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Abstract

MUCI, a transmembrane glycoprotein of the mucin family, is normally restricted
to the apical surface of mammary epithelial cells (reviewed in [1-3]). However, the
apical polarization is frequently lost in breast cancer, substituted by highly overexpressed
MUCI throughout the cytosol or circumferentially around the plasma membrane [4-6].
Clinically, this aberrant expression of MUC!1 on breast cancer cells is associated with a
poor prognosis and increased lymph node metastases [5]. Previous in vitro studies in our
laboratory found that MUCI binds intercellular adhesion molecule-1 (ICAM-1) [7,8], an
adhesion molecule present throughout the entire expected migratory track of a transiting
tumor cell, and involved in the firm arrest of leukocytes on the vascular endothelium at
the site of inflammation and subsequent extravasation [9]. Strengthening the clinical
relevance of MUCI, it was demonstrated that the MUC1/ICAM-1 ligation-mediated cell
adhesion can withstand the shear stresses equivalent to physical blood flow [10], and the
most recent data showed that MUCI, by ligating ICAM-1, also facilitates
transendothelial migration (TEM) of MUCI1-bearing cells through a monolayer of ICAM-
1-expressing cells [11]. These findings suggest a significant role for the MUC1/ICAM-1
ligation in promoting tumor cell migration and extravasation.

The work in this thesis explored the underlying mechanism(s) of the
MUCI1/ICAM-1 interaction in promoting breast cancer cell migration, and found that (i)
MUC1 initiates calcium oscillations after ligation by ICAM-1, and this calcium signaling
involves Src family kinase, phosphoinositol 3-kinas (PI3K), and phospholipase C (PLC),
but not mitogen activated kinase (MAPK) [12]. (ii) MUCI, by ligating ICAM-1, triggers

dramatic actin cytoskeletal rearrangements and rapid formation of motile protrusions
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preferentially at the heterotypic cell-cell contact sites. This MUCl -initiated cytoskeletal
dynamics are B1 integrin-dependent, and mediated by cascades involving Src family kinase,
PI3K, and PLC. Moreover, the MUC1-induced protrusive motility can be abrogated by
coexpression of dominant negative Rac1-T17N, Cdc42-T17N, but not by RhoA-T19N. (iii)
Also consistant with previous transendothelial migration assays, the MUC1/ICAM-1
ligation potentiates cell invasion. This study provides evidence of a crucial mechanism by

which MUC1 may modulate tumor cell motility during breast cancer metastasis.
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1.0. Thesis Overview

Breast cancer is the most frequently diagnosed malignancy and the second leading
cause of cancer deaths in Canadian women with an expected mortality of 5,300 in 2006
[13]. The development of metastases in distant vital organs such as lungs, brain, and
liver, is the principle cause of death from breast cancer [14-16]. Metastasis requires
increased cell motility, which is a tightly orchestrated process of numerous molecular
events with the dynamic reorganization of the actin cytoskeleton playing a decisive role
[17-20]. Thus, clarifying the mechanism(s) underlying the aberrantly activated pro-
migratory signaling and cytoskeletal rearrangements in tumor cells may allow the
development of effective therapeutic strategies to reduce breast cancer mortality.

The MUCI1 transmembrane glycoprotein was initially cloned from mammary and
pancreatic carcinomas as a tumor antigen [21-23]. In the breast, histopathologic studies
found that this mucin, which is normally restricted to the apical surface of mammary
epithelium [1,2,4,24], is aberrantly overexpressed in most breast cancers [4,5,25-27].
Clinically, this aberrant expression of MUC1 on breast cancer cells is correlated with a
poor prognosis and increased lymph node metastases [5]. As MUCI contains a long,
rigid and negatively charged extracellular domain (200-500nm, compared with 10-50nm
for the remainder of the glycocalyx [24,27-30]), it has been suggested that MUC1
contributes to tumor progression by functioning as an anti-adhesive molecule, sterically
interfering with E-cadherin and integrin mediated cell-cell and cell-matrix interactions,
thereby facilitating dissemination of tumor cells from the primary lesion [27,31-34].
However, despite the anti-adhesive theory about MUCI, our laboratory was the first to

demonstrate that MUC] also has a pro-adhesive function and mediates heterotypic cell-
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cell adhesion by binding ICAM-1 on adjacent accessory cells [7,8]. This MUCI/ICAM-1
interaction has since been confirmed by other laboratories [35-37]. Supporting the
clinical significance of MUCI in tumor progression, it was found that underglycosylated
MUCI, simulating the variant found in tumors, showed an increased binding propensity
for ICAM-1 [36], and this MUC1/ICAM-1 interaction was capable of withstanding the
shear stresses equivalent to physiologic blood flow [10]. Most recently, the in vitro
transwell studies by Rahn et al. [11,38] have shown that MUC1 promotes
transendothelial migration (TEM) of breast cancer cells through a monolayer of ICAM-1-
expressing cells, indicating MUC1 may not only function as an adhesion molecule, but
also promote cell migration by ligating ICAM-1.

Existing evidence in the literature suggests that MUC1 may actively participate in
pro-migratory signaling. This includes reports which indicate that MUCI1 localizes in
lipid rafts and is concentrated at the leading edge of migrating cells [39-41] and MUCI1’s
cytoplasmic domain (CD) co-distributes with ezrin, a known linker of membrane proteins
to the actin cytoskeleton [42]. Moreover, MUCI1-CD contains seven highly conserved
tyrosine (Tyr) residues, four of which are confirmed phosphorylation sites and construct
potential binding motifs for PI3K, PLCy, Src and Grb2 [43,44], all of which are critical
for cell motility. The present thesis study explored the underlying mechanisms of
MUCIU/ICAM-1 ligation-mediated cell motility. We examined the potential role of
MUCI in (i) pro-migratory signaling, (ii) cytoskeletal rearrangements and (iii) cell
invasive motility in response to ICAM-1 stimulaiton.

Results provided in this study demonstrated that the MUC1/ICAM-1 interaction

initiates calcium oscillations, which are mediated by pathways involving a Src family
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kinase, PI3K, PLC, but not MAPK [12], and are accompanied by redistribution of Src into
lipid rafts and increased association of Src with MUC1. Additionally, we found MUC1
induces B1 integrin-dependent cytoskeletal rearrangements and protrusive motility;
abolition of Src family kinase, PI3K, and PLC activities could also reduce this cytoskeletal
migratory responses. Further, we demonstrated that the MUC1-induced cytoskeletal
rearrangements require Rho family GTPases Racl, Cdc42, but not RhoA. Lastly,
MUCI1/ICAM-1 interaction-potentiated cell invasion was demonstrated in a novel
transmigration model. These data offer functional evidence that implicates MUC1
overexpression as a key molecular event in the aggressive tumor phenotype, and provides

an insight into the mechanisms tumor cells may utilize to facilitate cell metastasis.

1.1. Breast Cancer and Metastasis

1.1.1. Structure and Development of the Mammary Gland

The mammary gland is a structurally dynamic organ, varying with age, menstrual
and reproductive status. It begins to develop in the embryo from the sixth week of
conception, as an epidermal thickening or “mammary ridge” on both sides of thé anterior
thoracic region. This undergoes sequential branching divisions with the formation of
fundamental ducts by the end of gestation [45-47]. The mammary gland is comprised of
various cell types, including epithelial cells and stromal cells which include fibroblasts,
adipocytes and endothelial cells. The epithethial bilayer of luminal epithelial and basal
myoepithelial cells forms a network of lobuloaveolar architecture that branches its way
through the collagen-enriched stromal scaffold of the mammary gland fat pad [46,48]

(Fig. 1.1 A and B). The luminal epithelial cells form a continuous lining of the
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lactiferous duct, interlobular ducts and intralobular ducts, that end in a collection of
spherical secretory units referred to as acini or alveoli [46,49].

At the time of puberty, the female breast increases in size mainly due to the
deposition of interlobular fat. Also, under the influence of ovarian estrogen (E2) in each
menstrual cycle, the mammary epithelium proliferates and branches into multiple ducts
with terminal alveoli, known as terminal ductal lobular units (TDLU) [48,50]. The
mammary gland experiences the most rapid phase of proliferation at the time of
pregnancy, when the level of estrogen is increased and directly results in ductal
elongation [48,51]. Placental-derived progesterone induces ductal side branching and
pituitary-derived prolactin initiates alveolar development [S1]. These hormonal stimuli
not only lead to the epithelial expansion of pre-existing alveoli, but also confer the
secretory capacity of the gland. After parturition, the mammary gland starts to lose its
sensitivity to E2 [50]. With the onset of menopause and the fall of circulating ovarian
hormones, the mammary gland starts to involute resulting in the degeneration of ductal

elements and the replacement by connective tissue [50,52].

1.1.2. Background Knowledge of Breast Cancer
1.1.2.1. Molecular Basis of Breast Carcinogenesis

Breast carcinoma is an epithelial-derived malignancy thought to arise through a
multi-step process with sequential accumulation of distinct mutations in genes or
disregulation of hormones and growth factor signaling pathways [53-57]. Hereditary
breast cancer (5-10% of all breast cancer) is characterized by inherited genetic mutations,
in specific genes such as BRCA1, BRCA2, p53 or PTEN [53,55,56,58,59]. Inherited

mutations leading to BRCA1 inactivation are correlated with a lifetime risk of 55-85%
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for breast cancer development. The normal BRCA1 protein is implicated in repair
mechanisms of DNA double-strand breaks, as well as in cell cycle control involving
dephosphorylation of the retinoblastoma (Rb) protein and in the transcriptional regulation
of tumor suppressor proteins, p53 and p21 [60,61]. Thus, mutations in BRCA1 may
result in release of cell cycle control and compromise the repair of accumulated genetic
muations that ultimately lead to oncogenic transformation. Sporadic breast cancers are
thought to occur from the accumulation of acquired mutations in somatic genes.
Mutational activation and/or amplification of oncogenes (e.g. c-Myc, Cyclin D1, and
ErbB-2) has been reported to play a critical role in early sporadic tumorigenesis [62-64].
This is frequently accompanied by non-mutational/functional inactivation of tumor
suppressor genes (e.g. BRCA1) through epigenetic regulation [65,66].

Breast carcinogenesis also involves growth factor signaling, including epidermal
growth factor (EGF), transforming growth factor-p (TGF-p), insulin-like growth factor
(IGF), and hepatocyte growth factor (HGF). These normally contribute to the ductal-
lobuloaveolar development of the mammary gland. However, when abnormally activated,
they are frequently implicated in tumor cell proliferation, epithelial-mesenchymal
transition (EMT), and anti-apoptotic properties [67-70]. The relationship between growth
factor signaling in breast oncogenic transformation and progression is proving to be
incredibly complex at the molecular level.

Recently, with advances in understanding the biological nature of breast cancer,
the mucin family glycoproteins also appear to be tumorigenic in cellular growth, immune
surveillance, adhesion, and invasion [71]. As the fundamental member of this family,

MUCI1 and its structure and function will be introduced in section 1.2.
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1.1.2.2. Breast Cancer Progression and Metastatsis

Breast cancer originates in the epithelial cells of the ducts (ductal carcinoma) or
lobules (lobular carcinoma). Carcinoma in situ refers to cancers where the abnormal
proliferation of tumor cells stay confined to ducts (DCIS) or lobules (LCIS), and have not
penetrated the basement membrane (BM) (Fig. 1.1 C and D) [72,73]. As in situ
carcinoma progresses, the tumor cells break through the BM and invade the surrounding
stromal tissue. The cancers at this stage are referred to as invasive ductal carcinoma
(IDC) or invasive lobular carcinoma (ILC) (Fig. 1.1 E and F) [72,73]. IDC is the most
common (~80%) form of breast cancer. Clinically, it is a poorly defined mass of stony
consistency. Microscopically, this is represented by round to polygonal tumor cells
which form nests or cords scattered widely in dense fibrous stroma [72,74]. ILC, which
accounts for ~15% of invasive breast cancers, is characterized by small, uniform tumor
cells with little cytoplasm, often containing intracytoplasmic mucinous vacuoles [72,74].
Subsequently, the tumor cells can spread through the blood/lymphatic-circulatory
systems to distant vital organs, called metastasis. The excessive growth of tumor cells at
the secondary sites, such as brain, liver, bone and lungs, generally causes functional

failure and results in mortality [75-77].

1.1.3. Metastasis and Cell Motility
1.1.3.1. Overview of Metastatic Cascade

Metastasis of tumor cells to distant sites is a complex, multi-step consequence of
tumor progression (Fig. 1.2). The “Metastatic cascade” can be described as a series of

events: (1) detaching from the primary tumor mass; (2) penetrating the BM and invading
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the surrounding stroma; (3) intravasation, transportation in the vascular system, and
evasion of the host immune surveillance; (4) Attachment to the vascular endothelium of
target organs and extravasation; (5) establishment of new growth. Each step in this
cascade is rate-limiting, and failure of completing any of these steps will prevent a tumor
cell from producing a metastasis.

The first two steps, of detaching from the original site of growth and invading the
surrounding stroma, are effectively one process characterized by cellular movement. It is
generally an active cell migration in response to motility factors, and is partially assisted
by passive cell translocation due to the rapid tumor growth-augmented mechanical
pressures [79,80]. In some epithelial-derived tumors including invasive lobular
carcinoma of the breast, downregulation of the cellular adhesion molecule E-cadherin is
frequently observed and leads to reduced cell-cell adherent junctions, thereby facilitating
tumor cell scattering [81,82]. These early stages of carcinogenesis are also usually
accompanied by active expression of proteases, such as matrix metalloproteases (MMPs)
and urokinase-type plasminogen activator (uPA), which not only degrade the BM and
stromal extracellular matrix (ECM) but also cleave and activate cytokines/growth factors
(e.g. HGF and TGF-f) to promote tumor cell invasion and migration [83-86]. The
requirement for augmented blood supply increases in parallel with tumor growth and
progression. Angiogenesis occurs in the early stages of carcinogenesis in response to
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF)
produced by the tumor or stromal cells [87]. However, when compared to normal vessels,
this tumor-induced neovasculature possesses a more fenestrated endothelium [88]. Thus,

they are more permeable and possibly more susceptible to tumor cell intravasation. Upon
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penetrating the blood-lymphatic vasculature wall, it is estimated that less than 0.1%
tumor cells can survive this process of transport due to the mechanical trauma, anoikis,
and immune attack by natural killer cells or cytotoxic T lymphocytes (CTL) [78,89,90].
One of the mechanism(s) that tumor cells may utilize to evade these attacks is to increase
the sialylation and fucosylation of the carbohydrates on cell membrane, masking surface
antigens and enhancing the survival rate for subsequent arrest at the target organs [90].
Metastatic breast cancer cells exhibit a preferential pattern of metastases and tend
to metastasize to specific organs, such as liver, lung, bone and brain [14-16]. However,
the mechanism(s) underlying this bias is still largely unkown. Several theories have been
put forward to elucidate this phenomenon. The classical “seed and soil” theory in
Stephen Paget’s 1889 proposal, suggests that although the same amount of tumor cells
are carried within the circulating system to all organs, they proliferate only in those
organs providing the appropriate microenviroment [89,91]. Alternatively, there is the
“chemoattraction” theory based on the pleiotropic effects of chemoattractants. Miiller et
al. (2001) demonstrated that surface expression of the chemokine receptor CXCR4 was
upregulated in most breast malignancies, and correspondingly, its chemokine ligand-
CXCL12 was also synthesized at high levels at the preferential metastatic sites, such as
lung, liver, and bone marrow [91,92]. Thus, it is possible that the circulating breast
cancer cells will be attracted and arrested when they are passing through these organs, so
that the distribution of chemokines in different organs will determine the relative risk of
tumor metastasis. Another widely accepted theory is that, the development of firm
adhesion and subsequent extravasation of tumor cells requires the expression of adhesion

molecules by vascular endothelial cells [91,93]. In this model, the mechanisms involved
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in tumor cell metastatic extravasation seem to be comparable with those for leukocyte
extravasation during inflammation [78,94] (Fig. 1.3).

Inflammation-triggered leukocyte extravasation is characterized by successive
formation and breakage of heterotypic cell-cell interactions between leukocytes and
endothelial cells lining the blood vessel [94,95]. Briefly, in respose to inflammatory
signals, endothelial cells upregulate E-selectin on their luminal surface, which can
subsequently “trap” circulating leukocytes by binding to sialylated Lewis (sLe*™)
carbohydrate-containing ligands on leukocytes [9,94,95]. Since this interaction is weak,
the leukocyte appears to roll along the endothelium. During this process, the leukocyte
B2-integrins (LFA-1 and Mac-1) become activated and then bind endothelial adhesion
molecule ICAM-1, resulting in firm adhesion of leukocytes to the endothelium [9,94-96].
The leukocytes are preferentially arrested at the tri-endothelial cellular junctions. This is
followed by cell spreading, invadopodia formation, and crawling through the
endothelium, i.e. transendothelial migration [94,97,98].

Parallel to the leukocyte extravasation, compelling evidence suggests that the
tumor cell starts the extravasation process by initially binding to the endothelium [93,99].
Further, it was found that several of endothelial adhesion molecules (e.g. E-selectin,
integrins and ICAM-1), involved in the adhesion of leukocyte, have been implicated in
the interactions with tumor cells [93], and agents that inhibit inflammation also abrogated
tumor metastasis [100-102]. Particularly noteworthy is that MUC1 may initiate tumor
cell adhesion to the activated endothelium through the MUC1 O-glycan side chain sLe**

antigens [103,104], which are known to bind endothelial selectins and are implicated in

leukocyte extravasation. Previous studies in our laboratory have demonstrated that
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MUCI! binds the endothelial ICAM-1 [7,8,10], which subsequently results in increased
tumor cell transendothelial migration [105] (see details in section 1.2). These findings
strongly suggest that tumor cells may utilize the mechanisms of leukocyte

transendothelial migration for metastatic spread.

1.1.3.2. Cell Migration: Orchestrated Molecular Events

Metastasis requires increased cell motility, which is a tightly orchestrated process
of multiple molecular events, resulting in attachment at the leading edge, cytoskeletal
protrusive motility, cellular contraction, and detachment at the rear [18,106]. Of the
numerous molecules involved in cell migration, the Src non-receptor tyrosine kinase
family is a particularly crucial one, and has been implicated in the signals downstream of
a variety of transmembrane receptors including integrins (Table 1.1) [18,107].

Integrins are transmembrane heterodimeric receptors composed of non-covalently
associated a and B subunits [95]. Depending on the combination of the a and B subunits,
integrins can bind different components present in the ECM (Table 1.2) [95,108,109].
These interactions not only mediate cell adhesion by constructing focal contacts but also
recruit Src to the plasma membrane, which together with focal adhesion kinase (FAK)
form a “dual-activated Src-FAK signaling complex” (Fig. 1.4) [18]. Within this complex,
the preferential binding of the Src SH2 domain to the autophosphorylated Tyr-397 site on
FAK releases the intramolecular inhibition of Src and leads to Src activation [18,107].
Thus, Src can further phosphorylate the FAK Tyr-861 and FAK-associated p130CAS
and/or paxillin, which sequentially recruit the scaffolding protein Crk to activate the Rho-
family GTPases (e.g. Racl, Cdc42), resulting in dramatic membrane lamellipodial and/or

filopodial protrusions [18,107,110,111]. Since the signaling mediators p130CAS,
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Table 1.1: Signaling substrates and activating receptors for Src.

Src signaling substrates Src-activating receptors

Focal contact and structural proteins

FAK Integrins, PDGFR, IGFR, EGFR, NGFR, FceRl, bombesin-R,
thrombin-R, bradykinin-R, endothelin-R, LPA-R, CCK-R, FMLP-
R, gastrin-R, c-Met

paxillin Integrins, PDGFR, IGFR, NGFR, bombesin-R, PAFR, ICAM,
bradykinin-R, FMLP-R, gastrin-R, endothelin-R, CCK-R, IL-3-R

p130CAS Integrins, NGFR, c-Met, bradykinin-R, IL-8-R

talin Thrombin-R, PDGFR

ezrin Integrins, c-Met, CD4, TCR

catenins (f, y and p120) CSF-1R, EGFR, PDGFR, c-Met

connexin PDGFR

caveolin IGFR

tubulin TCR, NGFR

Protein tyrosine/serine/threonine kinases

Syk/ZAP IRRs, integrins, muscarinic-R, IL-2-R,
FAK Same as above
PKCd PDGFR, EGFR, FceRI

Enzymes involved in phospholipid metabolism

PLC-y NGFR, PDGFR, EGFR
p85-PI3K RTKs, thrombin-R, Integrins, IRRs, MUC1
SHIP FeyRI, BCR, CSF-R
Phosphatases
SHP-1/2 Thrombin-R, NGFR, IGFR, PDGFR, EGFR, prolactin-R
PP2A EGFR

Small GTP-regulatory enzyme

p19(QRheGAP RTKs, FeyRIIIA, BCR, TCR
p120QRasGAP RTKs, EGFR, EPO-R, prolactin-R
Scaffold proteins
She RTKs, Class I cytokine-receptors, IRRs, CD4, GiPCRs
Cbl TCR, BCR, EGFR, FcRs

Aapted from [18,107,112]
15
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Table 1.2: Integrin family glycoproteins and their affinities for ECM ligands.

Integrins

Extracellular Matrix (ECM) Ligands

Binding sites

Bl

B2

B3

B4
BS
B6
B7
B8

al
a2
a3
ad
as
o6
a7
a8
a9

al0
all
av

ol

aM
aX
aD

ollb

av

ab

av

av

ad

oE
av

Native collagen, laminin

Native collagen, laminin
Fibronectin, laminin, native collagen
Fibronectin (splicing domain)
Fibronectin (RGD-containing domain)
Laminin

Laminin

Fibronectin, vitronectin

Tenascin

Collagen

Collagen

Vitronectin, fibronectin, osteopontin

ICAM-1, ICAM-2, ICAM-3

C3b, fibrinogen, ICAM-1, VCAM-1
C3b, fibrinogen

ICAM-3, VCAM-1

Fibrinogen, fibronectin, von Willebrand factor, vitronectin,
thrombospondin

Vitronectin, denatured collagen, von Willebrand factor,
fibrinogen, thrombospondin, fibulin, osteopontin

Laminin, desmin

Vitronectin

Fibronectin

Fibronectin (splicing domain), VCAM-1, MAdCAM-1

E-cadherin
Vitronectin

DGEA

EILDV
RGD

RGD

RGD
KQAGDV
RGD

EILDV

RGD

Adapted from [95,108,109]
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Figure 1.4: Src-FAK signaling complex orchestrated migratory signaling.
Structurally, Src is composed of an N-terminal SH3 domain, a central SH2 domain, and a
C-terminal tyrosine kinase domain. FAK consists of an N-terminal FERM domain, a
central kinase domain, proline-rich (PR2/PR3) regions and a C-terminal FAT domain.
Major tyrosine phosphorylation sites, binding partners and initiated signaling cascades
are indicated. Functionally, in response to newly formed focal contacts or growth factor
stimulation, Src can form a signaling complex with FAK (i) to initiate cell polarization
and membrane protrusion through PI3K and p130CAS/Crk/Dock180/Rac-Cdc42
cascades; (ii) to promote cell invasion through p130CAS/Crk/Rac/INK cascade; and (iii)
to promote cell movement and focal contact turnover through the pl 90RhoGEF/Rho
cascade, Grb2/ERK/MLCK and calpain cascades. Collectively, the Src-FAK complex
can co-ordinately initiate cell migration. Based on [18,95,107,111,113-115].
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paxillin, and p85-PI3K also contain SH3 domain binding motifs, Src may recruit these
molecules directly to its SH3 domain and activate these mediators to initiate cell
protrusive motility through PI3K or p130CAS-paxillin/Crk/Dock/Rac1-Cdc42 cascades
[107,115]. In addition, Src can phosphorylate FAK at Tyr-925 to create a SH2-domain
binding site for Grb2, which in turn activates the Ras/ERK cascade to initiate cell-ECM
dissociation and cellular contraction through the activation of myosin light chain kinase
(MLCK)/myosin light chain (MLC)/myosin cascade [18,95,114]. The Src-FAK
signaling-induced focal contact turnover is primarily mediated by the ERK cascade.
ERK activation at matured focal contacts promotes FAK phosphorylation at Ser-910,
which results in decreased paxillin binding to FAK and focal contact disassembly [113].
Also, the ERK cascade can promote focal contact turnover through upregulation of both
extracellular (MMPs) and intracellular (calpain) protease activities [18,113], which can
degrade the ECM adhesive components and intracellular FAK respectively.

Collectively, cell migration can be described as a spatial-temporally coordinated
cyclical event, which is precisely regulated in normal cells but frequently dysregulated in
tumor cells. In breast cancers, there is increased Src activity and this is associated with
tumor metastasis [116,117]. Since Src oncogenic mutations are seldomly observed in
breast cancers [117], exploring the mechanism(s) that activate Src so as to increase the

motility of breast cancer cells is significant.

1.1.3.3. Calcium Related Signaling and Cell Motility
Cell motility depends mainly on directional actin cytoskeletal rearrangements
[106,118]. Intensive studies over the past decade suggest that calcium (Ca®*) and Ca*'-

related signaling play crucial roles in the cytoskeletal “treadmilling” dynamics and the
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subsequent cell migration [95,119,120] (Fig. 1.5). For instance, normal migrating cells,
such as leukocytes and immature neurons, migrate in a Ca®* sensitive manner [121,122].
The presence of the Ca®" oscillation is mandatory [122,123] and the frequency of
oscillations is directly related to the rate of cellular migration [121].

Intracellular Ca®* signaling initiated by transmembrane receptors (e.g. RTKs,
GPCRs, and integrins) is generally mediated via PI3K and PLC. PI3K, which is
frequently activated in lipid rafts [124,125], can phosphorylate inositol on the D3-
position of phosphoinositides to generate PtdIns(3,4)P2 and PtdIns(3,4,5)P3, providing
docking sites to activate the pleckstrin homology (PH) domain-containing proteins, such
as PLC [126,127].

In resting cells, the actin cytoskeleton is usually in a steady state characterized by
a dynamic equilibrium between globular-actin (G-actin) polymerization at the barbed (+)
end and depolymerization at the pointed (-) end of actin filaments (F-actin) [95].
Generally, the physiological concentration of free G-actin is above the critical
concentration (C,, 0.1uM) and favors polymerization [95]. One of the mechanisms by
which the cells retain this balance is through the presence of the actin binding protein
(ABP) thymosin-f4, which binds to the free G-actins and prevents them from adding to
the barbed end of F-actins [95]. However, upon activation of PLC by upstream signaling,
it can hydrolyze PtdIns(4,5)P2 and release profilin into the cytosol, where profilin can
sequentially displace thymosin-f4, facilitate G-actin ADP/ATP exchange and incorporate
G-actin to the barbed end of F-actin through binding to the proline rich proteins at the
leading edge of the cells [95,120]. Further, following PLC activation, the PtdIns(4,5)P2-

bound gelsolin and cofilin will also be released from membrane. These proteins can
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sever the F-actin and cap the newly created barbed end, at the cleavage sites, to promote
depolymerization of F-actin from the pointed end [95,120]. As a result, the cyotosolic
concentration of free G-actin is increased, resulting in directional actin polymerization
and membrane protrusion at the leading edge [95,120].

