observe any significant difference in the level®dBfkB p65 in the nucleus of
MUC1 null KCKO, Panc02 Neo and MUC1 positive KCM and Pan02 MUCIs cell
(Figure 3.11A). This data indicated that the nuclear lpattin of NF-xB p65 is not
affected by the presence or absence of MUCL1 in the @élis.observation is in contrast
to what has been reported before that downregulationld€Min ZR-75-1 breast cancer
cells cause a decline in the nuclear accumulatioddFekB p65. This could be possibly
because of differences in tumor origin.

We performed ChIP to examine the binding of MUC1 CT and NF-kBip65
the promoter region of mouse and human Cox-2 gene. Wenopnecipitated sheared
chromatin using anti-p65 antibody and anti-MUC1 CT antibddhe immunoprecipitated
chromatin was PCR amplified using primers design around thkB\fesponse element
in the promoter region of Cox-2 gene. In MUC1 positive KEalls, we observed MUC1
CT and NF-kB p65 binding to ChIP region I, containing the NFKB iR the promoter
region of Cox-2 gene. In contrast, in KCKO cells, in aoseof MUC1, NF-kB p65 no
longer binds to ChIP region | in the promoter region of-€aene (Figure 3.110eft
panel). We observed similar trend in Panc02 Neo and PancO2LMelS (Figure 3.7.B).

Further analysis of HPAFII cells showed that increasedimanacy of NF-kB p65 in the
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ChIP region | of Cox-2 gene is associated with MUC1 CT.aA=ontrol, there was no
detectable signal in the immunoprecipitates performed motlimmune IgG (Fig. 3B).
There was also no detectable MUC1 CT and NF-nB p65 occupatioy gontrol region
(ChIP region Il) downstream of the Cox-2 promoter (Bid.1GC right panels).

Blocking Cox-2 activity by Celecoxib reduces proliferatemd invasion in
PDA celk:

Among several factors that are known to augment proliferatia invasive
phenotype of cancer cells, Cox-2 is thought to be onbeokey players. In colon, breast
and PDA cells, Cox-2/PGEZ2 signaling axis promotes proliferasarvival and invasion
[126], [127], [128]. In non-small cell lung cancer (NSCLC), Cops@motes invasion
through decreased production of CD44, MMP-2 and EP4 receptors Frit8her study
showed that in NSCLC, Cox-2 induces invasion by suppressing E-tadxp@ression
via transcriptional suppressor ZEB1[130]. Previously we am@rsthave shown that
overexpression of MUCL1 increases the proliferative indek iavasive potential of the
PDA cells [58], [61], [62], [63], [131] So, we hypothesized that MUC1 promotes
proliferation and invasiveness in cancer cells through Cdr-fhis study, we inhibited
Cox-2 activity in MUC1 high PDA ceddlwith Celecoxib and analyzed if Cox-2 inhibition
negatively affects growth and invasive potential of PDAscell

We first treated MUCL1 high and low PDA cell lines HPAFII, HBAM
and KCKO with increasing concentration of Celecoxib and 24 hates performed
MTT assay to evaluate the growth arrest. At 50uM, 75uMla@@wiM of Celecoxib, we
observed 18.9%, 42.7% and 56.4% of growth arrest in HPAFII datimire 3.12A.1.)
and 16%, 47.1% and 59.6% of growth arrest in HPAC cells (Figur€C3)1&imilarly,

in KCKO and KCM cells, we observed a similar dose dependergase in growth arrest



85
upon blocking Cox-2 with Celecoxib. At 25uM, 50u¥6 uM and 100 uM of Celecoxib,
20%, 42.4%, 62.5% and 81.5% of growth arrest in KCKO cells and 12%%%0,49.2%
and 71% growth arrest in KCM cells was observed. Howevegrmparison to KCKO,
KCM were more resistant to growth arrest, although Caa2 sufficiently blocked in
both cell lines as indicated by the western (Figure 3.1RCThis could be due to
hyperactivation of the prosurvival pathway PI3K/Akt in KCM celijich counteracts
the growth inhibitory effect of Celecoxib [Sverall blocking Cox-2 activity caused
profound growth arrest in PDA cells, indicating that Caois-Enportant for the growthfo
these cells. However this inhibition of growth is independ®f MUC1 expression as
both MUC1-high and low expressing PDA cells responded toamelec

We next evaluated the expression of Cox-2 and MUC1 praipon
Celecoxib treatment to a) determine the level of Cox-ZKirhg and b) to analyze if
MUC1 expression is affected upon inhibiting Cox-2 activity. InPAHR, HPAC, KCKO
and KCM cells, a gradual decrease in the Cox-2 protein is\ausapon treatment of the
cells with increasing of Celecoxib (Figure 3.12A.1l, B.HdaC.Il). However, we did not
observe the MUCL levels to change upon blocking Cox-2 agtiviticating an absence
of feedback loop between Cox-2 and MUCL1. They share a unidmattelationship,
where Cox-2 gene is under MUCL1 regulation and not the atagraround. Interestingly
in HPAC cells, we observed a moderate increase in MUCL1 estpnespon exposure to
Celecoxib (Figure 3.12 B.ll)

We next evaluated the invasive potential of a panel ofalmuRDA cell lines
that express high levels of Cox-2. Mia-Paca-2 cell linbjch is null for Cox-2 was
included as a negative control. We found that HPAFII, HPA Mia-Paca-2 cells were

13.5%, 10.85% and 11.8% invasive, whereas CFPAC was 24.6% invasqae(Fi
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3.13A). Thus, although HPAFIl, HPAC and CFPAC cells express high endogenous
MUC1 and Cox-2, their inherent invasive potential is différbecause the cohort of
mutations in these cell lines is also different. Next ineated CFPAC cells with
Celecoxib, to determine if blocking Cox-2 activity attenuatesnvasive potential. We
observed a 2 fold decrease in the invasive potential of CFRE&Ns upon treatment with
15uM and 30 uM of Celecoxib (Figure 3.13B), indicating that €adg-important the
invasiveness of the cell line. KCM cells which express hidéeels of Cox-2 is 82%
invasive in comparison to KCKO cells which is 60% invasive.falé (51.6%) and 4.3
fold (19.49%) decrease in the invasive potential of the KCMs asllobserved upon
treatment of thedls with 15uM and 30uM of Celecoxib. The invasive potentidkGM
cells treated with 15uM of Celecoxib is equivalent to theasmne potential of KCKO
cells, indicating that higher invasive potential in KCM cadlsassociated with CoR-
activity.

3.4. Discussion

Overexpression of MUC1 in pancreatic and in other solid tamand its
implication in malignant tumor progression, has been desdrby various research
groups. Importantly, it was demonstrated that MUC1 overegjegpromotes invasion
and proliferation of PDA cdl [62], [63]. Hence, MUC1 has become an attractive
molecular target for cancer therapy. In pancreatic carCex-2 is frequently
overexpressed which is associated with increased anggigefm®mune suppression,
tumor cell proliferation and invasion. However the relalip between these two
molecules has never been studied before. Our study deatesstor the first time that
MUC1 is an important regulator of Cox-2 gene expression, whiaimgtes proliferation

or invasion in the PDA cells.
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We demonstrate that the levels of COX-2 protein aresas®d in both primary
human PDA and in PDA cell lines that express high leveBIGWC1 (Figure 13.8). In
both human and mouse PDA sections, COX-2 was overexpresséambors that
expressed high levels of MUC1. The relationship between MU @ox-2 was
effectively recapitulated in PDA cell lines, where we dertraes that overexpression of
MUC1 in MUC1 low cell lines leads to increase in Cox-2 mRNW arotein expression.
Consequently, knockdown of MUC1 in MUCL1 high PDA cell lineseratates Cox-2
MRNA and protein expression (Figure 13.9, 13.16)erestingly, in BXxPC3 cells a
significant difference in Cox-2 expression was observetioagh there was no
significant difference in the Cox-2 mRNA level, raising possibility of post
transcriptional regulation of Cox-2 by MUCL1. The stabitifyCox-2 mRNA is largely
regulated by a complex network of Erk1/2, p38 MAPK and PI3K patbAa32]. Most
of these signaling pathways are over activated in canelis that overexpress
MUC1[57], [58], [61]. Thus the possibility that MUCL1 increase oyexpression
posttranscriptionally in PDA cells cannot be overruled. eRdg it was reported that
downregulation of miR-143 in PDA cells increases the stabifit@ax-2 mRNA leading
to increased Cox-2 protein in PDA cells. MUC1 has beemnvsho induce galectii3
expression in PDA cells via suppressing miR-322 expressiontramdby stabilizing
galectin-3 transcripts.

In pursuit of elucidating the mechanism by which MUC1 regslaBox2
expression, we analyzed occupancy of MUC1 and NF-kB to the prombt€ox-2
(PTGS1/Ptgsl) gene by ChIP ass#ye found that MUC1 CT and NFkB binding to
ChlIP region | (within 1000bp upstream of TSS) in SAETR regionof both mouse and

human COX-2/Cox-2 gene. KCKO cells that are null for MU@ILrebt show any binding
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of MUC1 CT and NFkB to the 5S’UTR of mouse Ptgs-2 gene (Figure 13.1T)hese cells
display low Cox-2 mRNA level indicating that loss of MU@&ttenuates binding of NFKB
to the promoter of Cox-2 gene and thereby affects thecniption of Ptgs-2 gene.

Lastly, we determine the biological significance of Coxthe MUC1 high
PDA cells by blocking the Cox-2 activity. We observed a dogemi#ent decrease in
growth of HPAFII, HPAC, KCKO and KCM cells upon treatment witlelecoxib
underscoring the importance of Cox-2 in proliferation of PB&ls (Figure 13.12).
Interestingly, although KCKO cells expressed less Cox-2pened to KCM, they were
more susceptible to growth inhibition by Celecoxib comparg€abl. This could due to
the fact that Celecoxib not only inhibits Cox-2 activityt also modulates cell survival
pathways and other cellular responses. A study showed#hantitumor effect of Cog-
is not entirely contingent upon its ability to inhibit Coxa@ivity but rather owing to its
ability to initiate ER stress [133]. It could be possiblattin KCKO cells Celecoxib
initiates ER stress which is counteracted better in K&eNs.

On analyzing the basal level of invasive potential of HPAFRAC, CFPAC and
Mia-Paca-2 cell lines, we found that only CFPAC cell line wasisive and treatment
with Celecoxib resulted in decrease in their invasive patiefitigure 3.13). Thus, Cox-2
is critical for proliferation of HPAFII, HPAC, KCKO and KCMetls, but not for their
invasive potential. In contrast, Cox-2 is important for batlasion and proliferation of
CFPAC cells. Thus, although Cox-2 is overexpressed irCMligh PDA cells, the
biological effect of Cox-2 may not be the same ilViIC1 high cell lines. The variation
in the biological effect of Cox-2 could be due to differe in the expression profile of
the EP receptors in the cells lines, and the subsequentezngagof one or more of the

signaling pathways downstream of Cox-2/PGE2 signaling axis. Ndesshethe
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significance of Cox-2 overexpression by the MUCL1 highscedinnot be underratex$
Cox-2 not only affects tumor cells but also other celldamponents in the tumor
microenvironment. For example, it has been reported tlat-2Ccauses suppress
activation of immune response against tumor by recguitviDSC in the tumor
microenvironment. Moreover, Cox-2 is known to regulate VE®pression and promote
angiogenesis [134], [135Previously we and others reported that MUC1 modulates
expression of VEGF in pancreatic and breast cancer[8&l$62].

