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ABSTRACT
Cancer metastasis is a multi-stage process initiated by the cancer cell acquiring the ability
to migrate. The protein profile of such a cell undergoes dramatic changes including
changes in integrin expression. Integrins play a major role in cell adhesion, motility,
differentiation, blood clotting, tissue organization and cell growth as well as cancer cell
migration, invasion and metastasis. Integrin α6, which can pair with integrin β4 or β1 is a
laminin receptor and is detected in epithelial cells. Earlier studies have reported uPA
mediated integrin α6 cleavage in prostate cancer resulting in loss of the ligand binding
domain. Site-directed mutagenesis studies have identified the cleavage site to be at
R594R595 located in the “stalk” region of the integrin α6. Prostate cancer cells PC3Nα6-RR cells, bearing a R594R595 to A594A595 mutation, engineered to express the
uncleavable form of integrin α6 were found to migrate 6.4 folds lesser on Laminin–1 as
compared to the PC3N-α6-WT cells which expressed the wild-type integrin α6. This
result suggests that integrin α6 cleavage enhances migration. Prostate cancer is known to
metastasize to the bone. Injection of the PC3N-α6-WT cells in mouse femurs resulted in
increased bone destruction and pain behavior when compared to the femurs injected with
PC3N-α6-RR cells indicating that the integrin α6 cleavage could affect and modify the
bone microenvironment. An observation that complete conversion of integrin α6 to α6p
was not observed in cell lines even in presence of excess uPA suggested a regulatory
mechanism. Integrins are known to associate with many proteins including tetraspanins,
which are transmembrane proteins, that function as protein adapters. Integrin α6 was
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found to be refractory to uPA mediated cleavage when complexed with tetraspanin
CD151. The amount of integrin α6 available for cleavage increased when CD151 levels
were decreased by CD151 siRNA treatment. These results suggest that the integrin α6
available and unavailable for cleavage can be modulated by interaction with CD151 and
hence affect the migratory potential of the cell. Collectively these data suggest that
integrin α6 cleavage can enhance cell migration, initiate signals to modify the tumor
microenvironment and can be regulated by interaction with tetraspanin CD151.
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I.

INTRODUCTION

Cancer Metastasis
The molecular events associated with tissue invasion and metastasis are a sequential
series of events. Metastasis, one of the hallmarks of cancer, is the spread of cancer from
the primary site to other more distant sites in the body. (1). While primary cancers can be
effectively treated by surgery, it is metastasis that usually leads to death (2-8). Metastasis
is a multi-step process (3-6, 8). The cell has to acquire the ability to detach itself from its
surrounding extracellular matrix (ECM) and then escape the primary tumor. Once it is no
longer attached to the ECM the cell intravasates into the circulatory system and travels in
the blood stream. Eventually it interacts with platelets and leukocytes in the blood and
adheres to the walls of the blood vessel and extravasates into the surrounding tissue. Here
the cell establishes a secondary foci of cancer and developes an environment which can
provide nutrition and blood supply to the newly established tumor (Fig 1). A number of
changes take place in the cell as it migrates from the primary cancer to the new site,
especially in the proteins located on its surface like integrins, cadherins and components
of the ECM. Inhibiting or blocking these changes that confer motility to the cell could
inhibit metastasis and provide good therapeutic targets to treat cancer. One of the cancers
which metastasizes to various organs is prostate carcinoma. It is an indolent cancer and
early detection and treatment can delay or prevent metastasis.
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Figure 1. The metastatic cascade.
Changes in adhesion are prominent during the metastatic journey. At the onset of this
process, cancer cells lose E-cadherin-dependent intercellular adhesions, acquire a
migratory phenotype, penetrate the basement membrane, and invade the interstitial
matrix. Tumor angiogenesis then allows cancer cells to enter the bloodstream, either
directly or through the lymphatic system, by a process called intravasation. In the
circulation, tumor cells form small aggregates with platelets and leukocytes. Finally, after
stopping in the microcirculation of the target organ, tumor cells exit the bloodstream, by a
process called extravasation, and undergo local expansion. (9)
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Prostate Cancer
Prostate cancer is the second leading cause of cancer death in men and there is a need for
better diagnostic markers for early detection and prognosis. 234,460 new cases of
prostate cancer will be diagnosed in 2006 making it the most common cancer in
American men after skin cancer (10). From a global perspective the World Health
Organization estimated there were 679,023 new diagnoses and 221,002 deaths due to
prostate cancer worldwide in 2002 (11). While 1 man in 6 will get prostate cancer during
his lifetime, only 1 man in 34 will die of this disease. The death rate for prostate cancer is
on the decline. The mortality rates in the early 1990s were approximately 40,000 deaths
per year the latest figure being 30,350 in 2005 (12). The disease is being detected earlier
as well due to improved prostate cancer screening using digital rectal examination (DRE)
for detection and prostate specific antigen (PSA) as a serum marker for detection,
progression and recurrence (10, 13). The five-year survival rate for localized prostate
cancer is nearly 100%. However, the five-year survival rate drops to 33.5% in case of
metastasized prostate cancer at the time of diagnosis (12). Prostate cancer, if diagnosed
early and left untreated, will result in relatively few deaths within the first 10-15 years
following diagnosis (14-16). It is one of the slower progressing cancers. However, the
death rate increases nearly 3 fold after 15-20 years post-diagnosis (17). Hence, early
stage prostate cancer has a large period of latency before metastatic conversion and
therefore it is important to detect the onset of cancer as early as possible. One of the
initial changes observed in prostate cancer is in its membrane bound surface receptors.
These proteins regulate cell attachment, migration and signaling. One of the important
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families of receptors that undergo major change is the integrin family. Hence diagnostic
tools to detect these changes can prove beneficial for cancer management.

Integrins
Integrins are cell surface receptors involved in cell matrix adhesion and signaling and are
modified early in the onset of the metastatic cascade. They are heterodimeric in nature
and consist of an α and a β subunit. 18 α and 8 β subunits have been detected in
mammals so far which can assemble into 24 distinct integrins (18). Each of these 24
integrins appears to have a specific, non-redundant function as shown by the phenotypes
in knockout mice and play diverse and important roles in most biological processes
including cell motility and cellular metastasis (18-21). All integrins have an extracellular
domain, a transmembrane domain and a short cytoplasmic domain, except for β4
integrin, which has a cytoplasmic tail that is nearly 1000 amino acids in length (18, 22).

Integrins have the ability to transduce signals and this depends, to a large extent, on their
ability to interact with their ligands in the extracellular matrix (ECM) and to the
cytoskeleton intracellularly (23-25). Integrin adhesion and activation is regulated by
changes in affinity for extracellular matrix ligands (26). Different integrins have
different ligand affinities as demonstrated in Fig. 2. An important mechanism of
activation is integrin clustering (26, 27). When integrins bind to the ECM they become
clustered and recruit cytoskeletal and signaling components resulting in cytoskeletal
reorganization. This process is thought to be dependent on the action of the Rho family of

21

Figure 2. The Integrin Receptor Family
Integrins are αβ heterodimers. The figure depicts the mammalian subunits and their αβ
associations; 8 β subunits can assort with 18 α subunits to form 24 distinct integrins. α
subunits with gray hatching or stippling have inserted I/A domains. Such α subunits are
restricted to chordates, as are α4 and α9 (green) and subunits β2-β8. In contrast, α
subunits with specificity for laminins (purple) or RGD (blue) are found throughout the
metazoa and are clearly ancient. Asterisks denote alternatively spliced cytoplasmic
domains (18).
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GTPases and lateral associating proteins that interact with integrins such as caveolin-1 or
tetraspanin molecules (27-29).