The actin cytoskeleton “treadmilling” process can be extensively enhanced by
Ca?* signals. The inositol (1,4,5) triphosphate (IP3), generated by PLC-mediated
cleavage of PtdIns(4,5)P2, can induce intracellular Ca** release through activation of the
IP3R on the endoplasmic reticulum (ER), which usually appears as Ca®* oscillations with
a 20-30 seconds period [128,129]. The Ca®* flux can directly activate gelsolin, thereby
inducing directional actin cytoskeletal rearrangements [95,130]. Moreover, increased
intracellular Ca* concentration facilitates its binding to calmodulin (CaM) to form a
Ca®*/CaM complex, which can directly activate calmodulin-dependent protein kinase 11
(CaMKII) or MLCK to phosphorylate MLC so as to promote myosin-mediated cellular
contraction [95,131,132]. Furthermore, it was reported that Ca?* can also activate
calpain, a Ca®" sensitive protease, which can digest the intracellular components of focal
contacts (e.g. FAK and talin) to release the anchors of cells [18,133]. Particularly
noteworthy is a significant finding by Brundage et al. showing that migrating cells
exhibit a cytosolic Ca®* gradient with the lower concentration at the leading edge and
higher concentration at the rear [134]. This suggests that gelsolin-mediated actin
cytoskeleton depolymerization, myosin-induced cellular contraction, as well as calpain-
mediated focal contacts dissembly may preferentially occur at the rear of migrating cell,
with the actin cytoskeletal polymerization and focal contact formation preferentially

taking place at the leading edge. Thus, polarized cell motility can be enhanced by Ca®*
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and Ca”*-based signals.

1.1.3.4. Protrusive Machinery and Cell Migration

As described above, the polarized actin cytoskeletal rearrangements result directly
in membrane protrusions. However, for cell migration to occur, cells generally organize
their protrusive actin filaments into different constructions: lamellipodia and filopodia.
Lamellipodia appear as thin, but broad “brush-like” membrane projections, which push
forward along the edge of plasma membrane and provide the basis for directional
migration [135]. Structurally, lamellipodia are branched “dendritic” networks of actin
filaments, characterized by Arp2/3 complex-mediated actin polymerization [136]. The
Arp2/3 complex consists of two actin-related proteins, Arp2 and Arp3, along with five
other small proteins. When activated by WAVE/WASP family members on the
membrane, the Arp2/3 complexes bind to the sides or tip of an existing actin filament and
nucleate assembly of new actin filaments that branch off the parental filament, with their
barbed ends oriented toward the plasma membrane [135,136]. The actin cross-linking
proteins, cortactin and actinin, by stabilizing the branches and actin filaments are also
implicated in the dendritic system [135,136]. In contrast to lamellipodia, filopodia (also
called microspikes) are organized as bundles of parallel actin filaments and reinforced by
fascin-mediated cross-linking, appearing as long thin processes that extend out from the
plasma membrane [95,136]. Filopodial protrusions are thought to develop through an
actin filament treadmilling mechanism, characterized by actin polymerizing preferentially
at barbed ends of F-actin, without dentritic branches [136]. Previous studies suggest
critical roles for Ena/Vasp proteins in this process, where they can bind barbed ends of F-

actin to prevent both actin filament capping and branching [136].
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Rho family GTPases are central regulators of actin cytoskeleton lamellipodial and
filopodial protrusions [137] (Fig. 1.6). Of the Rho family members, Rac1, Cdc42 and
RhoA are the most thoroughly understood ones. They function as “molecular switches”,
depending on their active GTP-bound or the inactive GDP-bound status, to control the
cellular protrusive mechinery [137,138]. The WAVE/WASP family of Arp2/3 complex
activators are the major substrates for Rac and Cdc42 [136,139]. Thus, when activated to
a GTP-bound state, Rac can initiate lamellipodial protrusive motility through the
Scar/WAVE/Arp2/3 cascade [139], whereas Cdc42 can induce filopodia via the N-
WASP cascade [139-141]. Although this paradigm has been challenged by recent studies
showing that cells without WASP successfully formed filopodia and WAVE was also
found to be localized in filopodia [142,143], the decisive role of Rho family GTPase in
cell protrusive motility is entrenched.

Notably, in response to migratory cues, PI3K is instantly polarized and activated
at the leading edge [125,144,145], which generally leads to the activation of Rho family
GTPases, Rac and Cdc42, at the leading edge through the PI3K product PtdIns(3,4,5)P3
[145,146]. This may be triggered by guanine exchange factor (GEF) mediated GTP-
loading on Rac and Cdc42, since all of Dbl family GEFs, such as Tiam and Vav2, contain
PH domains and can be recruited to the PI3K activation sites by targeting PtdIns(3,4,5)P3
[147,148]. Moreover, activation of PI3K, Rac and Cdc42 at the leading edge is
implicated in the exclusion of RhoA and the PtdIns(3,4,5)P3 phosphatase PTEN from
protrusions [106,149]. Although the mechanism underlying the negative feedback loop is
still elusive, this polarized distribution of Rac, Cdc42, and RhoA may facilitate

synchronizing directional protrusive motility.
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Figure 1.6: Rho GTPases and their effects on actin cytoskeletal reorganization.
Cdc42 and Rac regulate filopodial and lamellipodial protrusions via the WASP/WAVE
family proteins acting on the Arp2/3 complex, and via the PAK/LIMK cascade acting on
cofilin. Rho promotes actin stress fiber formation and cellular contraction through the

pl60Rock-mediated MLC and LIMK cascades. Based on [136-138,140-147,150]
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1.1.3.5. Lipid Rafts, Pro-migratory Signaling and Cell Motility

Lipid rafts are liquid-ordered membrane microdomains with elevated cholesterol
and glycosphingolipid content in the exoplasmic leaflet of plasma membrane [151]. The
inner leaflet of the raft is believed to be composed of saturated phospholipids and
cholesterol, thereby coupling to the outer leaflet with saturated fatty acid-mediated
interdigitation, which is further stabilized by transmembrane proteins [151]. In addition,
due to the unique lipid composition, lipid rafts are also characterized by the insolubility
in cold non-ionic detergent (e.g. Triton X-100, Brij 58, and CHAPS) and a low buoyant
density in a sucrose gradient [152].

There is increasing evidence suggesting that lipid rafts serve as the membrane
“signaling centers” to modulate signal transduction [152]. By recruiting certain signaling
molecules such as glycosylphosphatidylinositol (GPI)-achored proteins, doubly acylated
proteins (e.g. Src family kinases), PH domain-containing proteins (e.g. PLC isoforms), a-
subunit of trimeric G-proteins, cholesterol-linked/palmitoylated transmembrane proteins
(e.g. integrins) within a membrane compartment, lipid rafts could facilitate efficient and
specific signal transduction in response to stimuli [151]. Signaling cross-talk can also be
initiated if the molecules involved in different pathways are co-localized in the same lipid
raft [152]. Subsequently, through redistribution of signaling mediators in and out of rafts
following stimuli, these signaling events could also be spatial-temporally regulated [152].
Most significantly, since most of the signaling mediators crucial for cell motility (e.g. Src
family kinases, Ras, PI3K, PLC, integrins and etc.) are usually activated in lipid rafts, it
has been suggested that polarized or migrating cells by clustering one or more types of

lipid rafts in response to pro-migratory cues, could form highly-organized and efficient
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signaling complexes to co-ordinate cell motility [152]. There are also several lines of
circumstantial evidence supporting the critical role of lipid rafts in pro-migratory
signaling and cell motility: (1) it has been found that lipid rafts are concentrated at the
leading edge of migrating cells [153,154]; (2) PtdIns(3,4,5)P3 which has been implicated
in actin cytoskeletal protrusive motility through Rho family small GTPases as previously
described in section 1.1.3.4, is highly concentrated in lipid rafts; (3) PtdIns(4,5)P2 which
synergizes with Cdc42 in actin polymerization by activating the signaling cascade
involving WASP and Arp2/3 is also located in lipid rafts [155,156]. The crucial role of
PtdIns(4,5)P2 in cell motility is further supported by the finding that overexpression of
type I phosphatidylinositol phosphate 5-kinase (PIPSKI), which synthesizes
PtdIns(4,5)P2, promoted actin polymerization from membrane-bound vesicles to form
motile actin comets [157]. Moreover, the PtdIns(4,5)P2-dependent raft assemblies also
capture microtubules through IQ motif containing GTPase activating protein-1
(IQGAP1), thereby stabilizing microtubules at the leading edge and polarizing cell
protrusive motility [158].

There is also considerable evidence suggesting that intracellular calcium signaling
is spatial-temporally regulated by lipid rafts. Lipid rafts are the sites from which the
PtdIns(4,5)P2-derived second messenger, IP3, is released from membrane through PLC
activation [155,159]. Subsequently, as previously described in section 1.1.3.3, IP3 binds
to the IP3R resulting in intracellular calcium release from nearby segments of ER
[128,129]. Further, it has been suggested that the caveolae subtype of lipid rafts may

play a direct role in loading the ER with calcium through a process of protocytosis [160].
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1.2. Structure and Function of the MUC1 and ICAM-1 Molecules
1.2.1. Overview of Mucins

Mucins are a family of large, heavily glycosylated proteins which can be divided
into two main classes: secreted mucins and membrane-associated mucins [71] (Fig. 1.7).
The secreted mucins (e.g. MUC2 and MUCS) can form a gel-type steric barrier through
core protein-mediated oligomerization to protect the secretory epithelial surface from
harmful components [71]. They may also sequester growth factors or cytokines, such as
IL-1 and TNF-q, for subsequent release in response to local inflammation [71]. The
membrane-associated mucins (e.g. MUC1 and MUC4) are normally composed of a large
extracellular domain, a single-span transmembrane doman, and a relatively short
cytoplasmic domain [71]. Intensive studies in the past decade have demonstrated that
these transmembrane mucins are crucial in signal transduction and involved in normal
cell proliferation, differentiation, and morphology by functioning as cell surface receptors
[71,161]. Mucin expression and glycosylation are frequently dysregulated in cancer cells,
and are thought to contribute to malignant progression [71,162], generally by promoting
tumor cell transformation, proliferation, and survival [71,162]. Moreover, emerging
evidence suggests that they are also involved in tumor cell invasion, immune surveillance
and extravasation in the process of metastasis [5,71]. Of those mucins implicated in

malignancies, MUC1 is most thoroughly understood, especially in breast cancer.

1.2.2. The Structure and Expression of MUC1
The human MUCI1 (also called CA15-3, CD227, episialin, EMA, ETA, DF3,

MEA, MCA, PEM and PUM), first isolated from human breast milk, is encoded on
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Figure 1.7: The structure of mucin family glycoproteins. Adapted from [71]
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chromosome 1921 [163,164]. The transcribed MUC1 pro-peptide undergoes cleavage in
the endoplasmic reticulum (ER), reassociation prior to transport in the Golgi complex,
and then targeting to the cell surface as a transmembrane heterodimeric glycoprotein with
the large N-terminal subunit tethered to the plasma membrane through a noncovalent
interaction with the extracellular region of its C-terminal subunit, which contains the
transmembrane domain and a highly conserved cytoplasmic domain [24,162,165] (Fig.

1.8).

1.2.2.1. The MUCI1 Extracellular Domain

The MUCI1 extracellular domain (ECD), consists of the N-terminal subunit and
the extracellular region of the C-terminal subunit. It has a variable (20 to 120) number of
tandem repeats (VNTR) of a 20 amino acid sequence, which is enriched with serine,
threonine and proline (STP-rich region), that is flanked by non-repetitive sequences
[24,166]. The two serine and three threonine residues in each tandem repeat represent the
potential sites for O-glycosylation (Fig 1.9), which generally starts with the GalNAc and
then branches off by Gal and/or GlcNAc at the positions C3 and C6 to form a “core
region” proximal to the STP-rich region [167]. The “core region” is elongated by
repetitive GalB1-3 or 4 GlcNAc disaccharides to construct the “backbone region” , which
is followed by the “peripheral regions™ characterized by fucose and sialic acid terminal
structures [167]. It is believed that the MUC1 O-glycosylation is initiated in cis Golgi
and matured in frans Golgi after several rounds of recycling from the membrane
[165,168]. In addition, the MUCI1-ECD may be also post-translationally modified by N-
glycosylation at five potential asparagine residues in the ER (Fig. 1.9) [23,165]. Both the

O- and N-glycosylation of MUC1 may be significant for its biological functions, as
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emerging evidence suggests that it is implicated in MUCI intracellular trafficking and
adhesive properties [36,169,170].

The MUCI1-ECD is rigid and extends up to 200-500 nm from the cell surface,
considerably more extended when compared with the ~30 nm glycocalyx on the
membrane [27]. The rigidity of MUCI is partially due to the negative charge confered by
the O-linked glycans [24,171,172]. Also, there are abundant proline residues in the
MUCI tandem repeats, where the rigid ring-structure of proline prevent the protein from
“close packing” and contribute to the stiffness of rod-shaped MUC1-ECD by forming a
polyproline B-turn helix [173]. Thus, the MUC1-ECD was generally believed to serve as
a barrier to pathogens, cytotoxic lymphocytes and have an anti-adhesive role by
interfering with E-cadherin and integrin mediated cell-cell and cell-matrix adhesion
[27,31-34,174,175]. The MUCI1-ECD also contains a SEA (sea urchin sperm protein,
enterokinase, agrin) module, which is a 120 amino acid juxtamembrane region next to the
N-terminal tandem repeats section [176,177]. The SEA module is the site at which the
MUCI pro-peptide is cleaved in the ER, and subsequently undergoes a tight
heterodimeric reassociation before trafficking to the plasma membrane [165,177,178].
Although the exact function of the SEA module is still not elucidated, it is postulated that
the N-terminal motif of the SEA may bind to the ECM components, such as laminin
[176]. Further, as a region close to SEA module exhibits a high similarity with the
ligand binding site of cytokine receptors for IL-3, IL-7, and GH, it may also be

implicated in intracellular signaling events [44].

1.2.2.2. The MUC1 Transmembrane Domain

MUCT has a single-span transmembrane domain (TMD), which is 28 amino acids
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500nm) extracellular domain, which consists of variable number of tandem repeats of a
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Figure 1.9: O- and N-linked protein glycosylation. O-linked carbohydrates link
through N-acetylgalactosamine (GalNAc) to a serine (S) or threonine (T) residue.
However, no amino acid consensus sequence has been defined for O-glycosylation. N-
linked carbohydrates link through N-acetylglucosamine (GlcNAc) to an asparagine (N)
residue. The N-linked amino acid consensus sequence is Asn-any AA- Ser or Thr. The

middle amino acid can not be proline (Pro). Adapted from http://www.ionsource.com/

Card/carbo/nolink.htm.
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long and highly hydrophobic [167]. Since MUC1 has been reported to be localized in
lipid rafts [39,40], the “membrane centers” crucial for spatial-temporal regulation of
signaling molecules, it is postulated that the MUC1-TMD is critical for MUC1 lipid raft
distribution thereby contributing to its biological activities. Supporting this, it is reported
that deletion of the MUCI1 cytosplasmic domain did not influence its membrane
localization [3]. However, alteration of the C-Q-C motif at the junction between the
transmembrane and cytoplasmic domain resulted in failure of MUC1 membrane targeting
and localization [3], suggesting that cysteine-mediated palmitoylation and/or
farnesylation may play a crucial role in MUCI1 lipid raft localization.

Recent studies in our laboratory have found that MUC1 homodimerizes in lipid
rafts (unpublished data) which may also be conferred by the cysteine residues in the
MUCI1-TMD. Evidence from other proteins, such as synaptobrevin and tetraspanin,
suggests that either the cysteine-mediated disulfide bonds or the fatty acyl modification
of the TMD could contribute to the dimerization and clustering of transmembrane

proteins [179-182].

1.2.2.3. The MUCI1 Cytoplasmic Domain

MUCI contains a relatively short 72 amino acid cytoplasmic domain (Fig. 1.10).
Although the MUC1-CD is enriched with serine and threonine residues, up to 90% of the
phosphates present in > ?p-labelled MUC1-CD are conferred by tyrosine phosphorylation
[44]. The MUCI1-CD contains seven highly conserved tyrosine residues, four of which
are confirmed phosphorylation sites and construct potential binding motifs for the SH2 or
SH3 domains of signaling mediators, such as PI3K (Y2’HPM), PLCy1 (Y>*VPP), Src

family kinase (Y*°EKV) and Grb2 (Y®*TNP) [43,44]. It has been reported that the EGFR
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family of receptor tyrosine kinases [183,184], PKCd [185], and Src [183,186] can
physically associate with and phosphorylate the MUC1-CD. Other signaling and/or
structural molecules such as Grb2/Sos [187], GSK3[3 [186,188], B-catenin [183,185,188-
190], y-catenin [191], p120-catenin [192], and APC [193] have also been reported in
association with the MUC1-CD. These findings strongly suggest that MUC1 plays a
significant role in signaling, although MUCI itself does not have an intrinsic kinase
acitivity [174]. Since cytochalasin D-mediated disruption of the actin cytoskeleton also
disrupted the polarized localization of MUCI, it is believed that MUC1-CD binds to the
actin cytoskeleton [194]. More recently, MUCI1 has been found to co-distribute with
ezrin {42], a known linker of membrane proteins to the actin cytoskeleton, suggesting that

the linkage of MUCI to cytoskeleton may be indirect.

1.2.2.4. The MUCI1 Splice Isoforms

Although the full length MUCI, as described above, represents the major form of
MUCI expressed on the cell surface, alternative splice variants of MUC1 mRNA encode
several other MUCI1 isoforms with distinct functions. The first described variant,
MUCI1/Y, is a 42-45 KDa transmembrane protein which lacks the entire tandem repeat
region and part of the SEA module [195]. Therefore, it has no mucin-like characteristics
and does not undergo cleavage in the ER. MUC1/Y serves as a binding partner for the
secreted MUC1/SEC, another MUCI1 splice isoform which lacks both the TMD and CD.
Binding of MUCI1/SEC results in phosphorylation of the MUC1/Y cytoplasmic domain
[162,196]. Since MUCI1/Y is preferentially expressed in breast carcinomas and faciliates
oncogenic transformation of mouse DA3 mammary epithelial cells [196,197], a

tumorigenic activity was suggested for MUC1/Y in human breast cancer. The MUC1/X
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Figure 1.10: Main characteristics of MUC1 cytoplasmic domain. MUC]1 has a 72
amino acid cytoplasmic domain. Major tyrosine phosphorylation sites (C ) and associated
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isoform (also named MUC1/Z), similar to MUC1/Y, also lacks the tandem repeats region
but contains 18 more amino acid in its extracellular domain than MUC1/Y [197,199]. In
addition to the pre-translational regulation, the N-terminal mucin-like subunit of full
length MUCI can also be shed from the membrane by TACE/ADAM17 or MT1-MMP

mediated cleavage of the MUCI1-ECD [200,201].

1.2.2.5. MUC1 Expression

MUCI1 is normally heavily glycosylated and expressed exclusively on the apical
surface of most secretory epithelial cells of the mammary gland, respiratory,
gastrointestinal, and reproductive tracts, as well as on activated hematopoietic cells
[41,162,167,202,203]. However, the apical polarized-expression of MUCI is frequently
lost in breast cancers and other malignancies, and replaced by highly overexpressed
MUCI either throughout the cytosol or circumferentially around the plasma membrane
[4,5,25-27,204-207] (Figure 1.11). The proliferation of mammary tumor cells was
reported to be decreased in MUC1 knock-out mice, although they behaved normally in
development and reproduction [208], indicating MUC1 expression is correlated with
breast tumorigenesis and progression. Significantly, several correlative clinical studies
have shown that this aberrant expression of MUCI is correlated with a higher tendency
for metastasis and a poor prognosis [5,209-214]. It is generally supposed that the
upregulation of MUCI1 is caused by a higher gene dosage effect and increased
transcription [162,215]. In addition, several cases of B-cell lymphomas showed a MUCI
gene translocation t(1;14)(q21;q32) downstream of the Ig heavy chain enhancer
[216,217], suggesting that increased MUCI expression in some cases could be a

consequence of a strong enhancer-induced transcription. Transcriptional regulatory
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effects have also been demonstrated by several cytokines, including TNF-a, IFN-y and
IL-6 [218-220]. The STAT (signal transducer and activator of transcription) molecule is
a proposed mediator for this process [220]. Moreover, neutrophil elastase was reported
to stimulate MUC1 expression through increased Spl binding to the MUC! promoter
[221]. In addition to the STAT and Spl binding sites, the MUCI gene promoter region
also contains numerous potential response elements for other transcriptional regulators,
such as NF-£B, NF-1, Smad and AP1-4 [162], indicating that the expression of MUC1
may be regulated in a multi-factorial fashion. In addition, the underglycosylation of
MUCI1 would also be implicated in MUC1 overexpression, as it directly causes defects in
MUCI trafficking, resulting in its cellular accumulation [169].

MUCI1 glycosylation levels vary depending on the tissues in which it is expressed,
from ~50% of MW in normal breast gland to 80% in pancreas [162,222]. This is largely
dependent on the glycosyltransferase profile expressed in these tissues. Notably, MUCI
is also aberrantly glycosylated in breast cancers, as well as other tumors, due to the
dysregulation of glycosyltransferases governing extension and termination of O-glycans
[223]. Breast cancer cells show a reduction (MCF-7) or loss (T47D) of core-2 6-
GlcNAc-transferase activity and an increase in sialyltransferase acitivities, which result
in short, linear O-glycan side chains in tumor cells and reveal the tumor-specific peptide
epitopes on the VNTR which are normally masked by glycosylation [223,224].
Paradoxically, T47D cells exhibit a higher density of O-glycosylation, with O-linked
glycans attached to 95% of available sites as compared with the ~50% O-glycosylation of
MUCI in normal mammary tissues [225]. Tumor-derived MUC1 shows an increased

affinity for antibodies against the peptide core of the MUC1-ECD, such as SM-3 and
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Figure 1.11: MUC1 expression in normal and malignant breast epithelia.
Immunohistochemical detection of MUC1 which is stained brown (DAB), with cell
nuclei counterstained blue (alkaline hematoxylin). MUC1 appears on the apical luminal
surfaces of normal breast epithelial cells (A). In breast cancer, MUCI1 is overexpressed

throughout the cytosol (B) or circumferentially around the plasma membrane (C).
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DF-3P [207,226]. Emerging evidence suggests that this aberrant glycosylation may

confer the adhesive property of MUC1, which we will discuss later in section 1.2.3.

1.2.3. The Biological Functions of MUC1
1.2.3.1. Evidence for a Signaling Function of MUC1

There is increasing evidence implicating MUCI1 in signal transduction. Tyrosine
phosphorylation is a fundamental mechanism initiating intracellular signaling, and this
has been reported on the MUC1-CD following culturing at low density (lacking cell-cell
contact) [227], phosphatase inhibition [44,187], stimulation of a CD8-MUCI chimera
with anti-CD8 antibodies [228], and binding of the bacterium Pseudomonas aeruginosa
[229]. Further, EGFR has been found to physically interact with and phosphorylated
MUCI in reponse to EGF stimulation. EGFR is frequently upregulated and correlates
with an aggressive phenotype in breast cancers [184,230] and the EGF-induced
ERK/MAPK pathway is significantly enhanced in the presence of MUC1 [184,190].
Since MUCI interacts directly with the Grb2/Sos complex [187] and ERK/MAPK is
generally activated via EGFR/Grb2/Sos/Raf/Ras/MEK cascade to promote cell
proliferation, survival and cell motility [95,231], this may be the pathway whereby
MUCI potentiates EGFR signaling. As well, subsequent to MUC1-CD phosphorylation,
activation of ERK/MAPK cascade was also observed after binding of Pseudomonas
aeruginosa to MUC1 [229,232,233]. Recent work by Li et al. found that MUCI1
associates constitutively with EGFR in breast cancer ZR-75-1 cells, and EGFR-mediated
phosphorylation at Y**EKV motif of MUC1-CD creates a binding site for the Src SH2
domain [183], suggesting MUC1 may play a crucial role in Src signaling, which has been

implicated in almost all processes of tumorigenesis and metastasis.
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MUC! also associates with B-catenin [183,185,188-190], a structural protein
bridging E-cadherin and the actin cytoskeleton. This MUC1/B-catenin interaction is
mediated by a conserved S3IXXXXXSSL® site on the MUC1-CD, and is regulated by
several signaling mediators such as glycogen synthase kinase 33 (GSK3p), Src, and
PKC3 [183,185,188,189]. GSK3p binds directly to MUC1-CD S*TDRS*PYE motif
and phosphorylate S*, resulting in decreased interaction between MUC1 and B-catenin
[188]. Thus, an augmented cytosolic f-catenin pool may lead to E-cadherin/B-catenin
complex restoration at sites of intercellular adhesion, or result in B-catenin/TCF-LEF
transcriptional complex formation to modulate transcription of genes such as c-myc and
cyclin D1 [234,235]. In contrast, it was found that the EGFR/Src-mediated MUC1-CD
Y*EKV phosphorylation and subsequent Src binding can dissociate GSK3p from
MUCI1-CD, thereby promoting the interaction of MUC1-CD with B-catenin [183,186]. A
similar effect occurs with PKCS, which can phosphorylate the T*'DR motif within the
MUCI1-CD GSK3p binding site and thus increase binding of MUC1 and B-catenin both in
vivo and in vitro [185].

MUCI1-CD binds directly to p120(ctn), and subsequently induces p120(ctn)
nuclear localization [192], suggesting a critical role of MUC1 in membrane-to-nuclear
signaling. Recent work by Li et al. demonstrated that treatment of breast cancer cells
with heregulin/neuregulin (HRG) promotes MUC1/ErbB-2 interaction, which results in
MUCT1 -y-catenin complex formation and targeting of this complex to the nucleolus,
thereby participating in cross-talk between the ErbB-2 and Wnt cascades [191].
Significantly, this MUC1-y-catenin nucleolar transportation was only observed in

carcinoma cells, but not in normal cells [191], highlighting the tumorigenic potential of
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MUCI in breast cancer. Overexpression of MUCI has also been found to transform 3Y1
fibroblast cells via signaling cascades involving PI3K, Akt, Bad, and Bcl-(x)L, resulting
in attenuation of the mitochondrial apoptotic signaling and gemcitabine-induced
apoptosis [236]. Most recently, Wei et al. found that the C-terminal subunit of MUC1
also associates with and stabilizes estrogen receptor-a (ER-a) in response to 17B-estradiol
(E2) stimulation, thereby promoting E2/ER-a-mediated gene transcription [237].