In conclusion, MUC1 is an important mediator of tumor glgwnetastasis and
angiogenesis, and also functions as positive regu@td@OX-2 expression in PDA
Hence, targeting the cytoplasmic tail of MUC1 using MUCL1 iinbibGO-203, which
blocks the CQC motif and prevents MUC1 dimerization, f@ya promising approach

for the treatment of patients with advanced and/or meiagtncreatic cancer.
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Figure 3.4: Three dimensional structure of the Cox enzyme:dwe enzyme has 4
distinct domains, EGF like domain, membrane binding domanoxmase (POX) active
site and cyclooxygenase (COX) active site [138].
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Figure 3.8: Expression of MUC1 and COX-2 in human pancreal@acarcinoma
sections and PGE2 in the patient serum: A. IHC was perfotmedmpare MUC1 and
Cox-2 expression between the human PDA sections aratjgeent normal pancreas.
Morphologically normal pancreas section shows low api@hbranous MUC1 staining
and lack of Cox-2 expression. Metastatic PDA samplesvsitrong membranous and
cytoplasmic MUCL1 staining and show abundant Cox-2 in turalis. . Serum PGE2
levels from pancreatic cancer patients were assessedGB2 metabolite (PGEM)
ELISA kit. An average of 5 patient samples have bdewa here. One way ANOVA
was performed to determine the statistical significandevden the samples, ***p =

0.0005.
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Figure 3.9: Positive correlation between MUC1 and Cox-2 egjne$n human cell lines
(in vitro) and mouse PDA section&. Levels of MUC1 and Cox-2 protein in a panel of
human PDA cell lines were evaluated by western blot usingMld€1 antibody CT2
and anti-Cox-2 antibody respectively. 60ug of protein was lofde8DS-PAGE S-actin
was used as loading contrds. Levels of MUC1 and Cox-2 protein in cell lines
overexpressing MUC1was evaladtand compared with low MUC1 counterparts. 35 ug
of protein was subjected to SDS-PAGE. @x-2 expression was evaluated in cells
following endogenous MUC1 knock down using MUC1 siRNA. Cox-2 a0 levels
were analyzed by western. 60ug of protein was loaded for SDS-PRGHIC was
performed to compare MUC1 and Cox-2 expression between Mukctimors (KCKO)
and MUCL1 positive tumors (KCM). BXPC3 Neo and BxPC3 MUChdoxgafted tumors
were stained for MUC1 and Cox-2 expression. KCM and BxPC3.Mtuéhors shoed
high levels of Cox-2 in comparison to MUC1 low KCKO and B@&8Neo tumors.
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Figure 3.10: MUC1-positive PDA cell lines express elevaedls of Cox-2 gene in
vitro.A. Total MRNA from PDA cell lines were isolated using TRIzot the basal levels
of Cox-2 mRNA were determined using semi-quantitative dee KT-PCR Kit B.

Panc02 Neo and MUC1 Cox-2 mRNA was evaluated by real time@®H.-P
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Figure 3.12: Selective inhibition of Cox-2 with Celecoxib attges the growth of the of
PDA cell lines: Al, Bl and CI: Equal number of cells (4000 - 10,q@1@)ed in 96 well
plate were grown overnight. After 18 hours, cells were éckatith or without the
indicated concentration of Celecoxib and control DMSO2érhours. MTT assay was
performed to determine the growth inhibition following Celebaxeatment. Significant
differences in growth in each cell line and between KCK@ #CM at varying
concentrations of the Celecoxib is shown as p-value8)(if*p<0.1, **p<0.01, ***
p<0.001) All, BIl and CIlI: Cells grown overnight in a 6 well plateere left untreated or
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and were subjected to immunoblotting. The membrane was ¢praiib anti-MUC1
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Figure 3.13: Selective inhibition of Cox-2 with Celecoxibeauates invasive potential of
the invasive PDA cell lines: Cells grown on culture disleaserum-starved for 18 h before
plating for the invasion assay. In a 24 well plate, 50,0016 teserum-free media with or
without Celecoxib were plated over transwell inserts (BBsBiences, San Jose, CA, USA)
precoated with reduced growth factor matrigel (BD Biosmsn San Jose, CA, USA). Cells
were allowed to invade through the matrix toward the seupplemented media contained
in the bottom chamber over a period of 36 h. Percent mwagas calculated as absorbance
of samples/absorbance of controls*100.



CHAPTER 4: MUC1 REGULATES THE SWITCH IN TGEt FUNCTIONING FROM
TUMOR SUPPRESSOR TO TUMOR PROMOTER

4.1. Introduction
Transforming growth facte (TGF-B) is a pleotropic cytokine with dual

functionality. In normal epithelial cells, TGFeauses growth arrest and apoptosis, which
constitutes the tumor suppressive function of Tg$tgnaling. Additionally, TGH3 can
trigger proliferation and EMT (epithelial to mesenchymahsition) in normal epithelial
cells, aphysiological process crucial for organogenesis and devedopriihis constitutes
the tumor promoting arm of TGE;- as in cancer cells this signaling axis of TGF-
becomes dominant and promotes invasion and metastasiaaafr da40], [141], [142]
Thus it can function both as a tumor suppressor and a tpmeonoter. In normal
epithelial cells, the tumor suppressive arm of Tkgnaling is dominant. At early
stages of tumorigenesis, when the tumor is still benigatts directly on the cancer cell
to suppress tumor growth [143However, as the cancer progresses, the tumor
suppressive arm of TGF-signaling is lost and the tumor promoting arm of TGF-j
signaling gains dominance[144], [145], [146], thus changing fronm@rtsuprresor to a
tumor promoter. The mechanism(s) underlying the switch fonatiswitch of TGH3 is
not definitively known.

TGF1, TGF-B2 and TGF-B3 are the three isoforms of TGF-B. TGF-B1 is the

most abundant and universally expressed isoform. Activatib TGFSRII involves
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binding of TGFB1 to TGFHRII and its subseugent autophosphorylation. Activated TGF-
BRII in turn phosphorylates TGF-RI, which in turn activates a class of signaling proteins
known as Smads. Smads are the principle effector mekeotilthe canonical TGEB-
signaling pathway TGFRII activates Smad2/3, which upon activation, binds to an
additional protein, SMAD4 or co-Smad, and translocates ¢onticleus. Within the
nucleus, this complex acts as a transcription factorevtiee protein that binds to DNA
and contributes to the activation for various geness thggering apoptosis (Figure 4.1)
[147]. However, in recent years, a number of additiondivpays have been discovered
that potentially regulate the different cellular resgEsto TGH. Some of these non-
canonical signaling pathways are PI3K/Akt, Erk1/2, JNK, p38 MAP#pays [144],
[148], [149] Integration of the canonical and non-canonical signaling waath
contributes to the paradoxical role of T@F=signaling. In transformed cells, aberrations
in either canonical or non-canonical signaling cascadereanlt in a loss of tumor
suppressive but gain in the tumor promoting function of BER50]. Some of the
anomalies frequently observed in the canonical pathwaydawnregulation of TGIB-
receptors, upregulation of I-Smads (inhibitors of Tf$tgnaling cascade) and mutation
or deletion of Co-Smad (Smad-4/ DPC4) [144], [150jeractivation of the non-
canonical TGH3 signaling pathways such as PI3K/Akt, Erk1/2 and p38MAPK pathways
have also been reported in transformed cells.

However, as the tumor progresses, genetic and/or biometi@ages allow TGF-
B1 to stimulate tumor progression by its pleiotropic activities on the cancer caliSF-1
stimulating invasion and metastasis might be of greeteical consequence than its
tumor-suppressive role, as the majority of human tumetain a functional TGPBA

signaling pathway [143]. TGB1 induces epithelial-to-mesenchymal transition (EMT), a
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process by which epithelial cells lose their cell pojaaind cell-cell adhesion, and gain
migratory and invasive properties to become mesenchymal Ta&E$1-induced EMT
leads to migration and invasion of local epitheliallsceThis could be through the
extracellular signal-regulated kinases (ERK) pathwayjaancof proteins in the cell that
communicates a signal from a receptor on the surfatteeafell to the nucleus of the cell.
This pathway communicates by adding phosphate groups to a néghjatein, which
acts as an "on" or "off switch. This results in an escape of apoptotic fates of these cells,
and this is important for tumor metastasis [141]. Strategieshemotherapy targeting
functional TGFB1 must consider its bifunctional action and attempt more specific
targeting to inhibit tumor promoting TGF}F signaling pathway, thus preventing
outgrowth and metastasis [143].

Previous research has shown that like TBFMUCI plays a major role in EMT
as well as drug resistance, invasion, and metastasis tre@din cancer [57], [62]
Therefore, the goals of this research project includeraéning the differential effects of
TGF1 induced EMT in MUCI+ and MUCI1- cells, and determining the differential
effects of TGFB1 induced apoptosis in MUC1+ and MUCI1-. It is hypothesized that
upregulation of MUC1 and signaling through its cytoplasmic sapports TGH1-
induced EMT and invasion and inhibits T@F-induced apoptosis (Figuré.2).
4.2 Materials and Methods

Cell Culture:

All experiments were performed in vitro with a panel ofnaumn (CFPAC, HPAC,
HPAF II, Capan 1, Panc 1, Mia Paca 2, SU86.86, BXPC3 MUC1, Bxir&3 and
mouse (KCM, KCKO, Panc 02 MUC1, Panc 02 Neo) PDA cell liadiells lines are

established cell lines from the American Type Culture Cotla (ATCC) and derive



105
from pancreatic ductal adenocarcinoma. All cells weréuoed in 10 cm plates in an
incubator at 37C. Cells were split and fed with C-DMEM media every otHay or
when the cells became, at most, eighty percent confluent

Western blots:

Equal quantities (determined from BCA Assay) of cell lysatese loaded on
SDS-PAGE gels. When developing the loading buffer and geh@oiestern Blotting,
8%, 10%, and 12% gels were used. These gels consisted afsvan@unts of DI H20,
30% Acrylamide, 1.5M Tris pH 8.8, 10% SDS, 10% APS, and TEMED. Afteripg
the gel, the samples were added to the gel, and the pnasitransferred through the 6
processes of gel electrophoresis, a method for sepaeatibanalysis of macromolecules
and their fragments, based on their size and chakg€am, 2012). The molecular
weights of TGFBR1 (56 kDa), TGFf R2 (64 kDA), and B-actin (42 kDa) were taken not
of, and they were analyzed using various primary antiboies000 dilution) and
secondary antibodies (1:2000 dilution).

Invasion assay:

Cells were serum starved for 18 hours before plati8ngnf@sion assay. 30,000
cells were plated on growth factor reduced matrigel coataits and were left untreated
or treated with 10ng/ml of TGFB1. The cells were allowed to invade through the matrix
towards the serum containing media in the bottom chambdBfbours.

Annexin—V staining:

Serum starved cells were treated with 10ng/ml of PEFer 48lours. Apoptosis
wasmeasured by via Annexin V / 7AAD flow cytometry staining. Annexin V bindb w
high affinity to membrane phospholipid phospha-tidylse(iPS) which translocates from

the inner to the outer leaflet of the plasma membiargpoptotic cells. Staining with
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Annexin V-FITC is typically used in conjunction with a live/ded@ye 7-Amino-
Actinomycin (7-AAD) to allow the identification of earlgpoptotic cells (7-AAD
negative, Annexin V-FITC positive) from dead cells (7-AAD pi@si AnnexinV-FITC
positive). Viable cells with intact membranes exclude 7-AMDereas the membranes of
dead and damaged cells are permeableA&D-
4.3. Results

We wanted to first investigate if there is any corretati@tween expression of
MUC1, TGF§ receptors and TGFB1 in human PDA cell lines. We analyzed the levels of
MUC1, TGF$ RI and TGF{} RII in a panel of human PDA cell lines expressing variable
levels of MUC1 by western bloPancl, MiaPaca2, and SU86.86 cells, which express
low levels of endogenous MUC1 also express high levels of f®F-and negligible
levels of TGFBRII (Figure 4.3a). Whereas, CFPAC, HPAC and HPAF Il cells, lwhic
express high levels of endogenous MUC1 express high level&B#3 RII and low
levels of TGFBRI (Figure 4.3a). Similarly we observed that BxPC3 MUCL1 celllvhi
express high levels of MUC1 also express higher level&GH{3RII but lower levels of
TGF$ RI in comparison to BXPC3 Neo cell$he data is indicative of a positive
relationship between MUC1 and T@IH- expression and an inverse relationship between
MUC1 and TGFBRI expression.

TGF1 is a known inducer of EMT and invasion in pancreatic cancer and
since MUC1-expressing PDA celindergo EMT and are highly invasive as compared to
MUC1-null cells, we first examined if TGB}t-induced invasion is dependent upon
MUC1 expression. We found that MUC1-positive cells becanoeeninvasive upon
TGF-1 stimulation compared to MUC1-null cells. This suggests that MUCllitfas

TGF-$1 mediated EMT and signaling (Figure 4.4a). Whether this is due to the
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differential expression of the TGRRI and TGF-BRII levels in these cells is not yet
known.