This process of activation can be induced by binding to ECM proteins, termed “outsidein” signaling or by response to soluble or internal processes, termed “inside-out”
signaling. Both result in the adhesive and signaling responses that elicit integrin function
(23). It has been demonstrated in vitro and in vivo that integrins influence the ability of
malignant cells to invade and metastasize (30, 31).

Integrin profiles change early in prostate cancer (32-34). The alpha and beta subunits lost
in prostate cancer are α5, α4, αv, β1C, and β4 (33, 35, 36). However integrins α6β1 and
α3β1 which are laminin receptors, are conserved making them major players in prostate
cancer metastasis (33, 34).

The α6 subunit consists of an extracellular β-propeller domain attached to the stalk
region which transverses the membrane and a very short cytoplasmic domain. The Nterminal region of the α subunit contains seven segments of about 60 amino acids each
that fold into a seven-bladed β-propeller domain (22). The β-propeller domain appears to
directly participate in ligand binding. Earlier work has detected the presence of a cleaved
form of the integrin α6 called integrin α6p in prostate cancer (37, 38). Integrin α6 is
cleaved by uPA in a plasmin-independent manner resulting in the loss of the ligand

23

binding β-barrel domain. The significance and regulation of this cleavage has been
discussed in the following chapters.
The integrin α6 can pair with integrin β4 or β1. The integrin α6β4 heterodimer is
responsible for seeding hemidesmosomes which are critical for anchoring the epithelial
cell to the basement membrane. Loss of hemidesmosomes is a marked feature in all
cancers of epithelial origin.

Hemidesmosome
Hemidesmosomes are specialized junctional complexes, that contribute to the attachment
of epithelial cells to the underlying basement membrane and their loss or disassembly is a
prerequisite for cell migration. They are found in stratified and other complex epithelia,
such as the skin, cornea, parts of the gastrointestinal and respiratory tract, and the amnion
(39). The regulation of the adhesive interactions of the hemidesmosome with the
basement membrane is essential in many normal biological processes such as wound
healing and tissue morphogenesis (39). The Hemidesmosome is a multi-molecular
complex that integrates the extracellular matrix with the keratin cytoskeleton and that
stabilizes epithelial attachment to connective tissue (Fig. 3). Altered expression of
hemidesmosomal components leads to a number of blistering diseases collectively known
as epidermolysis bullosa and is also likely to be involved in the development and
progression of certain cancers (39). The major components of a hemidesmosome are the
integrins α6 and β4, plectin and the bullous pemphigoid antigens BP180 and BP230 and
the recently implicated tetraspanin CD151 (40-44). The hemidesmosomal complex is
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Figure 3. Hemidesmosome
A. An electron micrograph showing the basal cell attachment to the underlying basal
lamina (BL). Note hemidesmosome-like structures with cytoplasmic dense plaques,
subcytoplasmic dense plate (arrows), fine anchoring filament transversing the lamina
lucida and the striated anchoring fibrils (double arrows). Note also focal adhesions (open
arrows) with electron-dense material in the cytoplasm adjacent to the cell membrane but
lacking the other structures (34).
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connected to the keratin intermediate filaments on the cytoplasmic side and interacts with
the ECM, specifically Laminin-5, on the extracellular side(45, 46). The heterodimer
α6β4 is considered to be the seeding site of the hemidesmosome and is also responsible
for the transduction of signals via the hemidesmosome (47). Extensive work has been
done on the β4 integrin to elucidate its role in hemidesmosome formation. Its cytoplasmic
domain has been found to be responsible for recruiting and attachment of the different
hemidesmosomal components (47). α6 and β4 null mice fail to form hemidesmosomes
and die at birth due to blistering of skin (48, 49). Faulty assembly or complete loss of
hemidesmosomes in basal cell carcinomas, squamous cell carcinomas and prostate cancer
has been reported (50-53).

One of the more recently identified components of the hemidesmosome is the tetraspanin
CD151 that is involved in adhesion strengthening. Tetraspanins act as protein adapters
that modulate cell-ECM interactions as well as have an effect on protein signaling.

Tetraspanins
Tetraspanins, over the last decade, have emerged as an important family of small proteins
involved in regulating other protein interactions and signaling in normal and cancer cells.
Tetraspanins are 204 to 355 amino acid long surface proteins having four transmembrane
domains, a small extracellular loop (EC1) containing 20–28 amino acids and a large
extracellular loop (EC2) containing 76–131 amino acids. They stand only 4-5 nm outside
the cell membrane and regulate cell morphology, motility, invasion, fusion and signaling.
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Tetraspanins are distinct from other proteins with four transmembrane domains by the
conservation of certain amino acids (Fig. 4). Twenty-six human tetraspanins have been
identified. The expression of several tetraspanins in invertebrates (Drosophila,
Schistosoma, Caenorhabditis Elegans) (54-56) indicates that these molecules appeared
early during evolution. The tetraspanin genes in human are located on different
chromosomes; several are located on chromosome 11 (CD81, CD82, CD151 and NAG-2
and Rom-1) and on chromosome 12 (CD9, CD63, C0-029, SAS and NET-5). The
conservation of gene structure strongly suggests that these molecules derive from a
common ancestor, by duplication. The tetraspanins include leucocyte differentiation
antigens CD9, CD37, CD53, CD63, CD81/TAPA-1, CD82 and CD151; antigens first
identified on tumors, TALLA-1, Co-029 or SAS (57-59) and the tetraspanins discovered
in EST databases (60, 61).

CD151 associates tightly with laminin binding integrins (α3β1, α6β1, α6β4 and α7β1)
and modulates integrin-dependent cell morphology, migration, signaling and adhesion
strengthening (44, 62-66). Tetraspanin mutations leading to loss-of-function phenotypes
are rare. This is could be explained by functional compensation among the various
tetraspanins. CD151 has been reported to be truncated and lacking its integrin-binding
domain in end-stage hereditary nephritis and pretibial epidermolysis bullosa (67) .
Mutations in CD151 have also been reported in cases of sensorineural deafness and
thalassaemia minor (67, 68).
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Figure 4. Structural features of tetraspanins.
Tetraspanins contain four transmembrane domains, a short extracellular loop (EC1), a
very short intracellular loop (typically 4 amino acids), and a longer extracellular loop
(EC2), flanked by relatively short N-terminal and C-terminal cytoplasmic tails (of 8–21
amino acids, with a few exceptions). The EC2 is subdivided into a constant region
(yellow, containing α-helices A, B and E), and a variable region (blue), containing
various protein–protein interaction sites. Little is known about the structure or function of
EC1. All tetraspanins contain a CCG motif after the B helix, and two other conserved
cysteines (yellow), which are arranged to form two intramolecular disulphide bonds (red
lines). Many tetraspanins contain two additional cysteines (green), which form another
intramolecular disulphide bond (dotted red line). Transmembrane domains 1, 3 and 4
typically contain polar amino acids (Asn, Glu, Gln; red ovals) of unknown function.
Nearly all tetraspanins also contain membrane proximal cysteines that undergo
palmitoylation. (69)
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Tetraspanins undergo an important post-translational modification known as
palmitoylation. It is important for trafficking and stabilization of protein-protein
interactions. Palmitoylation has been found to be critical in tetraspanin-tetraspanin
interactions that contribute towards secondary associations that are present in regions
known as Tetraspanin Enriched Microdomains (TEM) (Fig. 5). Integrins α6, α3 and β4
and EWI-2, which associate with tetraspanins can also be palmitoylated (70).