Taken together, the evidence presented above suggests that MUCI1 is a signaling
molecule crucial for the regulation of gene transcription, cell proliferation, and survival.

Thus, MUCI1 overexpression is proposed as one of the vital mechanisms in tumorigenesis.

1.2.3.2. Evidence for MUCI as a Pro-migratory Molecule

MUCT1 has long been associated with tumor progression, including the processes
of invasion and metastasis [5,211,212]. Suwa et al. using the gastric cancer cell line
MKN74 demonstrated that MUC1 contributes to increased cell motility in a gold particle
phagokinetic track assay and increased invasiveness of tumor cells into Matrigel and the
muscle layer after subcutaneous injection [238]. They suggested that this increase in cell
motility might be due to the large and extended ECD of MUCI, which destabilizes the
cell-matrix connections [238]. Also, since MUCI1 can competitively bind -catenin,
which bridges E-cadherin and actin filaments in constructing cell-cell adherent junctions
[95], MUCI1 may actively abrogate E-cadherin mediated cell-cell connections and thus
promote cell dissemination from their orginial site.

Emerging evidence suggests that MUCI is also functioning as a surface adhesion
molecule. The sialyl Lewis ?* carbohydrates present on the O-linked glycans of MUCI1 -

ECD were demonstrated to serve as a ligand for selectin-like molecules on endothelial
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cells, thereby promoting cell adhesion and metastatic dissemination [239-242]. Further,
cell imaging studies showed that MUCI is concentrated at the tips of filopodial
protrusions in breast cancer MCF-7 cells, where MUCI1 is co-distributed with ezrin, a
linker of membrane proteins to the actin cytoskeleton [42]. Again, in activated T cells,
MUCI is also found highly concentrated at the leading edge rather than on the uropod
[41]. Taken together, these findings strongly support the previous findings from our lab
which showed that MUCI is a pro-adhesive molecule, and we have indentified ICAM-1,

an immunoglobulin family member, as the ligand [7,8].

1.2.4. The Structure and Function of ICAM-1

1.2.4.1. The Structure and Expression of ICAM-1

The human ICAM-1 (also known as CD54), encoded on chromosome 19p13, is a
transmembrane glycoprotein of the immunoglobulin (Ig) superfamily [243,244] (Figure
1.12). Structurally, the “rod shaped” extracellular domain of ICAM-1 is around 19nm
(453 amino acids) long and contains five Ig-like domains, each of which is folded into
anti-parallel B strands and stabilized by disulfide bridge(s) between conserved cysteine
residues with the exception of Domain-4 [245,246]. The majority of ICAM-1 is
expressed on the cell surface in a homodimeric form, which is supposed to be mediated
by the juxtamembrane cysteine residue and assisted by a"dimerisation interface" on
Domain-1 [247,248]. Moreover, the ICAM-1 extracellular domain contains eight N-
linked glycosylation sites and the cell type-dependent glycosylation results in variations
of its molecular weight between 60-114 kDa [245,249,250]. The transmembrane domain
of ICAM-1 consists of 24 amino acids that may contribute to its distribution in lipid rafts
in response to ligation induced clustering [243,251]. Lastly, [CAM-1 contains a highly
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Figure 1.12: Molecular structure of ICAM-1. Intercellular adhesion molecule-1
(ICAM-1) is composed of a 453 amino acid extracellular domain, a 24 amino acid
transmembrane domain, and a 28 amino acid cytoplasmic tail. The extracellular domain
contains five Ig-like domains, where disulfide bonds are formed between B and F strands
in each domain to stabilize the rod-like structure, except for the fourth domain. The “g”

represents N-glycosylation sites. Adapted from [243]
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conserved 28 amino acid cytoplasmic domain [243], which has been demonstrated to
associated with the actin cytoskeleton binding proteins, such as a-actinin [252] and ezrin
[253,254], suggesting a critical role of ICAM-1 in cell motility.

ICAM-1 is constitutively expressed on endothelial and epithelial cells, as well as
on hematopoietic cells [243,247]. On the activated endothelium, ICAM-1 is located
exclusively along the luminal membrane [255,256]. The expression level of ICAM-1 can
be transcriptionally up-regulated by inflammatory cytokines, such as TNF-a, IL-1f and
IFN-y [243,257-259]. Also, its expression on endothelial cells can be increased by non-
inflammatory stimuli, such as shear stress, reperfusion injury and ischemia [96,243,260].
In contrast, glucocorticoids have been shown to repress the gene transcription of ICAM-1
[261,262]. Angiogenic factors (e.g. bFGF) also downregulate ICAM-1 expression,
thereby reducing the sensitivity of endothelial cells to inflammatory cytokines and

possibly serving to inhibit leukocyte recruitment to tumors [263].

1.2.4.2. The Function of ICAM-1

ICAM-1 is a critical molecule for the induction of heterotypic cell-cell adhesive
interactions and subsequent signaling [243,264]. One of the major families of ligands for
ICAM-1 are the B2 integrins, such as LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18),
which can recongize the N-teminal first and third Ig-like domains of ICAM-1
respectively [95,245,265]. In addition, ICAM-1 also binds to CD43 on leukocytes and
platelets, extracellular components such as fibrinogen and hyaluronan [243,266,267], and
MUCI on tumor cells [7,8]. Binding to LFA-1 induces ICAM-1 clustering at the point of
cell-cell contact and the homodimerized ICAM-1 exhibits a higher level of avidity for the

LFA-1 ligand than the monomer [248,268-270]. Further, it has been suggested that the
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binding affinity of ICAM-1 is also influenced by the glycosylation patterns and levels on
its extracellular domain, as the binding site for Mac-1 can be shielded by carbohydrate
chains [265].

During inflammation, accumulating evidence suggests that ICAM-1 plays a more
complex role than simply facilitating firm anchorage for leukocytes on the vascular
endothelium. The ligation of ICAM-1 also triggers an intracellular calcium flux [96,271]
and activation of several signaling mediators, including Src, PKC, FAK, paxillin, Rho,
p130CAS and MLCK [264,272-274], all of which (as described in section 1.1.3.2-4) have
been implicated in cytoskeletal reorganization and focal contact dynamics. As a result,
the endothelial cells dissociate preferentially at the “tricellular corners” where three
endothelial cells share cell-cell junctions [97,264,272,275]. Several mechanisms may
facilitate the ICAM-1-induced endothelial cell dissociation in response to the ligation of
cross-linking antibodies or activated leukocytes. First, the endothelial tight junctions are
discontinuous at these “tricellular corners™ [97,275]. Further, it has been shown that
ICAM-1, which is normally distributed evenly across the apical membrane of endothelial
cells, is redistributed to the cell-cell junctions after 24 hours of cytokine stimulation
[258]. Other endothelial proteins, such as platelet endothelial cell adhesion molecule-1
(PECAM-1), CD99, vascular cell adhesion molecule-1 (VCAM-1), and junctional
adhesion molecule (JAM) also act in concert with ICAM-1 to direct activated leukocytes
towards tricellular corners and subsequent extravasation [264,276]. Significantly, breast
cancer cells (MCF-7), but not normal mammary epithelial cells, are capable of initiating
the intracellular calcium signal [277] and retraction of human umbilical vein endothelial

cells (HUVECs) [278]. This suggests that tumor cells may utilize similar strategies as
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activated leukocytes in cell-endothelium interaction and subsequent extravasation, and
that possession or overexpression of an appropriate ligand for [CAM-1 by tumor cells

may represent a critical mechanism in metastasis.

1.2.5. MUC1/ICAM-1 Interaction and Cell Migration

Our laboratory was the first to report that tumor-associated MUC1 had pro-
adhesive properties and identified ICAM-1 as the ligand [7,8]. The MUC1/ICAM-1
interaction is mediated by the highly immunogenic knob-like protrusion on the VNTR
tandem repeat of MUCI1-ECD, and can be abrogated by purified tumor MUC1 and
antibodies against either the MUC1-PDTRPAP epitope (B27.29) or ICAM-1 (18E3D)
[7,8]. Hayashi et al. has since demonstrated that a minimum of two tandem repeats of
MUCI1-ECD is required for its binding to ICAM-1 on the extracellular Ig-like domain-1
[35]. Further, Horne et al. in our lab showed that this MUC1/ICAM-1 interaction is
strong enough to withstand the shear stresses equivalent to physiologic blood flow [10],
suggesting a crucial role for MUCI in the adhesion of metastatic tumor cells to the
vascular endothelium. Supporting this, recent work by McDermott ef al. found that
treatment with benzyl-a-GalNAc, an inhibitor of O-glycan extension, increases MUC1
binding to ICAM-1 [36]. This is significant since MUCI generated by breast cancer cells
(e.g. T47D and MCF-7) generally exhibit short, linear, less bulky sugar side chains due to
the dysregulation of glycosyltransferases governing extension and termination of O-
glycans [223,224]. Significantly, the most recent data by Rahn ef al. in our laboratory
found that MUC1 promotes transendothelial migration of MUC1-bearing cells through a
simulated blood vessel wall in response to the ligation of ICAM-1 expressed on

endothelial cells [11]. The potentiated migration can be inhibited by preincubation with
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antibodies that block interaction sites on either the MUC1 or [CAM-1 molecules [11].
Further, by upregulating ICAM-1 on the accessory cells, the MUC1/ICAM-1-mediated
transendothelial migration is also increased [11]. These findings strongly support the

potential role of MUC1/ICAM-1 ligation in promoting cell migration.

1.3. Hypothesis and Objectives

This thesis is focused on investigating the underlying mechanism(s) by which
MUCI1/ICAM-1 ligation promotes breast cancer cell migration. It is based on our
previous work showing that MUC1 binds ICAM-1, mediating adhesion of breast cancer
cells to accessory cells [7,8] and facilitating transendothelial migration of MUC1-bearing
cells through a monolayer of ICAM-1-expressing cells [11]. Further, since (1) MUCI has
been reported to be localized in lipid rafts and concentrated at the leading edge of migrating
cells [39-41]; (2) MUC1-CD co-distributes with components, such as p120-ctn and ezrin,
which are known linkers of membrane proteins to the actin cytoskeleton [42,192]; (3)
MUC1-CD contains seven highly conserved tyrosine residues, four of which are confirmed
phosphorylation sites and construct potential binding motifs for PI3K, PLCy, Grb2 and Src
family kinase [43,44], all of which are critical in cell motility; we hypothesize that by
ligating ICAM-1, MUC1 may not only function as an adhesion molecule, but also initiate
pro-migratory signaling and cytoskeletal reorganization resulting in increased tumor cell

motility. To test this hypothesis, three specific objectives are proposed in this study:

1. To investigate MUCl1 -initiated pro-migratory signaling following ICAM-1 ligation.
2. To investigate MUC1/ICAM-1 interaction-initiated actin cytoskeletal reorganization.

3. To investigate MUC1/ICAM-1 interaction-potentiated cell invasion.
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Chapter 2: MUC1/ICAM-1 Ligation Induced Signaling’

'Part of this chapter has been published in the J Biol Chem. 2004 279:29386-90 by Qiang Shen as co-first
author. Work present in this chapter of the thesis is data directly generated by Qiang Shen.
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2.0. Introduction

MUCI, as described in Chapter 1, when aberrantly expressed on breast cancer
cells is crucial for mammary tumorigenesis and metastasis [1-3]. We and others have
previously demonstrated that MUC1 can function as an adhesion receptor for ICAM-1
expressed on accessory cells [4-8] and facilitate transendothelial migration of MUC1-
bearing cells through a monolayer of ICAM-1-expressing cells [9,10]. Also, accumulating
evidence has demonstrated that MUC1-CD is associated with signaling mediators, such as
Src, Grb2 and B-catenin [11-17], all of which have been implicated in cell motility.
Therefore, it is possible that MUC1 may initiate a pro-migratory signaling cascade in
response to [CAM-1 ligation.

Calcium-based signaling has long been associated with cell migration. It is well
known that calcium can activate actin binding proteins, such as gelsolin and myosin, to
facilitate actin cytoskeletal rearrangements and cellular contraction [18,19]. Further,
calcium can also activate calpain and PKC, the calcium-dependent proteins, to promote
focal contact dynamics and cell motility [18,20-22]. Significantly, compelling studies
based on normal migrating cells, such as immature neurons and neutrophils, have
demonstrated that transient intracellular calcium elevations or oscillations are obligatory
events in migration and the frequency of the oscillations is directly related to the rate of
cellular migration [23-25]. Since MUC1 was reported to interact directly with Src
[12,13], which has been implicated in the calcium signaling [19,26], it seemed
worthwhile to determine if any such signal might be initiated by the MUC1/ICAM-1
interaction. Thus, the specific questions asked in this chapter were: 1) Was the

hypothesized MUC1/ICAM-1 ligation-induced signal calcium-based? If so, 2) what is
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the underlying molecular mechanism(s)? Addressing these issues represents a crucial

step in understanding the role of MUCI in tumor malignant progression and metastasis.

2.1. Materials and Methods

2.1.1. Reagents

The B27.29 mouse monoclonal antibody (mAb) against the MUC1-ECD
PDTRPAP epitope was kindly provided by Biomira, Inc (Edmonton, AB, Canada). The
CT2 Armenian hamster mAb specific for the last 17 amino acids (SSLSYTNPAVAAT
SANL) of the MUC1-CD was generously provided by Dr. Sandra Gendler (Mayo Clinic,
Scottsdale, AZ). The mouse anti-human ICAM-1 mAb was kindly provided by ICOS
Corporation (Bothell, WA, USA). The GD11 anti-Src mAb was purchased from Upstate
Cell Signaling Solutions (Lake Placid, NY, USA). The goat anti-mouse or anti-
Armenian hamster horseradish peroxidase (HRP) conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories, Inc (West Grove, PA, USA).
The pCINeo TR* FLAG plasmid carrying the MUC! gene was provided by Dr. Sandra
Gendler (Mayo Clinic, Scottsdale, AZ). The MUC! gene was PCR amplified from the
plasmid and inserted into the Clontech pEYFP-N1 plasmid at the BsrG1/Not1 cut sites
(work of Jennifer Rahn). A synthetic MUCI1-specific MUC1 signal sequence, TCGAC
TAGGCCTATGACACCGGGCACCCAGTCTCCTTTCTTCCTGCTGCTGCTCCTC
ACAGTGCTTACAGTTGTTACG, made by the DNA Core Services Laboratory,
Department of Biochemistry, University of Alberta, was inserted into the multiple
cloning site [9]. Fluo-3 AM was purchased from Molecular Probes (Burlington, ON,

Canada). ECL Plus Western Blotting detection reagents were purchased from Amersham
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Biosciences (England, UK). 35mm glass-bottomed microwell dishes were purchased
from MatTek Corporation (Asland, MA, USA). Anti-tubulin B-5-1-2 antibody, Pluronic
F-127, U-73122, U-73343, methyl-B-cyclodextrin (MBCD), nystatin, wortmannin,
protease inhibitor cocktail, phosphatase inhibitor cocktail II, deoxycholic acid, Trizma
hydrochloride (Tris-HCI), Tris-Base, polyoxyethylene-sorbitan monolaurate (Tween-20),
potassium chloride (KCl), magnesium chloride (MgCl,), calcium chloride (CaCl,),
HEPES, glycine, sucrose, glycerol, Nonidet P-40, 2-mercaptoethanol, and gelatin were
purchased from Sigma-Aldrich (Oakville, ON, Canada). PD98059 was from Calbiochem
(Mississauga, ON, Canada). PP2 and 2-APB were from Tocris (Ellisville, MO, USA).
Sodium dodecyl sulfate (SDS) was from Pierce Biotechnology (Rockford, IL, USA).
Sodium chloride (NaCl), ammonium persulfate, 40% (w/v) acrylamide stock solution,
methanol and Triton X-100 were purchased from Fisher Scientific International (Nepean,
ON, Canada). Bromophenol blue was purchased from Bio-Rad Laboratories Ltd
(Hercules, CA, USA). Cholera toxin B-HRP was purchased from List Chemical
Laboratories (Campbell, CA, USA). Dulbecco’s modified Eagle’s medium (DMEM),
ethylenediaminetetraacetic acid (EDTA), fetal bovine serum (FBS), trypsin, antibiotic
G418, and blasticidin S were purchased from Invitrogen, Inc (Carlsbad, CA, USA).

Protein G-agarose was purchased from Roche Diagnostics (Indianapolis, IN, USA).

2.1.2. Cell Culture

293T human embryonic kidney epithelial cells, and breast cancer T47D, MCF-7
and MDA-MB-468 cells were purchased from the American Type Culture Collection
(ATCC), and maintained in DMEM supplemented with 10% FBS and 60ug/ml insulin.

To generate the MUC1-transfected 293T cells, the 293T cells were transfécted with

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pEYFP-N1/MUCI1 plasmids using lipofectomineTM2000 and Opti-MEM (Invitrogen,
Inc.), according to the manufacturer’s protocol [9]. The generated transfectants were
designated as SYM (Signal sequence-YFP-MUC1), and three suclones SYM1, SYM3
and SYM25 differing in the level of MUCI expression were selected for future study.
Mock and ICAM-1-transfected NIH3T3 mouse fibroblast cells were a generous gift of
Dr. Ken Dimock, University of Ottawa, ON., and maintained in DMEM supplemented
with 10% FBS and 2pg/ml Blasticidine S. All the cell lines are cultured at 37°C in a
humidified incubator containing 5% CO, (Water-Jacketed Incubator, Forma Scientific,

Marietta, OH, USA)

2.1.3. SDS-PAGE and Western Blot Analysis

Cells were lysed in RIPA buffer (20mM Tris pH 7.5, 150mM NaCl, 1% Nonidet
P-40, 5SmM EDTA, 0.1% SDS, and 0.5% deoxycholic acid, freshly supplemented with
0.5% (v/v) protease inhibitor cocktail and phosphatase inhibitor cocktail II),
homogenized with a 26 gauge needle and the insoluble components pelleted by
centrifugation at 14000 xg for 3 minutes (EBA 12R Hettich Zentrifugen, Rose Scientific
Ltd, Edmonton, AB, Canada). The supernatants were assessed for protein concentration
using the Bio-Rad DC assay kit and then boiled in Laemmli Buffer (0.5 M Tris-HCI pH
6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.05% bromophenol blue) for 10
minutes. The generated samples were then either stored at -20°C or subjected to a 4-20%
gradient SDS-PAGE.

Electrophoresis was performed using Bio-Rad Mini-PROTEAN II system at 60
mA per gel, 80 V (constant voltage) for the initial 10 minutes followed by 120 V

(constant voltage) for the remaining time in Running Buffer (25mM Tris-Base pH 8.3,
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192mM glycine, and 0.1% SDS in ddH,0). The separated proteins were then transferred
to an Immobilon-P or PSQ membrane (Millipore Corporation, Billerica, MA, USA) using
a Bio-Rad Mini Trans-Blot system on ice for 60 minutes at 100 V (constant voltage) and
350 mA in Transfer Buffer (25mM Tris-Base pH 8.3, 192mM glycine, 0.1% SDS, and
20% methanol in ddH,0). After transferring, the membranes were blocked in 5% (w/v)
fat-free milk in Tris-buffered saline containing 0.05% (v/v) Tween-20 (TBS-T) for 1 hour
at room temperature (RT) or overnight at 4°C with rocking. The membranes were then
incubated with specific primary antibodies for 1.5 hour at RT at the concentrations
recommended by manufacturers, followed by 3 X 10 minutes of washes in TBS-T.
Subsequently, the membranes were incubated with HRP-conjugated secondary antibodies
for 1 hour at RT in 5% fat-free milk in TBS-T. Following 3X washes in TBS-T, the
membranes were then incubated with ECL plus reagent, scanned using a Typhoon
Imager-8600 and processed with NIH Scion-Image software for quantification.
Membranes were then reprobed for tubulin, as a loading control, in order to correct
protein loading differences.

To completely remove the primary and secondary antibodies from the membrane
for reprobing other proteins with similar molecular weight or the same protein with
another antibody, the membranes were immersed in Stripping Buffer (100mM 2-
mecaptoethanol, 2% SDS, 62.5mM Tris-HCI pH 6.7) and incubated at 50°C for 30
minutes with occasional agitation. The membranes were then washed 2 X 10 minutes in
TBS-T at RT, followed by membrane-blocking in 5% fat-free milk in TBS-T for 1 hour

at RT. Then, the immunoblotting procedures were repeated as described above. After
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ECL detection, the membranes were stored wet and wrapped in Saran Wrap in a

refrigerator (2-8°C).

2.1.4. Calcium Oscillation Assay

35mm glass-bottomed MatTek microwell dishes were coated with 100ul of FBS
(for untransfected cell lines) or 0.1% (w/v) gelatin (for 293T transfectants), and then air-
dried for ~1 hour in the culture hood. Then, 100uL of untransfected breast cancer cells or
MUC]-transfected 293T cells at 5-10 x 10%/ml were plated onto the precoated dishes and
allowed to equilibrate overnight. This generally resulted in ~60% cell confluency the
next day. The culture media was aspirated from plated cells and replaced with loading
media, which is freshly generated by mixing SmM Fluo-3 with 20% (w/v) Pluronic F-127
in DMSO at 1:1 ratio and then diluted 1/500 in DMEM containing 10% FBS. The plated
cells were incubated with Fluo-3 for 1 hour at 37°C, 5% CO,. When indicated, the plated
cells were then incubated with 10uM PD98059, 10uM PP2, 10uM U-73122, 10uM U-
73343, 15mM methyl-B-cyclodextrin, 75pg/ml nystatin, 2uM wortmannin, or 100uM 2-
APB for 30 minutes at 37°C, 5% CO,. Cells were then washed once in 37°C Imaging
Buffer (152mM NaCl, 5.4mM KCl, 0.8mM MgCl,, 1.8mM CaCl,, 5.6 mM glucose,
10mM HEPES pH 7.2 [27]), and then left in Imaging Buffer at 37°C for 30-45 minutes
until imaged. In the meantime, NIH3T3-ICAM-1 or -Mock transfectants were
trypsinized and resuspended in Imaging Buffer at ~1 x 10’/ml. Immediately before the
experiment, the Imaging Buffer was decanted. Then the MatTek dish was placed in a
37°C microscope stage warmer on a Zeiss Axioscope Digital Imaging Microscope and
the cells were imaged using a plan neofluar 20X lens. Using Metamorph software

(Universal Imaging Corporation, Downingtown, PA, USA), a differential interference
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contrast (DIC) image was recorded (20ms), and then 60 images (200ms exposure) at 3
second intervals were recorded using the fluorescein isothiocyanate (FITC) filter. 100ul
of NIH3T3-ICAM-1 or -Mock transfectant suspension was added to the plated cells
immediately after the first FITC image was taken, so that the calcium flux response of the
plated cells was recorded in the remaining 59 images. A final DIC image was taken at
the end of the time course to ensure that all plated cells had been covered by the NIH3T3

cells (Figure 2.1).

2.1.5. Quantitative Analysis of Calcium Oscillation

Using Metamorph software, the images taken under each experimental condition
were built into a stack, and 40 random cells per condition were circled (circled areas =
regions of interest, or ROI). The changes in average fluorescence intensity for each ROI
were graphed over time and exported to MS Excel. Each condition was repeated at least
3 times, n = a minimum of 120 cells observed.

MS Excel was used to plot the data and calculate the "Oscillation Factor" which is
defined as the number of oscillation cycles multiplied by the “amplitude factor” for each
ROI (Figure 2.2). The number of oscillation cycles was counted manually from the
plotted data. The "amplitude factors" were calculated by plotting an Excel "LOGEST"
trend line (y = intercept - slope™) from the start of the oscillatory portion of the data to the
last recorded data point, then calculating the absolute value of the difference between the
actual plotted data and the trend line and for each data point; the sum of these differences

was defined as the amplitude factor.
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A MatTek microwell dish

Fluo-3 loaded cells

B NIH3T3-ICAM-1/Mock drop cells C

* g Lo

Ca2+ Signals during imaging DIC image after assay

Figure 2.1: The calcium oscillation assay. (A) The 35mm MatTek glass-bottomed
dish, containing Fluo-3 loaded adherent cells, was placed on a Zeiss Axiovert 200 digital
microscope. A DIC image was taken before adding the NIH3T3 tranfectant. (B) FITC
images (gray-scaled) of the adherent cells were recorded every 3 seconds. (C) A DIC
image of the dropped NIH3T3 transfectants was taken after the time course.
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Figure 2.2: Quantitative analysis of calcium oscillation. As a representive result to be

shown here, the number of oscillation cycles (NOC) was counted manually after tracing

the average fluorescence intensity for each ROI over time. Single peaks with no obvious

secondary intracellular calcium increase were scored as zero. The amplitude factor (AF)

was calculated by drawing an Excel LOGEST trendline through the data, beginning with

the first oscillation, then summing the absolute values of the differences between the

actual data points and the trendline. The NOC was then multiplied by the AF, resulting

in the oscillation factor (oscillation factor = NOC x AF) [28].
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2.1.6. Lipid Raft Extraction

Breast cancer cells and MUC 1 -transfected 293T cells were cultured on 10cm cell
culture dishes (Corning Inc.) until ~60% confluent. When indicated, the plated cells were
then stimulated with NIH3T3-ICAM-1 or -Mock transfectants for various periods, or
incubated with 15mM methyl-B-cyclodextrin or 75pug/ml nystatin for 30 minutes at 37°C.
After that, the cell culture dishes were placed on ice and the plated cells were washed
twice with ice-cold PBS, then scraped into 500ul lipid raft lysis buffer 25mM Tris-HCl
pH 7.5, 1% Triton X-100, 150mM NaCl, SmM EDTA, freshly supplemented with 0.5%
protease inhibitor cocktail and phosphatase inhibitor cocktail II), homogenized with a 26
gauge needle and then the insoluble components pelleted by centrifugation at 14000 xg
for 3 minutes. The supernatants were then tranferred to ultra-centrifuge tubes (Sorvall
Instruments) and mixed thoroughly with 1ml of ice-cold 80% sucrose in lipid raft
isolation buffer (25mM Tris-HCI pH 7.5, 150mM NacCl, SmM EDTA, freshly
supplemented with 0.5% protease inhibitor cocktail and phosphatase inhibitor cocktail II),
then sequentially overlaied with 2ml of 30% sucrose, and 2ml of 5% sucrose in lipid rafts
isolation buffer (Figure 2.3). After the tubes were balanced, the gradients were
centrifuged at 40,000 rpm for 18 hours at 4°C in a SW41Ti rotor (Beckman Instruments,
Palo Alto, CA, USA). Following centrifugation, lipid rafts appeared as a cloudy band
near the top of the gradient. A total of 10 fractions (600ul/each) were collected from the

top for the subsequent dot blot analysis (Figure 2.3).