In normal epithelial cells, TGB1 induces apoptosis. However, in transformed
cells, the TGH31 mediated apoptosis is abrogated. It has also been demonstrated that
MUC1 expression abrogates the intrinsic apoptotic pathwayteidre, we wanted to
know if MUC1 has the ability to modulate TGH- mediated apoptosis in MUCI1
expressing PDA cells. To determine the effect of MUC1 exjaesm TGFg1 induced
apoptosis, we performed Annexin V/7AAD staining and flow cytométrg. found that
MUC1-positive cells resisted apoptosis upon T[@Fstimulation compared to MUC1-
null cells (Figure 4.4b). To further validate that theati#hces are indeed due to MUCL1
expression, we first examined the basal level productiof@Ff1 by ELISA. We
observed elevated levels of TGFp1 in the culture supernatants of BXPC3 MUCL1 cells in
comparison to BXPC3 Neo cells at 6, 12 and 24 hour time péiotgever, at 48 hours,
no significant difference in the levels of T@F-was noted between BXxPC3 Neo and
MUC1 cells (Figure 4.4c). This could be due to accumulatiohGF1in the media of
BxPC3 Neo cells that are not internalized for signaling pugpose

We next wanted to investigate if the differential effe€tTGF$1 on MUCI1
positive and negative PDA cells stemmed from the diffeakattivation ofthe TGFp
signaling pathways, especially since the TRt-and TGF-BRII levels were significantly
altered in MUC1 high and low cells. We analyzed the abtmaof Erkl/2 and
Smad2/3pathways which represents the respective non-camnmmiceanonical signaling
axis of TGFp signaling pathways. We assessed the kinase activity of the receptors by
evaluating the phosphorylation of Smads and Erk1/2 followid¢ {1 stimulation. We

observed significant phosphorylation of Smad2/3 at 30 mintadswing TGFf1
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stimulation in both BXxPC3 MUC1 and BxPC3 Neo cells. Howetbere was no
difference in the levels of the phosphorylated Smad2\8dsn the MUC1-positive and
MUC1-null BXPC3 cell lines (Figure.Ba). Interestingly, we observed elevated levels of
phosphorylated Erk1/at 15 minutes and the consecutive time points following PGF-
stimulation in MUC1 positive PDA cells compared to MUC1 reDA cells (Figure
4.5h. Note that BXPC3 MUCL1 cells have inherently higher phosphkil/2 levels
compared to Neo cells. Together, these data indicastdhe difference in invasiveness
and apoptotic response of MUC1 positive and negative PDAamild be caused due to
the difference in the expression of the T@Feceptors and activation of the downstream
Erk1/2 signaling cascades
4.4. Discussion

So far data indicates that MUC1 plays a role in switch@F-31 function from a
tumor suppressor to a tumor promoter. The negative coomléetween MUC1 and
TGF1 RI levels underscores that MUC1 could play a role in blocking Tg3HAduced
apoptosis because the phosphorylation of BERI leads to activation of proapototic
pathway via Smad. Based on these results, if MUCL1 is upategiilthen TG RI is
down regulated, thus the apoptotic signaling pathway is not @dtiatlso, the positive
correlation between MUC1 and TQH- RII with CFPAC, HPAC, and HPAF 1I is
significant because the up regulation of TEFRII and down regulation of TGF-1 RI
indicates that TGP -induced EMT may be occurring.

This study gives us the basis of a screening tool to predhether inhibition of
TGF{f1 would be an effective treatment for a particular patient with pancreatic
adenocarcinoma. This tool can be used to prevent patiemsgetting false treatment. If

MUC1 is not expressed, then T@F-inhibition would not be suggested because it would
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be blocking TGRB1 functioning as a tumor suppressor. If MUCI is expressed, then TGF-
B1 inhibition would be suggested because this this expression leads to TGF-B1-induced-
EMT, which needs to be blocked. Not only does this study apea whole new field of
study using TGH1 targeting as an effective treatment, but this study can also take us

one step closer to understanding pancreatic cancer anersamgeneral.
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Figures 4.5
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Figure 4.1: Canonical and non-canonical signaling pathway&ef3: Divergent TGFB
signaling pathways induce transcriptional regulation thrdsigIAD pathway and induce
invasion and metastasis through epithdaiainesenchymal transition (EMT) pathway
[151].
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Figure.4.3: Expression of TGF+eceptors in PDA cell lines: (a) A panel of human cell
lines were tested for TGF-RI, TGF-B RII, MUC1 expression by western blot. (b)
BxPC3 Neo, MUC1 and YO cell lines were tested for expressionGH{3 RI, TGF-$3
RII, MUC1 by western blot. B-acting was used as a loading control. (c) 0.25614*1C°

, 0.55*10 and 0.7*1C° cells were plated in 6 well plates for the supernatanbeto
collected at 48hours, 24 hours,12 hours and 6 hours respectiaiye cell lysates were
prepared from the cells for BCA assay. The level of PBRecreted by BxPC3 Neo,
MUC1 and YO cells were determined by analyzing the cell custupernatant by ELISA.
The results are represented as pg of P&per ml of the cell culture supernatant. The
levels of TGFB1 were normalized to the whole cell lysates.
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Figure 4.4: Differential effect of TGB1 on the human PDA cell line BXPC3 in absence
and presence of MUC1: (a) Cells were serum starved fdroli& before plati8ng for
invasion assay. 30,000 cells were plated on growth factor reduateidehcoated inserts
and were left untreated or treated with 10ng/ml of TGFB1. The cells were allowed to
invade through the matrix towards the serum containing mediee bottom chamber for
48 hours. (b) 30,000 cells were plated a24 well plate and were serum starved
overnight. Next day, cells were treated with 10ng/ml of T83Her 48 hours and were
stained with Annexin V apoptosis kit to determine the levelpmiptosis.
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Figure 4.5: Preferential activation of the non-canahi@GF{ pathway-Erk1/2 in
response to TGB! in BXPC3 MUCL1 cells: (a) 0.5*F0cells were plated in a 24 well
plate and were serum starved for 6 hours. Cells werettr@ath 10ng/ml of TGH31 for
indicated time points and were harvested following treatnto prepare whole cell
lysates. Phosphor-Smad2/3, total Smad, phosphor Erkl1l/2 and total BEwelé&2
determined by western blot.



CHAPTER 5: OVERALL CONCLUSION AND FUTURE DIRECTIONS

The aim of my PhD dissertation was to study the mechamggcof MUC1 in
conferring drug resistance, invasion and proliferaiiorPDA cells Chapter 2 of my
dissertation illustrates MUC1 induced drug resistance in PENA due to upregulation of
ABC transporters. Previously, MUC1 has been implicatedaftgnuated sensitivity to
chemotherapeutic drug cisplatin in colon cancer cellse Téport stated that the
cytoplasmic tail of MUC1 translocates to mitochondria mehé interferes with the
release of pro-apoptogenic factors and prevents inductiapagftosis. This accounts for
the reduced sensitivity of the colon cancer cells tplaig [106]. Pancreatic canceras
lethal disease and responds poorly to the chemotherapeugs. Here, we demonstrate
that MUCL1 upregulates DR genes, which encodes for ABC transporters and it leads to
reduced sensitivity of the PDA celio anticancer drugs etoposide and gemcitabine. W
observed overexpression of four ABC transporters, MRERP3, MRP5 and P-gm
MUC1 high PDA cells, and our investigation further focusedtlim ABC transporter
MRP1. The mechanism of regulation of MRP3, MRP-5 and Beaye expression and
their contribution towards increased drug resistance in PBWs cemains to be
evaluated. Further, it would also be interesting to deberii MUC1 downregulates the
nucleotide transporters (NTs) in PDA cells, the lack bicly has largely been implicated
for reduced uptake of gemcitabine by cancer cells and henceetedansitivity to the

drug [152]
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In recent years, cancer stem cells have gained consieetéention, as the cancer
stem cells contribute partly to the high drug resistanck raetastasis associated with
pancreatic cancer. Thus, an understanding of the moleuelainanism of drug resistance
and metastasis with respect to cancer stem cells isvafstitimportance. Studies have
shown that cancer stem cells display overexpresdigkB& transporters, especially P-
gp, MRP1 and ABCG2 [153]. Our research group demonstrated retesutiMUCL is
expressed in pancreatic cancer stem cells [119]. It wouldtbeesting to determine if
MUC1 similarly upregulates the ABC transporters and congiwud the drug resistant
phenotype in cancer stem cells. The insights gained frath studies can be used for
designing therapies to combat the ABC transportersatestiidrug resistande cancer
cells, including the highly resistant pancreatic cancer stethpopulation, with an
overall aim to improve the chemotherapy outcomes inngatic cancer patients.

The second section of my dissertation aimed to investigatéJC1l in PDA
regulates a pro-inflammatory enzyme Cox-2, since high Cogpgession in cancer cells
is known to be associated with increased drug resistamggogenesis, and invasion.
Previously our research group demonstrated a stage dependesdséndn Cox-2
expression in PDA.MUCL1 tumors (KCM) which was absent in MUGIL-tamors. This
was the first report which provided a direct correlatiorween MUC1 and Cog-
expression in PC. However, it was not studied in depth amdstnot known if indeed
MUC1 regulates Cox-2 expression and function in PC, asd How. So, in the second
part of my PhD thesis work, | addressed these questistisdied the correlation between
MUC1 and Cox-2 gene expression and also investigated the naohayiwhich MUC1
regulaes Cox-2 gene expression in PDA cells. Here, we report that MloG@kases

Cox-2 expression in PDA cells, which bestows the caceks with growth and invasion
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advantage. The study mainly foedison the transcriptional regulation of Cox-2 gene
expression by MUC1l. We demonstrate that MUC1 cytoplasmiic promotes the
occupancy of NFkB in the promoter of Coxgene and thereby increases Cox-2 gene
expression. The expression of Cox-2 gene is also largsdylated by a post-
transcriptional mechanism. A recent report demonstrétatddownregulation of miR-
143 reduces stability of Cox-2 mRNA which leadsoverexpression of Cox-2 in PDA
cells [154]. Another report stated that miR-301 is upregulated in PDA we#&llsh causes
constitutive activation of NFKB via downregulating the egsion of NFkB repressing
factor (Nkrf), causing augmentation in expression of idvelF-kB target genes,
including Cox-2 [155] It would be interesting to determine if MUC1 regulates
expression of these miRNAs or yet some Iyeundiscovered ones that regulate Cox-2
gene expression in cancer cells by a post-transcripticchanésm. To date only one
research article has been published that demonstratgmtietial role of MUC1 as a
post-transcriptional regulator of its target gene [156vi®le new exciting path remains
unexplored which will unveil the role of MUC1 in post-tramgtional regulation of its
target genes.

The third part of my thesis involved studying the effect dd®1L on TGFB1
signaling cascade. We have preliminary data which indicaa$hé presence or absence
of MUCL in the PDA cells acts as a decisive factor tloategns TGH1 functions as a
tumor promoter or tumor suppressor, respectively. We obseneedased TGPBRII
expression in MUC1 positive BXxPC3 cells and also increasstvation of Erkl/2
pathway. Currently, the causes of TGF{unctioning switch remains to be established
We speculate it could be caused by differential expression of TGFp receptors and the

downstream signaling cascade.study showed that in breast cancer cells, intergrinf}
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physically interacts with TGBRII via c-Src, which phosphorylates Y284 of TGRAI
bothin vitro andin vivo, and causes activation of p38 MAPK pathway. MUC1 @% h
been shown to physically associate with c-Src at YEKV f{6lf tyrosine residue).
Thus, it would be interesting to determine if MUC1 actisalégGF$RII and downstream
signaling cascades p38 MAPK or Erkl/2 pathway via c-8fe have preliminary data
that suggests that c-Src is important for T@Fnediated activation of Erk1/2 pathway,
as blocking c-Src with the c-Src inhibitor PP2 failedativate Erk1/2 pathway upon
TGF{1 stimulation. However, whether TGBRII is at all required for c-Src mediated
Erk1/2 activation remains unclear. Another intriguing aspexs the equal activation of
the canonical Smad pathway in both MUC1 null and MUC1 post@hs. Although the
expression profile of TGBRI and TGF-BRII is opposite in MUC1 null and MUCI1
positive cells, the activation status of the Smadwayhseems to be independent of the
receptor expression profile. Thus, MUC1 may interfere Wil signaling downstream
of the receptors in such a way that it blocks Smad proteiediated apoptosis but
promotes Erk1/2 pathway mediated invasion.