The importance of the role of tetraspanins in regulating the different proteins it interacts
with has been underestimated because of their small size and hence their inability to be
detected amongst the larger proteins surrounding them. However, better tools are
becoming available for their detection.

Objective of this dissertation
This work addresses the aspects of integrin cleavage and its regulation. It has been
reported earlier that integrin α6 undergoes uPA-mediated cleavage. The cleaved integrin
α6p was detected in prostate cancer tissue but was absent in the surrounding normal
tissue. This work reports the identification of the cleavage site on the integrin α6. Mutant
cells were made which over-expressed the cleavable or uncleavable form of the α6
integrin in order to study the significance of this cleavage and were used in migration
assays and injected in bone to study their invasive potential. The regulation of this
cleavage by association with tetraspanin CD151 is discussed in chapter V. This study also
highlights the two kinds of junctions found in an epithelial cell in chapters VI and VII.
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The cell-ECM junction is mediated by the hemidesmosome and the cell-cell junction is
mediated by the desmosome. An important function of integrin α6β4 is in seeding the
multi-protein complex hemidesmosome. Localization patterns of all the hemidesmosomal
components with respect to the integrin α6 have been studied. Desmosomal proteins such
as DSC3 are integral to the maintenance of tissue architecture. The loss of Desmocollin 3
in breast cancer has been addressed in this work. The loss of the hemidesmosome and
desmosome confers cellular mobility.
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Figure 5. Molecular interactions of tetraspanins.
a | Level 1: direct interactions include tetraspanin homodimers, homotrimers and
homotetramers, as well as hetero-associations with other transmembrane proteins (such
as integrins, EWI proteins, CD19 and others).
b | Level 2: a network of secondary interactions exists, which is stabilized by
palmitoylation of both tetraspanins and tetraspanin-associated proteins (69).
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II.

MATERIALS AND METHODS

This chapter lists all the antibodies, chemicals and cells used in this work and protocols
for assays common to all the following chapters. Methods that have been used solely for
a particular study are included in the respective chapters.

Antibodies and chemicals used
The rat monoclonal anti-α6 integrin antibody J1B5 was a generous gift from Dr. Caroline
Damsky, (University of California San Francisco, USA) (71). The AA6A rabbit
polyclonal antibody was raised and purified by Bethyl Laboratories Inc. (Montgomery,
TX, USA). AA6A is specific for the last 16 amino acids (CIHAQPSDKERLTSDA) of
the human α6A sequence (72), as done previously (73). The anti-integrin α6 rat GoH3
antibody was purchased from Serotec, NC, USA and the rat MA6 antibody was
purchased from Chemicon, Temecula, CA, U.S.A. The urokinase was recognized by
ab24121 rabbit IgG1 antibody (Abcam, Cambridge, MA, USA) and the uPAR antibody
used was No. 3937 mouse monoclonal antibody (American Diagnostica Inc.: Greenwich,
CT, USA). The rabbit polyclonal-α3 integrin antibody (Chemicon: Temecula, CA, USA)
was used and is specific for the carboxy terminal end of the molecule, located in the
cytoplasmic domain. The mouse monoclonal antibody P1B5 and rabbit polyclonal
antibody AB1920 against integrin α3 were purchased from Chemicon. Rat monoclonal
antibody mAB13 against integrin β1 was purchased from BD Biosciences, CA, USA.
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The monoclonal-β4 integrin antibody (3E1) was used (Chemicon: Temecula, CA, USA).
The anti-CD151 antibody 5C11 was a generous gift from Dr. Martin Hemler (DanaFarber Cancer Institute, USA). Total FAK was detected using the 4.47 mouse
monoclonal antibody and phospho-FAK was detected using the Tyr397 rabbit polyclonal
antibody (Upstate Biotechnology Inc, Waltham, MA). Map Kinase (ERK) antibodies,
phospho-p44/42 (Thr202/Tyr204) and total p44/42, were purchased from Cell Signaling
Technology Inc. (Beverly, MA). The rabbit anti-actin antibody AAN01 was purchased
from Cytoskeleton (Denver, CO, U.S.A.). The mouse monoclonal N-cadherin antibody
N-Cad was a gift from Dr. Ronald Heimark, University of Arizona, Tucson, AZ. Rabbit
PKC α (SC-208), rabbit PKC βII (SC-210), rabbit PKC δ (SC-937) and goat PKC ξ (SC7262) were purchased from SantaCruz Technologies, CA, U.S.A. Secondary
immunofluorescence antibodies Alexa Fluor 488 and Alexa Fluor 568 were from
Molecular Probes, OR, USA. Goat anti-rabbit-HRP antibody was purchased from
Chemicon. The mouse anti-Laminin 5 antibody Clone 17, was purchased from BD
Transduction Labs., San Diego, CA, U.S.A. The mouse anti-plectin antibody Clone 7A8
was purchased from Sigma, St. Louis, MO, USA. The mouse anti-BP180 (1D1) and
mouse anti-BP230 (C319) antibodies were a generous gift from Dr. K. Owaribe, Japan.
The rabbit anti-keratin 5 antibody 18A was a generous gift from Dr. Raymond B. Nagle,
University of Arizona, Tucson. Goat anti-14-3-3 antibody SC-7681 was purchased from
SantaCruz Technologies, CA, U.S.A. The mouse monoclonal anti-Desmocollin 3
antibody DSC3-U114 was purchased from RDI, Flanders, NJ, U.S.A. Formaldehyde was
from Ted Pella Inc, CA, USA. Brefeldin A, Doxycycline and TPA were purchased from
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Sigma, St. Louis, MO, USA. Urokinase (uPA) was purchased from Chemicon.
Plasminogen Activator Inhibitor-1 was obtained from Calbiochem-Novabiochem
Corporation: La Jolla, CA.
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Antibody List
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Antibody List (contd.)