2.1.7. Dot Blot Analysis

To determine the lipid raft fractions, the 10 fractions were tested for GM1
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ganglioside localization using a dot-blot analysis as follows. An Immobilon-P membrane
(soaked sequentially in methanol and in TBS) was placed between the sample template
and the sealing gasket of the 96 well dot-blot apparatus (Bio-Rad Laboratories), and a
“Blot-Sandwich” was assembled. After loading 100ul of TBS into each well of sample
template, Sul of sample from each of the collected fractions was loaded sequentially into
the wells (Figure 2.3). Then, a vacuum was applied to allow the samples to filter through
the membrane, followed by addition of another 100ul TBS into each well and
reapplication of the vacuum. The membrane was then taken from the dot-blot apparatus
and blocked in 5% fat-free milk in TBS-T for 1 hour at RT. Subsequently, the membrane
was incubated with 0.1pg/ml cholera toxin B-HRP, which binds the lipid raft marker
GML1, for 1.5 hour at RT. This was followed by 2 X 10 minutes of washes with TBS-T
and 1 X 10 minutes of wash with TBS. Finally, the membranes were incubated with ECL

plus reagent, scanned, and analyzed as described in section 2.1.3.

2.1.8. Co-immunoprecipitation

Breast cancer cells or MUCI -transfected 293T cells were cultured on 10cm cell
culture plates until ~60% confluent. When indicated, the plated cells were stimulated
with NIH3T3-ICAM-1 or -Mock transfectants for various periods, and then lysed in Co-
IP lysis buffer (50mM Tris pH 7.6, 0.5% Nonidet P-40, 100mM NacCl, 0.5mM EDTA,
freshly supplemented with 0.5% protease inhibitor cocktail and phosphatase cocktail II).
The lysates were homogenized with a 26 gauge needle and insoluble components pelleted
by centrifugation at 14000 xg for 1 minute. Following centrifugation, the supernatants
were adjusted to final volumes of 1ml with lysis buffer in 1.5ml eppendorff tubes. If

necessary, 30ul of each cell extract was spared, mixed with 10pul of 4X Laemmli Buffer
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Figure 2.3: Procedures for dot blot analysis. (1) The plated cells were lysed and
mixed with 80% sucrose. (2) 30% sucrose was overlaied. (3) 5% sucrose was overlaied.
(4) The gradients underwent centrifugation at 40,000 rpm for 18 hours at 4°C. (5) Ten
fractions were collected sequentially from the top to the bottom of gradient. (6) Equal
amounts of sample from each fraction was loaded into the dot blot apparatus, followed by
application of a vacuum. (7) The lipid raft marker GM1 was probed using cholera toxin
B-HRP (CTB-HRP). (8) The membrane was subjected to ECL reagent and scanned
using a Typhoon Imager-8600.
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and boiled for 10 minutes for later usage as crude lysate controls. The remaining cell
lysates were incubated with 10pg/ml of B27.29 or CT2 mAb for 2 hours at 4°C with
gentle agitation. Incubation continued with the addition of 50pul of Protein G-agarose,
rinsed once with lysis buffer, for 7 hours at 4°C with end-to-end agitation. The
immunocomplexes were then pelleted and washed 3X with 1 ml of lysis buffer. This was
followed by resuspension of the immunocomplexes, boiling in 60pl laemmli buffer for 10
minutes, and centrifugation at 14000 xg for 1 minute. The supernatants collected were
either analyzed immediately or stored at -20°C. As a negative control, a Mock IP
condition, which consisted of lysis buffer, immunoprecipitating antibody (B27.29 or
CT2) and protein G-agarose was also included to allow for identification of non-specific

bands in the subsequent Western blots.

2.1.9. Statistical Analysis

The calcium signals generated under different experimental conditions were
represented by their average oscillation factor + S.E. (Standard Error), using MS Excel
software. Statistical significance was determined using the Student’s t-test, p<0.05. The
Newman-Keuls multiple range comparision was used to determine statistical differences

in data sets where there were more than two conditions.
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2.2. Results

2.2.1. MUCI1 Induces Intracellular Calcium Oscillations by Ligating ICAM-1

To investigate if MUCI can initiate intracellular calcium dynamics in response to
ICAM-1 stimulation, the MUCI1 construct was transfected into 293T cells, and a series of
subclones were isolated which differed in their MUC1 expression levels (Fig. 2.4 A [28].
By conducting calcium oscillation assays under a Zeiss Axioscope Digital Imaging
Microscope (see details in section 2.1.4), we found that the calcium-based signal in Fluo-
3-loaded MUC1-positive 293T SYMI1 cells was more intense and oscillatory when these
cells came into contact with ICAM-1-transfected NIH3T3 cells, as compared with mock-
transfected cells (Fig. 2.4 B and Fig. 2.5 A and B). Although these calcium oscillations
were asynchronous between cells, they appeared to last at least 3 minutes and have a
relatively constant oscillation period of ~30 seconds (Fig. 2.6 A). However, the 293T
SYM3 cells, which have no MUCI1 expression, exhibited only minor levels of calcium
oscillatory responses regardless of the presence or absence of ICAM-1 on the dropped
NIH3T3 transfectants. A single moderate calcium spike was frequently observed in both
293T SYM1 and SYM3 cells under conditions lacking either MUC1 on the 293T cells or
ICAM-1 on the NIH3T3 transfectants (Fig. 2.6 B — D), indicating that the calcium
oscillations provoked in the MUC1-positive 293 T transfectants are specifically initiated
in the presence of ICAM-1. Similar results were also observed in breast cancer MCF-7
cells, where significantly higher intracellular calcium oscillations were initiated in
response to NIH3T3-ICAM-1 stimulation, as compared with their counterparts stimulated

with NIH3T3-Mock transfectants.
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Figure 2.4: Western blots for the cellular expression of MUC1 and ICAM-1. (A)
MUCI1 expression levels were examined in breast cancer cell lines (T47D, MCF-7,
MDA-MB-468, and Hs578T) and MUCI1-transfected 293T subclones (SYM1, SYM25,
SYM33, SYM32, and SYM3) with antibodies against MUC1-ECD and MUC1-CD.
Tubulin was used as a loading control [28]. (B) ICAM-1 expression levels were
examined in NIH3T3-ICAM-1 and NIH3T3-Mock transfectants, using tubulin as a

loading control.
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Figure 2.5: Contact with ICAM-1-expressing cells induces intracellular calcium
oscillations in the MUC1-expressing cells. MUC1-positive 293T SYMI1 cells were
preloaded with the fluorescent calcium indicator, Fluo-3, before undergoing a calcium

oscillation assay in response to (A) NIH3T3-ICAM-1 or (B) NIH3T3-Mock stimulation.
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Figure 2.5 Continued: Using Metamorph software, 60 images at 3 second intervals
were recorded under the FITC filter (see details in section 2.1.4). As representatives to
be shown here, the numbered pictures represent the pseudocolored images that were
sequentially taken every 12 seconds, showing that the SYM1 cells exhibited calcium-
based oscillatory signals in the presence of ICAM-1 (A), as compared with the Mock

stimulated controls (B).
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Figure 2.6: Representative calcium dynamics in the MUC1-transfected 293T
subclones in the presence or absence of ICAM-1 stimulation. Time courses of Fluo-3
fluorescent intensities detected in individual MUC1-positive 293T SYMI cell in response
to (A) NIH3T3-ICAM-1 or (B) NIH3T3-Mock stimulation, as well as in individual
MUC1-negative 293T SYM3 cell in response to (C) NIH3T3-ICAM-1 or (D) NIH3T3-

Mock stimulation.
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To quantitatively analyze and compare the calcium oscillatory signals between
experimental conditions, we have developed a method to average the signals into
oscillation factors (see details in section 2.1.5). Based on results from at least three
independent experiments of a total of 120 individual cells under each condition, we found
that the oscillatory response in the MUC1-postive 293T SYM1 cells was significantly
increased in response to NIH3T3-ICAM-1 stimulation, as compared with NIH3T3-Mock
stimulation, as well as the MUC1-negative 293T SYM3 cells stimulated with either
NIH3T3-ICAM-1 or -Mock transfectants (Fig. 2.7 A, t-test, p<0.001 [28]). Further, as
shown in Fig. 2.7 B, breast cancer MCF-7 cells also exhibited statistically significant
increase in the oscillatory response when exposed to ICAM-1 as compared with Mock
transfectants (t-test, p<0.01).

Other work in our laboratory (thesis project of Jennifer J. Rahn) has confirmed the
results above and extended the calcium oscillation assays to a panel of other breast cancer
cell lines (T47D, MDA-MB-468, and Hs578T) and MUC1-transfected 293T subclones
(SYM25, SYM33, and SYM32), which exhibited various expression levels of MUCI
(Fig. 2.4 A [28]). The results showed that only the MUC1-positive cells (breast cancer
T47D cells, 293T SYM25 and SYM33 cells) exhibited a significantly increased calcium
oscillatory responses in response to NIH3T3-ICAM-1 stimulation, as compared with the
NIH3T3-Mock stimulated controls (t-test, p<0.05) [28]. Moreover, this calcium
oscillatory reponse was correlated with the surface expression levels of MUC1 [28]. In
response to ICAM-1 stimulation, T47D cells showed higher calcium-based signals than
MCEF-7 cells, and both of these MUC1-positive breast cancer cell lines exhibited

significantly increased calcium-based signals as compared with MUC1-low/negative
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Figure 2.7: Calcium oscillation is initiated in the MUC1-positive cells in the presence
of ICAM-1. (A) Data represent the average oscillation factor + S.E. for MUC1-positive
SYM1 (+M) and MUC1-negative SYM3 (-M) from at least three independent
experiments with a total of 120 cells, in the presence (+I) or absence (-I) of ICAM-1
stimulation [28]. (B) Data represent the average oscillation factor + S.E. for MUCI1 -
positive breast cancer MCF-7 cells from at least three independent experiments of 120

cells, in the presence or absence of ICAM-1 stimulation.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MDA-MB-468 and Hs578T cells [28]. Also, 293T SYM25 cells showed increased
calcium oscillatory responses relative to the intermediate MUC1-expressing SYM33
cells. Both of these sublines exhibited higher calcium-based signals than MUC1-negative
SYM32 and SYM3 cells [28]. Significantly, the anti-MUCI1-ECD antibody B27.29 that
are known to block the interaction with ICAM-1 could abrogate the calcium oscillatory
response in MUC1-positive cells in reponse to ICAM-1 stimulation (work of Jennifer J.
Rahn [28]). Taken together, these results demonstrate that MUCI1 can initiate

intracellular calcium oscillatory signals by ligating [CAM-1.

2.2.2. Role of Src Family Kinase, PI3K and PLC in MUC1/ICAM-1 Ligation
Induced Calcium Oscillation

Mechanisms underlying intracellular calcium signals are quite complex. Since
the calcium concentration outside of cells (ImM) and in some intracellular organelles
(~0.1mM), such as the endoplasmic reticulum (ER) and sacroplasmic reticulum (SR) is
much higher than the resting cytosolic calcium concentration (~0.1uM), the calcium flux
can be divided into extracellular calcium entry and intracellular calcium release [23].
The extracellular calcium entry can be mediated by several mechanisms including the
voltage-gated calcium channels, receptor-operated calcium channels, store-operated
calcium channel and passive calcium leak through the plasma membrane [23,29,30]. The
intracellular calcium release, as described previously in section 1.1.3.3, is generally
initiated by transmembrane receptors, such as RTK and GPCR that can activate PI-PLC
to generate IP3 by cleaving PtdIns(4,5)P2 on membrane, leading to intracellular calcium
release through the IP3 receptor on the ER [23,31]. The intracellular calcium release can

also occur through calcium-induced calcium release (CICR) involving the ryanodine
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receptor (RyR) on the SR [23,31]. Significantly, of the mechanisms mediating
intracellular calium signals, the calcium flux induced by the PLC/IP3/IP3R cascade
appears as calcium oscillations due to the positive feedback between calcium and IP3
[32,33]. Since MUCI1-CD is associated with Grb2 [16] and Src [12], which can activate
PI3K and PLC to initiate calcium signals through IP3R [26,34], and the MUC1-CD
contains potential binding motifs for PI3K and PLC [35,36], we speculated that the
MUCI1/ICAM-1 interaction-induced calcium oscillations are mediated by signaling
cascade(s) through IP3R.

To test that hypothesis, 293T SYMI cells and SYM3 cells were pretreated with
one of the following pharmaceutical inhibitors 2-APB (inhibits IP3-induced calcium
release from the ER), U-73122 (inhibits PLC), or U-73343 (inactive analogue of U-
73122) and compared with untreated cells in the calcium oscillation assays (see details in
section 2.1.4). As shown in Fig. 2.8, we found that U-73122 and 2-APB, but not the
inactive analogue U-73343, significantly abrogated the MUC1-induced calcium
oscillations in response to ICAM-1 ligation [28]. Further, the selective inhibitory
experiments were also conducted using PD98059 (inhibits MAPK), wortmannin (inhibits
PI3K), or PP2 (inhibits Src family kinases) and compared with an untreated control in the
calcium oscillation assays (see details in section 2.1.4). We found that wortmannin and
PP2, but not PD98059, could also reduce the level of calcium oscillations seen in the
presence of both MUC1 and ICAM-1 to the levels seen when one or both of the
molecules were absent (Fig. 2.9) [28]. Taken together, these findings suggest that MUC1
by ligating ICAM-1, can initiate intracellular calcium oscillations through signaling(s)

involving a Src family kinase, PI3K, PLC, IP3R, but not MAPK [28].
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Figure 2.8: Role of PLC and IP3 receptor in the MUC1/ICAM-1 induced calcium
oscillations. Data represent the average oscillation factor + S.E. from at least three
independent experiments for a total of 120 individual 293T SYM1 cells (+M) or SYM3
cells (-M) that came into contact with NIH3T3-ICAM-1 (+]) or NIH3T3-Mock (-I)
transfectants. Prior to testing in the calcium oscillation assay, the SYM cells were
pretreated with inhibitors of PLC (U-73122), IP3 receptor (2-APB) or an inactive
analogue (U-73343) [28].
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Figure 2.9: Role of MAPK, PI3K, and Src family kinase in the MUC1/ICAM-1
induced calcium oscillations. Data represent the average oscillation factor + S.E. from
at least three independent experiments for a total of 120 individual 293T SYMI cells
(+M) or SYM3 cells (-M) that came into contact with NIH3T3-ICAM-1 (+I) or NIH3T3-
Mock (-I) transfectants. Prior to testing in the calcium oscillation assay, the SYM cells
were pretreated with inhibitors of MAPK (PD 98059), PI3K (wortmannin) or Src family
kinase (PP2) [28].
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2.2.3. MUC1/ICAM-1 Ligation Induced Calcium Oscillation is Lipid Raft
Dependent

Lipid rafts are cholesterol and glycosphingolipid enriched membrane domains
where cholesterol intercalates tightly between saturated fatty acid chains of sphingolipids,
thereby forming liquid-ordered microdomains approximately S0nm in diameter [37].
Accumulating evidence suggests that lipid rafts serve as a nexus for the spatial clustering
of signaling molecules. Signaling mediators such as Src family kinases, PI3K, PLCy/B,
Gabl and Ras are generally activated in lipid rafts [37,38]. As well, transmembrane
receptors especially if palmitoylated (e.g. tetraspanins) are also capable of partitioning
into rafts [37,38]. Thus, by localizing all the components of a specific signaling pathway
within a raft compartment, specific and efficient signaling can be initiated in response to
an appropriate stimulus [38]. Recent studies have reported finding MUCI in lipid rafts
on T-lymphocytes [39], which is significant since lipid rafts are crucial for calcium-
related signals [40]. This has led to the following questions: Is MUCI localized in lipid
rafts in breast cancer cells? Further, are lipid rafts required for the MUC1/ICAM-1
ligation-induced calcium oscillation?

To address that, breast cancer cell lines T47D and MCF-7, as well as MUC1-
transfected 293T SYM1 cells were subjected to the lipid raft extraction using a
discontinuous sucrose gradient (see details in section 2.1.6-7). Following centrifugation,
lipid rafts were successfully isolated in fractions 4 and 5. MUC1 was shown to be
localized and highly concentrated (~50%) in the lipid rafts in both T47D and MCF-7 cells
(Fig. 2.10). Similar results were also obtained in 293T SYMI cells (Fig. 2.11), indicating

MUCI as a transmembrane mucin has a naturally high affinity for raft localization.
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Figure 2.10: MUCI1 localizes in lipid rafts in breast cancer cells. (A) Upper lane: The
extracted lipid raft fractions of breast cancer T47D cells were identified by dot blot (DB)
using CTB-HRP. Bottom lane: Equal volumes of samples from each fraction were
subjected to SDS-PAGE and Western blot for the MUC1-CD. (B) Upper lane: The
extracted lipid raft fractions of breast cancer MCF-7 cells were identified by dot blot (DB)
using CTB-HRP. Bottom lane: Equal volumes of samples from each fraction were
subjected to SDS-PAGE and Western blot for the MUC1-CD.
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Figure 2.11: MUCI1 localizes in lipid rafts in MUC1-transfected 293T cells. Upper
lane: The extracted lipid raft fractions of 293T SYM1 cells were identified by dot blot
(DB) using CTB-HRP. Bottom lane: Equal volumes of samples from each fraction were
subjected to SDS-PAGE and Western blot for the MUC1-CD.
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Further, we investigated the dependency of the MUC1/ICAM-1 ligation-induced
calcium signals on lipid raft integrity. The plated MCF-7 and 293T SYMI1 cells were
preincubated with either 15SmM methyl-B-cyclodextrin (MBCD) or 75ug/ml nystatin for
30 minutes at 37°C, 5% CO,, before lipid raft extraction. MBCD disrupts lipid rafts by
depleting cholesterol from the membrane, whereas nystatin sequesters membrane
cholesterol to disrupt lipid rafts [37]. As shown in Fig. 2.12, lipid rafts in both MCF-7
and 293T SYMI1 cells were disrupted by MBCD and nystatin. As a result, the lipid raft
marker GM1 was redistributed to the high density fractions (Fig. 2.12). Calcium
oscillation assays were conducted on 293T SYM1 and SYM3 cells following MBCD or
nystatin treatment. The oscillation factors calculated from at least three independent
experiments with a total of 120 cells under each condition showed that both MBCD and
nystatin-mediated lipid rafts disruption significantly abrogated MUC1-induced calcium
oscillatory signals in 293T SYMI cells in response to ICAM-1 stimulation, as compared
with their untreated 293T SYM1 counterparts (Fig. 2.13, t-test, p<0.001 [28]). However,
the MUC1-negative 293T SYM3 cells showed no significant difference when compared
the MBCD or nystatin-pretreated cells with their untreated counterparts (Fig 2.13 [28]).
These findings collectively suggest that the integrity of lipid rafts is required for the

MUC1/ICAM-1 ligation-induced calcium oscillations.

2.2.4. MUC1/ICAM-1 Ligation Induces Redistribution of Src into Lipid Rafts
Since MUCT is localized in lipid rafts and most of the downstream molecules of

MUCI (e.g. Src and Grb2) are usually activated in lipid rafts, we propose that MUC1 by

interacting with human ICAM-1 on the accessary cells, may function as an adaptor

protein to induce this calcium oscillatory signaling by recruiting downstream signaling
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Figure 2.12: Dot blot examination of methyl-B-cyclodextrin and nystatin-mediated
lipid rafts disruption. (A) The extracted lipid raft fractions of untreated MCF-7 cells
were identified (upper lane) using CTB-HRP. Following treatment with methyl-p-
cyclodextrin (MBCD, middle lane) and nystatin (bottom lane), the disruption of lipid
rafts was confirmed by redistribution of GM1 to the bottom high density fractions. (B)
The extracted lipid raft fractions of untreated 293T SYMI1 cells were identified (upper
lane) using CTB-HRP. Following treatment with methyl-B-cyclodextrin (MBCD, middle
lane) and nystatin (bottom lane), the disruption of lipid rafts was confirmed by the

spreading of GM1 to the bottom high density fractions.
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Figure 2.13: The MUC1/ICAM-1 induced calcium oscillations is lipid raft
dependent. Data represent the average oscillation factor + S.E. from at least three
independent experiments for a total of 120 individual 293T SYMI1 cells (+M) or SYM3
cells (-M) that came into contact with NIH3T3-ICAM-1 (+I) or NIH3T3-Mock (-I)
transfectants. Prior to testing in the calcium oscillation assay, the 293T SYM cells were

pretreated with MBCD or nystatin [28].
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mediators into lipid rafts through the binding motifs on its cytoplasmic domain.
Therefore, we investigated the potential cellular redistribution of Src in both breast
cancer MCF-7 cells and 293T SYMI1 cells in response to MUC1/ICAM-1 interaction.
Identical to the protocol used in the calcium oscillation assay, the cells were plated,
serum starved, and then stimulated with either NIH3T3-ICAM-1 or -Mock transfectants.
In this study, the plated cells were collected after 10 seconds and 1 minute of stimulation
with NIH3T3 cells and then lysed prior to lipid raft extraction and subsequent analysis for
Src distribution, using the cells collected in culture media and in Imaging Buffer (serum
starved) as controls. As shown in Fig. 2.14 A and B, in culture media Src was
constitutively found in lipid rafts as well as in non-rafts fractions of MCF-7. Following
serum starvation in Imaging Buffer, Src was redistributed into the non-raft fractions (Fig.
2.14 C), which was not altered following NIH3T3-Mock stimulation for 10 seconds and 1
minute (Fig. 2.14 D and E). However, there is a significant shift of Src into lipid rafts
after 10 seconds of contact with NIH3T3-ICAM-1 transfectants (Fig. 2.14 F) and this
lipid raft localization of Src was increased at 1 minute (Fig. 2.14 G). The same
membranes were stripped and reprobed for the distribution of p44/42 MAPK as controls,
as we had previously demonstrated that MAPK was not involved in the MUC1/ICAM-1-
induced calcium oscillatory signaling. In marked contrast to Src, we found no obvious
MAPK redistribution in serum starved MCF-7 cells in response to stimulation by either
NIH3T3-ICAM-1 or -Mock transfectants (Fig. 2.15). Similar results were also observed
in 293T SYM1 cells, where src (Fig. 2.16), but not MAPK (Fig. 2.17) was shifted into
lipid rafts following ICAM-1 stimulation. Taken together, these results suggest that the

MUCI1/ICAM-1 interaction may specifically induce redistribution of Src into lipid rafts.
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Figure 2.14: Redistribution of Src into lipid rafts in MCF-7 cells in response to
ICAM-1 stimulation. (A) The extracted lipid raft fractions of MCF-7 cells were
identified by dot blot (DB) using CTB-HRP. Src distribution was examined in MCF-7

cells (B) in culture media; (C) after serum starvation in Imaging Buffer; (D) after 10

second of stimulation with NIH3T3-Mock transfectants; (E) after 1 minute of stimulation

with NIH3T3-Mock transfectants; (F) after 10 second of stimulation with NIH3T3-
ICAM-1 transfectants; (G) after 1 minute of stimulation with NIH3T3-ICAM-1

transfectants.
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Figure 2.15: MAPK distribution in MCF-7 cells in response to ICAM-1 stimulation.
(A) The extracted lipid raft fractions of MCF-7 cells were identified by dot blot (DB)
using CTB-HRP. MAPK distribution was examined in MCF-7 cells (B) in culture media;
(C) after serum starvation in Imaging Buffer; (D) after 10 second of stimulation with
NIH3T3-Mock transfectants; (E) after 1 minute of stimulation with NIH3T3-Mock
transfectants; (F) after 10 second of stimulation with NIH3T3-ICAM-1 transfectants; (G)
after 1 minute of stimulation with NIH3T3-ICAM-1 transfectants.
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Figure 2.16: Redistribution of Src into lipid rafts in 293T SYM]1 cells in response to
ICAM-1 stimulation. (A) The extracted lipid raft fractions of 293T SYM1 cells were
identified by dot blot (DB) using CTB-HRP. Src distribution was examined in 293T
SYM1 cells (B) in culture media; (C) after serum starvation in Imaging Buffer; (D) after
10 second of stimulation with NIH3T3-Mock transfectants; (E) after 1 minute of
stimulation with NIH3T3-Mock transfectants; (F) after 10 second of stimulation with
NIH3T3-ICAM-1 transfectants; (G) after 1 minute of stimulation with NIH3T3-ICAM-1

transfectants.
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Figure 2.17: MAPK distribution in 293T SYM1 cells in response to ICAM-1
stimulation. (A) The extracted lipid raft fractions of 293T SYM1 cells were identified
by dot blot (DB) using CTB-HRP. MAPK distribution was examined in 293T SYM1
cells (B) in culture media; (C) after serum starvation in Imaging Buffer; (D) after 10
second of stimulation with NIH3T3-Mock transfectants; (E) after 1 minute of stimulation
with NIH3T3-Mock transfectants; (F) after 10 second of stimulation with NIH3T3-
ICAM-1 transfectants; (G) after 1 minute of stimulation with NIH3T3-ICAM-1

transfectants.
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2.2.5. ICAM-1 Promotes the Association of MUC1 and Src

Since the MUC1-CD can directly associate with Src [12,13], and Src has been
implicated in the MUC1/ICAM-1 ligation-induced calcium oscillatory signaling, we
further investigated the interaction between Src and MUCI1 in response to ICAM-1
ligation. For the purpose of this study, Breast cancer cells T47D cells and MUC1-
transfected 293T SYM2S cells were serum starved and then stimulated with either
NIH3T3-ICAM-1 or -Mock transfectants for 10 second or 1 minute, followed by MUCI1
immunoprecipitation (IP) using anti-MUC1-CD mAb CT2 or anti-MUC1-ECD mAb
B27.29 (see details in section 2.1.8). The immunoprecipitates were then analyzed by
sequential immunoblotting for Src, MUC1-CD and MUC1-ECD. The crude cell lysates
collected after 1 minute of stimulation with NIH3T3-ICAM-1 were used as positive
controls. The “acellular” samples consisting of only protein G-agarose and/or IP
antibody were used as negative controls. As shown in Fig. 2.18, we found that there was
alway a basal level of association of Src and MUC1 when the cells were grown in culture
media, serum starved, or non-specifically stimulated by NIH3T3-Mock transfectants.
However, in the T47D cells stimulated with NIH3T3-ICAM-1 transfectants, both anti-
MUCI1 mAb CT2 and B27.29 can co-immunoprecipitate increased amounts of Src as
compared with NIH3T3-Mock stimulated and serum starved controls (Fig. 2.18). This
ICAM-1-induced increased association of MUC1 and Src was confirmed in MUC1-
positive 293T SYM25 cells (Fig. 2.19), where similar to breast cancer T47D cells, the
increased Src association was also observed within 10 seconds of stimulation by ICAM-1

positive cells (this represents prelimilary data from a single experiment).
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Figure 2.18: ICAM-1 increases the association of Src with MUC1 in breast cancer
T47D cells. (A) The anti-MUC1-CD mAb CT2 was used to immunoprecipitate MUC1
from breast cancer T47D cells after co-culturing with NIH3T3-Mock or -ICAM-1
transfectants for 10 seconds and 1 minute. Increased Src (indicated as red arrow) was co-
immunoprecipitated with MUC] after NIH3T3-ICAM-1 stimulation. Crude cell lysate
following co-culture of NIH3T3-ICAM-1 for 1 minute was used as a positive control.
Protein-G Agarose and CT2 antibody were used as negative controls. (B) The anti-
MUCI1-ECD mAb B27.29 was used to immunoprecipitate MUC]1 from breast cancer
T47D cells after co-culturing with NIH3T3-Mock or -ICAM-1 transfectants for 10
seconds and 1 minute. Increased Src (indicated as red arrow) was co-immunoprecipitated
with MUCI1 after NIH3T3-ICAM-1 stimulation.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IP: MUC1-CD

200kDa- IB: MUC1-ECD

IP: MUC1-CD
IB: Src

25kDa- -« 4 W o g! IP: MUC1-CD
~ IB: MUC1-CD

60kDa- .