Several scientific studies have demonstrated thatytiesine residues of MUC1
CT possess critical signaling roles that augment proliterainvasion and resistance to
apoptosis in cancer cell®ur research group demonstrated that MUC1 overexpression
induces EMT in PDA cells and removal of all seven tyrosemdues of MUC1 CT
(MUC1 YO) abates the invasive potential of the PDA cells. Haneabsence of the
tyrosine residuesm MUC1 CT (MUC1 Y0) does not diminish MUC1 induced mdr genes
expression or chemoresistance of the PDA cells, itidgahat the tyrosine residues of
MUC1 CT are important with respect to EMT, but not for the chemothardpe

resistance against anti-cancer drugs (Figure 5.1a,b). In IMYE although all the
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tyrosine residues are missing, it still retains the Q@alif, which is critical for MUC1
dimerization and nuclear translocation [157]. Thus, Id@®4 YO, we observe MUC1 CT
to translocate to the nucleus, bind to the promoter of ABG€lie and upregulates its
expression (Figure 5.1c

Interestingly, when we investigated the importance oftynesine residues of
MUCL1 CT on the Cox-2 gene expression, we found that BxPCS eghiressing MUC1
YO expressed lower level of Cox-2 protein in comparison to@xRIUC1. However,
there was no significant difference in the Cox-2 mRN»®els between BXPC3 MUC1
and BxPC3 YO. Ekrl/2, p38 MAPK pathways have been implicated in tlsé po
transcriptional regulation of Cox-2 gene. We and otherge hobserved that MUCL1
overexpression causes hyperactivation of the Erk1l/2 pathwidgh is reversed upon
removal of the tyrosine residues (MUCL1 YO0). Thus, theabsad Cox-2 levels in BxPC3
YO cells might be due to reduced activation of Erk1/2 pathway in MYQIcells.
Therefore, the manifestations of oncogenic properties of MBl€1not just restricted to
signaling through its tyrosine residues, but also throughr otbie unidentified motifs
which regulates its transcriptional ability.

Based on the current knowledge about MUC1 and its oncogdaiirpancreatic
cancer, the cytoplasmic tail of MUC1 presents an attmcticugable target. Small
molecule inhibitors targeting MUC1 CT can be used in comioinatith chemotherapy
to increase the sensitivity of PDA cells to chemotpeutic drugs. In addition,
proliferation and invasion of PDA cells can also be ceratted upon targeting MUCL1
CT. A peptide based inhibitoa8O-203 has been designed against the CQC motif of

MUC1, which prevents MUC1 dimerization and nuclear transioeg158]. Currently
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GO-203 is at phase | clinical trial, where the inhibitetbeing tested for optimal dosage,

toxicity, route of administration and its effect omir regression [159]



(@)

(b)

Figure 5.1. The functional role of full length MUC1 in temt of drug resistance is not

inH3th P
(Level of dead ceils)

40000

w
o
o
o
o
1

GAPDH2

200004 T

10000

120

BxPC3 Neo

G BxPC3 MUC1

= BxPCYD

o‘ea\,
& & ¢

BxPC3 Neo

axeca muct

BxPC3 YO

attenuated upon removal of the tyrosine residues.(a@@ifte in Flthymidine uptake in
BxPC3 Neo, MUC1 and YO cells following 24 hours treatment witbp@side.

Significant differences in #H uptake between Neo, MUC1 and YO at varying

concentrations of the drugs is shown as p-values (n=4) (*¢ds0** p<0.001). (b)RT-

PCR data showing fold changes in the m-RNA level of MDR géhat are associated
with multidrug resistance. (c) ChHPCR assay reveals an interaction between full length

MUC1 CT and MUC1 YO with the promoter region of the ABC@dne. ChIPPCR;
lanes include: Input DNA, DNA precipitated using control IgG afi@,Gand amplified
by PCR using Taq polymerase and separated by 2% agarose gel.



121

REFERENCES

[1] C. Facts, “Cancer Facts & Figures, 2013.

[2] C. K. (eds). Howlader N, Noone AM, Krapcho M, GarshellNkyman N,
Altekruse SF, Kosary CL, Yu M, Ruhl J, Tatalovich Z, Cho Hyibl@o A, Lewis
DR, Chen HS, Feuer EJ, “SEER Cancer statistics review 1975-2010, 2013.

[3] N. Bardeesy ahR. a DePinho, “Pancreatic cancer biology and genetics., Nature
reviews. Cancer, vol. 2, no. 12, pp. 8919, Dec. 2002.

[4] L. Liszka, J. Paj k, S. Mrowiec, E. Zieli ska-Paj k, D. Gotka, and P. Lampe,
“Precursor lesions of early onset pancreatic cancer., Virchows Archiv: an
international journal of pathology, vol. 458, no. 4, pp.-439 Apr. 2011.

[5] A. Maitra, S. E. Kern, and R. H. Hruban, “Molecular pathogenesis of pancreatic
cancer., Best practice & research. Clinical gastroenterology, vol. 20, no. 2, pp.
211-26, May 2006.

[6] E. Tsiambas, A. Karameris, C. Dervenis, and A. C. Lazaris, “HER2 / neu
Expression and Gene Alterations in Pancreatic Ductal Adenocarcinoma: A
Comparative Immunohistochemistry and Chromogenic in Situridigzation
Study Baseé on Tissue Microarrays and Computerized Image Analysis, vol. 7,
no. 3, pp. 283294, 2006.

[7] M. Goggins, M. Schutte, J. Lu, C. A. Moskaluk, C. L. Waein, G. M. Petersen,
C. J. Yeo, C. E. Jackson, H. T. Lynch, R. H. Hruban, and S. E. Kern, “Germline
BRCA2 Gene Mutations in Patients with Apparently SporaB@ancreatic
Carcinomas Advances in Brief Germline BRCA2 Gene Mutatioriatients with
Apparently Sporadic Pancreatic Carcinoniaspp. 5360-5364, 1996.

[8] S. Jones, X. Zhang, D. W. Parsons, J. C.-H. LinJ.R.eary, P. Angenendt, P.
Mankoo, H. Carter, H. Kamiyama, A. Jimeno, S.-M. HongF®.M.-T. Lin, E. S.
Calhoun, M. Kamiyama, K. Walter, T. Nikolskaya, Y. Nikolsky Hartigan, D. R.
Smith, M. Hidalgo, S. D. Leach, A. P. Klein, E. M. &&f M. Goggins, A. Maitra,
C. lacobuzio-Donahue, J. R. Eshleman, S. E. Kern, Rirbban, R. Karchin, N.
Papadopoulos, G. Parmigiani, B. Vogelstein, V. E. Velculemod K. W. Kinzler,
“Core signaling pathways in human pancreatic cancers revealed by global genomic
analyses., Science (New York, N.Y.), vol. 321, no. 5897, pp. 1881Sep. 2008.

[9] N. Jonckheere, N. Skrypek, and I. Van Seuningen, “Mucins and Pancreatic
Cancer, Cancers, vol. 2, no. 4, pp. 1794812, Oct. 2010.

[10] A. Vonlaufenl, S. Joshil, C. Qul, P. A. Phillips1, Z. Xul, NPR&rkerl, C. S.
Toil, R. C. Pirolal, J. S. Wilsonl, A. David Goldstein2, daid V. Aptel,
“Pancreatic Stellate Cells: Partners in Crime with Pancreatic Cancer Cells,
Cancer research, vol. 68, no. 7, pp. 2885 2008.



122

[11] 2 and Ralph H. Hrubanl Anirban Maitral, “Pancreatic cancer, Annual review of
pathology, 2008.

[12] M. Hidalgo, “Pancreatic cancer, The New England Journal of Medicine, vol. 362,
no. 17, pp. 16051617, 2008.

[13] M. Goggins, “Markers of Pancreatic Cancer: Working Toward Early Detection,
Clinical Cancer Research, vol. 17, 2011.

[14] N. M. Takezako Y, Okusaka T, Ueno H, Ikeda M, Morizane C, “Tumor markers
for pancreatic and biliary tract cancer., Gan To Kagaku Ryoho, vol. 31, no. 9, pp.
1443-1460, 204@.

[15] Z. K. Szajda SD, Waszkiewicz N, Chojnowska S, “Carbohydrate markers of
pancreatic cancer., Biochemical Society transactions, vol. 39, no. 1, pp-—348,
2011.

[16] H. B. | F. G. | G. L. HG, “Pancreatic cancer: Who benefits from curative
resectiol, Canadian Journal of Gastroenterology, vol. 16, 2002.

[17] V. H. D. Burris HA 3rd, Moore MJ, Andersen J, Green MR, Rolbeeg ML,
Modiano MR, Cripps MC, Portenoy RK, Storniolo AM, Tard$g®, Nelson R,
Dorr FA, Stephens CD, “Improvements in survival and clinical benefit with
gemcitabine as firsline therapy for patients with advanced pancreas cancer,

Journal of clinical oncology : official journal of the American Society of Clinical
Oncology, no. 15, pp. 24033, 1997.

[18] F. N. Squadroni M, “Chemotherapy in pancreatic adenocarcinoma., European
review medical pharmacological sciences, vol. 14, no. 4, pp-3386 2010.

[19] V. E. Kindler HL, Karrison TG, Gandara DR, Lu C, Krug LMtevenson JP,
Janne PA, Quinn DI, Koczywas MN, Brahmer JR, Albain KS,efdabA, Armato
SG 3rd, Vogelzang NJ, Chen HX, Stadler WM, “Multicenter, double-blind,
placebo-controlled, randomized phase Il trial of gemcitabsmatin plus

bevacizumab or placebo in patients with malignant mesothelioma., Journal of
Clinical Oncology, vol. 30, no. 20, pp. 25@%15, 2012.

[20] L. C. Heinemann V, Boeck S, Hinke A, Labianca R, “Meta-analysis of randomized
trials: evaluation of benefit from gemcitabine-based coatimn chemotherapy
applied in advanced pancreatic cancer., BMC cancervol. 8, no. 82, 2008.

[21] B. A. 3rd. Poplin E, Feng Y, Berlin J, Rothenberg ML, Hsieh H, Mitchell E,
Alberts S, O’Dwyer P, Haller D, Catalano P, Cella D, “Phase III, randomized
study of gemcitabine and oxaliplatin versus gemcitabine (fd@sk rate infusion)
compared with gemcitabine (30-minute infusion) in patientth vaancreatic

carcinoma E6201: a trial of the Eastern Cooperative Oncology Group., Journal of
Clinical Oncology, vol. 27, no. 23, pp. 3743785, 2009.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

123

G. R. Kindler HL, Niedzwiecki D, Hollis D, Sutherland Shag D, Hurwitz H,
Innocenti F, Mulcahy MF, O’Reilly E, Wozniak TF, Picus J, Bhargava P, Mayer
RJ, Schilsky RL, “Gemcitabine plus bevacizumab compared with gemcitabine plus
placebo in patients with advanced pancreatic canceseplatrial of the Cancer
and Leukemia Group B (CALGB 80303)., Journal of Clinical Oncology, vol. 28,
no. 22, pp. 36173622, 2010.

“http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm367442.h
tm, 2013..

C. L. Hattrup and S. J. Geled “Structure and function of the cell surface
(tethered) mucins., Annual review of physiology, vol. 70, pp. 437, Jan. 2008.

N. Jonckheere, N. Skrypek, F. Fr nois, and 1. Van Seuningen, “Membrane-bound
mucin modular domains: from structure to function., Biochimie, vol. 95, no. 6, pp.
107786, Jul. 2013.

G. Theodoropoulos and K. L. Carraway, “Molecular signaling in the regulation of
mucins., Journal of cellular biochemistry, vol. 102, no. 5, pp. HI@&3 Dec.
2007.

N. Jonckheere and I. Van Seuningen, “The membrane-bound mucins: From cell
signalling to transcriptional regulation and expression in epithelial cancers.,
Biochimie, vol. 92, no. 1, pp-11, Jan. 2010.

D. W. Kufe, “Mucins in cancer: function, prognosis and therapy., Nature reviews.
Cancer, vol. 9, no. 12, pp. 878b, Dec. 2009.

M. C. Rose, “Mucins: structure, function, and role in pulmonary diseases., The
American journal of physiology, vol. 263, no. 4 Pt 1, pp. 4138 Oct. 1992.

I. V. S. N. Jonckheere, “The Epithelial Mucins: Structure/Function. Roles in
Cancer and Inflammatory Diseases., Research Signpost, pp.-138, 2008.

B. Macao,D. G. a Johansson, G. C. Hansson, and T. H rd, “Autoproteolysis
coupled to protein folding in the SEA domain of the membranexy MUC1
mucin.,, Nature structural & molecular biology, vol. 13, no. 1, pp-&1Jan.
2006.