36

Secondary Fluorescence Antibody list
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Cell lines and culture conditions
All human cell lines were incubated at 37°C in a humidified atmosphere of 95% air and
5% CO2. The PC3N, Du145, HaCaT and K562 cells were grown in Iscove’s Modified
Dulbecco’s Medium (IMDM) (Gibco BRL: Gaithersburg, MD, USA) plus 10% fetal
bovine serum (FBS). The PC3N cells were isolated as a variant of PC3 prostate
carcinoma cell line (74). The MCF10A cells were grown in Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F12 (DMEM-F12) (Gibco BRL: Gaithersburg, MD, USA)
plus 5% horse serum, 20ng/ml epidermal growth factor, 100ng/ml cholera toxin, and
500ng/ml hydrocortisone. The MCF10A (human breast cells) cell line was obtained from
the American Type Culture Collection (Rockville, MD, USA). The PC3N-α6-WT,
PC3N-α6-RR, K562-α6-WT and K562-α6-RR cells were selected in presence of 6μg/ml
Blasticidin and 100 μg/ml Zeocin (Invitrogen Corporation, Carlsbad, California). PC3Nα6-WT-GFP and PC3N-α6-RR-GFP cells, which expressed the green fluorescent protein
as well as the wild-type or mutant integrin α6 were selected by growing them in presence
of 6μg/ml Blasticidin, 100 μg/ml Zeocin and 500 μg/ml Neomycin. The pancreatic cell
lines CFPAC-1, Panc-1, CaPan-1, Su.86.86, Mia Paca-2, AsPc-1 and Mutj were kindly
gifted by Dr. David Bearss. The MCF10A, MDA-MB-453, MDA-MB-435, MDA-MB231, MDA-MB-157, MDA-MB-468, BT549, ZR-75-1, and HS578T breast cancer cells
were obtained from the American Type Culture Collection (Rockville, MD, USA). The
HaCaT cells, a normal immortalized keratinocyte cell line (75), were obtained from
Norbert E Fusenig (German Cancer Research Center, University of Heidelberg,
Heidelberg, Germany). The early passage sporadic breast cancer cell lines UACC1179,
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UACC2087, UACC893, UACC3133, UACC3199, and UACC2648 were developed and
maintained at the Arizona Cancer Center Cell Culture Shared Service.

Biotin-labeling of tissue culture cell surface proteins:
Cells were grown to confluency in 100 mm tissue culture dishes and washed 3 times with
HEPES buffer (20 mM HEPES, 130 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 1.0 mM
CaCl2, pH 7.45). They were then incubated with 2 ml of HEPES buffer supplemented
with 500 μg/ml Sulfosuccinimidyl hexanoate conjugated biotin (NHS-LC-Biotin, Pierce,
Rockford, IL, USA) to label cell surface proteins for 30 min at RT. The cells were then
washed three times with HEPES buffer and lysed in cold RIPA buffer (150 mM NaCl, 50
mM Tris, 5 mM EDTA, 1% (v/v) Triton X-100, 1% (w/v) deoxycholate, 0.1% (w/v)
SDS, pH 7.5) plus protease inhibitors (PMSF, 2 mM; leupeptin and aprotinin, 1 μg/ml).
The lysate was then sonicated on ice and it was used for immunoprecipitation analyses.

Immunoprecipitations
Cells were grown to confluency and then washed three times with HEPES buffer and
lysed in cold RIPA buffer plus protease inhibitors (PMSF, 2 mM; leupeptin and
aprotinin, 1 μg/ml). The lysate was briefly sonicated on ice before centrifugation at
14,000 RPM for 10 minutes and precleared by rotating the lysate with Protein G beads
for 1 hr at 4 °C. After centrifugation the supernatant was collected for
immunoprecipitations. Each reaction contained 300 μg of total protein lysate, 40 μl of
protein G sepharose and 5μg of antibody. The final volume of the lysate was adjusted to
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500 μl with RIPA buffer. The mixture was rotated for 18 hours at 4 °C, and then
complexes were washed three times with cold RIPA and pellets were suspended in 2X
non-reducing sample buffer. Samples were boiled for 5 minutes, and after a quick chill on
ice they were loaded onto 10% SDS-PAGE. Proteins resolved in the gel were
electrotransferred to Millipore Immobilon-P polyvinylidene fluoride (PVDF) membrane
(Millipore: Bedford, MA, USA), incubated with either peroxidase-conjugated
streptavidin or Western blotting antibodies plus secondary antibody conjugated to
horseradish peroxidase and visualized by chemiluminescence (ECL Western Blotting
Detection System, Amersham, Arlington Heights, IL, USA).

Western Blot Analysis
Samples were boiled for 5 minutes and then loaded onto a 7.5% SDS-polyacrylamide gel
for analysis under non-reducing or reducing conditions. Proteins resolved in the gel were
electrotransferred to Millipore Immobilon-P polyvinylidene fluoride (PVDF) membrane
(Millipore: Bedford, MA, USA).The blots were blocked for 1 hour and then were
incubated with the different antibodies overnight at 40C. The blots were washed and then
incubated with secondary antibody conjugated to horseradish peroxidase. Proteins were
visualized by chemiluminescence (ECL Western Blotting Detection System, Amersham,
Arlington Heights, IL, USA) and the blot was exposed to Kodak X-OMAT film (Eastman
Kodak Company, Rochester, NY, USA).
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Immunoflurescence
Cells were grown to confluency on glass coverslips. The cells were treated with primary
antibody to a protein of interest for 30 min at RT followed by 2 PBS washes of 5 min.
each. This was followed by treatment with secondary antibody (Alexa Fluor ) for 30 min
at RT followed by 2 PBS washes of 5 min. each. The cells were then fixed by placing
them in 2% Formaldehyde in PBS for 7 min, a quick water rinse followed by treatment
with 50 mM Ammonium Chloride in PBS for 5 min. The cells were then washed in PBS
for 5 min followed by treatment in 0.2% Triton X-100 in PBS for 5 min. Finally they
were washed in PBS. Primary antibody to the second protein of interest was placed on the
coverslips for 30 min at RT followed by 3 washes of PBS. This was followed by
treatment with secondary antibody (Alexa Fluor) for 30 min at RT followed by 3 washes
of PBS. The coverslips were then stained with 0.5 μg/ml DAPI for 10 min. in the dark
and then washed with in PBS, post-fixed in Ethanol for 4 min and mounted using Prolong
Antifade (Molecular Probes, Or, USA). The slides were visualized on a Zeiss Axiovert
microscope. Pictures were taken using Axiocam camera.
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III.

INTEGRIN α6 CLEAVAGE: A NOVEL MECHANISM TO
MODULATE CELL MOTILITY

INTRODUCTION
Integrins are heterodimeric cell surface proteins composed of an α and a β subunit. Each
αβ combination has its own binding specificity and signaling properties(76). Different
integrin combinations act as receptors to different extracellular matrix (ECM) proteins
(76, 77). They are involved in many processes including cell migration, cell adhesion,
differentiation, blood clotting, tissue organization and cell growth as well as cancer cell
migration, invasion and metastasis. Integrins generally contain a large extracellular
domain (α subunit ~1000 residues and β subunit ~750 residues), a transmembrane
domain and a short cytoplasmic domain (~50 residues or less) with the exception of β4
whose cytoplasmic domain is large (more than 1000 residues) (78, 79).