Figure 2.19: ICAM-1 increases the association of Src with MUC1 in 293T SYM25
cells. The anti-MUC1-CD mAb CT2 was used to immunoprecipitate MUC1 from 293T
SYM2S5 cells after co-culturing with NIH3T3-Mock or -ICAM-1 transfectants for 10
seconds and 1 minute. Increased Src (indicated as red arrow) was co-immunoprecipitated
with MUCI after NIH3T3-ICAM-1 stimulation. Protein-G Agarose and CT2 antibody

were used as negative controls.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3. Discussion

Recent advances in the biology of MUC1 have found that the aberrantly
overexpressed MUCI is critical in carcinogenic activity and tumor metastasis [1-3,41,42].
However, the mechanism(s) underlying the pro-migratory property of MUCTI is still
largely unknown. Real-time fluorescent video microscopy studies have shown that
adhesion of tumor cells to the vasculature of target organs is an essential and actively
mediated step, independent of “mechanical trapping”, in the formation of blood-borne
metastases [43-47]. This implies that tumor cells may behave similarly to leukocytes in
cell-endothelium adhesion and subsequent extravasation. ICAM-1 is present throughout
the entire expected migratory track of a transiting cell and is essential in mediating
leukocyte migration [48,49]. We and others have previously demonstrated that human
breast epithelial cell MUC1, by binding ICAM-1 on the accessory cells, could also
mediate tumor cell adhesion [6-8] and transendotheliai migration [10,50]. This suggests
that both tumor cells and leukocytes may utilize the same signaling mechanism(s) to

initiate the orchestrated molecular events for transendothelial migration.

2.3.1. The MUC1/ICAM-1 Interaction Specifically Induces Calcium Oscillatory
Signals.

In this study using live imaging fluorescent microscopy, we found that ICAM-1
specifically triggered intracellular calcium oscillatory signals in the MUCI -positive cells,
which have been pre-loaded with fluorescent calcium indicator Fluo-3 [28]. Further,
since these calcium-based signals were proportional to the surface MUC1 expression
levels and could be abrogated by antibodies against either MUC1 or ICAM-1 [28], we
conclude that MUCI1 can initiate intracellular calcium oscillations by ligating ICAM-1.
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This is different from the transient calcium spikes observed when either MUCI1 or
ICAM-1 was absent in the system. It was reported that the mechanical “poke” can induce
calcium responses, which are characterized by a transient intracellular calcium rise
without oscillations [S1]. Thus, we propose that this transient calcium signal may simply
be a result of non-specific cell-cell contact in the absence of MUC1/ICAM-1 ligation.
Further, the calcium oscillatory response is strongly suggestive of a definite
signal, as the frequency and amplitude of calcium oscillations can encode instructions to
activate particular kinases (e.g. calcium/CaMKII) [52] or transcription factors [53]. This
is significant in light of the fact that calcium/CaMKII can directly activate MLCK to
promote actomyosin-mediated cytoskeletal contraction and cell motility [18]. In
addition, the possible downstream calcium-sensitive targets of this signal, as described
above in section 1.1.3 may also include gelsolin [18,54] and calpain [55], both of which

are involved in cytoskeletal reorganization and focal adhesion disassembly.

2.3.2. Src Family Kinase, PI3K and PLC are Required for the MUC1/ICAM-1
Induced Calcium Oscillatory Signaling.

This study provides evidence that the MUC1/ICAM-1 interaction-initiated
calcium oscillations are mediated by a signaling cascade(s) involving Src family kinase,
PI3K, PLC, and IP3R, but not MAPK [28]. This appears to differ from the previously
described MUC1-CD phosphotyrosine-based signal(s) [11-13,15,16,36,56-58], as it is
independent of the MAPK/ERK pathway. An earlier study by Schroeder et al. [15] found
enhanced MAPK signaling as a downstream consequence of EGFR-mediated MUC1-CD
phosphorylation following EGF stimulation. The activation of MAPK was not associated

with proliferation as there was no increase in the activation status of PCNA (proliferative
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cell nuclear antigen). The same group subsequently demonstrated that MUC1-CD is
implicated in the focal adhesion complex and increased cell transmigration through a
transwell membrane [17]. Since the critical role of MAPK/ERK cascade has been well
established in cell migration [19,59], the MUC1/ICAM-1-induced calcium signal
involving Src/PI3K/PLC may represent a novel MUC1-associated signaling that works in
parallel with MUC1-CD-induced MAPK cascade in promoting cell migration.

Of particular significance, this study provides the first evidence that MUC1-
associated signaling is dependent on lipid rafts. The present data confirms Handa’s
previous results that MUC1 was localized in lipid rafts [39], and extends the finding to
breast cancer cells, as well as MUC1-transfected 293T cells. Further, we found that
disruption of lipid rafts using MBCD or nystatin inhibited the MUC1/ICAM-1-induced
calcium signaling [28]. This was expected, given that the signaling components which
have been implicated in the MUC1/ICAM-1 ligation-induced calcium signaling, such as
Src family kinases, PI3K and PLC are usually activated in lipid rafts [37,38] and
cholesterol depletion has been shown to abrogate the function of Src and PLC [60-62].
There are nine members of the human Src family kinases, three of which (Src [13], Lyn
[63] and Lck [64]) have been reported to associate with MUCI1. Thus far, only Src has
been found to interact with MUCI1 in breast cancer cells [12,13]. Therefore, we
specifically investigated the interaction between Src and MUCI in response to ICAM-1
ligation. We found that Src was significantly shifted into lipid rafts and increased Src
was associated with MUC1 in both breast cancer cells and MUC | -transfected 293 T cells
following ICAM-1 stimulation. This suggests that Src may play a vital role in the

MUC1/ICAM-1-induced calcium signaling, particularly since Src can be upstream of
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both PI3K and PLC [26,34,65,66]. As well, since the MUC1-CD contains a potential
PI3K binding site and overexpression of MUC1 has been shown to activate the PI3K-
mediated signaling [67], PI3K may also facilitate PLC membrane localization and
activation by generating the PH domain binding site, PtdIns(3,4)P2 and PtdIns(3,4,5)P3,
on the plasma membrane [68,69].

Taken together, these findings suggest that MUCI1, by ligating ICAM-1 initiates a
calcium-based pro-migratory signaling, which involves Src, PI3K, PLC and IP3R. This
represents a novel MUC1-associated signaling and expands MUC1’s repertoire of

putative oncogenic functions.
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Chapter 3: MUCI1 Initiates Cytoskeletal Reorganization and
Increased Protrusive Motility by Ligating ICAM-1?

A manuscript based on the data of this chapter has been submitted to the Journal of Biological Chemistry.
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3.0. Introduction

The results presented in chapter 2, together with our previous findings that MUCI1
binds ICAM-1 on accessory cells [1-3] and facilitates transendothelial migration of
MUC1 -bearing cells through a monolayer of ICAM-1 expressing cells [4,5], indicates
that MUC1 may not only function as an adhesion molecule but also initiate calcium-
based pro-migratory signaling during cell migration. The signaling mediators involved in
MUCI1/ICAM-1-induced calcium oscillations, such as Src family kinase, PI3K, and PLC
are critical intermediaries in the regulation of actin cytoskeletal rearrangements and cell
migration [6-8]. As well, calcium-based signaling is frequently implicated in actin
cytoskeletal reorganization [9], with the frequency of the calcium oscillations directly
related to the rate of cell migration [10]. Thus, it is worthwhile to investigate the
potential role of the MUC1/ICAM-1 interaction in actin cytoskeletal reorganization and
cell motility. This is important, since tumor metastasis requires increased cell motility, in
which the actin cytoskeletal rearrangements play a decisive role.

Integrin family glycoproteins also play an important role in regulating cell
migration. Integrins are preferentially activated and localized at the leading edge, where
they relay signals from the extracellular matrix (ECM) to the cytoskeleton, initiating and
sustaining cell motility [7,11]. Notably, previous cell imaging studies showed that
MUCI is also concentrated at the leading edge of migrating cells [12] and co-distributes
with ezrin [13], a linker of membrane proteins to the actin cytoskeleton. However, the
relationship between MUC1 and integrins in cell motility is still uncharacterized.

Rho family small GTPases (Rac, Cdc42, and Rho), as described in chapter 1, are

also critical in regulating actin cytoskeletal protrusive motility [14,15]. Generally in
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response to migratory cues, Rac and Cdc42 are activated and implicated in membrane
ruffling and the formation of membrane lamellipodial and filopodial protrusions, thereby
controlling directional migration [16], whereas Rho is frequently involved in cellular
contraction and focal adhesion dynamics [17].

Taken together, there were several questions to be addressed in this chapter: i)
Does the MUC1/ICAM-1 interaction induce actin cytoskeletal reorganization? If so, ii)
what mediates the MUC1/ICAM-1-initiated cytoskeletal reorganization? iii) Is integrin
involved in the MUC1/ICAM-1-initiated cytoskeletal reorganization? iv) What role do
the Rho GTPases play in this process? These studies represent a further investigation

into mechanism(s) by which MUC1 may promote breast cancer metastasis.

3.1. Materials and Methods

3.1.1. Reagents

B27.29 mouse mAb against the MUC1-ECD was a gift from Biomira, Inc
(Edmonton, AB, Canada). CT2 Armenian hamster mAb against MUC1-CD was
generously provided by Dr. Sandra Gendler, Mayo Clinic, Scottsdale, AZ. The mouse
anti-human ICAM-1 mAbs 18E3D and 164B were provided by ICOS Corporation
(Bothell, WA, USA). The goat anti-mouse or anti-Armenian hamster horseradish
peroxidase (HRP) conjugated secondary antibodies were obtained from Jackson
ImmunoResearch (West Grove, PA, USA). Notl, Kpnl, and T4 DNA ligase were
purchased from New England Biolabs (Ipswich, MA, USA). AP-138, a mouse anti-$1
integrin mAb, was provided by Dr. Andrew R.E. Shaw, University of Alberta, AB.

GRGDNP and RGES peptides were purchased from American Peptide Company, Inc
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(Sunnyvale, CA, USA). ECL Plus Western Blotting detection reagents were purchased
from Amersham Biosciences, England, UK. 35mm glass-bottomed microwell dishes
were purchased from MatTek Corporation (Asland, MA, USA). U-73122, U-73343,
wortmannin, protease inhibitor cocktail, MOPC 31C mouse IgG1, B-5-1-2 anti-tubulin
mADb, L-glutamine and gelatin were from Sigma-Aldrich (Oakville, ON, Canada). PP2
and 2-APB were from Tocris (Ellisville, MO, USA). Dextran-Alexa Fluor 568 (10000
MW, anionic) was purchased from Molecular Probes (Burlington, ON, Canda).
Aluminosilicate-filaments (O.D.: 1.0mm, I.D.: 0.68mm, length: 10cm) were purchased
from Sutter Instrument (Novato, CA, USA). DMEM, FBS, trypsin, low melting point
agarose, lipofectamine™2000, Opti-MEM, G418, blasticidin S, zeocin, hygromycin B

and tetracycline were purchased from Invitrogen, Inc (Carlsbad, CA, USA).

3.1.2. Expression Plasmids

pEGFP-actin plasmid was purchased from Clontech laboratories, Inc.
(Mountain View, CA, USA). pC1Neo-hMUC1-TR+ plasmid was kindly provided by Dr.
Sandra Gendler, Mayo Clinic, Scottsdale, AZ. The pcDNAS/FRT/TO plasmid and
pOG44 Flp recombinase expression plasmid were purchased from Invitrogen, Inc
(Carlsbad, CA, USA). Dominant negative Rac1-T17N, Cdc42-T17N, and RhoA-T19N
plasmids were kindly provided by cDNA Resource Center, University of Missouri-Rolla,

MO, USA.

3.1.3. Plasmid Construction
The Flp-In System from Invitrogen was used to generate conditional MUC1-

expressing 293 cells. The main components consist of the pOG44 plasmid, which
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encodes Flp-recombinase, the pcDNAS/FRT/TO cassette vector, which is designed to
carry the gene of interest, and the Flp-In T-Rex 293 cell line. This cell line is engineered
to have a single, stably integrated FRT (Flp Recombinase Target) site placed at a locus
that is transcriptionally active. Thus, co-transfection of these cells with pOG44 plasmid
and pcDNAS5/FRT/TO plasmid carrying the gene of interest is designed to result in fewer
subclone artifacts by having targeted, stable integration of the expression vector to the
same locus in every cell, giving homogenous expression. In addition, the T-Rex system
contains a tetracycline responsive promoter that allows conditional expression of the gene
of interest based on the presence or absence of tetracycline in the culture medium.

To create the conditional MUC1-expressing pcDNAS/FRT/TO-MUCI plasmid
(Fig. 3.1), the pC1Neo-hMUCI1-TR+ plasmid (kindly provided by Dr. Sandra Gendler,
Mayo Clinic, Scottsdale, AZ) and the pcDNAS/FRT/TO plasmid were digested with
Notl. The digested pcDNAS/FRT/TO plasmid was also dephosphorylated to prevent
religation of the cut ends. Both plasmids were then purified on a 1% low melting point
agarose gel, and the pcDNAS/FRT/TO plasmid and 2.8 kB MUCI insert bands were cut
out of the gel. The gel slices were melted at 70°C, and then rapidly frozen in a dry
ice/acetone bath for five minutes. After they thawed, they were centrifuged at 14000 xg
for ten minutes to remove the precipitated agarose, leaving the DNA fragments in the
supernatant. 1 pl of the pcDNAS/FRT/TO supernatant was mixed with 7 ul of the MUC1
insert supernatant, and incubated with T4 ligase and the manufacturer supplied reaction
buffer at 16°C overnight. The entire ligation reaction was used to transform DHS5a. host
bacteria. Ampicillin resistant colonies were screened for proper directional insertion of

the MUCI1 gene, using Kpnl, which cuts the cassette vector once, close to the 5' end of
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Figure 3.1: Generation of the Flp-In T-REx 293 MUC1 system. (A)
pcDNAS/FRT/TO-MUCI plasmid was created by ligating MUC! gene into the
pcDNAS/FRT/TO plasmid. (B) pcDNAS/FRT/TO-MUCI and pOG44 plasmids were co-
tranfected into the Flp-In T-REx 293 cells, and hygromycin resistant cells were selected.
(C) Expression of MUC1 was repressed by the Tet repressor (TetR) in the generated Flp-
In T-REx 293 MUCI cells. (D) Expression of MUC1 was induced by the adding of

tetracycline in culture medium. Adapted from http://www.invitrogen.com/content/sfs/

manuals/flpintrexcells man.pdf
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the multiple cloning site, and the MUCI1 gene close to the 3' end. Thus, Kpnl digests that

resulted in a larger insertion fragment had MUCI1 inserted in the correct orientation.

3.1.4. Cell Culture

Human breast cancer cells T47D, MCF-7, and Hs578T were from the ATCC, and
were maintained in DMEM containing 10% FBS. The MUCI1 -transfected 293 T cells
SYM3, SYM25, and SYM33, as previously described [18], were maintained in DMEM
containing 10% FBS and 200pg/ml G418. Human ICAM-1-transfected NIH3T3 cells
and the mock-transfected counterparts were a generous gift of Dr. Ken Dimock,
University of Ottawa, ON, and were maintained in DMEM containing 10% FBS and
2pg/ml blasticidin S. Flp-In T-REx 293 cells (Invitrogen), which contains a single
integrated Flp combinase target (FRT) site from pFRT/lacZeo and expresses the Tet
repressor from pcDNA6/TR, were maintained in DMEM containing 10% FBS, 2 mM L-
glutamine, 200pug/ml zeocin, and 15ug/ml blasticidin S. To establish the Flp-In T-REx
293 MUCI inducible expression system, the Flp-In T-REx 293 cells were co-transfected
with pcDNAS/FRT/TO-MUC] plasmids and pOG44 plasmids using lipofectamine™
2000 and Opti-MEM (Fig. 3.1). Forty-eight hours after transfection, the culture medium
was replaced with DMEM containing 10% FBS, 15ug/ml blasticidin S, and 150ug/ml
hygromycin B for selecting Flp-In T-REx 293 MUCI cells. Two weeks after
transfection, the antibiotic resistant cells were harvested without cloning and tested for
MUCT expression. As expected, MUCI protein expression can be induced or inhibited
in this system by tetracycline-responsive regulation (Fig. 3.1). To generate pEGFP-actin
expressing cells, all the cell lines described above (i.e. T47D, MCF-7, Hs578T, 293T

SYM25, SYM33, SYM3, and Flp-In T-REx 293 MUCI cells) were transfected with
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pEGFP-actin respectively using lipofectamine™2000 and Opti-MEM (see section 3.1.5).
Forty-eight hours after transfection, 1200pg/ml G418 was added to the culture medium
for selection and the resultant pEGFP-actin transfectants were used for the cytoskeletal

reorganization analysis as described below in section 3.1.8.

3.1.5. Transfection and Selection of Transfectants

Transfections were carried out in 6-well plates (Corning) using lipofectamine™
2000 according to the manufacturer’s instruction. The day before transfection, 2 ml of
cells at ~6 X 10°/ml were seeded into each well of the plate, and equilibrated overnight in
DMEM supplemented with 10% FBS. This generally resulted in ~90% cell confluency
the next day. Then, the culture medium was replaced with serum free DMEM medium 4
hours before transfection. For generating the MUCI1 inducible-expression Flp-In T-REx
293 cells, eppendorf tubes containing 4pg of pcDNAS/FRT/TO-MUCI plasmid and
36pug of pOG44 plasmid in a volume of 250l of Opti-MEM medium were combined
with a second set of tubes containing 30yl of lipofectamine™2000 in a volume of 250ul
of Opti-MEM. For generating the pEGFP-actin transfected cells, eppendorf tubes
containing 4pug of pEGFP-actin plasmid DNA in a volume of 250l of Opti-MEM
medium were combined with a second set of tubes containing 10p1 of lipofectamine™
2000 in a volume of 250ul of Opti-MEM. After combining the plasmid DNA and
lipofectamine™2000, the mixtures were incubated for 20 minutes at room temperature to
allow the DNA-lipofectamineTM2000 complexes to form. Then, 500ul of the DNA-
lipofectamine™2000 complexes were added into each well, which had been washed once
and refilled with 1.5ml of Opti-MEM. Following 6 hours of incubation at 37°C and 5%

CO,, the transfection mixture was replaced with 2ml of regular growth medium DMEM.
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FBS and sodium butyrate were then subsequently added onto the cells to get the final
concentrations of 10% and 2mM respectively for increasing expression of the plasmid.
The cells were incubated overnight at 37 °C, 5% CO,, and then passaged at 1:10 dilution
into fresh DMEM medium supplemented with 10% FBS and selecting antibiotics. For
pEGFP-actin transfected cells, flow cytometry was used to select the pEGFP-actin

expressing cells as described below.

3.1.6. Flow Cytometry

The adherent pEGFP-actin transfected cells, as well as the untransfected control
cells, were trypsinized from culture dishes. Then, the cells were washed 3 times in Flow
Cytometry Buffer (PBS supplemented with 1% BSA and 1mM EDTA) and resuspended
at 1 X 10%ml in 15ml Falcon polystyrene tubes (12 X 75mm). Fluorescence-activated
cell sorting (FACS) was carried out on a Beckman Coulter EPICS Ultra High-Speed Cell
Sorter, equipped with a water-cooled 488nm Argon laser. Forward scatter (FS) and side
scatter (SSC) were collected using filters as follows. The EGFP signal was collected in
the FL1 channel using a 530 bandpass filter. A light scatter gate was drawn in the SSC
versus FS plot to exclude the cell debris. Cells in the gate were displayed in a single
parameter histogram for EGFP signal and final gate settings were determined to collect
the positive cells. Then, the cells were sorted into a 6 well plate at a concentration of 5 X
10*/well and, in 24 hours, transferred into a T-75 Flask in fresh culture medium for future

analysis.

3.1.7. SDS-PAGE and Western Blot Analysis
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Cells were lysed in RIPA buffer, and then analyzed with a Bio-Rad DC assay and
Bio-Rad Mini-PROTEIN II gel (4-20% gradient with 4% stacking) electrophoresis. The
separated proteins were then transferred to an Immobilon-P membrane using a Bio-Rad
Mini Trans-Blot system as described in section 2.1.3. After transferring, membranes
were blocked and immunoblotted with subsequent detection using ECL Plus reagent as

previously described in section 2.1.3.

3.1.8. Cytoskeletal Reorganization Assays

The 35mm glass-bottomed MatTek microwell dishes were coated with 100 ul of
FBS or 0.1% (w/v) gelatin as described previously in section 2.1.4 [18]. 100 pl of
pEGFP-actin transfected breast cancer cells (T47D, MCF-7, and Hs578T), 293T SYM
subclones (SYM25, SYM33, and SYM3) or Flp-In T-REx 293 MUCI cells at 5 x 10*/ml
were seeded on the precoated dishes and equilibrated overnight. The plated cells were
then washed once with 37°C Imaging Buffer [18,19], and left in Imaging Buffer at 37°C
for 30 minutes until imaged. Meanwhile, NIH3T3-ICAM-1 or -Mock transfectants were
trypsinized, rinsed once with PBS, and resuspended in Imaging Buffer at ~ 1 x 107/ml.
Then, the MatTek dish was placed in a 37°C microscope stage warmer on a Zeiss 2-
photon confocal microscope (Zeiss NLO 510), and a representative cell was focused with
a plan neofluar 40X/1.3 oil immersion lens (Fig. 3.2). The EGFP was excited using a 488
nm laser line of a 25SmW Argon laser excitation source (for the dominant negative Rho
GTPase microinjected cells, a 543 nm laser line of a ImW HeNe laser was used for
excitation of the Alexa Fluor-568 signal) with the intensity output was set to 25%. 8-bit
images were collected with a 1.60us dwell time per pixel. The pinhole was set to 1 Airy

unit and images were collected at 0.11 um/pixel resolution. The gain and offset were set
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to expand the signal from the cell being imaged over the 255 grey value scale of the 8-bit
data range. Then, Z stacks (~0.45 pm intervals from cell bottom to top) were acquired
every 2 minutes for a total of 45, recorded over the 1.5 hour experiment under both DIC
and a 505 nm long pass filter (EGFP). 600 pl of NIH3T3-ICAM-1 or -Mock cell
suspension was gently added onto the plated cells immediately after the first image was
taken.

For the ICAM-1 blocking experiments, the NIH3T3-ICAM-1 transfectants were
preincubated with anti-ICAM-1 mAb 164-B (20pg/ml) or mAb 18E3D (20ug/ml) for 30
minutes at 37°C, 5% CO,, before adding onto the pEGFP-actin transfected breast cancer
cells (T47D and Hs578T) and MUC 1 -transfected 293T subclones (SYM25 and SYM3)
and commencing cell imaging. For the 1 integrin blocking experiments, the pEGFP-
actin transfected breast cancer T47D cells, as well as the 293T SYM25 cells were
incubated with anti-B1 integrin antibody AP-138 (20pg/ml) or isotype matched mouse
IgG1 (20pg/ml) for 30 minutes at 37°C, 5% CO,, before stimulation by NIH3T3-ICAM-
I or -Mock transfectants. To confirm the results generated by anti-f1 integrin AP-138
antibody, either the B1 integrin blocking GRGDNP (1.0mM) peptide or the control RGES
peptide (1.0mM) was used to pretreat the pEGFP-actin transfected T47D cells and 293T
SYM25 cells for 30 minutes at 37°C, 5% CO,, prior to the stimulation by NIH3T3
transfectants. For the pharmaceutical inhibition experiments, the pEGFP-actin
transfected breast cancer T47D cells and 293T SYM25 cells were preincubated with
wortmannin (2uM), PP2 (10uM), 2-APB (100pM), U-73122 (10uM), or U-73343
(10pM) in Imaging Buffer for 30 minutes at 37°C, 5% CO,, followed by stimulation with

NIH3T3-ICAM-1 or -Mock cells and imaging.
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Figure 3.2: The actin cytoskeletal reorganization assay. (A) Zeiss 2-photon confocal
microscope (Zeiss NLO 501) and mechanism cartoon. (B) A pEGFP-actin transfected
cell was imaged with a plan neofluar 40X/1.3 oil immersion lens (left), and then the
cytoskeletal rearrangements were examined following stimulation by NIH3T3

transfectants (right).
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3.1.9. Quantitative Analysis of Cytoskeletal Reorganization

Under the Expert Mode of LSM software, the image stacks of Z-series were
collected at every 5th time point (i.e. every 10 minutes) from time zero (i.e. the first
image Z-stack collected within the first 2 minutes). Thus, in total 9 time points were
generated and saved for quantitative analysis.