P. J. Cullen, “Post-Translatbnal Regulation of Signaling Mucins, Current
opinion structural biology, vol. 21, no. 5, pp. 5806, 2011.

S. Rottger, J. White, H. H. Wandall, J. C. Olivo, a Igtd&. P. Bennett, C.
Whitehouse, E. G. Berger, H. Clausen, and T. Nilsson, “Localization of three
human polypeptide GalNAc-transferases in HelLa cells suggesg&ion of O-



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

124

linked glycosylation throughout the Golgi apparatus., Journal of cell science, vol.
111 (Pt 1, pp. 450, Jan. 1998.

S. Parry, F. G. Hanisch, S.-H. Leir, M. Sutton-SnithR. Morris, A. Dell, and A.
Harris, “N-Glycosylation of the MUC1 mucin in epithelial cells and secretions.,
Glycobiology, vol. 16, no. 7, pp. 6234, Jul. 2006.

Thomas A. Gerken, L. Revoredo, J. J. C. Thome, LT#&bak, M. B. Vester-
Christensen, H. Clausen, G. K. Gahlay, D. L. Jarvis, RJ&t%nson, H. A. M.
And, and K. Moremen, “Glycosylation in an N- or C-terminal Direction, Further
Controlling Mucin Type OGlycosylation.,, The Journal of biological chemisiry
vol. 288, pp. 1990419914, 2013.

Y. Altschuler, C. L. Kinlough, P. A. Poland, J. B.uBs, G. Apodaca, O. A.
Weisz, and R. P. Hughey, “Clathrin-mediated Endocytosis of MUCL1 Is Modulated
by Its Glycosylation State, vol. 11, no. March, pp. 819-831, 2000.

K. Engelmann, C. L. Kinlough, S. Miller, H. Razawi, S Haldus, R. P. Hughey,
and F.G. Hanisch, “Transmembrane and secreted MUC]1 probes show trafficking-
dependent changes in gdycan core profiles., Glycobiology, vol. 15, no. 11, pp.
111124, Nov. 2005.

J. Litvinov, S.V. and Hilkens, “The epithelial sialomucin, episialin, is sialylated
during recycling, The Journal of biological chemistry, vol. 268, pp. 21364
21371, 1993.

M. a Hollingsworth and B. J. Swanson, “Mucins in cancer: protection and control
of the cell surface., Nature reviews. Cancer, vol. 4, no. 1, pp-@& Jan. 2004.

S. J. Gendler, “MUCI, the renaissance molecule., Journal of mammary gland
biology and neoplasia, vol. 6, no. 3, pp. 339, Jul. 2001.

J. F. Chang, H. L. Zhad, Phillips, and G. Greenburg, “The epithelial mucin,
MUC1, is expressed on resting T lymphocytes and can funet®a negative
regulator of T cell activation., Cellular immunology, vol. 201, no. 2, pp.-&3
May 2000.

A. Baruch, M. Hartmann, M. Yoeli, Y. Adereth, S. Grdens Y. Stadler, and Y.
Skornik, “The Breast Cancer-associated MUC1 Gene Generates Both a Receptor
and Its Cognate Binding Protein The Breast Cancer-agedciMUC1 Gene
Generates Both a Receptor and Its, pp. 1552-1561, 1999.

D. W. Kufe, “MUCI-C oncoprotein as a target in breast cancer: activatfon

signaling pathways and therapeutic approaches., Oncogene, vol. 32, no. 9, pp.
1073-81, Mar. 2013.



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

125

F. Levitinf, O. Stern}, M. Weiss§, C. Gil-Hennj, R. Ziv}, Z. Prokocimerf, N. I.
Smorodinskyiq, D. B. R. And, and 1 Daniel H. Wreschner}, “The MUC1 SEA
Module Is a Seltleaving Domain*, Journal of Biological Chemistry, vol. 280,
no. 8, pp. 3337433386., 2005.

a P. Spicer, G. Parry, S. Patton, and S. J. Gendler, “Molecular cloning and analysis
of the mouse homologue of the tumor-associated mucin, MU@teals
conservation of potential O-glycosylation sites, transbm@ane, and cytoplasmic
domains and a loss of minisatellii&e polymorphism., The Journal of biological
chemistry, vol. 266, no. 23, pp. 1506999, Aug. 1991.

I. Brockhausen, J. M. Yang, J. Burchell, C. Whitehousad J. Taylor-
Papadimitriou, “Mechanisms underlying aberrant glycosylation of MUC1 mucin in
breast cancer cells., European journal of biochemistry / FEBS, vol. 233, no. 2, pp.
607-17, Oct. 1995.

D. D. Carson, “The cytoplasmic tail of MUCI: a very busy place., Science
signaling, vol. 1, no. 27, p. pe35, Jan. 2008.

C. L. Kinlough, R. J. McMahan, P. A. Poland, JBBuns, K. L. Harkleroad, R. J.
Stremple, O. B. Kashlan, K. M. Weixell, O. A. W. And, andFR.Hughey?2,
“Recycling of MUCI Is Dependent on Its Palmitoylation, Journal of Biological
Chemistry, vol. 281, no. 4, pp. 121112122., 2006.

C. L. Kinlough, P. a Poland, J. B. Bruns, K. L. Har&éed, and R. P. Hughey,
“MUC1 membrane trafficking is modulated by multiple interactions., The
Journal of biological chemistry, vol. 279, no. 51, pp. 5307 Dec. 2004.

H. Razawi2, 5 Carol L Kinlough4, S. Staubach2, 5 Paul lariRig, Y. Rbaibi4, O.

A. Weisz4, 5 and Rebecca P Hugheyl, 4, and 3 Franz-Georg Hanichl,
“Evidence for core 2 to core 1 O-glycan remodeling during the recycling of
MUCI1, Glycobiology, 2013.

F. G. Hanisch and S. M ller, “MUCI: the polymorphic appearance of a human
mucin., Glycobiology, vol. 10, no. 5, pp. 4389, May 2000.

B. C. Schut IC, Waterfall PM, Ross M, O’Sullivan C, Miller WR, Habib FK,
“MUCI1 expression, splice variant and short form transcription (MUC1/Z,
MUCI1/Y) in prostate cell lines and tissue, Bju International, vol. 91, pp. 278
283, 2003.

W. D. Baruch A, Hartmann M, Zrihan-Licht S, Greenst8, Burstein M, Keydar
I, Weiss M, Smorodinsky N, “Preferential expression of novel MUC1 tumor
antigen isoforms in human epithelial tumors and theimor-potentiating
function., International Journal of Cancer, vol. 71, no. 7249, 1997.



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

126

L. K. Bast RC Jr, Badgwell D, Lu Z, Marquez R, Roseri_D,J, Baggerly KA,
Atkinson EN, Skates S, Zhang Z, Lokshin A, Menon U, Jacobs I, “New tumor
markers:CA125 and beyond, International journal of gynecological cancer, vol.
15, pp. 274281, 2005.

A. M. Lacunza E, Baudis M, Colussi AG, Segatas A, Croce MV, “MUCI1
oncogene amplification correlates with protein overexgo@sin invasive breast
carcinoma cells., Cancer genetics and cytogenetics, vol. 201, no. 2, pp:1102
2010.

A. Thathiah, M. Brayman, N. Dharmaraj, J. J. JulianLELagow, and D. D.
Carson, “Tumor necrosis factor alpha stimulates MUCL1 synthesis at@demain
release in a human uterine epithelial cell line., Endocrinology, vol. 145, no. 9, pp.
4192-203, Sep. 2004.

S. Nath, K. Daneshvar, L. D. Roy, P. Grover, A. Kidigda Mosley, M. Sahragi
and P. Mukherjee, “MUCI induces drug resistance in pancreatic cancer cells via
upregulation of multidrug resistance genes, Oncogenesis, vol. 2, no. 6, pp. eS8l
2013.

D. M. Besmer, J. M. Curry, L. D. Roy, T. L. Tind&, Sahraei, J. Schettini, S.-I.
Hwang, Y. Y. Lee, S. J. Gendler, and P. Mukherjee, “Pancreatic ductal
adenocarcinoma mice lacking mucin 1 have a profound defeainor growth and
metastasis., Cancer research, vol. 71, no. 13, pp. 44122 Jul. 2011.

K. Kato, W. Lu, H. Kai, ad K. C. Kim, “Phosphoinositide 3-kinase is activated by
MUC1 but not responsible for MUC1-induced suppression of likalreceptor 5
signaling., American journal of physiology. Lung cellular and molecular
physiology, vol. 293, no. 3, pp. L6882, Sep. 2007.

E. J. Thompson, K. Shanmugam, C. L. Hattrup, K. L. Kotlgk, A. Gutierrez, J.
M. Bradley, P. Mukherjee, and S. J. Gendler, “Tyrosines in the MUC]1 cytoplasmic
tail modulate transcription via the extracellular sigregulated kinase 1/2 and
nuclear factoikappaB pathways., Molecular cancer research : MCR, vol. 4, no.
7, pp. 48997, Jul. 2006.

C. L. Hattrup and S. J. Gendler, “MUCI alters oncogenic events and transcription
in human breast cancer cells., Breast cancer research : BCR, vol. 8, no. 4, p. R37,
Jan. 2006.

L. D. Roy, M. Sahraei, D. B. Subramani, D. BesmerN&th, T. L. Tinder, E.
Bajaj, K. Shanmugam, Y. Y. Lee, S. |. L. Hwang, S. J. Gandind P. Mukherjee,
“MUCI enhances invasiveness of pancreatic cancer cells by inducing epithelial to

mesenchymal transition., Oncogene, vol. 30, no. 12, pp. 1489, Mar. 2011.



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

127

M. P. Sahraei M, Roy LD, Curry JM, Teresa TL, N&hBesmer D, Kidiyoor A,
Dalia R, Gendler SJ, “MUCI regulates PDGFA expression during pancreatic
cancer progsssion., Oncogene, vol. 31, no. 47, pp. 4935, 2012.

M. E. Behrens, P. M. Grandgenett, J. M. Bailey, PSikgh, C.-H. Yi, F. Yu, and
M. a Hollingsworth, “The reactive tumor microenvironment: MUCI signaling
directly reprograms transcription of CFG Oncogene, vol. 29, no. 42, pp. 5667
77, Oct. 2010.

R. Ahmad, D. Raina, M. D. Joshi, T. Kawano, J. RerkHarbanda, and D. Kufe,
“MUCI1-C oncoprotein functions as a direct activator ofrthelear factor-kappaB
p65 transcription factor., Cancer research, vol. 69, no. 17, pp. 7213 Sep.
2009.

F. O. Cascio S, Zhang L, “MUCI1 protein expression in tumor cells regulates
transcription of proinflammatory cytokines by formingcamplex with nuclear
factor«B p65 and binding to cytokine promoters: importance of extracellular
domain., Cancer research, vol. 286, no. 49, pp. 423632011.

G. J. Rowse, “Delayed Mammary Tumor Progression in Muc-1 Null Mice,
Journal of Biological Chemistry, vol. 270, no. 50, pp. 308301, Dec. 1995.

D. Raina, S. Kharbanda, and D. Kufe, “The MUCI oncoprotein activates the anti-

apoptotic phosphoinositide 3-kinase/Akt and Bcl-xL pathwags rat 3Y1
fibroblasts., The Journal of biological chemistry, vol. 279, no. 20, pp. 20627
May 2004.

S. J. BitlerBG, Goverdhan A, “MUCI regulates nuclear localization and function
of the epidermal growth factor receptor., Journal of cell science, vol. 123, pp.
1716-23, 2010.

T. Brabletz, “To differentiate or not--routes towards metastasis., Nature reviews.
Cancer, vol. 12, no. 6, pp. 423, Jul. 2012.

R. Kalluri and R. A. Weinberg, “Review series The basics of epithelial-
mesenchymal transition, Journal of Clinical Investigation, vol. 119, no. 6, 2009.

K. Kondo, N. Kohno, A. Yokoyama, B. Cancer, C. ldneand K. Hiwada,
“Decreased MUC1 Expression Induces E-Cadherin-mediated Cell Adhesion of
Breast Cancer Cell Lines Decreased MUC1 Expression Indde€adherin-
mediated Cell Adhesion of, pp. 2014-2019, 2014.