The structure of the extracellular segment of the αv integrin subunit has been determined
using protein crystals of soluble αvβ3 integrin fragment (80). The amino terminus of the
αv integrin subunit contains a seven-bladed β-propeller structure (81). It is followed by a
tail region composed of three β-sandwiched domains: an Ig-like “thigh” domain and two
very similar domains that form the “calf” module (81). It has been shown that the tail
region can fold back at ~135 degree angle forming a V-shaped structure with a “genu”
between the thigh domain and the calf module (81).
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Previous work has shown that a structural variant of the α6 integrin called the α6p exists
that is missing over half of the extracellular segment, the presence of which has also been
reported by others (37, 82). This variant is present in prostate cancer tissue but is absent
in normal prostate tissue (38). The α6p is missing the extracellular β-propeller domain
associated with ligand binding (37). Earlier work has demonstrated, using four different
experimental approaches, that α6p is produced by proteolytic cleavage of the α6 integrin
by Urokinase-type plasminogen Activator (uPA) in a plasmin-independent manner (38).
The α6p integrin is a 70 kDa protein, and mass spectrometry analysis has shown that the
amino terminal end of the molecule contains amino acids starting at arginine 596 (37).
Using a multiple sequence alignment tool, this position in the α6 integrin has been shown
to lie within an accessible loop upstream from the genu region described for the αV
integrin subunit (80).

The protease that cleaves the α6 integrin, uPA, is a secreted 54-kDa serine protease
which cleaves plasminogen as a primary substrate (83). uPA has also been shown to
catalyze the proteolytic cleavage of the extracellular matrix protein fibronectin (84),
hepatocyte growth factor/scatter factor (HGF/SF) (85) and macrophage-stimulating
protein (MSP) (86).

The aim of this study was twofold: first to use site directed mutagenesis to determine the
amino acid sequences necessary for the uPA dependent cleavage of the α6 integrin.
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Second, to determine the phenotypic properties of cells expressing the non-cleavable
form of the integrin α6. The results indicate that the integrin α6 cleavage is a dynamic
feature contributing to cell migration on Laminin 1.

MATERIALS AND METHODS
Details of antibodies, chemicals and cell lines used for this work are can be found in
Chapter II.
Cleavage of the integrin α6 in vitro
The α6 integrin was immunoprecipitated from cells as described above and after the last
wash with the RIPA buffer, the pellets were resuspended in 20μg/ml uPA (Chemicon:
Temecula, CA, USA). The mixtures were incubated overnight on ice and then 10μl of 2X
non-reducing sample buffer were added to each tube. Samples were boiled for 5 minutes
and after a quick chill on ice they were loaded onto 7.5% SDS-PAGE. Proteins resolved
in the gel were electrotransferred to Millipore Immobilon-P polyvinylidene fluoride
(PVDF) membrane (Millipore: Bedford, MA, USA), incubated with peroxidaseconjugated streptavidin and visualized by chemiluminescence (ECL Western Blotting
Detection System, Amersham, Arlington Heights, IL, USA).

Cloning and transfections of integrin α6
The cDNA for wild-type α6A was a generous gift from Dr. Isaac Rabinovitz. In order to
clone α6p in the pcDNA3.1+ vector, PCR amplification was utilized using Platimun Pfx
DNA polymerase (Invitrogen Corporation, Carlsbad, California). The primers used
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contained KpnI and ApaI sites: 5’ AAGGTACCCCGAGTGAATTCACTTCCA3’ and
5’ AAGGGCCCTTATGCATCAGAAGTAAGCC 3’. The PCR product was eluted from
the gel and cut using KpnI and ApaI enzymes and was run on a gel and then eluted from
the gel. In order to add a signal peptide to send the molecule to the surface and to be able
to detect the transfected α6p we created overlapping and complementary oligos that
would encode for the first 28 amino acids of the α6 integrin and 10 amino acids that
encode for a myc tag. The 4 oligos used were (SIG 1-4):
SIG1
5’GATCATGGCCGCCGCCGGGCAGCTGTGCTTGCTCTACCTGTCGGCGGGGCT
CCTGTCCCGGCTCGGCGCAGC 3’,
SIG2
5’CTTCAACTTGGACACTGAACAAAAACTCATCTCAGAAGAGGATCTGGTAC3’
SIG3
5’CAGATCCTCTTCTGAGATGAGTTTTTGTTCAGTGTCCAAGTTGAAGGCTGCG
CCGAGCCGGGACAG3’
SIG4
5’GAGCCCCGCCGACAGGTAGAGCAAGCACAGCTGCCCGGCGGCGGCCAT3’
In order to ligate the signal peptide oligos, 10μM of each oligo was added in a tube.
Then the mixture was incubated for 5 min at 94C, followed by 5 min at 85C, 5 min at
75C, 5 min at 65C, 5 min at 55C, 5 min at 45C, 5 min at 35C, and 5 min at 25C. The
sample was run on an agarose gel and then eluted to be used in ligations. The
pcDNA3.1+ vector was cut using BamH1 and Apa1 restriction enzymes and it was run
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on an agarose gel and eluted. The cut pcDNA3.1+ vector and the cut PCR product along
with the ligated oligos were mixed together for ligation using T4 DNA ligase (Invitrogen
Corporation, Carlsbad, California) and were incubated at 14C overnight. 1 μl of the
ligation was used in DH5α bacteria transformation. Then different clones were screened
by sequencing. In order to clone the α6p construct in the pcDNA4/TO vector the BamHI
and ApaI sites were used. Plasmid DNA was purified using the QIAGEN plasmid midi
kit (QIAGEN, Valencia California). The cells were transfected using Effectene
(QIAGEN, Valencia California) according to the manufacturers protocol.

Site-directed mutagenesis
The cDNA for wild-type α6A was a generous gift from Dr. Isaac Rabinovitz. After
cloning it into the pcDNA4/TO vector different sets of primers were used to induce the
desired mutations in the α6 integrin. QuikChange Site-Directed Mutagenesis Kit
(Stratagene, Cedar Creek Texas) was used. The primers were designed using the
recommendations of the manufacturer and were:
Primers for RR-----> AA mutation
5’GGAGATCCAAGAGCCAAGCTCTGCTGCGCGAGTGAATTCACTTCCAGAAG
3’
5’CTTCTGGAAGTGAATTCACTCGCGCAGCAGAGCTTGGCTCTTGGATCTCC 3’
Primers for RV-----> AA mutation
5’GCCAAGAGCCAAGCTCTCGTAGGGCAGCGAATTCACTTCCAGAAGTTCTTC
C3’
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5’GGAAGAACTTCTGGAAGTGAATTCGCTGCCCTACGAGAGCTTGGCTCTTGG
C3’
Primers for R536-----> A mutation
5’AAAATCTGGGCTATCCTCAGCAGTTCAGTTTCGAAACCAAG3’
5’CTTGGTTTCGAAACTGAACTGCTGAGGATAGCCCAGATTTT3’
Primers for R594-----> A mutation
5’GATCCAAGAGCCAAGCTCTGCAAGGCGAGTGAATTCACTTC3’
5’GAAGTGAATTCACTCGCCTTGCAGAGCTTGGCTCTTGGATC3’
Primers for R595-----> A mutation
5’GAGCCAAGCTCTCGTGCGCGAGTGAATTCACTTCC3’
5’GGAAGTGAATTCACTCGCGCACGAGAGCTTGGCTC3’
The reactions were carried out as recommended by the manufacturer. The K562 cells
were transfected by electroporation as described previously (87). Briefly, 30μg of
plasmid and 10μg of repressor plasmid (pcDNA6/TR) were added to 10 million cells in a
final volume of 800μl of serum free RPMI media in a 0.4cm electroporation cuvette. The
cells were electroporated at 960 microfarads and 320 V. After 10 minutes on ice the cells
were plated in IMDM medium with 10% serum for 24 hours. The medium was replaced
with fresh medium containing 0.2μg/ml doxycycline and the cells were incubated for
another 24 hours. The cells were then analyzed for α6 integrin cleavage by
immunoprecipitating the α6 integrin with J1B5 and adding 2μg of uPA in the
immunocomplexes for 3 hours on ice. The samples were then run on a gel and
immunoblotted using the anti-α6 integrin rabbit polyclonal antibody AA6A. The PC3N
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cells were transfected using Effectene (QIAGEN, Valencia California) following the
recommendations of the manufacturer.