The analyses of actin cytoskeletal rearrangements were performed using Imaris
Software (Bitplane AG, version 4.2) (Fig. 3.3). In the surpass mode of Imaris, the DIC
channel was deleted and the 3-D GFP images at each time point were surface rendered by
setting a threshold value, which subtracted the non-specific fluorescence intensity values
of background. The isosurface was then used to measure the whole cell pEGFP-actin
voxel intensity sum (AVIS) at each time point and the resultant data was exported to MS
Excel. Then, the cell body was contoured manually in each slice of the imaging stacks.
Further, by masking channel with the contoured surface and setting the voxels inside of
the contoured surface to zero, the AVIS in the protrusions was obtained. Thus, the
cytoskeletal rearrangements can be tracked by tracing the proportion (%) of AVIS in the
protrusions as compared with that in the whole cell over time. The actin cytoskeletal
reorganization factor (ACRF) was calculated as the average of the AVIS changes in
protrusions, during the course of the entire cytoskeletal reorganization assay. The ACRF
thus numerically represents the level of cytoskeletal dynamics under each experimental

condition (Fig. 3.4).
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Figure 3.3: Quantitative analysis of actin voxel intensity sum in protrusions. (a)
pEGFP-actin cytoskeleton was 3-D reconstructed from Z-stack images, at each time
point, in the supass mode of the Imaris software program. (B) The 3-D actin
cytoskeleton image was surface rendered by setting a background threshold allowing the
quantitation of the AVIS of the entire cell. (C) The cell body was defined at each plane
of the cell image in the Z-series. (D) A contoured surface of the cell body was generated.
(E) The voxels inside the contoured surface were set to zero. (F) The AVIS in the
protrusions was obtained.
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Figure 3.4: Quantitative analysis of cytoskeletal protrusive motility. (A) The
cytoskeletal dynamics of one EGFP-actin transfected 293T SYM2S5 cell were tracked by
tracing the proportion of AVIS in protrusions relative to whole cell AVIS, every 10
minutes (each time point), over the trial period. (B) ACRF represents the average of the

AVIS changes in protrusions during the cytoskeletal reorganization assays.
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3.1.10. Microinjection

Microinjection was performed on a Zeiss Axiovert 100M fluorescent microscope
equipped with an Eppendorf microinjection system. The pEGFP-actin transfected T47D
or 293T SYM25 cells were plated as described previously for the actin cytoskeletal
reorganization assays. 100pg/ml of Rac1-T17N, Cdc42-T17N or RhoA-T19N plasmid
was mixed with Dextran-Alexa Fluor 568 in sterilized PBS. The mixture was then
centrifuged at 14000 xg for 30 minute at 4°C, and the supernatant was taken for
microinjection. The microinjection needles were pulled from aluminosilicate filaments in
a P-97 Flaming/Brown Micropipette Puller (Sutter Instrument, Novato, CA).
Subsequently, the microinjection needle was loaded with ~2pl of the plasmid-dye
mixture and then attached to the control motor, with its blunt end connected to the
universal capillary holder of an eppendorf transinjector 5246. The cells were then placed
on the microscope and focused under a 40X lens. After the injection parameters
including the injection port (I11), holding pressure P, (50 hPa), injection pressure P; (~200
hPa), and injection time t; (0.5s) was set, the needle was lowered over a cell until the tip
was seen to slighty indent the cell membrane. The injection Z-limit was set at that height
and microinjection was initiated. Following microinjection, the cells were rinsed once
with PBS, incubated with fresh media, and then returned to the incubator for another 8-12
hours before the actin cytoskeleton reorganization assay. The successfully injected cells

were identified by the fluorescence of Alexa 568 using a Cys3 filter set (Fig. 3.5).

3.1.11. Statistical Analysis
The data was graphed as the average ACRF + S.E. from at least three individual

experiments. Statistical significance was determined using the Student’s t-test, P<0.05.
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Figure 3.5: Microinjection of dominant negative Rho GTPases. (A) A 293T SYM25
cell was focused with a 40X lens under the DIC channel. (B) GFP-actin signal was
identified under a FITC filter. (C) Dominant negative Rho-GTPase/Dextran-Alexa568
mixture was loaded into a microinjection needle and microinjection was performed as
described. (D) The successfully microinjected cell was identified by the red fluorescence

under a Cy3 filter. (E) The GFP and Alexa 568 Fluor signals were overlapped.
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3.2. Results

3.2.1. Human ICAM-1 Initiates Dramatic Actin Cytoskeletal Reorganization in
Breast Cancer Cell Lines and MUC1-transfected 293T Cells

To investigate if MUCT1 initiates actin cytoskeletal reorganization in response to
ICAM-1 ligation, pPEGFP-actin expression vector was transfected into three breast cancer
cell lines (T47D, MCF-7, and Hs578T) and three MUC1-transfected 293T cell subclones
(SYM25, SYM33, and SYM3), which had been used in the studies of chapter 2 and
differed in their MUC1 expression levels (Fig. 3.6 A). In this study, we first examined if
increased actin cytoskeletal rearrangements could be initiated in MUC1-bearing cells in
the presence of human ICAM-1 expressed on NIH3T3 transfectants (Fig. 3.6 B). Using
time-lapse confocal microscopy, we found that the exogenous expression of MUC1 on
293T SYM25 and SYM33 cells by itself did not elicit obvious cell morphological
changes as compared with the MUC1-negative 293T SYM3 control cells (Fig. 3.7).
However, dramatic actin cytoskeletal reorganization and membrane ruffling were
provoked in the MUC1-positive breast cancer cells (Fig. 3.8) and 293T transfectants (Fig.
3.9) within 4 minutes after contact with ICAM-1-transfected NIH3T3 cells, and these
initial membrane dynamics rapidly developed into continually extending lamellipodial
and filopodial protrusions, which preferentially occurred at heterotypic cell-cell contact
sites. These protrusions were highly motile, as they frequently migrated out of the focus-
plane and were accompanied by forward motion of the cell body (Fig. 3.9 left lane). In
marked contrast, if either the plated cells lacked MUC1 or the NIH3T3 transfectants
lacked ICAM-1, the breast cancer cells and 293T transfectants exhibited only a low

degree of membrane ruffling and minor protrusions, and these membrane events were
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Figure 3.6: Examination of cellular expression of MUC1 and ICAM-1. (A) MUCI1
expression was examined in breast cancer cell lines (T47D, MCF-7, and Hs578T) and
MUCI-transfected 293T subclones (SYM25, SYM33, and SYM3) with antibodies
against MUC1-ECD and MUCI1-CD. (B) ICAM-1 expression levels were examined in
NIH3T3-ICAM-1 and NIH3T3-Mock transfectants. Tubulin was used as a loading

control.

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.7: Examination of cell morphology of MUC1-transfected 293T subclones.
Using laser scanning confocal microscope, the cell morphology of MUC 1 -transfected
293T SYM3 (A), SYM 25 (B), and SYM33 (C) subclones were examined. Although
MUCI1 expression levels are different between these cell sublines, no significant

morphological changes were observed.
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Figure 3.8: MUC1-positive breast cancer cells exhibit dramatic cytoskeletal

rearrangements in response to ICAM-1 stimulation. T47D (green cells) were plated
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Figure 3.8 continued: on MatTek microwell dishes and then subjected to cytoskeletal
reorganization assays upon stimulation by NIH3T3-ICAM-1 (gray cells in the left panel)
and NIH3T3-Mock (gray cells in the right panel) transfectants. Membrane ruffling is
indicated by white arrows. Membrane lamellipodial-filopodial protrusions are indicated
by red arrows. The time “0 min” represents the moment of dropping NIH3T3
tranfectants, and the images at each time point are 3-D reconstructed Z-stacks including

all planes of these living cells. Bars, Sum.
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Figure 3.9: MUC1-positive 293T SYM cells exhibit dramatic cytoskeletal

rearrangements in response to ICAM-1 stimulation. 293T SYM25 (green cells) were
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Figure 3.9 continued: plated on MatTek microwell dishes, and then subjected to
cytoskeletal reorganization assays upon stimulation by NIH3T3-ICAM-1 (gray cells in
the left panel) and NIH3T3-Mock (gray cells in the right panel) transfectants. Membrane
ruffling is indicated by white arrows. Membrane lamellipodial-filopodial protrusions are
indicated by red arrows. The time “0 min” represents the moment of dropping NIH3T3
tranfectants, and the images at each time point are 3-D reconstructed Z-stacks including

all planes of these living cells. Bars, Sum
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always transient and ceased within minutes, indicating that the presence of both MUC1
and ICAM-1 in this system is critical for the augmented cytoskeletal rearrangements.

To quantitatively analyze the protrusive motility of the actin cytoskeleton, a novel
method was developed in this study for quantifying the proportion (%) of actin voxel
intensity sum (AVIS) in membrane protrusions as compared to the whole cell (see details
in section 3.1.9). Compared with the conventional methods based on the number or area
of protrusions, this approach is more precise as it excludes the possible errors caused by
the differences in size and thickness of protrusions. Further, by tracing the proportion of
AVIS in protrusions over time, we found that the cytoskeletal protrusive motility appears
to be a wave-like dynamic process with MUC1-positive cells showing increased but
varying amplitude of protrusive activity in the presence of ICAM-1, as compared with the
controls (Fig. 3.10). Since there was wide cell-to-cell asynchronization and variation in
these dynamic cytoskeletal responses, a quantifiable index - actin cytoskeletal
reorganization factor (ACRF), defined as the average of the AVIS changes in protrusions
during the trial period was established to facilitate comparisons between experimental
conditions (see details in section 3.1.9). For each experimental condition, ACRFs were
obtained from four to nine independent trials. Significantly higher levels of cytoskeletal
rearrangements were initiated exclusively in the MUC1-positive breast cancer T47D and
MCEF-7 cells (Fig. 3.11), as well as in 293T SYM25 and SYM33 cells (Fig. 3.12) in
response to NIH3T3-ICAM-1 stimulation, as compared with NIH3T3-Mock stimulation
or in the MUC1-negative Hs578T and 293T SYM3 cells regardless of the presence or
absence of ICAM-1. These findings suggest that MUCI initiates actin cytoskeletal

reorganization and protrusive motility in the presence of ICAM-1.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sym25 + NIH3T3-ICAM -1 Sym25 + NIH3T3-Mock
0.35 - 0.35
2 o3 A TN 2 o3
S / \ / 9
[} 0n
g 025 — B 025
£
§ ol /S £ .. .
£ £ M
[72) 7]
2 o015 2 o015
< <
s 04 s 04
2 o008 % 005
g" go
0 —_— — r— T T , 0 . . . - —— —
0 10 20 30 4 50 60 70 80 90 0 10 20 30 40 S50 60 70 80 90
Time (minutes) Time (minutes)

(@
O

Sym3 + NIH3T3-ICAM1 Sym3 + NIH3T3-Mock
0.35 - 0.35 -

o
X

o
w

0.25

o
N
]

e
Y

o
[

el
e

7)\\"\*—\/

o
-
o
-

Ratio of AVIS in Protrusions
(-]
o

Ratio of AVIS In Protrusions
=]
-
[}

o
o
]
=4
o
&

o

— -—

10 20 30 40 50 60 70 80 90

o
(-]

10 20 30 40 50 60 70 80 90
Time (minutes) Time (minutes)

o

Figure 3.10: Dynamic cytoskeletal protrusive motility in MUC1-positive and
negative cells in the presence or absence of ICAM-1 stimulation. The dynamic actin
cytoskeletal rearrangements were tracked by tracing the proportion of AVIS in
protrusions over time in individual MUC1-positive 293T SYM2S5 cell in response to (A)
NIH3T3-ICAM-1 or (B) NIH3T3-Mock stimulation, as well as in individual MUCI1-
negative 293T SYM3 cell in response to (C) NIH3T3-ICAM-1 or (D) NIH3T3-Mock

stimulation.

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.12

B NIH3T3-ICAM-1
0O NIH3T3-Mock

0.1 1

0.08 -

0.06 -

ACRF

0.04

0.02

T47D MCF-7 Hs578T

Figure 3.11: Cytoskeletal reorganization in breast cancer cells in the presence or
absence of ICAM-1. Data are the average ACRF = S.E. for breast cancer T47D, MCF-7,
and Hs578T cells from at least four independent experiments in the presence or absence
of ICAM-1 stimulation. The two MUC1-expressing cell lines, T47D and MCF-7,
displayed statistically significant increases in actin cytoskeletal reorganization following
ICAM-1 stimulation (p<0.01 and p<0.05 respectively), as compared with Mock

stimulation.
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Figure 3.12: Cytoskeletal reorganization in MUCI1-transfected 293T cells in the
presence or absence of [CAM-1. Data are the average ACRF + S.E. for the MUC1-
transfected 293T SYM25, SYM33, and SYM3 cells from at least four independent
experiments in the presence or absence of ICAM-1 stimulation. The two MUCI1-
expressing subclones, 293T SYM25 and SYM33, displayed statistically significant
increases in actin cytoskeletal reorganization following ICAM-1 stimulation (p<0.0001

and p<0.05 respectively), as compared with Mock stimulation.
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3.2.2. MUC Initiates Cytoskeletal Rearrangements in Response to ICAM-1

Stimulation

To exclude any possible bias due to unrelated differences in breast cancer cell

lines or subclone selection, we generated the Fip-In T-REx 293 MUCI1-inducible
expression system (see detailed procedures in section 3.1.3 and 3.1.4). In this system, the
Tet repressor (tetR) is constitutively expressed and binds to the Tet operator 2 (TetO2)
sequences in the pcDNAS/FRT/TO-MUCI vector, repressing transcription of the
downstream MUC] gene. Since tetracycline can bind the tetR and release it from the Tet
operator sequences thereby allowing gene transcription, by adding or removing
tetracycline in the culture medium, MUC1 expression could be induced or inhibited in
this system to generate Flp-In T-REx 293 MUCI1+ and Flp-In T-REx 293 MUCI- cells
(Fig. 3.13 A). Subsequently, the time-lapse confocal microscopy showed results similar
to those seen previously, in that the Flp-In T-REx 293 MUCI + cells exhibited
significantly (~3 fold, t-test, p<0.05) higher levels of actin cytoskeletal reorganization
and cytoskeletal protrusive motility in response to NIH3T3-ICAM-1 stimulation as
compared with their counterparts stimulated with NIH3T3-Mock transfectants (Fig. 3.13
B). Conversely, the Flp-In T-REx 293 MUCI1- cells showed only minor levels of
cytoskeletal protrusive motility regardless of the presence or absence of ICAM-1 on the
contacting NIH3T3 transfectants (Fig. 3.13 B). These results, together with the previous
findings that ICAM-1 specifically initiated cytoskeletal reorganization in MUC1-positive
breast cancer cells and 293 T transfectants, demonstrate that MUC]1 is the key molecule

that induces increased actin cytoskeletal rearrangements upon ICAM-1 stimulation.
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Figure 3.13: Effect of MUCI1 on cytoskeletal rearrangements in Flp-In T-REx 293
MUCI cells. (A) MUCI expression levels were examined in Flp-In T-REx 293 MUCI1+
and Flp-In T-REx 293 MUCI- cells. Tubulin was used as a loading control. (B) Data are
the average ACRF + S.E. for Flp-In T-REx 293 MUCI cells, from at least four

independent experiments, in the presence or absence of ICAM-1 stimulation.
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3.2.3. MUCI Initiates Cytoskeletal Rearrangements by Ligating ICAM-1

To further confirm that this MUC1 -initiated cytoskeletal reorganization is
specifically induced by the ligation of ICAM-1, anti-ICAM-1 mAb (18E3D or 164B)
blockade was introduced prior to the cytoskeletal reorganization assays. Our previous
work [3] had demonstrated that mAb 18E3D, but not 164B, could target the MUCI1
ligation site on ICAM-1 thereby blocking the MUC1/ICAM-1 interaction. By
stimulating the breast cancer cells (T47D and Hs578T) and MUC 1 -transfected 293T cells
(SYM25 and SYM3) with NIH3T3-ICAM-1 cells that had been preincubated with either
18E3D or 164B (see detailed procedures in section 3.1.8), we found that the anti-ICAM-1
mAb 18E3D significantly (>70%, t-test, p<0.05) blocked MUCl1-initiated actin
cytoskeletal rearrangements in the T47D cells, but had no effect on the MUC1-negative
Hs578T cells (Fig. 3.14). However, the anti-ICAM-1 mAb 164B pre-treated NIH3T3-
ICAM-1 cells showed no significant difference when compared with the T47D cells
stimulated with no antibody pretreated NIH3T3-ICAM-1 transfectants (Fig. 3.14).

Similar results were also obtained in 293T SYM25 cells where 18E3D, but not
164B, abrogated the MUC1-induced cytoskeletal dynamics in the presence of ICAM-1
(Fig. 3.15, t-test, p<0.05). No significant differences between the pre-treatments of
18E3D and 164B were observed in MUC1-negative 293T SYM3 cells regardless of the
presence or absence of ICAM-1 on NIH3T3 transfectants. Collectively, we conclude that
MUCI1 mediates the increased actin cytoskeletal rearrangements and motile membrane

protrusions by ligating [CAM-1.
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Figure 3.14: MUC1/ICAM-1 ligation is required for increased cytoskeletal dynamics
in breast cancer cells. NIH3T3-ICAM-1 cells were pretreated with anti-ICAM-1 mAb,
18E3D or 164B, before stimulating breast cancer cells in the cytoskeletal reorganization
assays, using the non-pretreated NIH3T3-ICAM-1 or -Mock cells as controls. Data are
the average ACRF + S.E. for breast cancer cells T47D and Hs578T from at least three

independent experiments.
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Figure 3.15: MUC1/ICAM-1 ligation is required for increased cytoskeletal dynamics
in MUC1-transfected 293T cells. NIH3T3-ICAM-1 cells were pretreated with anti-
ICAM-1 mAb, 18E3D or 164B, before stimulating MUC1 -transfected 293T cells in the
cytoskeletal reorganization assays, using the non-pretreated NIH3T3-ICAM-1 or -Mock
cells as controls. Data are the average ACRF + S.E. for 293T SYM25 and SYM3 from at

least three independent experiments.
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3.2.4. B1 Integrin is Involved in the MUC1/ICAM-1 Interaction Initiated
Cytoskeletal Rearrangements

Compelling evidence has implicated integrins, heterodimeric transmembrane
adhesion receptors, in both cytoskeletal rearrangements and focal contact dynamics
during cell migration [7]. The B1 subunit-containing integrins represent the major
subgroup of this family (see table 1.2), and are present in both breast cancer T47D cells
and 293T cells (Fig. 3.16 A). There is circumstantial evidence to suggest that MUCI1
may cooperate with integrins in cyoskeletal reorganization. MUC], similar to integrins,
is reported to be localized in lipid rafts [20,21] and concentrated at the leading edge of
migrating cells [12]. Also MUC1-CD associates with components, such as ezrin and Src
[13,22], both of which are associated with integrins and the actin cytoskeleton.
Supporting this hypothesis, we have found that the MUC1-initiated calcium signaling is
ECM dependent and, by blocking B1 integrin, both the MUC1/ICAM-1 ligation-induced
calcium signaling (unpublished prelimilary data) and transendothelial migration were
reduced [23].

To investigate the role of B1 integrin in MUC1/ICAM-1 ligation-initiated
cytoskeletal reorganization, the anti-B1 integrin mAb AP-138, which is known to
selectively block B1 integrin-mediated cell adhesion [24], and an isotype matched mouse
IgG1 control were used to pretreat the plated T47D and 293T SYM25 cells prior to
NIH3T3-ICAM-1 or -Mock stimulation in the cytoskeletal reorganization assay (see
detail procedures in section 3.1.8). Time-lapse confocal microscopy showed that with
AP-138 mAb preincubation, although some membrane ruffling was initiated, the

subsequent membrane events were transient and did not develop into extending
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lamellipodial or filopodial protrusions. Correspondingly, the ACRFs were significantly
(>50%) reduced in the AP-138 mAb pretreated T47D (Fig. 3.16 B) and 293T SYM25
(Fig. 3.16 C) cells in the presence of ICAM-1 stimulation, as compared with their isotype
control-mouse IgG1 pretreated counterparts (t-test, p<0.05). However, there is no
difference between AP-138 and isotype pretreated cells after stimulation with NIH3T3-
Mock transfectants (Fig. 3.16 B and C).

Further, to confirm the results generated by anti-p1 integrin mAb, the T47D and
293T SYM25 cells were preincubated with the 1 integrin blocking RGD peptide
(GRGDNP) or a control peptide (RGES) (see details in section 3.1.8). Similar to the AP-
138 mediated blockade, the GRGDNP pretreated 293T SYM2S5 cells showed
significantly (>60%) decreased cytoskeletal rearrangements in response to NIH3T3-
ICAM-1 stimulation as compared with their RGES peptide pretreated counterparts or
NIH3T3-Mock stimulated controls (Fig. 3.17 A, t-test, p<0.05). Although the GRGDNP
peptide-mediated inhibitory effects were also observed on T47D cells (Fig. 3.17 B), the
abrogating effect was minor as compared with that on 293T SYM2S5 cells. This may
reflect the different integrin profile expressed on these cells.

Since MUC1/ICAM-1 could not fully initiate cytoskeletal protrusive motility
with B1 integrin blockade and conversely, without MUC1/ICAM-1 interaction, no
significant cytoskeletal dynamics were observed in the absence of B1 integrin blockade,
we conclude that 1 integrins functionally associate with MUC1 and cooperate with
MUCI1/ICAM-1 interaction-induced cytoskeletal rearrangements. In this system, we
propose that the B1 integrins may function as adhesion receptors to stabilize MUC1-

initiated membrane protrusions.
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Figure 3.16: Role of p1 integrins in MUC1/ICAM-1 ligation induced cytoskeletal
reorganization. (A) Expression of B1 integrin was detected by mAb AP-138 in both
T47D and SYM25 cells. (B) T47D cells and (C) 293T SYM25 cells were pretreated with
mAb AP-138 or isotype mouse IgG1 (M-IgG1), followed by the cytoskeletal
reorganization assay in the presence or absence of ICAM-1 stimulation. Data are the

average ACRF + S.E. from at least three independent experiments.
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Figure 3.17: Effect of B1 integrin blocking RGD peptide on the MUC1/1CAM-1
ligation induced cytoskeletal responses. (A) SYM2S5 cells and (B) T47D cells were
pretreated with 1 blocking GRGDNP peptide prior to NIH3T3-ICAM-1 or -Mock
stimulation and cytoskeletal reorganization assay, using RGES peptide pretreated
counterparts as controls. Data are the average ACRF =+ S.E. from at least three

independent experiments.
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3.2.5. Involvement of PI3K, Src Family Kinase and PLC in the MUC1/ICAM-1
Ligation Initiated Cytoskeletal Rearrangements

Next, we investigated the potential downstream mediators of the MUC1/ICAM-1
ligation-induced cytoskeletal migratory response. Our previous work has established that
PI3K, Src family kinase, and PLC are involved in the MUC1/ICAM-1 interaction-
initiated calcium signal [18]. Significantly, all of these molecules have been implicated
in the regulation of cytoskeletal reorganization and cell motility. PI3K is critical in
defining the leading edge and maintaining protrusions in cell migration [25,26]. Src
family kinase has been implicated in the phosphorylation and regulation of some
signaling mediators, such as PI3K, focal adhesion kinase (FAK) and p130CAS, crucial
for cytoskeletal reorganization [7]. Also, PLC-mediated cleavage of PtdIns(4,5)P
regulates the actin cytoskeleton modulating proteins, profilin, gelsolin and cofilin,
resulting in directional actin cytoskeletal rearrangements at the leading edge [9].

In order to characterize the role of these intermediaries in the MUC1/ICAM-1
ligation-induced cytoskeletal response: T47D cells, as well as 293T SYM25 cells, were
pretreated with the pharmaceutical inhibitors wortmannin (inhibits PI3K), PP2 (inhibits
Src family kinase), U-73122 (inhibits PLC), 2-APB (inhibits calcium release through IP3
receptor) or U-73343 (inactive analogue of U-73122) and compared with untreated
control cells in the cytoskeletal reorganization assays (see details in section 3.1.8). For
T47D cells (Fig. 3.18), we found that wortmannin, PP2, and 2-APB substantially (~75%,
t-test, p<0.05) abrogated the MUC1/ICAM-1-induced cytoskeletal protrusive motility,
and U-73122 exhibited a moderate (~45%) inhibitory effect, whereas no statistically

significant inhibitory effect was observed in the U-73343-pretreated cells.
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Figure 3.18: Effect of PI3K, Src family kinase, and PLC on the MUC1/ICAM-1
induced cytoskeletal rearrangements in breast cancer cells. T47D cells were treated
with inhibitors of PI3K (wortmannin), Src family kinase (PP2), IP3R (2-APB), PLC (U-
73122), or the inactive analogue (U-73343) prior to cytoskeletal reorganization assays, in
the presence or absence of ICAM-1 stimulation. Data are the average ACRF + S.E. from

at least three independent experiments.
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Figure 3.19: Effect of PI3K, Src family kinase, and PLC on the MUC1/ICAM-1
induced cytoskeletal rearrangements in MUC1-transfected 293T Cells. 293T
SYM25 cells were treated with inhibitors of PI3K (wortmannin), Src family kinase (PP2),
IP3R (2-APB), PLC (U-73122), or the inactive analogue (U-73343) prior to cytoskeletal
reorganization assays, in the presence or absence of ICAM-1 stimulation. Data are the

average ACRF + S.E. from at least three independent experiments.
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Similar results were also obtained in 293T SYM25 cells (Fig. 3.19). These findings
suggest that PI3K, Src family kinase, and PLC may mediate the MUC1-initiated

cytoskeletal rearrangements.