2 Pankaj K. Singhl, 2 Yunfei Wenl, B. J. Swansonl, K. Sharm@jga.
Kazlauskas4, R. L. Cerny5, A. Sandra J. Gendler3, and 2 Mlicha
Hollingsworthl, ‘“Platelet-Derived Growth Factor Receptor p—Mediated
Phosphorylation of MUC1 Enhances Invasiveness in Pancridénocarcinoma
Cells, Cancer Research, vol. 67, 2007.



128

[74] K. G. L ttges J, Feyerabend B, Buchelt T, Pacena M, “The mucin profile of
noninvasive and invasive mucinous cystic neoplasms of the pancreas, American
Journal of Surgical Pathology, vol. 26, no. 4, pp.-4d6 2002.

[75] “MUC1 mucin expression as a marker of progression and metastadsuman
colorectal carcinoma., Gastroenterology, vol. 106, pp. 3851, 1994.

[76] M. H. Kashiwagi H, Kijima H, Dowaki S, Ohtani Y, Tobita K, Tsuld, Tanaka
Y, Matsubayasi H, Tsuchida T, Yamazaki H, Nakamura M, UeyanTai¥aka M,
Tajima T, “DF3 expression in human gallbladder carcinoma: significance for
lymphatic invasion, International Journal of Oncology, vol. 16, no. 3, pp.-465
2000.

[77] N. S. Chandel, D. S. McClintock, C. E. Feliciano,M.. Wood, J. a Melendez, a
M. Rodriguez, and P. T. Schumacker, “Reactive oxygen species generated at
mitochondrial complex Ill stabilize hypoxia-inducible factalpha during
hypoxia: a mechanism of O2 sensing., The Journal of biological chemistry, vol.
275, no. 33, pp. 25138, Aug. 2000.

[78] G. L. Semenza, “Targeting HIF-1 for cancer therapy., Nature reviews. Cancer
vol. 3, no. 10, pp. 72132, Oct. 2003.

[79] J. P. Fruchauf and F. L. Meyskens, “Reactive oxygen species: a breath of life or
deah?, Clinical cancer research : an official journal of the American Association
for Cancer Research, vol. 13, no. 3, pp.-880 Feb. 2007.

[80] S. Kitamoto, S. Yokoyama, M. Higashi, N. Yamada, S. Takad,S. Yonezawa,
“MUCI enhances hypoxia-driven angiogenesis through the regulation of multiple
proangiogenic factors., Oncogene, no. May, pp-&, Oct. 2012.

[81] J. K. Woo, Y. Choi, S.-H. Oh, J.-H. Jeong, D.-H. ChbiS. Seo, and C.-W. Kim,
“Mucin 1 enhances the tumor angiogenic response by activation of the AKT
signaling pathway., Oncogene, vol. 31, no. 17, pp. 2188, Apr. 2012.

[82] S. Kitamoto, S. Yokoyama, M. Higashi, N. Yamada, S. Takad{onezawa, and
Y. S. Kitamoto S, Yokoyama S, Higashi M, Yamada N, Takao S, “MUCI1
enhances hypoxia-driven angiogenesis through the regulatformutiple
proangiogenic factors., Oncogene, no. May, pp--8, Oct. 2012.

[83] P. M. Aubert S, Fauquette V, Hémon B, Lepoivre R, BNgezZBernard D, Van
Seuningen |, Leroy X, S. Aubert, V. Fauquette, B. Hémon, R. ikeppoN. Briez,
D. Bernard, I. Van Seuningen, X. Leroy, and M. Perrais, “MUCI, a new hypoxia
inducible factor target gene, is an actor in clear reedll @rcinoma tumor
progression., Cancer research, vol. 69, no. 14, pp. 5815, Jul. 2009.



129

[84] L. Yin, S Kharbanda, and D. Kufe, “Mucin 1 oncoprotein blocks hypoxia-
inducible factor lalpha activation in a survival response to hypoxia., The Journal
of biological chemistry, vol. 282, no. 1, pp. 258, Jan. 2007.

[85] “Pancreatic cancer treatment. .

[86] D. G. a Johansson, B. Macao, A. Sandberg, and T. H rd, “SEA domain
autoproteolysis accelerated by conformational strain: mechanistic aspects.,
Journal of molecular biology, vol. 377, no. 4, pp. 2488 Apr. 2008.

[87] “http://www.genusoncology.com/technology.php. .

[88] C. M. Niessen, “Tight junctions/adherens junctions: basic structure and function.,
The Journal of investigative dermatology, vol. 127, no. 11, pp.-Z&229Nov.
2007.

[89] W. J eger, “Classical resistance mechanisms., International journal of clinical
pharmacology and therapeutics, vol. 47, no. 1, pp34&an. 2009.

[90] Z. Wang, Y. Li, A. Ahmad, S. Banerjee, A. S. Azmi, Dor§, and F. H. Sarkar,
“Pancreatic cancer: understanding and overcoming chemoresistance., Nature
reviews. Gastroenterology & hepatology, vol. 8, no. 1. pp32,/Jan-2011.

[91] M. M. Gottesman, T. Fojo, and S. E. Bates, “Multidrug resistance in cancer: role
of ATP-dependent transporters., Nature reviews. Cancer, vol. 2, no. 1, pp-38
Jan. 2002.

[92] S. Misra, S. Ghatak, and B. P. Toole, “Regulation of MDR1 expression and drug
resistance by a positive feedback loop involving hyalurophasphoinositide 3-
kinase, and ErbB2., The Journal of biological chemistry, vol. 280, no. 21, pp.
203105, May 2005.

[93] A. Persidis, “Cancer multidrug resistance, Nature biotechnology, vol. 17, pp.-94
95, 1999.

[94] P. Borst, “Multidrug resistance: A solvable problem?, Annals of oncology, pp.
162-164, 1999.

[95] C. F. Higgins, “ABC transporters: physiology, structure and mechanism--an
overview., Research in microbiology, vol. 152, ne43 pp. 20510, 2001.

[96] J-T. Zhang, “Use of arrays to investigate the contribution of ATP-binding cassette
transporters to drug resistance in cancer chemotherapy agdictpm of
chemosensitivity., Cell research, vol. 17, no. 4, pp. 328, Apr. 2007.

[97] F. J. Sharom, “ABC multidrug transporters: structure, function and role in
chemoresistance., Pharmacogenomics, vol. 9, no. 1, pp.-484 Jan. 2008.



130

[98] W.S.O.L.O’DRISCOLL1*, N. WALSH1*, A. LARKINI1, J. BALLOT2 and 2**
and S. KENNEDY2** G. GULLO2, R. O’CONNORI, M. CLYNESI, J.
CROWNI1, “MDR1/P-glycoprotein and MRP-1 Drug Efflux Pumps in Pancreatic
Carcinoma., Anticancer research, vol. 27, pp. 232%20, 2007.

[99] J. KoOnig, M. Hartel, A. T. Nies, M. E. Martignoni, Guo, M. W. Buchler, H.
Friess, and D. Keppler, “Expression and localization of human multidrug
resistance protein (ABCC) family members in pancreatarcinom.,
International journal of cancer. Journal international du cancer, vol. 115, no. 3,
pp. 35967, Jun. 2005.

[100] G. A. and C. A. Kruh GD, Gaughan KT, “Expression pattern of MRP in human
tissues and adult solid tumor cell lines, J Natl Cancer Inst, vol. 87, pp. 1256
1258, 1995.

[101] J. A. Fresno Vara, E. Casado, J. de Castro, P.,GejaBelda-Iniesta, and M.
GonzalezBar n, “PI3K/Akt signalling pathway and cancer., Cancer treatment
reviews, vol. 30, no. 2, pp. 19304, Apr. 2004.

[102] M. Siragusa, M. Zerilli, F. lovino, M. G. Francipané, Lombardo, L. Ricci-
Vitiani, G. Di Ges , M. Todaro, R. De Maria, and G. Stassi, “MUC1 oncoprotein
promotes refractoriness to chemotherapy in thyroid cancer cells., Cancer
research, vol. 67, no. 11, pp. 5528, Jun. 2007.

[103] J. T. Lee, L. S. Steelman, and J. a McCubrey, ‘“Phosphatidylinositol 3’-kinase
activation leads to multidrug resistance protein-1 exmesand subsequent

chemoresistance in advanced prostate cancer cells., Cancer research, vol. 64, no.
22, pp. 8397404, Nov. 2004.

[104] S. R. Hingorani, E. F. Petricoin, A. Maitra, V. Ra#ise, C. King, M. a Jacobetz,
S. Ross, T. P. Conrads, T. D. Veenstra, B. a Hitt, Y. i§awhi, D. Johann, L. a
Liotta, H. C. Crawford, M. E. Putt, T. Jacks, C. V. E. giit, R. H. Hruban, A. M.
Lowy, and D. a Tuveson, “Preinvasive and invasive ductal pancreatic cancer and
its early detection in the mouse., Cancer cell, vol. 4, no. 6, pp. 430, Dec.
2003.

[105] T. L. Tinder, D. B. Subramani, G. D. Basu, J. M. Bradle Schettini, A. Million,
T. Skaar, and P. Mukherjee, “MUCI1 enhances tumor progression and contributes
toward immunosuppression in a mouse model of spontaneous g#@ncre

adenocarcinoma., Journal of immunology (Baltimore, Md. : 1950), vol. 181, no.
5, pp. 311625, Sep. 2008.

[106] J. Ren, N. Agata, D. Chen, Y. Li, W. Yu, L. Huang, D. RaM4, Chen, S.
Kharbanda, and D. Kufe, “Human MUCI1 carcinoma-associated protein confers

resistance to genotoxic anticancer agents., Cancer cell, vol. 5, no. 2, pp. 1655,
Feb. 2004.



131

[107] K. W. Scotto, “Transcriptional regulation of ABC drug transporters., Oncogenge
vol. 22, no. 47, pp. 749611, Oct. 2003.

[108] E. U. Kurz, S. P. Cole, and R. G. Deeley, “Identification of DNA-protein
interactions in the 5” flanking and 5' untranslated regions of the human multidrug
resistance protein (MRP1) gene: evaluation of a putativ®xigtant response
element/APt  binding site., Biochemical and biophysical research
communications, vol. 285, no. 4, pp. 990, Jul. 2001.

[109] H. Zareddine and K. L. B. Borden, “Mechanisms and insights into drug resistance
in cancer., Frontiers in pharmacology, vol. 4, no. March, p. 28, Jan. 2013.

[110] R. M. Garavito and A. M. Mulichak, “The structure of mammalian
cyclooxygenases., Annual review of biophysics and biomolecular structure, vol.
32, pp. 183206, Jan. 2003.

[111] S. Zha, V. Yegnasubramanian, W. G. Nelson, W. B. $saaw A. M. De Marzo,
“Cyclooxygenases in cancer: progress and perspective., Cancer letters, vol. 215,
no. 1, pp. £20, Nov. 2004.

[112] C. S. Williams, M. Mann, and R. N. DuBois, “The role of cyclooxygenases in
inflammation, cancer, and development., Oncogene, vol. 18, no. 55, pp. 7928,
Dec. 1999.

[113] S. W. Kurumbail RG, Stevens AM, Gierse JK, McDonaldSidgeman RA, Pak
JY, Gildehaus D, Miyashiro JM, Penning TD, Seibert K, Isakson PC, “Structural
basis for selective inhibition of cyclooxygenasey antiinflammatory drugs.

[114] W. L. Smith, D. L. DeWitt, and R. M. Garavito, “Cyclooxygenases: structural,
cellular,and molecular biology., Annual review of biochemistry, vol. 69, pp. 145
82, Jan. 2000.

[115] H. T. Everts B, W hrborg P, “COX-2-Specific inhibitorsthe emergence of a new
class of analgesic and amtilammatory drugs, Clinical Rheumatology, vol. 19,
no. 5, pp. 33143, 2000.

[116] P. Sinha, V. K. Clements, A. M. Fulton, and S. OstrRosenberg, “Prostaglandin
E2 promotes tumor progression by inducing myeltddved suppressor cells.,
Cancer research, vol. 67, no. 9, pp. 458 May 2007.

[117] B. B. Aggarwal, S. Shishodia, S. K. Sandur, M. K. Pgndexd G. Sethi,
“Inflammation and cancer: how hot is the link?, Biochemical pharmacology, vol.
72, no. 11, pp. 16021, Nov. 2006.

[118] T. L. Tinder, D. B. Subramani, G. D. Basu, J. M. BegdIA. Million, T. Skaar,
and P. Mukherjee, “MUCI1 enhances tumor progression and contributes towards



132

immunosuppression in  a mouse model of spontaneous pancreatic
adenocarcinoma, vol. 181, no. 5, pp. 3116-3125, 20009.