uPA Activity Assay
uPA activity assay was carried out as per manufacturers’ instructions supplied in the kit
(ECM600 Chemicon, Temecula, CA, USA). Briefly immunoprecipitates of the integrin
α6 (0-25μg) were treated with a mixture of 0.5 μg uPA and chromogenic substrate and
incubated at 37 deg. C for 30 min and read on a Elx800 UV universal microplate reader
at 405 nm.

Preparation of laminin 5 matrix
The laminin 5 matrix was prepared similar to a method described previously (88).
Briefly, MCF10A cells were grown in dishes for 3 days until confluent. They were then
treated with 20mM ammonium hydroxide for 5 minutes (or until cells were lifted off) and
then washed 3 times with water and 3 times with PBS. The cells were then plated on the
matrix for different experiments.

RESULTS
uPA mediated α6 integrin cleavage required amino acid residues R594 and R595
Site-directed mutagenesis was performed on selected amino acid residues that were
identified as candidates for the cleavage site. These residues were selected on the basis of
previous work in which MALDI mass spectrometry and liquid chromatography-tandem
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mass spectrometry identified ten non-continuous amino acid fragments within the α6p
variant corresponding exactly to the predicted trypsin fragments coded by exons 13-25 of
the α6 integrin sequence (37). Further, the sequencing data confirmed that both the
heavy and light chains of the α6p variant contained identical portions of the full-length
α6 integrin and that α6p contained at least amino acid R596. This information coupled
with the knowledge that the protease that cleaves the α6 integrin is uPA, led us to mutate
different arginine residues upstream from R596 (Fig. 6A). Sequences that were
conserved between the α6 integrin and the non-cleavable α3 integrin were excluded.
First the residues R536, R594, R595 were mutated followed by inducing double
mutations R594R595 and R596V597. All residues were mutated to alanine. The
constructs were transfected into an α6 null erythroleukemia cell line K562 resulting in
K562-α6-WT cells expressing the wild type integrin α6 and the K562-α6-RR cells
expressing the mutated, non-cleavable form of integrin α6. After immunoprecipitation of
the mutated or wild type α6 integrin, uPA was added to the immunocomplexes and the
samples were analyzed by SDS-PAGE analysis followed by western blotting for the α6
integrin (Fig. 6A). The data showed that mutation of arginine 594 to alanine significantly
reduced the ability of uPA to cleave the α6 integrin as compared to the wild-type α6 or
other mutants (R536-A and R596V597-AA). Interestingly mutation of both arginine
residues 594 and 595 was required to completely abolish the cleavage of the α6 integrin
by uPA.
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It was formally possible that ectopic expression of the mutant integrin could occur
without correct localization or heterodimerization. The presence of the mutant and wild
type integrin α6 on the cell surface of the K562-α6-RR and K562-α6-WT stably
transfected cell lines and the parental K562 cells were analyzed using flowcytometry. As
expected, integrin α6 was not detected in the parental K562 cells, however a significant
amount of fluorescence was recorded in the K562-α6-WT and K562-α6-RR cells
indicating the presence of integrin α6 on the cell surface (Fig. 6B). Next it was
determined if the mutant and the wild-type integrin α6 expressed in the K562-α6-RR and
K562-α6-WT cells were able to pair with the β1 subunit that is constitutively expressed
in the K562 cells. Immunoprecipitations were performed on doxycycline induced K562α6-RR and K562-α6-WT cells using anti-integrin α6 and anti-integrin β1 antibodies and
analyzed by western blotting to detect the α6 integrin. IP of the cell lysates with either
α6 or β1 integrin antibodies will retrieve the α6 integrin. The results indicated that both
the wild type and mutant α6 interacted with the β1 subunit (Fig. 6C).
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Figure 6. Site-directed mutagenesis analysis of the α6 integrin.
A. Five different residues (R536, R594, R595, R596 and V597) were replaced by
alanine in the α6 integrin extracellular domain. K562 cells were transfected with
different mutated α6 integrin constructs and the α6 variants induced by
Doxycycline. α6 integrin was immunoprecipitated from the cells and the
immunocomplexes were treated with 20 μg/ml uPA. A partial sequence of the
integrin α6 integrin flanking the cleavage site is shown for illustrative purposes
and the mutated residues are indicated with arrows. The horizontal arrow labeled
α6p indicates the amino terminal end of the truncated integrin as analyzed by
mass spectrometric analysis in an earlier work (37).
B. Surface expression of wild type and mutated integrin α6 in transfected K562 cells
by flowcytometry. Untransfected cells (K562-light line) or transfected cells
(K562-α6-WT or K562-α6-RR - heavy lines) were treated with primary Rat antiintegrin α6 antibody J1B5 followed by Alexa 488 anti-rat antibody and visualized
using the BD FACScan.
C. The wild type and mutated integrin α6 binds to integrin β1. Immunoprecipitations
(IP) of integrin α6 and integrin β1 in doxycycline induced K562-α6-WT and
K562-α6-RR and untransfected K562 using rat anti-integrin α6 antibody J1B5
and mouse anti-integrin β1 TS2/16 were done. All IPs were analyzed by western
blotting with rabbit anti-integrin α6 antibody AA6A.
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The cleavage residues used by uPA are found within human, mouse and rat integrin
α6
In order to spatially localize R594 and R595 on the α6 integrin, a homology model based
upon the αvβ3 integrin (Fig. 7) was constructed. The crystal structure of αvβ3 is known
(80). A model of integrin α6 was created using integrin αv structure as a template (Fig.
7). The model spans residues 24-1004, consisting of the calf-1, calf-2 and genu region
and the thigh and the β-propeller domain. Integrin α6 undergoes uPA-mediated cleavage
at the RR site, which is located at the beginning of the thigh region (Fig. 7). The location
of this site in the model indicates that the majority of the thigh region and the entire βpropeller region is removed. The integrin α6p contains calf-1, calf-2, genu and a segment
of the thigh region. The uPA mediated cleavage site within the two arginine residues is
potentially accessible for cleavage, as it lies exposed in the outer region of integrin α6 as
seen in Figure 7.
To determine if the cleavage residues used by uPA on the human integrin α6 were
present in integrin α6 from other species, sequences from rat, mouse, chicken, C. elegans
and D. melanogastor were aligned. The results indicate that the RR sequence was the
same in humans, rat and mouse integrin α6 (Fig. 8A). The RR sequence was not found in
the integrin α chain sequence of C. elegans and the S40311 integrin sequence of D.
melanogastor (Fig. 8A).
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Figure 7 Homology Model of the extracellular portion of the human integrin alpha 6
subunit (residues 24-1004) based on the crystal structure of the human alpha v beta 3
integrin (pdb: 1JV2) and sequence comparison of integrin α6.
The first 23 residues in the integrin α6 sequence undergo post-translational cleavage
before the integrin reaches the surface and hence are not shown in the model. The model
illustrates the location of the protease cleavage site within two consecutive arginine
residues 594-595 (RR) shown along with their side chains. The beta propeller domain
and a majority of the thigh domain are not contained in integrin α6p while the Calf-1 and
Calf-2 domains of the stalk region remain.
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Integrins α3, α6 and α7 are laminin receptors. Earlier work has shown that uPA does not
cleave integrin α3 (38). Comparison of the cleavage site residues between integrin α6
and integrin α3 shows the absence of the RR sequence on integrin α3 (Fig. 8B). Integrin
α7 has a greater sequence similarity to integrin α6 and is found predominantly in skeletal
and cardiac muscles and neural cells (89, 90). Integrin α7 does have the two arginine
residues required for the uPA-mediated cleavage. It remains to be determined whether
integrin α7 is processed on the cell surface by uPA.