3.2.6. Role of Rho Family GTPases in the MUC1/ICAM-1 Interaction Induced

Cytoskeletal Rearrangements

Rho family small GTPases Racl, Cdc42, and RhoA are pivotal regulators of actin
cytoskeletal reorganization and formation of motile lamellipodial or filopodial
protrusions {15,27]. As MUC1/ICAM-1 ligation initiates actin cytoskeletal protrusive
motility, we hypothesized that these GTPases may be involved in the MUC1-induced
cytoskeletal rearrangements in response to ICAM-1 ligation. For the purpose of this
study, breast cancer T47D and 293T SYM25 cells were microinjected with the Racl-
T17N, Cdc42-T17N or RhoA-T19N expression plasmid which confers the dominant
negative phenotype of the corresponding GTPases, using Dextran-Alexa 568 as an
injection tracer. Time-lapse confocal microscopy revealed that coexpression of dominant
negative Racl-T17N, as well as Cdc42-T17N, led to complete inhibition of the MUCI1-
induced protrusive motility (Fig. 3.20 and Fig. 3.21). Moreover, the initial membrane
ruffling and cell movement were also totally abrogated in both of these cell lines. In
contrast, coexpression of dominant negative RhoA-T19N had no obvious inhibitory
effect on the MUC1-induced cytoskeletal activity as compared with the control cells
injected only with Dextran-Alexa 568 (Fig. 3.20 and Fig. 3.21). Therefore, we conclude
that the Rho family small GTPases Racl, Cdc42, but not RhoA, are required for the
MUC1/ICAM-1 ligation-initiated actin cytoskeletal rearrangements and protrusive
motility.
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Figure 3.20: Effect of Rho family GTPases on the MUC1/ICAM-1 induced
cytoskeletal rearrangements in breast cancer T47D cells. T47D cells were
microinjected with dominant negative Rac1-T17N, Cdc42-T17N, or RhoA-T19N and the
tracking dye Dextran Alexa568 prior to cytoskeletal reorganization assays in the presence
or absence of ICAM-1 stimulation. The cells injected only with Dextran Alexa568 were
used as controls. Data are the average ACRF + S.E. from at least three independent

experiments.
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Figure 3.21: Effect of Rho family GTPases on the MUC1/ICAM-1 induced
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independent experiments.
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3.3. Discussion

Since cell migration is characterized by directed actin cytoskeletal reorganization
and our previous work has demonstrated that MUCI1, by ligating ICAM-1, not only
mediates heterotypic cell-cell adhesion but also initiates calcium-based pro-migratory
signaling, we hypothesized that MUC1/ICAM-1 ligation induces cytoskeletal
rearrangements. In this study, we examined the effect of MUC1/ICAM-1 interaction on
cytoskeletal protrusive motility. This required the establishment of a novel in vitro model
that can precisely trace the actin cytoskeletal dynamics in protrusions over time. Thus,
the possible errors caused by cell-to-cell asynchronization and variations of protrusions in
conventional methods were avoided. Further, by exploring the molecular requirements
underlying the MUC1/ICAM-1-induced cytoskeletal reorganization in this model, the

crucial role of the MUC1/ICAM-1 interaction was reinforced.

3.3.1. MUC1 Initiates Cytoskeletal Rearrangements and Protrusive Motility by

Ligating ICAM-1

In this study, we used live imaging of single cells to show that MUCI initiates
dramatic cytoskeletal rearrangements and increased protrusive motility in response to
ICAM-1 ligation. Since these enhanced cytoskeletal responses are only induced in
MUCI1-expressing cells, including human breast cancer cells, MUC1-transfected 293T
cells and Flp-In T-REx 293 MUCI cells, and exclusively abrogated by the anti-ICAM-1
antibody which specifically blocks the MUC1/ICAM-1 ligation, the results indicate that
the MUC1/ICAM-1 ligation is the extracellular event that relays the pro-migratory
signaling into cells and directly initiates the dynamic cytoskeletal rearrangements. This

is consistent with our previous data showing that MUC1/ICAM-1 ligation initiates
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intracellular calcium oscillations [18], providing solid evidence that MUC1 can promote
cell motility not only as an adhesion protein but also by functioning as a signaling

molecule.

3.3.2. Possible Mechanism of MUC1/ICAM-1 Ligation Initiated Cytoskeletal
Rearrangements

Similar to the calcium oscillation data, we found that inhibition of the pathways
involving PI3K, Src family kinase, and PLC significantly abrogated the MUC1/ICAM-1
ligation-induced cytoskeletal protrusive motility. Since MUC1-CD lacks intrinsic
enzymatic activity, its association with non-receptor tyrosine kinases is crucial to
understanding the signal initiation which occurs downstream of the MUC1/ICAM-1
ligation. Src may play a key role in this process, as Src was previously reported to
phosphorylate MUC1-CD at Y*EKV generating a consensus binding site for the Src SH2
domain [22,28]. This may directly serve to activate downstream PI3K and PLC [29-31].
Significantly, the SH3 domain of Src has also been shown to interact with MUCI [22]
and increased Src was associated with MUC1 in response to ICAM-1 ligation (see details
in section 2.2.5). In this respect, there is evidence that the intracellular targeting of Src is
a kinase-independent mechanism that is determined principally by interactions involving
the SH3 domain with modulation by the SH2 domain [32]. Others have also suggested
[33] that the tumorigenic effect of MUCI may be due to its association with Src thereby
regulating intracellular targeting and thus promoting the association of Src with its
substrate proteins (e.g. PI3K).

Our studies provide the first evidence that B1 integrin is required for the

MUCI1/ICAM-1 ligation-initiated cytoskeletal rearrangements and protrusive motility.
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This is consistent with the MUC1/ICAM-1 ligation-induced calcium oscillation and
transendothelial migration, where inhibitory effects were also observed by B1 integrin
blockade [23]. Since only minor cytoskeletal activity was observed without
MUCI1/ICAM-1 ligation, regardless of the presence or absence of B1 integrin blockade,
there is a synergistic effect between MUC1 and B1 integrin that leads to increased
cytoskeletal protrusive motility in response to ICAM-1 stimulation. Although we do not
know the exact mechanism(s) by which B1 integrins may synergize with MUC1, there are
several possible scenarios. First, f1 integrin may act as an adhesive receptor for the
substrate ECM and thereby stabilize the MUC1/ICAM-1-initiated membrane protrusions
at the heterotypic cell-cell contact sites, where it can further serve as a contraction site
when the newly formed motile protrusions extend forward. Second, since both MUC1
and B1 integrin localize in lipid rafts [20,21,34], which are crucial for cytoskeletal
reorganization and cell motility [35,36], MUC1/ICAM-1 ligation-induced association
with Src may serve to bring Src in proximity to B1 integrins on lipid rafts. It is well
documented that integrins can form a “FAK-Src signaling complex” [7] at newly created
focal contact sites and subsequently initiate cell polarization and cytoskeletal protrusive
motility through PI3K and p130CAS/Crk/Rac-Cdc4?2 cascades [37-40]. Significantly,
recent work by Al Masri et al. demonstrated that MUCI is directly associated with FAK
and facilitates the interaction of Src with its substrate PI3K in MMTV-PyV MT
mammary tumors [33]. This suggests that MUC1 may play a critical role in integrin-
associated pro-migratory signaling.

The cytoskeleton linker protein ezrin is also associated with the MUC1-CD in

breast cancer cells [13], which is significant since ezrin has been implicated in binding
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the FAK N-terminal domain and activating FAK independently of cell-matrix adhesion
[41]. Thus it is possible that the MUC1/ICAM-1 ligation, by targeting ezrin to sites of
heterotypic cell-cell contact, may promote integrin-associated signaling. In this model,
MUCI may play a role similar to platelet-derived growth factor receptor (PDGFR) and
epidermal growth factor receptor (EGFR) in cell motility, whereby FAK integrates
growth factor receptor and integrin signals to promote cell migration [42]. Further
support for the integrative signaling of MUCI and integrins is the recent discovery that
integrins are transcriptionally regulated by MUC1 [43].

Our studies also provide evidence that the MUC1/ICAM-1 ligation-induced
cytoskeletal protrusive motility requires activation of both Rho GTPases Racl and
Cdc42. This is consistent with the known role of Rho family GTPase in the regulation of
actin cytoskeletal reorganization. PI3K may mediate this process in response to
MUCI1/ICAM-1 ligation, since it is well documented that PI3K defines and activates Rac
and Cdc42 at the leading edge of polarized cells to initiate and maintain cell protrusive
motility [25,44]. The MUCl-associated Src and FAK could also regulate the activity of
Racl and Cdc42 by directly activating PI3K or pl30CAS/Crk cascade. Notably, the
MUC1-CD contains two highly conserved YXXP sequences (Y>*VPP*® and YS'TNP®),
which represent potential docking sites for the SH2 domain of the adaptor protein Crk
[45]. Since Crk has been implicated in activating Racl and Cdc42 in cell motility [46,47],
MUCI1/ICAM-1 ligation may also initiate Rho GTPase-mediated cytoskeletal
rearrangements through the Crk pathway.

MUCT has long been associated with breast cancer metastasis, with the

underlying mechanism still elusive. This study provides the first sketch of the
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intracellular molecular mechanisms by which MUC1 may promote cell motility during

tumor metastasis.
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Chapter 4: ICAM-1 Potentiates the Invasion of
MUCT1-expressing Cells
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4.0. Introduction

The evidence provided in chapters 2 and 3 has shown that MUC1, by binding
ICAM-1, not only induces calcium-based pro-migratory signaling, but also initiates
increased cytoskeletal protrusive motility. Since tumor cell migration and invasion are
mainly propelled by polarized cytoskeletal rearrangements, these findings strongly
suggest a crucial role for the MUC1/ICAM-1 interaction in tumor cell invasive motility.
Our previous studies by Rahn ef al. (2005) have demonstrated that the MUC1/ICAM-1
interaction facilitates transendothelial migration of MUC1-bearing cells in a series of
transwell assays [1]. However, little is known about the potential impact of the
MUC1/ICAM-1 interaction on stromal invasion, although increased ICAM-1 expression
has been observed on the peri-tumoral stromal fibroblasts [2].

In the experiments presented in this chapter, we tested the hypothesis that the
human ICAM-1 expressed on fibroblasts also potentiates stromal invasion of MUCI -
expressing cells. This was addressed by spatial-temporally tracking the transmigratory
and invasive capability of MUC1-bearing epithelial cells through a mouse fibroblast
NIH3T3 monolayer, which has been transfected with/without human ICAM-1 and coated
on a gelatin matrix. Our previous studies have shown that MUC1-expressing 293T SYM
cells could induce mild calcium oscillatory responses in a cell monolayer expressing
ICAM-1 [3]. As well, others have reported that leukocytes and MCF-7 breast cancer
cells, but not normal mammary epithelial cells, could bind to endothelial cells and trigger
an intracellular calcium flux, localized disassembly of focal contacts and partial retraction

of endothelial cells [4-8], where endothelial ICAM-1 is believed to play a causative role
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[9]. Thus, in this study, morphological responses of the NIH3T3 monolayer were also

investigated during the process of transmigration of MUC1-positive cells.
4.1. Materials and Methods

4.1.1. Reagents

The 35mm glass-bottomed microwell dishes were purchased from MatTek
Corporation. Gelatin Type A, potassium chloride (KCl), magnesium chloride (MgCl,),
calcium chloride (CaCly), glucose and HEPES were purchased from Sigma-Aldrich
(Oakville, ON, Canada). Sodium chloride was purchased from Fisher Ltd (Nepean, ON,
Canada). DMEM, FBS, trypsin, G418, and blasticidin S were purchased from Invitrogen,
Inc (Carlsbad, CA, USA). Imaging buffer (152mM NaCl, 5.4mM KCI, 0.8mM MgCl,,

1.8mM CaCl,, 10mM HEPES, 5.6 mM glucose, pH 7.2 [10,11]) was prepared in-house.

4.1.2. Cell Culture

The MUC]-transfected 293T SYM25 and SYM3 cells were maintained in
DMEM supplemented with 10% FBS and 200ug/ml G418. Mock and ICAM-1
transfected NIH3T3 mouse fibroblast cells (kindly provided by Dr. Ken Dimock,
University of Ottawa, ON) were maintained in DMEM supplemented with 10% FBS and
2ug/ml Blasticidin S. All these cell lines are cultured at 37°C in a humidified incubator

containing 5% CO, (Water-Jacketed Incubator, Forma Scientific, Marietta, OH, USA)

4.1.3. Cell Invasion Assay
The 35mm glass-bottomed MatTek microwell dishes were coated with 100 pul of

2% (w/v) gelatin, which was allowed to gel in the microwell at room temperature. Then,
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100 pl of NIH3T3-ICAM-1 or -Mock transfectants at 1 X 10%ml were plated on the top
of the gelatin matrix overnight to get a confluent NIH3T3 cell monolayer (Fig. 4.1). The
day of the experiment, the cell monolayer was washed once gently with Imaging Buffer
and placed in a 37°C stage warmer on a Zeiss 2-photon confocal microscope (Zeiss LSM
NLO 510). The EGFP signal was excited using a 488 nm laser line of a 25mW Argon
laser excitation source with the intensity output was set to 25%. 8-bit images were
collected with a 2.56us dwell time per pixel. The pinhole was set to 2.48 Airy unit and
images were collected at 0.64 pm/pixel resolution. The gain and offset were set to
expand the signal from the cell being imaged over the 255 grey value scale of the 8-bit
data range. Then, Z stacks (~1.5 um intervals from coverslip bottom of the dish to 10 um
above the surface of NIH3T3 monolayer) were acquired every 20 minutes over the 6 hour
experiment under both DIC and a 505 nm long pass filter (EGFP). 3 ml of MUCI1-
transfected 293T Sym25 or SYM3 cells at 3 x 10*/m] in Imaging Buffer were added upon
the surface of the NIH3T3 cell monolayer immediately after the first stack was taken.

For investigating the processes of cell transmigration and invasion, the spatial-
temporally acquired Z-stack images were first retrieved by LSM-FCS software (expert
mode). Then, using the orthogonal sections display mode, the processes of cell adhesion,
transmigration and invasion were displayed by adjusting the X, Y, and Z orthogonal
planes respectively at each time point (Fig. 4.2 A and B). To quantify cell invasion, the
Z-stack images were 3-D reconstructed by Imaris Software (Bitplane AG, version 4.2).
Further, the DIC channel was deleted and the 3-D GFP images of 293T SYM cells were
surface rendered by setting a background cut-off threshold value. Thus, by tracing the

cells over time, the proportion (%) of cells that penetrated the cell monolayer, the gelatin
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Figure 4.1: The cell invasion assay. (A) NIH3T3-ICAM-1 or -Mock cell monolayer
was layered over a gelatin matrix in the microwell of a MatTek dish. (B) pEGFP-actin
transfected cells, with/without MUC1 expression, were dropped onto the NIH3T3 cell
monolayer, followed by the acquisition of Z-stack images (indicated as red dash lines and
arrows) every 20 minutes over the 6 hour experiment using a Zeiss 2-photon confocal

miCroscope.
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matrix and reached the glass bottom were counted. The experiment was repeated 3 times
under each condition, the average proportions were calculated and used to compare

between different experimental conditions.

4.1.4. Statistical Analysis

The proportion of cells that transmigrated through NIH3T3 fibroblast cell
monolayer or invaded through gelatin matrix were graphed based on the average % +
S.E., using MS Excel software. Statistical significance was determined using the

Student’s t-test, p<0.05.

4.2. Results

4.2.1. Human ICAM-1 Potentiates Transmigration of MUC1-expressing 293T Cells
through a NIH3T3 Cell Monolayer and Subsequent Invasion of a Gelatin
Matrix.

To investigate if human ICAM-1 promotes the transmigration and invasion of
MUC1-bearing cells, we have examined the invasive process of MUC1-positive 293T
SYM25 cells through a NIH3T3-ICAM-1 fibroblast monolayer and compared this with a
NIH3T3-Mock monolayer, using the MUC1-negative 293T SYM3 cells as controls. The
time-lapse confocal microscopy showed that, typically following the dropping of cells,
the 293T SYM2S5 cells migrated/rolled on the NIH3T3-ICAM-1 cell monolayer a short
distant before adhesion (Fig. 4.2 C-E). Then, an invadopodium formed at the heterotypic
cell-monolayer contact interface and inserted into the gelatin matrix through an
intercellular space of the NIH3T3 cell monolayer (Fig. 4.2 F). This was followed by

penetration of the invadopodium to the bottom of matrix (Fig. 4.2 G). Lastly, the cell

171

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



completely transmigrated through the monolayer, and spread beneath the NIH3T3-
ICAM-1 cell monolayer (Fig. 4.2 H). This process is analogous to leukocytes in the
process of transmigration through an endothelium.

Imaris software was used to quantify cell transmigration and invasion through the
gelatin matrix during the 6 hour assay. By comparing the percentages of successfully
penetrated cells under each condition, it was shown that the MUC1-expressing 293T
SYM25 exhibited significantly increased invasive motility when ICAM-1 was present on
the NIH3T3 cell monolayer, as compared with the NIH3T3-Mock monolayer and MUCI1-
negative 293T SYM3 cells (Fig. 4.3). In addition, cell cohort invasion was also
frequently observed (data not shown), indicating cell-cell dissociation is not obligatory
for cell transmigration and subsequent invasion. Further, by spatial-temporally tracing
cell transmigration and invasion at each time point during the invasion assay, we found
that transmigration of both 293T SYM25 and SYM3 cells started to reach a plateau 4
hours after cell dropping, under the conditions without MUC1/ICAM-1 interaction (Fig.
4.4 A). However, when the MUC1-expressing 293T SYM25 cells were dropped on
NIH3T3-ICAM-1 cell monolayers, they appeared to have a constant migration rate over
the period of the invasion assay (Fig. 4.4 A). Thus, as shown in Fig. 4.4 A, a statistically
significant difference in cell transmigration began 5 hours after addition of the MUC1-
positive cells and continued to increase with time, suggesting that the presence of both
MUCI1 and ICAM-1 in this co-culture system is crucial for sustained cell transmigration.
Moreover, we found the rate of invasion for the 293T SYM2S5 cells was also significantly

higher from the “5 hour” time point, only in the setting of an ICAM-1-positive monolayer
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Figure 4.2: 293T SYM2S cell invasion through a NIH3T3-ICAM-1 cell monolayer.
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Figure 4.2 continued: (A) Illustration of the 3-D orthogonal sections display mode. (B)
Diagram of how the corresponding orthogonal sections were displayed in the LSM-FCS
software. (C) Focus plane represents the bottom layer of the Z-stack images. (D) 293T
SYM25 cells were dropped on the top of NIH3T3-ICAM-1 cell monolayer. (E) The
293T SYM25 cell migrated/rolled a short distant. (F) An invadopodium was formed and
inserted through an intercellular space of the NIH3T3-ICAM-1 cell monolayer. (G) The
cell invadopodial protrusion touched the bottom of the gelatin matrix. (H) The 293T
SYM25 cell totally invaded through and spread out underneath the NIH3T3-ICAM-1 cell

monolayer.
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Figure 4.3: Human ICAM-1 promotes MUC1-expressing 293T cell invasive motility.
Data are the average percentage (%) £ S.D. of transmigrated 293T SYM 25 and SYM3

cells through the NIH3T3-ICAM-1 or -Mock cell monolayers. MUCI1-positive 293T

SYM25 cells displayed statistically significant increases in cell invasion (t-test, p<0.05),

as compared with the controls.
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Figure 4.4: Human ICAM-1 promotes MUC1-expressing 293T cells transmigration
and subsequent invasion. Data represent the average percentage + S.E. (n=3) of 293T
SYM 25 and SYM3 cells that (A) transmigrated through the NIH3T3-ICAM-1 or -Mock
cell monolayers, and (B) successfully penetrated through the gelatin matrix, reaching the
bottom, at each time point during the cell invasion assay. MUCI1-positive 293T SYM25
cells displayed a statistically significant increase in cell transmigration and invasion, in

the presence of ICAM-1 on the NIH3T3 cell monolayer, as compared with the controls.
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(Fig. 4.4 B). Based on the above results, we conclude that the MUC1/ICAM-1
interaction may not only promote cell transmigration, but also potentiate cell stromal

invasion.

4.2.2. Cellular Retraction of a NIH3T3 Cell Monolayer in Response to MUC1-

transfected 293T Cells Invasion.

Using DIC and long-pass 505nm filters on a Zeiss 2-photon confocal microscope
(see materials and methods), we investigated the morphological responses of the NIH3T3
cell monolayer following contact with MUC1-transfected 293T SYM25 or SYM3 cells.
As shown in Fig. 4.5, both the NIH3T3-ICAM-1 and -Mock transfectants exhibited a
flattened and spread appearance forming a confluent cell monolayer on the gelatin
matrix. Subsequent to the seeding of MUC1-positive 293T SYM2S5 cells onto the cell
monolayer, the time-lapse microscopy showed that the NIH3T3-ICAM-1 cells retracted
within 3 hours, resulting in broad intercellular spaces coinciding with the location of the
293T SYM2S5 cells (Fig. 4.5 A). In contrast, no obvious cellular retraction was observed
in the NIH3T3-Mock cell monolayer after contact with 293T SYM25 cells (Fig. 4.5 B).
Similar results were also obtained in both NIH3T3-ICAM-1 and -Mock cell monolayers
when the MUC1-negative 293T SYM3 cells were dropped on the top, showing a low
degree of morphological response (data not shown). Collectively, these findings suggest
that the presence of both MUC1 and ICAM-1 are required for this retraction response in
NIH3T3 transfectant monolayers, potentiating transmigration and invasion of MUC1-

positive cells.

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A

NIH ICAM-1 monolayer 0 minute

DIC image

DIC + GFP image

0 minute 3 hour

DIC image

DIC + GFP image

Figure 4.5: 293T SYM2S5 cells induce NIH3T3-ICAM-1 cellular retraction.
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Figure 4.5 continued: (A) NIH3T3-ICAM-1 and (B) NIH3T3-Mock transfectants (gray
cells in the DIC images) were plated on the gelatin matrix in MatTek microwell dishes to
generate a confluent cell monolayer, and then subjected to cell invasion assays upon
addition of the MUC-transfected 293T SYM cells (green cells in the GFP-DIC overlaied

images in the bottom lanes). The images represent the monolayer-focus plane of the Z-

stacks.
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4.3. Discussion

Tumor cell stromal invasion represents one of the most critical steps in blood-
borne metastasis, as the tumor cells in the primary lesion have to invade through their
surrounding stroma before commencing intravasation. As well, after transendothelial
migration, efficient stromal invasion at the target organs is crucial for successful
extravasation and formation of a metastatic focus. Breast cancer cell invasion of the
stroma has generally been correlated with ECM protease activity, particularly uPAR [12]
and MMP-2 [13]. There is little data on the stromal fibroblast participation in the tumor
cell invasive motility even though the peri-tumoral fibroblast acquires an altered
phenotype, including increased ICAM-1 expression [2] and is synergistic with the
neoplastic process [14,15]. Previous work in this thesis project has demonstrated that the
MUCI/ICAM-1 interaction initiates actin cytoskeletal protrusive motility. In the present
study using a novel invasion model and live-imaging confocal microscopy, we found that
human ICAM-1 expressed on the fibroblast NIH3T3 monolayer also potentiates
transmigration and invasion of MUC1-expressing 293T cells. This is consistent with our
previous transwell results by Rahn e al. (2005) showing that MUC1, by ligating ICAM-1
facilitates transendothelial migration of MUC1-bearing cells through a monolayer of
ICAM-1-expressing endothelial cells [1]. The present data suggests an additional critical
role of the MUC1/ICAM-1 interaction in stromal invasion. This is significant for fully
understanding the biological function of MUC1/ICAM-1 ligation, in the context of
tumor-microenvironment interaction, during the process of breast cancer stromal invasion
and blood-borne metastasis. As well, the observation of cohort invasion of MUC1-

positive 293T SYM25 cells strengthens our hypothesis that MUC], instead of inhibiting
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E-cadherin/integrin-mediated cell-cell/matrix adhesion, is a pro-adhesive molecule
crucial for cell invasive motility. The use of a live-imaging invasion model is novel for
several reasons: (1) the 3-D matrix is more analogous to the in vivo condition when
compared to cell motility in 2-D dishes or filters, and (2) this live-imaging model allows
direct observation of the dynamic processes of cell invasion. Using this model, a
significant difference in cell invasion was shown only after 5 hours of heterotypic cell-
cell contact. This is supportive for our previous cytoskeletal reorganization data showing
that the MUC1/ICAM-1 interaction-induced migration starts after 1.5 hour. Taken
together, these findings suggest that the MUC1/ICAM-1 interaction-induced
transmigration and subsequent invasion, parallel to leukocytes, may represent a crucial
mechanism for the sustained invasive motility of tumor cells.

Mechanistically, the main motor of cell transmigration and invasion is
invadopodia, which involve the Rho family small GTPases Rac/Cdc42 analogous to the
lamellipodial protrusions in migrating cells [16,17]. Thus, we propose that the increased
invasiveness is induced by the MUC1/ICAM-1 interaction-induced actin cytoskeletal
protrusive motility. Moreover, the MUC1/ICAM ligation may also facilitate cell
invasion by extracellular protease-mediated ECM degradation, as MMP2 which is
involved in hydrolysis of the gelatin matrix can be upregulated via JNK cascade in
response to Rac GTPase activation [18-20] and Rac has been implicated in
MUCI1/ICAM-1 ligation-induced signaling (see details in chapter 3).

The present studies also provide evidence that the MUC1-expressing cells induce
cellular retraction of the NIH3T3-ICAM-1 fibroblast monolayer, which is consistent with

our previous findings that MUC1-bearing cells could trigger calcium signals in the
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accessory cells with ICAM-1 expression [3]. Calcium and calcium-based signaling are
crucial for the actin cytoskeletal reorganization and cellular contraction (see mechanisms
in section 1.1.3.3). Since leukocytes and breast cancer cells, but not normal mammary
epithelial cells, were reported to initiate intracellular calcium flux, focal contact turnover
and cellular retraction of endothelial cells [4-8], the cellular retraction in the fibroblast
monolayer may serve as another mechanism by which the MUC1/ICAM-1 interaction
may facilitate cell invasion. Thus, further studies clarifying the molecular events within
the ICAM-1-expressing cells following MUCI ligation will provide the complete

molecular picture of the MUC1/ICAM-1 interaction in cancer metastasis.
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Chapter 5: Summary and Discussion
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5.1. Summary

The research presented in this thesis has focused on the potential role of
MUCI1/ICAM-1 interaction in promoting breast cancer cell pro-migratory signaling and
cell motility. Breast cancer is the most frequently diagnosed malignancy in women and
despite the progress in therapeutic strategies, prognosis remains poor for the large
majority of patients with advanced stage disease at diagnosis. Similar to other
malignancies, a major obstacle to offering curative cancer therapy in breast cancer is
metastasis, the process characterized by increased pro-migratory signaling and cell
motility, whereby the cancer cells break through restricting boundaries to invade into
surrounding tissues and vessels to establish secondary tumors at distant body sites [1-7].
With advances in understanding breast tumorigenesis, the MUC1 transmembrane
glycoprotein when aberrantly overexpressed in breast cancer cells is increasingly
associated with breast cancer progression and metastasis [8-10]. Regimbald et al. (1996)
found that breast cancer MUC1 could bind to endothelial ICAM-1 [11], an adhesion
molecule involved in leukocyte transendothelial migration [12]. The subsequent work in
our laboratory has since demonstrated that this MUC1/ICAM-1 interaction could mediate
heterotypic cell-cell adhesion that is strong enough to withstand the shear stresses
equivalent to physiologic blood flow [13,14]. These findings strongly suggest a direct
role that MUC1 may play in cellular pro-migratory signaling and motility by ligating
ICAM-1.