[119] J. M. Curry, K. J. Thompson, S. G. Rao, D. M. BesmiA. M. Murphy, V. Z.
Grdzelishvili, W. a Ahrens, I. H. McKillop, D. Sindram, D. aniutti, J. B.
Martinie, and P. Mukherjee, “The use of a novel MUCI antibody to identify
cancer stem cells and circulating MUC1 in mice and patiestis pancreatic
cancer., Journal of surgical oncology, vol. 107, no. 7, pp.-223 Jun. 2013.

[120] M. T. Yip-schneider, D. S. Barnard, S. D. Billings,@heng, D. K. Heilman, A.
Lin, S. J. Marshall, P. L. Crowell, M. S. Marshall, darC. J. Sweeney,
“Cyclooxygenase-2 expression in human pancreatic adenocarcinomas traatmen
pancreatic cancer ., vol. 21, no. 2, pp. 139-146, 2000.

[121] N. M. Ura H, Obara T, Nishino N, Tanno S, Okamura K, “Cytotoxicity of
simvastatin to pameatic adenocarcinoma cells containing mutant ras gene,
Japanese journal of cancer research, vol. 85, no. 6, pgB,6B394.

[122] Y.-J. Kang, B. a Wingerd, T. Arakawa, and W. L. Smith, “Cyclooxygenase-2 gene
transcription in a macrophage model of inflaation., Journal of immunology
(Baltimore, Md. : 1950), vol. 177, no. 11, pp. 81122, Dec. 2006.

[123] H. Inoue, T. Nanayama, S. Hara, C. Yokoyama, and T. Tanabe, “The cyclic AMP
response element plays an essential role in the ewpnesf the human
prostaglandin-endoperoxide synthase 2 gene in differentiated b@3iocytic
cells., FEBS letters, vol. 350, no. 1, pp.-3 Aug. 1994.

[124] H. L. Plummer SM, Holloway KA, Manson MM, Munks RJ, KaiptA, Farrow S,
“Inhibition of cyclo-oxygenase 2 expression in colon cells by the chemopreventive
agent curcumin involves inhibition of NF-kappaB activation tha NIK/IKK
signalling complex, Oncogene, vol. 19, pp. 60168020, 1999.

[125] G. N. Charalambous MP, Lightfoot T, Speirs V, Horgan K, “Expression of COX-
2, NF-kappaB-p65, NF-kappaB-p50 and IKKalpha in malignant and adjacent
normal human colorectal tissue., British journal of cancer, vol. 101, no. 1, pp.
106-115, 2009.

[126] A. TE Ding XZ, Hennig R, “Lipoxygenase and cyclooxygenase metabolism: new
insights in treatment and chemoprevention of pancreatic cancer, Molecular
cancer, vol. 2, no. 10, 2003.

[127] L. R. Howe, “Inflammation and breast cancer. Cyclooxygenase/ prostaglandin
signaling and breast cancer, Breast cancer research: BCR, vol. 9, no. 4, p. 210,
2007.



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

133

M. Zhul, 2 Y. Zhul, and P. Lancel, “TNFa-activated stromal COX-2 signalling
promotes proliferative and invasive potential of colon cancer epithelial cells, Cell
Proliferation, vol. 46, no. 4, pp. 37381, 2013.

M. Dohadwala, R. K. Batra, J. Luo, Y. Lin, K. Krysah, Pold, S. Sharma, and S.
M. Dubinett, “Autocrine/paracrine prostaglandin E2 production by non-small cell
lung cancer cells regulates matrix metalloproteinase-2 &id44 in
cyclooxygenase-dependent invasion., The Journal of biological chemistry, vol.
277, no. 52, pp. 508283, Dec. 2002.

M. Dohadwala, S.-C. Yang, J. Luo, S. Sharma, R. K.aBatr Huang, Y. Lin, L.
Goodglick, K. Krysan, M. C. Fishbein, L. Hong, C. Lai, R. Gameron, R. M.
Gemmill, H. a Drabkin, ah S. M. Dubinett, “Cyclooxygenase-2-dependent
regulation of E-cadherin: prostaglandin E(2) induces trangmmgit repressors
ZEB1 and snail in nommall cell lung cancer., Cancer research, vol. 66, no. 10,
pp. 533845, May 2006.

R. A. and D. K. H Rjabi, M Alam, H Takahashi, A Kharbanda, M Guha, “MUC1 -
C oncoprotein activates ZEB1/miR-200c regulatory loop andthell-
mesenchymal transition, Oncogene, 2013.

D. Dixon, “Dysregulated post-transcriptional control of COX-2 gene expression in
caner, Current pharmaceutical design, pp. 6346, 2004.

N. A. P. and Huan-Ching Chuangl, Adel Kardosh2, Kevin J Gaffnay3].

Schonthal*2, H.-C. Chuang, A. Kardosh, K. J. Gaffney, Netasts, and A. H.
Sch nthal, “COX-2 inhibition is neither necessary nor sufficient folecexib to
suppress tumor cell proliferation and focus formation in vitro, Molecular cancer
vol. 38, no. 7, p. 38, Jan. 2008.

M. M. Yoshida S, Amano H, Hayashi I, Kitasato H, KamMa Inukai M,
Yoshimura H, “COX-2/VEGF-dependent facilitation of tumor-associated
angiogenesis and tumor growth in vivo., Laboratory investigation; a journal of
technical methods and pathology, vol. 83, no. 10, pp.-28852003.

H. Liu, Y. Yang, J. Xiao, and Y. Lv, “COX-2-Mediated Regulation of VEGE in
Association With Lymphangiogenesis and Lymph Node Med&stan Lung
Cancer, The Anatomical ..., vol. 1846, no. July, pp. 1838846, 2010.

E. R. and G. A. FitzGerald, ‘“Prostaglandins and Inflammation, Arteriosclerosis,
thrombosis and vascular biology, vol. 31, pp.-9880, 2011.

F. S. Rundhaug JE, Simper MS, Surh I, “The role of the EP receptors for
prostaglandin E2 in skin and skin cancer., Cancer metastasis reviews, vol. 30, pp.
465-480, 2011.



134

[138] R. M. Garavito and DL. , DeWitt, “The cyclooxygenase isoforms: structural
insights into the conversion of arachidonic acid to prostaglandins, Biochemica et
Biophysica Acta, vol. 1441, no. 2, pp. 2287, 1999.

[139]
“http://dailymed.nlm.nih.gov/dailymed/archives/fdaDruglnfo.cfm?archiveid=6868.

[140] L. . Rahimi RA, “A tale of two responses, ournal of Cellular Biochemistry, vol.
102, pp. 593608.

[141] J. Song, “EMT or apoptosis: a decision for TGF-beta., Cell research, vol. 17, no.
4, pp. 28990, Apr. 2007.

[142] carl-H.H. and A. M. Ulrich Valcourt, M.K., Hideki Niimi, “TGF-f and the Smad
signaling pathway support transcription reprogramming duringthell-
mesenchymal cell transition, Molecular Biology of Cell, vol. 16, no. 4, pp. 1987
2002, 2005.

[143] and R. D. Akhtst, Rosemary J., “TGF-B Signaling in Cancer- a Double-edged
Sword, Trends in Cell Biology, vol. 11, no. 11, pp.-44, 2001.

[144] “TGEFp signalling: a complex web in cancer progression, Nature reviews. Cancer
vol. 10, no. 6, pp. 415124, 2010.

[145] B. E. Zavadil J, “TGFP and epithelial-to-mesenchymal transitions, Oncogeng
vol. 24, no. 37, pp. 57644, 2005.

[146] L. E. Rahimi RA, “TGF-beta signaling: a tale of two responses., Journal of
cellular biochemistry, vol. 102, no. 3, pp. 5888, 2007.

[147] L. J. KLEINSMITH, PRINCIPLES OF CANCER BIOLOGY. 2005.

[148] Y. E. Zhang, “Non-Smad pathways in TGbeta signaling., Cell research, vol.
19, no. 1, pp. 1289, Jan. 2009.

[149] X.-F. W. Xing Guo, “Signaling cross-talk between TGH/BMP and other
pathways, Cell Research, vol. 19, pp.-738, 2009.

[150] J. Massagu , “TGFp in Cancer, Cell, vol. 134, no. 2, pp. 2130, 2008.
[151] S. M. and T. M. Iwata Ozakil, Hiroshi Hamajima, “Regulation of TGF-B1-induced
pro-apoptotic signaling by growth factor receptors and esditdar matrix

receptor integrins in the liver, Frontiers in physiology, vol. 2, 2011.

[152] C. C. Mackey JR, Mani RS, Selner M, Mowles D, YoungBé&it JA, Crawford
CR, “Functional nucleoside transporters are required for gemcitabine influx and



[153]

[154]

[155]

[156]

[157]

[158]

[159]

135

manifestation of toxicity in cancer cell lines., Cancer research, vol. 58, no. 19,
pp. 434957, 1998.

M. Dean, T. Fojo, and S. Bates, “Tumour stem cells and drug resistance., Nature
reviews. Cancer, vol. 5, no. 4, pp. 288, May 2005.

E. G. Pham H, Ekaterina Rodriguez C, Donald GW, Hertx&r Xing XS, Chang
HH, Moro A, Reber HA, Hines OJ, “miR-143 decreases COX-2 mRNA stability
and expression in pancreatic cancer cells., Biochemical Biochemical research
communication, vol. 439, no. 1, pp-HL, 2013.

A. T. Zhongxin Lu, Yan Li,, J. Z. Benhui Li, K. H. Daniel J Conklin, and R. M.
and Y. Lil, “miR-301a as an NFB activator in pancreatic cancer cells, The
EMBO Journal, vol. 30, pp. 567, 2011.

S. Ramasamy, S. Duraisamy, S. Barbashov, T. Kaw@n&harbanda, and D.
Kufe, “The MUCI and galectin-3 oncoproteins function in a microRNA-dependent
regulatory loop., Molecular cell, vol. 27, no. 6, pp. 992004, Sep. 2007.

K. D. Raina D, Ahmad R, Rajabi H, PanchamoorthyKGarbanda S, “Targeting
cysteine-mediated dimerization of the MUC1-C oncoproteirhuman cancer
cells., Oncology, International Journal of, vol. 40, no. 5, pp. $842012.

L. Y. and D. Kufe, “MUCI1-C Oncoprotein Blocks Terminal Differentiation of
Chronic Myelogenous Leukemia Cells by a R®I8diated Mechanism, Genes
and Cancer, vol. 2, no. 1, pp.-88!, 2011.

“http://clinicaltrials.gov/show/NCT012796032013.



APPENDIX A: FIGURE
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Figurel: MUC1 ELISA showing levels of MUCL1 in the serum of paients at

different stages of the disease.
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APPENDIX B: DENSITOMETRIC ANALYSIS

Supplemental Table 1. Densitometric analysis of MUC1 and B-actin levelsin
MUCL1 siRNA treated Capan-1 cell lineusing I mage J softwar e (Figure 1C).

Samples MUC1 B-actin
Area | Mean | Adjusted | Area | Mean | Adjusted
mean mean
Capan-1 WT 0.08 | 35.09| 35.09 | 0.03 | 119.16] 1.00
Capan-1 Ctrl siRNA 0.08 | 40.10 46.26 0.03 | 103.31 1.15
Capan-1 MUC1 siRNA 0.08 | 3.63 3.66 0.03 | 118.16| 1.01

% expression after

knockdown

10.43

Supplemental Table 2. Densitometric analysis of MUCI1 and g-actin levels
in KCKO and KCM cdl linesusing | mage J softwar e (Figure 2A).