Integrin α6 in Pancreatic Cancer Cell Lines
Pancreatic cancer is one of the most aggressive and fast growing cancers known. In order
to determine the integrin α6 profiles in different pancreatic cancer cell lines CFPAC-1,
Panc-1, Ca-Pan-1, Su.86.86, Mia PaCa-2, AsPc-1 and Mutj cells were lysed in RIPA
buffer and analyzed by SDS-PAGE. A western blot for integrin α6 revealed the presence
of integrin α6 and α6p in the CFPAC-1 and CaPan-1 cell lines and only integrin α6 in
Panc-1, Su.86.86, AsPc-1 and Mutj cell lines. No integrin α6 was detected in the Mia
PaCa-2 cells (Fig. 9). The cell lines expressing integrin α6p, CFPAC-1 and CaPan-1 are
known to be more metastatic as compared to the other cell lines.
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Figure 8 Comparison of human integrin α6 sequences.
A. Comparison of the human integrin α6 to the integrin α6 sequence in mouse, rat,
chicken and the integrin α chain sequence of C. elegans and the S40311 integrin
sequence of D. melanogastor.
B. Comparison of the human integrin α6 to sequences of closely related integrins,
integrin α7 and integrin α3. The boxes indicate the R594R595 residues that are required
for cleavage of integrin α6 to integrin α6p. AliBee Multiple Alignment Release 2.0 was
used to align the sequences.
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Figure 9 Integrin α6 profile in pancreatic cancer cell lines.
Cell lysates were analyzed for expression levels of integrin α6 in CFPAC-1, Panc-1, CaPan-1, Su.86.86, Mia PaCa-2, AsPc-1 and Mutj cells. The cells were lysed in RIPA
buffer and cell lysates were analyzed by SDS-PAGE. The integrins α6 (140 kD) and α6p
(~70 kD) were detected using the AA6A rabbit polyclonal antibody on a western blot.
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Human prostate cancer cell lines expressing cleavable and non-cleavable integrin α6
The cleaved form of integrin α6, α6p, has been observed in human prostate cancer
specimens and not in the adjacent normal human prostate tissue (38). In order to study the
biological significance of this cleavage, prostate cancer cell line PC3N were transfected
with wild type cleavable integrin α6 generating the PC3N-α6-WT. PC3N cells were also
transfected with the mutated non-cleavable integrin α6 in which the residues R594 and
R595 were substituted by residues A594 and A595 resulting in the generation of the
PC3N-α6-RR cell line. These cells over express the wild type or the mutated integrin α6
respectively, in presence of doxycycline, to equivalent levels as estimated by western blot
(Fig. 10). GFP constructs were also transfected along with the wild-type and mutated
integrin α6 to give PC3N-α6-WT-GFP and PC3N-α6-RR-GFP cells, which expressed
the green fluorescent protein as well as the wild-type or mutant integrin α6 (Fig. 11A
and B). The erythroleukemia cell line K562 does not express any integrin α6 (Fig. 12).
These cells were transfected to express the wild-type and mutated integrin α6 generating
K562-α6-WT and K562-α6-RR cell lines respectively (Fig. 13). It should be noted that
in the absence of doxycycline, both the PC3N-α6-WT and the PC3N-α6-RR cells contain
similar levels of endogenous integrin α6 (Fig. 13A). In order to determine if the
transfected wild type and mutated integrin α6 could pair with the endogenous integrin
β1, immunoprecipitations were performed on doxycycline induced PC3N-α6-RR and
PC3N-α6-WT cells using anti-integrin α6 or β1 antibodies and analyzed by western
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Figure 10 Equivalent amounts of integrin α6 induced in PC3N-α6-WT and PC3Nα6-RR cells by different concentrations of Doxycycline.
Cell lysates were analyzed for expression levels of integrin α6 in PC3N-α6-WT and
PC3N-α6-RR cells induced by different concentrations of doxycycline (0.00001 µg/ml –
0.01 µg/ml). The α6 integrin was detected using the AA6A rabbit polyclonal antibody on
a western blot. Actin was used as a loading control.
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Figure 11. GFP (A) and integrin α6 (B) expression in transfected PC3N-α6-WT and
PC3N-α6-RR induced by doxycycline (0.02 µg/ml)
A. PC3N-α6-WT and PC3N-α6-RR cells transfected with GFP and wild-type or
mutant integrin α6 were treated with 0.02 µg/ml doxycycline. The GFP
expression was visualized using a Zeiss Axiovert microscope at 40 X
magnification.
B. Cell lysates were analyzed for expression levels of integrin α6 in PC3N-α6-WT
and PC3N-α6-RR cells stimulated by 0.02μg/ml doxycycline. The integrins α6
(140 kD) and α6p (~75 kD) were detected using the AA6A rabbit polyclonal
antibody recognizing the α6 integrin cytoplasmic domain by western blot
analysis.
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Figure 12. Erythroleukemia cell line K562 transfected to express wild-type (K562α6-WT) and mutated integrin α6 (K562-α6-RR).
Cell lysates were analyzed for expression levels of integrin α6 in K562, K562-α6-WT
and K562-α6-RR cells induced by 0.02 μg/ml doxycycline. The cells were treated with
20 μg/ml uPA and cell lysates were analyzed by SDS-PAGE. The integrins α6 (140 kD)
and α6p (~70 kD) were detected using the AA6A rabbit polyclonal antibody on a western
blot.
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blotting to detect the α6 integrin. The results indicated that both the induced wild type
and mutant α6 interacted with the β1 subunit (Fig. 13B).