In chapter 2, using live imaging fluorescence microscopy, we found that MUC1
specifically induces a series of intracellular calcium oscillatory signals in the MUC1-

positive breast cancer cells, as well as in the MUC1 -transfected 293 T subclones, in
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response to ICAM-1 stimulation [15]. This MUC1/ICAM-1 interaction-initiated calcium
signaling appears to be different from non-specific cell-cell contact induced transient
calcium spike, which may be due to mechanical stress [16]. Subsequently, the selective
pharmaceutical inhibition assays demonstrated that the MUC1/ICAM-1-initiated calcium
oscillations are mediated by the signaling cascade(s) involving Src family kinase, PI3K,
PLC, and IP3R, but not MAPK [15]. Thus, it appears to be different from the previously
described MUC1 phosphotyrosine-based signal(s), which generally involve the MAPK
cascade [17-25]. Further, as the calcium/calcium-based signaling and the signaling
mediators implicated in the MUC1/ICAM-1-induced calcium oscillations are frequently
implicated in cell motility [4,26-33], this calcium-based oscillatory signaling may
represent a novel MUC1 -initiated signaling that is associated with cell motility.
Evidence provided in chapter 2 also showed that MUC1 (~50%) is localized
within lipid rafts in breast cancer cells, as well as in MUC1-transfected 293T cells. This
is significant, because lipid rafts are membrane signaling platforms and crucial for both
intracellular calcum signaling and cytoskeleton-based cell motility [34-40]. This notion
was further strengthened by the lipid raft disruption assays in this study, showing that the
MUCI1/ICAM-1 interaction-induced calcium oscillations were significantly abrogated by
MBCD/nystatin-mediated raft disruption [15]. Moreover, through the lipid raft extraction
assays and co-immunoprecipitation, we found that Src was rapidly shifted into lipid rafts
and increased Src was associated with MUCI1 in both breast cancer cells and MUC1-
transfected 293T cells in response to ICAM-1 stimulation, strongly suggesting Src may
play a critical role in the MUC1/ICAM-1-initiated calcium signaling, possibly putting Src

upstream of PI3K and PLC to induce calcium release from the IP3R on the ER.
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To address the questions raised in chapter 2 regarding the consequence(s) of
MUC1/ICAM-1 interaction-induced pro-migratory signaling in cell motility, the study
described in chapter 3 shows that MUC]1 initiates dramatic cytoskeletal rearrangements
and increased protrusive motility in response to ICAM-1 ligation, in a panel of breast
cancer cell lines, MUC 1 -transfected 293T subclones, as well as an inducible Flp-In T-
REx 293 MUCI system. The specificity was further demonstrated by anti-ICAM-1
mAbs, showing only the anti-ICAM-1 antibody (18E3D) which specifically targets the
MUCT binding site, could block the MUC1/ICAM-1-induced actin cytoskeletal
protrusive motility. Mechanistically, similar to the calcium oscillation data, we found
that inhibition of the pathways involving PI3K, Src family kinase, and PLC significantly
abrogated the MUC1/ICAM-1 ligation-induced cytoskeletal brotrusive motility. These
findings provide solid evidence that MUC1 could promote tumor metastasis not only as
an adhesion protein but also by functioning as a pro-migratory signaling molecule to
potentiate cell motility. In addition, since both MUC1 and B1 integrins are localized in
lipid rafts and associate with cell motility [41-43], we further investigated the relationship
between B1 integrin and MUCI1 in ICAM-1 ligation-induced cytoskeletal protrusive
motility. Using an anti-p1 integrin blocking mAb and RGD peptides in a time-lapse
confocal microscopy assay, we showed that B1 integrin is required for the MUC1/ICAM-
1 ligation-initiated cytoskeletal rearrangements and protrusive motility. As well, no
obvious cytoskeletal dynamics were observed without MUC1/ICAM-1 ligation,
regardless of the presence or absence of B1 integrin blockade. Thus, we proposed that
there is a synergistic effect between MUC1 and B1 integrin in promoting cytoskeletal

protrusive motility in response to ICAM-1 stimulation. Our studies also provide
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evidence that the MUC1/ICAM-1 ligation-induced cytoskeletal protrusive motility
requires activation of both Rho GTPase Racl and Cdc42, but not RhoA. This is
consistent with the role of Rho family GTPases previously described in the regulation of
actin ctyoskeletal reorganization [7,44,45].

Based on the previous work in this thesis project showing that the MUC1/ICAM-
1 interaction not only induces pro-migratory signaling but also initiates actin cytoskeletal
protrusive motility, the research presented in chapter 4 was a follow-up study to
investigate the possible role of the MUC1/ICAM-1 interaction in cell transmigration and
invasion. Using a novel live cell imaging method, we found that human ICAM-1
expressed on the NIH3T3 fibroblast monolayer significantly potentiates MUC1-
expressing 293T cells transmigration and invasion. This is not only consistent with the
previous work by Rahn et al. (2005) in our laboratory showing that the MUC1/ICAM-1
interaction facilitates transendothelial migration in a transwell model [46], but also
provides the first evidence that MUC1/ICAM-1 may be involved in stromal invasion.
Further, the evidence presented in this study showed that the MUC1-expressing cells
induce cellular retraction of the NIH3T3-ICAM-1 monolayer, as compared with the
mock-transfected NIH3T3 cell monolayer, which may serve as another mechanism to

facilitate cell transmigration and subsequent invasion.

5.2. General Discussion

Adhesion receptors play critical roles in the oncogenic transformation of normal
cells through induction of cancer-specific cellular behaviour and morphology. During
metastasis, cancer cells lose their original tissue contacts, invade through the ECM,
transit via the lymphatic/blood system, adhere and then extravsate at the secondary
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metastatic site [47]. This implies that tumor cells likely upregulate and utilize a distinct
set of adhesion receptors to adjust to the changes in these cell-ECM interactions, thereby
facilitating the metastatic spread. In this thesis study, we focused on the transmembrane
glycoprotein MUC1, which is frequently overexpressed in breast cancer and is
increasingly associated with malignant progression [8-10,48-50]. In addition to the
potential roles that have been suggested for MUC1 in tumor cell proliferation, scattering
and survival [20,23,51,52], we are the first to report that MUCI1 is a pro-adhesive
molecule and mediates heterotypic cell-cell adhesion by binding endothelial cell ICAM-
1. This strongly suggests the MUC1/ICAM-1 interaction may be implicated in tumor cell
extravasation, with a mechamism(s) parallel to the leukocytes. Also, contrary to the
MUCI steric hindrance theory that the extreme length and negative charge of the
multiple O-glycosylation residues in MUC1’s rigid extracellular domain blocks other
adhesion molecules (e.g. integrins) from their binding sites [9,53], the evidence provided
in this study showed that exogenous or increased MUCI expression did not alter cellular
adhesion or morphology in 293T cells (see section 3.2.1). Moreover, if MUC1 were
blocking integrin-mediated cell-ECM adhesion, anti-integrin blockade should not
influence the MUC1/ICAM-1 interaction-induced biological activities. However, by
blocking integrins, we found that both the MUC1/ICAM-1-initiated calcium signaling
(unpublished data) and cytoskeletal protrusive motility (see section 3.2.4) were
significantly reduced. Thus, instead of preventing cell-ECM adhesion, we propose that
MUCI1 synergizes with other adhesion molecules, such as integrin, in mediating cancer

cell adhesion and subsequent cell motility.
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This study also provided the first evidence that MUC1/ICAM-1 intiates calcium-
based pro-migratory signaling and cytoskeletal protrusive motility (see chapter 2 and 3).
These findings demonstrate that cellular adhesion is not the only input contributed by the
MUCI1/ICAM-1 interaction in cell motility. Mechanistically, we found Src family
kinase, PI3K, and PLC were involved in both the MUC1/ICAM-1 interaction-induced
migratory signaling and motility. Since the MUC1-CD lacks intrinsic enzymatic activity,
the evidence of the rapid translocation of Src non-receptor tyrosine kinase into lipid rafts
and increased MUC1-Src association following MUC1/ICAM-1 interaction (see section
2.2.4 and 2.2.5) is crucial to understanding the signal initiation which occurs downstream
of the MUC1/ICAM-1 ligation. Thus, we propose that on contact with ICAM-1, Src is
recruited by MUCI into lipid rafts, thereby activating downstream PI3K and PLC to
induce calcium oscillations through the IP3R. Further, the signaling mediators together
with calcium and calcium-based signals initiate actin cytoskeletal protrusive motility.
This model is supported by the research of Al Masri et al. (2005) showing that the
MUCI-Src interaction facilitated the association of Src with its substrate proteins, such as
PI3K [54]. Since the previous studies by Li ef al. (2001) demonstrated that Src can
interact with MUC1-CD (Y*EKV or Y**VPP) via either its SH2 or SH3 domain [18,19],
the ICAM-1-induced MUC1-Src association could be a kinase-independent mechanism
determined principally by interactions involving the SH3 domain with modulation by the
SH2 domain [55]. Site-directed mutagenesis experiments are currently underway to
determine which binding motif(s) of the MUC1-CD is crucial in the MUC1/ICAM-1-

induced migratory activities (work of Yan Tang).
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Significantly, as described above, we found that $1 integrin synergizes with the
MUC1/ICAM-1 interaction in the MUC1-initiated calcium-based pro-migratory signaling
and cytoskeletal protrusive motility. In the cytoskeletal reorganization assays, as the
NIH3T3 transfectants were dropped on top of the pEGFP-actin transfected cells, we
proposed that B1 integrin may function as an adhesive receptor for the ECM substrate to
stabilize the MUC1/ICAM-1-initiated membrane protrusions at the heterotypic cell-cell
contact sites. Further, since B1 integrin is also localized in lipid rafts [34,43], an
alternative hypothesis is that the MUC1/ICAM-1 interaction may serve to bring Src in
proximity to B1 integrins on lipid rafts, where by forming a “FAK-Src signaling
complex” to initiate calcium oscillatory signaling and cytoskeletal protrusive motility
through PI3K/PLC and p130CAS/Crk/Rac-Cdc42 cascades (Fig. 5.1). Strengthening this
hypothesis, FAK has recently been reported to be associated with MUC1 in MMTV-PyV
MT mammary tumors [54]. However, since no FAK-binding domain has identified at
MUCI1-CD, we suggest that this MUC1-FAK association is an indirect interaction
through Ezrin. MUC]1 was reported to be associated with the cytoskeleton linker protein
- ezrin [56], which has been implicated in binding the FAK N-terminal domain and
activating FAK independently of cell-matrix adhesion [57]. Thus, it is possible that the
MUCI1/ICAM-1 interaction initiates Src-FAK complex formation by the MUC1-CD,
where FAK bridges MUCI and B1 integrin so as to integrate their signals to promote cell
motility (Fig. 5.1). A follow-up study based on this hypothesis is being planned in our
laboratory to further clarify the MUC1/ICAM-1 ligation-initiated migratory signaling.

Moreover, as we expected, both Rho GTPases Racl and Cdc42 are required for

the MUC1/ICAM-1 interaction-induced cytoskeletal protrusive motility. This may be
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mediated by PI3K-associated signaling in response to MUC1/ICAM-1 interaction (Fig.
5.1). The PI3K-generated PtdIns(3,4,5)P3 has been implicated in recruiting PH domain-
containing GEFs to the plasma membrane, thereby facilitating GEF-mediated GTP-
loading on Rac/Cdc42 GTPases and their subsequent activation [58-61]. Also, in
response to ICAM-1 ligation, the MUC1-associated Src and FAK signaling may also
regulate the Rac/Cdc42-mediated cytoskeletal protrusive motility through the PI3K
and/or p130CAS/Crk pathway (see details in section 1.1.3.2, and Fig. 5.1). Moreover,
since the MUC1-CD contains two highly conserved YXXP docking sequences (Y® VPP
and YTNP®) for the SH2 domain of Crk, which can activate Rac1 and Cdc42 to initiate
cell lamellipodial/filopodial protrusions [34,62], it is possible that the MUC1/ICAM-1
ligation may induce the Rac/Cdc42-mediated cytoskeletal dynamics directly via the Crk
pathway.

Lastly, evidence provided by live cell imaging transmigration-invasion assays
showed that human ICAM-1, expressed on NIH3T3 fibroblasts, potentiates MUC1-
bearing cells transmigration and invasion. This is consistent with our previous
cytoskeletal reorganization data (see chapter 2) as well as the transendothelial migration
data by Rahn et al. (2005) [46], and further suggests that the MUC1/ICAM-1 interaction
potentiates MUC1-positive cells stromal invasion. This represents an additional step in
understanding the critical role of MUCI1 in tumor cell migration and metastasis. As well,
the MUC1/ICAM-1-induced cell monolayer retraction and the possible effect(s) of
MUCI1/ICAM-1 interaction on the MMPs-mediated gelatin matrix degradation may also

facilitate this process.

5.3. Closing Remarks
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The work in this thesis has demonstrated that the MUC1/ICAM-1 interaction
initiates calcium-based signaling and cytoskeletal protrusive motility, which are mediated
by pathways involving a Src family kinase, PI3K, PLC, and IP3R. Additionally, we found
that MUC1 synergizes with B1 integrins in the ICAM-1 ligation-induced cytoskeletal
protrusive motility. Further, we demonstrated that the MUC1/ICAM-1 interaction-induced
cytoskeletal rearrangements require Rho family GTPases Racl and Cdc42, but not RhoA,
and is accompanied by increased cell transmigration and invasion. These data offer
functional evidence that implicates MUC1 overexpression as a key molecular event in the
aggressive tumor phenotype, and provides an insight into the mechanisms that tumor
cells may use following the heterotypic MUC1/ICAM-1 interaction to facilitate cell

metastasis (Fig. 5.2).
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Appendix: Regulating Effect of TGF-p on MUC1
Expression in Breast Cancer MCF-7 Cells
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A.1. Introduction and Objective

Transforming Growth Factor-beta (TGF-B) has been demonstrated to be a
multifunctional cytokine with both tumor suppressor and pro-oncogenic activities.
Unlike other tumor suppressors or proto-oncogenes which usually function in a simple
“On/Off” manner, TGF- always appears to be functional and utilized by different cells
in various biological processes, regardless of whether it is mutated, upregulated or
downregulated. In normal tissues and early stages of cancer, TGF- normally has
dominant suppressor effects, however it switches function to act as a tumor promoter in
advanced cancers [1], with the mechanism of this alteration still obscure.

The Smads pathway is the mainstay of the signals initiated by TGF-p through
activation of its cell surface receptor (TBRVI/II) serine-threonine kinase [1] (Fig A.1).
Following phosphorylation of R-Smad (Smad 2 and 3) by the activated TBRI/II complex,
R-Smad forms an oligomeric complex with Co-Smad (Smad 4), and then translocates
into the nucleus [1], where both R-Smads (except Smad2) and Co-Smads can bind
directly to Smad binding elements (SBE) in the promoter regions of target genes via a
highly conserved B-hairpin loop in the MH1 domain [2]. In addition, Smad3 and Smad 4
have also been shown to bind to the GC-rich sequence motifs of certain genes [3],
suggesting that the DNA binding specificity of Smads is not restricted. Recently, the
TGF-p inhibitory/activated elements (TIE/TAE) were found in the promoter region of
several genes (e.g. c-Myc). These are thought to be responsible for TGF-p induced
down/upregulation, but it is still not clear whether Smads can bind directly to these
elements [4,5]. The transactivation properties of Smads are mediated by their MH2

domains, which allows direct association with certain transcription activators, such as
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Figure A.1: Transcriptional effect of TGF-§ signals through Smad pathways. TGF-
B binds its cell surface receptor (TPRI/II) serine-threonine kinase, resulting in activation
of a receptor-activated Smad (R-Smad). The R-Smad subsequently forms a complex
with common-mediator Smad (Co-Smad) and then translocates into the nucleus, where
they can regulate transcription by association with DNA binding proteins and recruitment
of transcriptional co-activators or co-repressors to the promoters of targets genes.
Adapted from [1]
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boxes. Adapted from [6]

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



p300/CBP and MSG1 [1]. In contrast to this activation effect, Smads can also repress
gene transcription. The MH2 domain has been demonstrated to associate with co-
repressors which then recruit histone deacetylase (HDAC) to induce transcriptional
repression [1]. In addition to the effects on gene transcription, TGF-f can also initiate
oncogenic signal cascades involving MAPK [1].

MUCI, as previously described, is overexpressed in breast cancer and associated
with an aggressive phenotype and metastasis. Notably, it was found that the MUC1
promoter region contains nine potential TGF- regulatory sites (Fig. A.2). Thus, we
hypothesized that TGF-f may be involved in the regulation of MUCI expression. In this
study, we investigated the regulatory effect of TGF-f on MUCI1 expression in MCF-7
cells, which has been shown to retain a high sensitivity to TGF-B [7] and express

abundant MUCI1 (see section 2.2.1, Fig 2.4).

A.2. Materials and Methods

A.2.1. Reagents

The B27.29 mAb against MUC1-ECD was kindly provided by Biomira, Inc
(Edmonton, AB, Canada). The CT2 mAb against MUC1-CD was kindly provided by Dr.
Sandra Gendler, Mayo Clinic, Scottsdale, AZ, USA. Anti-tubulin B-5-1-2 antibody,
protease inhibitor cocktail, phosphatase inhibitor cocktail II, deoxycholic acid, Tris-Base,
Nonidet P-40, diamidinophenylindole (DAPI) and Tween-20 were purchased from
Sigma-Aldrich (Oakville, ON, Canada). The goat anti-mouse or anti-Armenian hamster
alkaline phosphatase (AP) conjugated secondary antibodies, and the goat anti-mouse Cy3

conjugated secondary antibody were purchased from Jackson ImmunoResearch
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Laboratories, Inc (West Grove, PA, USA). The goat anti-mouse phycoerythrin secondary
antibody was purchased from Southern Biotechnology Associates, Inc (Birmingham, AL,
USA). NBT/BCIP stock solution was purchased from Roche Diagnostics (Indianapolis,
IN, USA). TGF-P was purchased from R&D Systems, Inc (Minneapolis, MN, USA).
SDS was purchased from Pierce Biotechnology (Rockford, IL, USA). NaCl, ammonium
persulfate, 40% (w/v) acrylamide stock solution, BSA and methanol were purchased
from Fisher Scientific International (Nepean, ON, Canada). Bromophenol blue was
purchased from Bio-Rad Laboratories Ltd (Hercules, CA, USA). DMEM, FBS, EDTA,

and trypsin were purchased from Invitrogen, Inc (Carlsbad, CA, USA).

A.2.2. Cell Culture and TGF-B Treatment

Breast cancer cell line MCF-7 was from ATCC and maintained in DMEM
supplemented with 10% FBS and 60pg/ml insulin. The cells were cultured at 37°C in a
humidified incubator containing 5% CO,. To investigate the effect of TGF- on MUCI1
expression, MCF-7 cells were seeded on 10cm cell culture dishes (Corning Inc.) until
~90% confluency, and then treated with TGF-f at 200pM for 4 hours, 9 hours, 16 hours,
24 hours, and 48 hours respectively. The MCF-7 cells without TGF-B treatment were

used as controls.

A.2.3. SDS-PAGE and Western Blot Analysis

Cells were lysed in RIPA buffer, and then analyzed with a Bio-Rad DC assay and

Bio-Rad Mini-PROTEIN II gel (15% resolving with 4% stacking) electrophoresis. The
separated proteins were then transferred to an Immobilon-P membrane using Bio-Rad

Mini Trans-Blot system (see detailed procedures in section 2.1.3). After immunoblotting,
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the membrane was incubated with 10ml of NBT/BCIP solution until the desired level of
staining was attained. The Membrane was then rinsed with copious amounts of water,

scanned, and processed with NIH Scion-Image software for quantification.

A.2.4. Flow Cytometry

The MCF-7 cells with or without TGF-f} treatment were trypsinized from culture
dishes, washed 1X in Flow Cytometry Buffer (FCB, see details in section 3.1.6), and then
divided into 3 aliquots, each of which was incubated with FCB only (unlabeled control),
S5ug/mL MOPC 31C in FCB (isotype control), or Sug/ml B27.29 in FCB, on ice for 1
hour in a volume of 300ul. The cells were then washed 3X in ice cold FCB, resuspended
in 300ul FCB (unlabeled control) or 300u1 of phycoerythrin secondary (2ug/ml in FCB)
for 1 hour on ice, in dark. Then, the cells were again washed 3X in FCB, and
resuspended in 300pul FCB supplemented with 120U/ml DNase I and 4.2mM MgCl,.
Samples were stored at 4°C in the dark until analysed by flow cytometry. At least 10,000

events were recorded on the FL2 (phycoerythrin) channel.

A.2.5. Immunofluorescence Staining

The MCF-7 cells were seeded onto coverslips placed in a 24-well plate (Corning
Inc.) until ~90% confluency, and then treated with TGF-f3 at 200pM for 4, 9, 16, 24, and
48 hours respectively. The MCF-7 cells without TGF-p treatment were used as controls.
Following TGF-p treatment, culture media was aspirated; the cells were rinsed once with
ice cold PBS, and then were incubated with 3.7% formaldehyde in PBS for 15 minutes.
Then, the cells were blocked with 500ul/well of 2% BSA, 0.02% Tween-20 in PBS (BTP

buffer) for 1 hour, followed by incubation with 200pul/well of B27.29 (Sug/ml) in BTP
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buffer for 1 hour. The cells were then washed 3X in BTP buffer, and incubated with
200pl/well of goat anti-mouse Cy3 conjugated secondary antibody (5pug/ml) in BTP for a
further 1 hour, followed by counterstaining with DAPI (0.5pug/ml). Lastly, the cells were
rinsed once with BTP buffer, inverted before mounting on slides and then stored in the

dark at 4°C until imaged by fluorescence microscopy.

A.3. Results and Discussion

To investigate the regulating effects of TGF-f on the expression of MUCI in
MCEF-7 cells, we first treated the MCF-7 cells with TGF- at 200pM for various time
courses (0, 4, 9, 16, 24, and 48 hours), and then examined the expression levels of MUC1
by SDS-PAGE/Western blots. As shown in Fig A.3, MUCI expression (both the MUC1-
ECD and CD) was decreased within 4 hours of TGF-f treatment. After 48 hours, the
MCF-7 exhibited ~30-50% reduction in MUCI expression as compared with the cells
without TGF-p treatment (Fig. A.3), suggesting TGF-p has an inhibitory effect on MUC1
expression in breast cancer MCF-7 cells. To confirm these results, MCF-7 cells with or
without TGF-f treatment (200pM, 48 hours) were subjected B27.29, phycoerythrin
secondary antibody labelling, and flow cytometry analysis. We found results similar to
that shown with Western blotting, i.e. cell surface MUC1 was significantly decreased
after 48 hours of TGF-f treatment, as compared with cells without TGF-p treatment,
using unlabeled and isotypic control antibody-treated cells as controls (Fig. A.4). This
inhibitory effect was also corroborated in the anti-MUC1 mAb B27.29-mediated
immunofluorescence staining assay (Fig. A.5). Based on these findings, we conclude that
TGF- represses MUC1 expression in breast cancer MCF-7 cells, although the
underlying mechanism(s) is still obscure.
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Figure A.3: TGF-B decreases the expression levels of MUC1 on MCF-7 cells.
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Figure A.3 Continued: MCF-7 cells were treated with TGF-$ at 200pM for various time
courses as indicated, and then examined for the expression levels of MUC1, using tubulin
as a loading control. (A) MUCI1 extracellular domain (MUC1-ECD) was probed with
B27.29 mAb (top lane). Using tubulin as a loading control (middle lane) to normalize the
expression levels of MUC1 following TGF- treatment, the column graph shows that the
relative pixel density of MUC1 was decreased ~50% after 48 hours. (B) MUC1
cytoplasmic domain (MUC1-CD) was probed with CT2 mAb (top lane). Using tubulin
as a loading control (middle lane) to normalize the expression levels of MUCI following
TGF-f treatment, the column graph shows that the relative pixel density of MUC1 was
decreased ~30% after 48 hours.
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Figure A.4: Flow cytometry measurements of MUC1 expression on MCF-7 cells
following TGF-P treatment. MCF-7 cells with or without TGF-p treatment (200pM, 48
hours) were incubated with FCB (unlabeled), isotype control antibody or B27.29, and
then subjected to phycoerythrin secondary antibody. Flow cytometry showed that as
compared with the (A) unlabeled, (B) isotype, (C) non-TGF-p treated controls, cell
surface MUC1 was significantly decreased after 48 hours of TGF-f treatment.
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Figure A.S: Imnmunofluorescence staining measurements of MUC1 expression on
MCF-7 cells following TGF-p treatment. MCF-7 cells were treated with TGF-8
(200pM) for time intervals as indicated, and then subjected to a MUC1
immunofluorescence stain using Cy3 and a nulear counter stain using DAPI. Fluorescent
microscopy confirmed that MUC1 expression level was decreased followed TGF-8

treatment.
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Previous evidence showed that aberrantly overexpressed MUC is correlated with
breast cancer metastasis and poor prognosis [8]. Thus, the results of this study are
perhaps inconsistent with the theory that expression of TGF-f is associated with breast
cancer malignant progression [1]. It has been suggested that the expression of TBRs has a
“dosage effect” on the paradoxical role of TGF-f in tumorigenesis. It was demonstrated
that when signaling from TPRII is decreased, as widely seen in multiple cancers [7,9,10],
the growth inhibitory responses of cancer cells to TGF-p are selectively lost [11], while
its oncogenic effects (e.g. EMT) were not only retained but also enhanced [12,13]. This
is significant, as studies by Arteaga et al. showed that ER-positive breast cancer cells (e.g.
T47D) were generally resistant to the inhibitory effects of TGF-f [14], with the exception
for MCF-7 [15]. This is believed to be due to inadequate TPRII expression, and stable
transfection of the TBRII restored the sensitivity of T47D cells to TGF-8 [16]. Therefore,
we suggest that in normal epithelial cells and in breast cancer cells with TBRII expression
(e.g. MCF-7), TGF-B exhibits a dominant inhibitory effect on MUC1 expression.
However, the repressing effect is released in ER-positive/TPRII-negative breast cancer
cells, resulting in tipping the balance of TGF-$ signal in favour of its oncogenic activities,
such as MUCI1 expression. This is supported by Zaretskey’s studies [6], showing that
TGF-B facilitates MUC1 expression on T47D cells. Conversely, MUCI has been
reported to stabilize and activate ER signaling [17], suggesting that MUC1 expression
may be implicated in restraining the inhibitory effect of TGF-B, thereby constructing a

positive feedback loop to promote malignant progression of breast cancer.
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