Samples MUC1 B-actin
Area Mean Adjugted | Area | Mean | Adjusted
mean mean
KCKO 0.11 15.36 19.40 0.02 98.10 1.26
KCM 0.11 141.88 141.88 0.02 | 123.94 1.00

Supplemental Table 3. Densitometric analysis of MUC1 and f-actin levels
in BXPC3 Neo and BXPC3 MUCL cdl linesusing Image J software (Figure

3A).
Samples MUC1 B-actin
Area M ean Adjugted | Area | Mean | Adjusted
mean mean
BxPC3 Neo 0.11 0.00 0.00 0.04 | 119.80 1.1
BxPC3 0.11 97.01 97.01 0.04 | 129.61 1.0
MUC1

Supplemental Table 4. Densitometric analysis of MRP1 and B-actin levels
in BXPC3 Neo and BXPC3MUCL1 tumor lysate using | mage J software

(Figure 4B).
Samples MRP1 B-actin
Area M ean Adjusted | Area | Mean | Adjusted

mean mean
KCKO 0.08 42.01 42.01 0.06 | 110.39 1.00
KCM 0.08 | 124.33 125.39 | 0.06 | 109.46 1.01
BxPC3 Neo 0.09 54.00 58.96 0.06 | 96.57 1.09
BxPC3 0.09 144.24 144.24 0.06 | 105.44 1.00
MUC1
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Supplemental Table 5. Densitometric analysis of MUCL expression in BXxPC3 Neo and BXPC3 MUC1 tumor
lysate using | mage J software (Figure4D).
Samples MUC1 MRP1 B-actin
Area | Mean | Adjusted | Area | Mean | Adjusted | Area | Mean | Adjusted

mean mean mean
BxPC3 Neo sample | 0.224| 62.521 76.3 0.061| 80.36 98.07 0.061| 127.1 1.22
#1
BxPC3 Neo sample | 0.224| 70.731 73.2 0.061| 81.45 84.26 0.061| 149.9 1.03
#2
BxPC3 MUC1 samplg 0.224 | 141.456| 141.5 0.061| 99.34 99.34 0.061| 155.1 1.00
#4

Supplemental Table 6. Densitometric analysis of phospho Akt and total Akt levelsin cell linesusingimageJ

software (Figure 5A).

Sampl phospho-Akt Akt B-actin MUC1+
es ve/MUC
1-ve
Area | Mean | Adjust | Area | Mean | Adjus | Area | Mean | Adjus | phospho | phospho
ed ted ted Akt/tota | Akt/total
mean mean mean I Akt Akt
KCKO | 0.03 | 66.8 70.2 0.0 1179 | 124.0 | 0.0 1583 | 1.1 0.6
KCM 0.03 | 120.5 | 120.5 0.0 113.2 | 113.2 | 0.0 166.4 | 1.0 1.1 1.9
BxPC3 | 0.04 | 72.5 77.3 0.0 145.2 | 154.8 | 0.0 1416 | 1.1 0.5
Neo
BxPC3 | 0.04 | 154.0 | 156.8 0.0 164.3 | 167.3 | 0.0 1483 | 1.0 0.9 1.9
MUC1
Supplemental Table 7. Densitometric analysis of total Akt, MRP1, MUC1 and p-actin levelsin Akt SRNA
treated Capan-1 cells using image J software (Figure 5B).
Samples Akt MRP1 MUC1 B-actin
Mean | Adjusted | Mean | Adjusted | Mean | Adjusted | Mean | Adjusted
mean mean mean mean
Capan-1 WT 131.4 131.4 194.8 194.8 75.7 75.7 161.1 1.0
Capan-1 Ctrl SiRNA 133.6 139.5 100.4 104.9 65.0 67.9 154.3 1.0
Capan-1 Akt siRNA 94.3 80.1 35.6 35.9 23.4 23.5 160.1 1.0
% expression after 61.0
kncokdown
Fold change 5.4 3.2

Supplemental Table 8. Densitometric analysis of total Akt, MRP1, MUC1 and p-actin levelsin Akt SRNA
treated BXPC3 cellsusingimage J (Figure5C).

Samples Akt MRP1 MUC1 B-actin
Mean | Adjuste | Mean Adjuste | Mean Adjuste | Mean | Adjuste
d mean d mean d mean d mean
BxPC3 Neo WT 149.0 166.4 83.943 93.7 4.998 5.6 90.157 1.1
BxPC3 MUC1 WT 125.6 176.5 137.408| 193.1 124.328 | 174.7 71.64 1.4
BxPC3 MUC1 Ctrl 114.2 139.9 112.779| 138.2 87.616 107.4 82.154 1.2
SiRNA
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BxPC3 MUC1 Akt 86.5 86.5 41.376 41.4 71.432 71.4 100.667 1.0
SsiRNA

% expression after 49.02

kncokdown

Fold change 4.67 2.45

Supplemental Table 9. Densitometric analysis of total Akt, MRP1, MUCI1 and p-actin levelsin KCKO cellsand
Akt siRNA treated KCM cdllsusingimage J (Figure5D).

Samples Akt MRP1 MUC1 B-actin
Mean Adjuste | Mean Adjuste | Mean Adjuste Mean Adjugte
d mean d mean d mean d mean

KCKO WT 93.9 117.3 56.9 71.0 0.0 0.0 82.5 1.2

KCM WT 79.2 81.4 93.6 96.3 132.1 135.8 100.3 1.0

KCM Citrl siRNA 80.2 89.0 84.8 94.1 135.6 150.5 92.9 1.1

KCM Akt siRNA 22.9 22.9 81.6 81.6 115.9 115.9 103.1 1.0

% expression after 28.159

kncokdown

Fold change 1.18 1.17

Supplemental Table 10. Densitometric analysis of the PCR
product following ChlP assay in Capan-1 cells (Figure 6C).

ChiPregion | Area Arbitary Fold enrichment
units (CT2DNA/ 1gG
DNA)
Capan-1 Input 5472 242
Capan-1 IgG 5472 19
Capan-1 CT2 5472 124 6.5
ChiP region Il Area Arbitary Fold enrichment
units (CT2DNA/ 1gG
DNA)
Capan-1 Input 4300 240
Capan-1 IgG 4300 46 ‘
Capan-1 CT2 4300 16 0.3

Supplemental Table 11. Densitometric analysis of the
PCR product following ChlP assay in KCKO and KCM
cells (Figure6C).

ChlPregion| | Area | Arbitary Fold enrichment
units (CT2DNA/ 1gG
DNA)
KCKO Input 840 185
KCKO IgG 840 43
KCKO CT2 840 29 0.7




KCM Input 0.11 152
KCM IgG 0.11 40
KCM CT2 0.11 128 3.2
ChlPregion Area | Arbitary Fold enrichment
I units (CT2DNA/ 1gG
DNA)
KCKO Input 406 85
KCKO IgG 406 27
KCKO CT2 406 20 0.7
KCM Input 0.08 141
KCM IgG 0.08 35
KCM CT2 0.08 25 0.7

Supplemental Table 12. Densitometric analysis of the
PCR product following ChlP assay in BXxPC3 Neo and

BxPC3 MUC1 cels (Figure6C).

ChIP region | Area | Arbitary | Fold enrichment

units (CT2DNA/ IgG
DNA)

BxPC3 Input 0.03 123.3

BxPC3 IgG 0.03 96.1

BxPC3 CT2 0.03 108.4 11

BxPC3 Input 0.03 212.6

BxPC3 IgG 0.03 93.3

BxPC3 CT2 0.03 101.7 11

ChiPregion Il Area | Arbitary | Fold enrichment
units (Chip/Input DNA)

BxPC3 Input 0.03 95.1

BxPC3 IgG 0.03 83.9

BxPC3 CT2 0.03 85.3 1.0

BxPC3 Input 0.03 98.6

BxPC3 IgG 0.03 80.5

BxPC3 CT2 0.03 79.7 1.0
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Supplemental table 13: Densitomectric analyss of figure 3.9B. Cox-2 expression following MUC1 over expression

in BXPC3 and Panc02 cdllsand M UC1 knockdown in KCKO cdlls.

MUC1 Cox-2 b-actin
Area | Mean | Adjusted Area | Mean | Adjusted | Area | Mean | Adjusted

mean mean mean
BxPC3 Neo 0.1 2.9 2.9 0.1 27.4 27.4 0.0 85.6 1.0
BxPC3 MUC1 0.1 87.5 90.4 0.1 87.4 90.3 0.0 82.8 1.0
Fold increase 31.0 3.3
Panc02 Neo 0.1 15.3 19.1 0.0 21.9 27.4 0.0 95.9 1.2
Panc02 MUC1 0.1 91.8 91.8 0.0 715 71.5 0.0 119.7 1.0
Fold increase 4.8 2.6
KCKO 0.1 5.2 8.6 0.0 11.5 19.3 0.0 57.1 1.7
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KCM

0.1

88.3

88.3 0.0

74.4

74.4

0.0

95.4

1.0

Fold increase

10.2

3.9

Supplemental table 14: Densitomectric analysis of figure 3.9C. Cox-2 expression following MUC1 knockdown in
HPAFII and HPAC cells

MUC1 Cox-2 b-actin
Area | Mean Adjuste | Area | Mean | Adjusted | Area | Mean | Adjusgte
d mean mean d mean
HPAFII WT 0.1 106.3 116.4 0.0 60.2 65.9 0.1 103.4 1.1
HPAFII Ctrl siRNA 0.1 100.3 128.2 0.0 64.0 81.8 0.1 88.6 1.3
HPAFII MUC1 siRNA 0.1 10.7 10.7 0.0 18.9 18.8 0.1 113.2 1.0
Fold decrease 10.9 3.5
HPAC WT 0.1 121.0 121.0 0.0 76.4 76.4 0.1 107.3 1.0
HPAC Ctrl siRNA 0.1 98.3 102.0 0.0 72.6 75.4 0.1 103.4 1.0
HPAC MUCL1 siRNA 0.1 19.3 20.7 0.0 12.2 13.1 0.1 99.8 1.1
Fold decrease 5.8 5.8

Supplemental table 15: Densitometric analysis of figure 3.10 A. Level of Cox-2
MRNA evaluated by semi-quantitative RT-PCR.
Cox-2 mRNA GAPDH2/Gapdh2
Cell Lines Area Mean | Adjusted | Area | Mean | Adjusted
mean mean
BxPC3 Neo 0.02 125.6 143.1 0.02 | 112.6 1.1
BxPC3 MUC1 0.02 | 135.2 135.2 0.02 | 128.2 1.0
Fold difference 1.06
Panc02 Neo 0.021 | 151.7 | 160.96 | 0.025 | 205.1 1.1
Panc02 MUC1 0.021 | 189.2 | 189.21 | 0.025 | 217.6 1.0
Fold difference 1.2
KCKO 1326 | 92.08 | 119.38 | 1030 | 154.4 1.30
KCM 1326 | 178.9 | 178.93 | 1030 | 200.2 1.00
Fold difference 15
HPAF WT 0.085 | 197.9 204.1 0.147 | 206.1 1.0
HPAC Ctrl siRNA 0.085 | 235.3 235.3 0.147 | 212.6 1.0
HPAC MUC1 siRNA| 0.085 | 12.35 14.7 0.147 | 178.8 1.2
Fold difference 13.9

Supplemental table 16: Densitometric analysis of figure 3.11A. Nuclear localization of MUC1 CT and NF-kB in

cdls.
NFkB MUC1CT Lamin Alc
Cell Lines Area Mean | Adjusted | Area | Mean | Adjusted | Area Mean | Adjusted

mean mean mean
Panc02 Neo 0.03 78.9 78.8 0.14 0.1 0.1 0.1 43.0 1.0
Panc02 MUC1 0.03 55.8 68.6 0.14 | 121.4 149.2 0.1 35.0 1.2
Fold difference 1.1 1254
KCKO 0.024 | 222.2 222.2 0.14 2.1 2.1 0.155 | 63.572 1.0
KCM 0.024 | 170.8 234.7 0.14 | 69.9 96.1 0.155 | 46.262 1.4
Fold difference 0.9 45.4




Supplemental table 17: Densitometric analysis of figure
3.11C. ChlP data

Cdl Lines Area | Mean Fold
enrichment
Panc02 Neo Input 0.04 107
Panc02 Neo 1gG 0.04 0
Panc02 Neo CT2 0.04 0
Panc02 Neo NF-kB 0.04 1
Panc02 MUC1 Input 0.04 | 1774
Panc02 MUCL1 IgG 0.04 0
Panc02 MUC1 CT2 0.04 97.8
Panc02 MUC1 NF-kB 0.04 59.6
KCKO Input 1290 | 197.3
KCKO IgG 1290 | 1.527
KCKO CT2 1290 | 0.626
KCKO NF-kB 1290 | 0.153
KCM Input 0.243| 176.4
KCM IgG 0.243| 18.52
KCM CT2 0.243| 135.9 7.34
KCM NF-kB 0.243| 109.6 5.92
HPAFII Input 1672 | 1915
HPAFII 1gG 1672 | 57.01
HPAFII CT2 1672 | 125.6 2.2
HPAFII NFkB 1672 | 129.8 2.3
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