Next, the ability of exogenously supplied uPA to cleave the induced integrin forms was
tested. Doxycycline induced PC3N-α6-WT and PC3N-α6-RR cells were treated with
20μg/ml uPA for up to 120 min. Consistently increasing levels of integrin α6p, from 0
time to 120 min, in the PC3N-α6-WT cells were observed. The increase in integrin α6p
levels was observed with a corresponding decrease in the full-length integrin α6 levels
(Fig. 14A). In the PC3N-α6-RR cells, however, no formation of integrin α6p was seen
(Fig. 14B). The faint bands that are visible in the blot are due to α6p generated from
endogenous expression of the wild type integrin α6 (Fig. 14B). These data indicated that
the induced wild type integrin α6 was cleavable by exogenously supplied uPA in a time
dependent manner whereas the mutant integrin was resistant to cleavage. The data shows
that the mutation due to the change from the arginine residues (R594, R595) to alanine
residues prevents uPA-mediated cleavage of integrin α6 to α6p (Fig. 14B).

The R594R595-A594A595 mutation does not alter substrate affinity of uPA for
integrin α6.
uPA cleaves integrin α6 to integrin α6p using the integrin as a substrate. In order to
determine if the R594R595 to A594A595 mutation in the integrin α6 altered its efficacy
as a substrate for uPA a competition uPA activity assay was carried out where the wild-
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Figure 13. Induction and expression of integrin α6 heterodimers in transfected cells.
A. Cell lysates were analyzed for expression levels of integrin α6 in PC3N-α6-WT
and PC3N-α6-RR cells under unstimulated ((-) Dox) or stimulated ((+) Dox)
conditions. The doxycycline concentration was 0.02μg/ml. The α6 integrin was
detected using the AA6A rabbit polyclonal antibody on a western blot. Actin was
used as a loading control.
B. The wild type and mutated integrin α6 binds to integrin β1. Immunoprecipitations
were done for integrin α6 and integrin β1 in doxycycline (0.02μg/ml) induced
PC3N-α6-WT and PC3N-α6-RR cells using rat anti-integrin α6 antibody J1B5
and mouse anti-integrin β1 TS2/16. Rabbit anti-integrin α6 antibody AA6A was
used for western blotting.
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Figure 14. PC3N-α6-RR cells express the uPA non-cleavable form of the integrin
α6.
A. PC3N-α6-WT cells were treated with 20 μg/ml uPA over time and the lysates
analyzed by PAGE. The integrins α6 (140 kD) and α6p (~75 kD) were detected
using the AA6A rabbit polyclonal antibody recognizing the α6 integrin
cytoplasmic domain by western blot analysis. Actin (~40kD) was used as a
loading control.
B. PC3N-α6-RR cells were treated with 20 μg/ml uPA over time and the lysates
analyzed by PAGE. The integrins α6 (140 kD) was detected using the AA6A
rabbit polyclonal antibody recognizing the α6 integrin cytoplasmic domain by
western blot analysis. Actin (~40kD) was used as a loading control.
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type and mutated integrin α6 were treated with uPA in presence of its standard substrate.
Different concentrations of integrin α6 immunoprecipitates (0 to 25 μg) were mixed with
standard substrate provided in the kit and then treated with uPA. The fluorescence
resulting due to the interaction of uPA with the standard substrate was measured. The
results indicate that no significant difference was observed after 30 min incubation at 37
deg C. indicating that the mutation did not affect the substrate affinity of uPA for the
integrin α6 (Fig. 15).

In order to determine if the mutation affected the binding ability of uPA to the integrin
α6, integrin α6 was immunoprecipitated from doxycycline induced, uPA treated PC3Nα6-WT and PC3N-α6-RR cells using anti-integrin α6 antibody J1B5 and analyzed by
western blotting to detect the α6 integrin and uPA. uPAR immunoprecipitation was
carried out as a positive control for a uPA complex. Neither the wild type nor the mutant
integrin α6 were found to complex with uPA under the conditions used. However uPA
was observed to be complexed with uPAR (Fig. 16A). uPA was not able to cleave the
mutated integrin α6 but wild type integrin α6 was processed to α6p (Fig. 16B). These
data suggest that the mutation alters the ability of uPA to cleave integrin α6.
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Figure 15. The R594R595-A594A595 mutation does not alter substrate affinity of
uPA for integrin α6.
Integrin α6 from PC3N-α6-WT and PC3N-α6-RR (0 to 25 μg) was immunoprecipitated
using J1B5 antibody and treated with a mixture of uPA and its chromogenic substrate
(provided in the uPA activity kit). The mixture was incubated for 30 min and read
fluorescence was read on a Elx800 UV universal microplate reader at 405 nm. The black
line (antibody only), red line (mutated integrin α6 IP) and blue line (wild-type integrin
α6 IP) trace the O.D. at the corresponding integrin α6 concentrations.
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Figure 16. uPA does not form a complex with wild-type or mutated integrin α6 but
cleaves wild-type integrin α6.
A. uPA does not complex with wild type or mutated integrin α6. Doxycycline
(0.02μg/ml) induced PC3N-α6-WT and PC3N-α6-RR cells were treated with 20
μg/ml uPA for 3 hours and cells were lysed in RIPA lysis buffer and sonicated.
Immunoprecipitations (IP) were carried out for wild type (WT α6) and mutated
(RR α6) integrin α6 using rat anti-integrin α6 antibody J1B5 and for uPAR using
mouse anti-uPAR antibody. Rabbit anti-uPA antibody was used for western
blotting.
B. uPA cleaves wild type integrin α6 to α6p. Doxycycline (0.02μg/ml) induced
PC3N-α6-WT and PC3N-α6-RR cells were treated with 20 μg/ml uPA for 3
hours and cells were lysed in RIPA lysis buffer and sonicated.
Immunoprecipitations (IP) were carried out for wild type (WT α6) and mutated
(RR α6) integrin α6 using rat anti-integrin α6 antibody J1B5 and for uPAR using
mouse anti-uPAR antibody. Rabbit anti-integrin α6 antibody AA6A was used for
western blotting.
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Blocking of integrin α6 cleavage reduces rate of induced cell migration.
Previous studies have demonstrated that TPA induces cell migration in migration assays
(91). Earlier work has shown that the cleavage of integrin α6 to α6p can be induced by
TPA in a uPA mediated manner (38). Therefore in order to determine the significance of
the cleavage of integrin α6 to α6p on cell migration, PC3N-α6-WT and PC3N-α6-RR
cells were grown on a Laminin-1, Fibronectin, Collagen IV and Laminin-5 coated
coverslips. Migration was induced by scratching (92) and EGF stimulation in the absence
of serum in the media. On Laminin-1 coated coverslips, approximately 10% of the
PC3N-α6-WT cells had migrated into the scratch by 6 hrs whereas approximately 5% of
the PC3N-α6-RR cells were observed in the scratch at the same time point. By 12 hours
approximately 32% PC3N-α6-WT cells and only 5% PC3N-α6-RR cells had migrated
into the scratch (Fig. 17). Comparing the migration of the wild type integrin α6
expressing PC3N-α6-WT cell lines on different ligands at 12 hours after inducing
migration, approximately 12% migrated on fibronectin, approximately 4% on collagen IV
and approximately 10 % on laminin-5 as compared to the 32% migration on laminin-1
(Fig. 17). The mutant α6 expressing PC3N-α6-RR cells migrated 5% on fibronectin, 4%
on collagen, 7% on laminin-5 and 5% on laminin-1 (Fig. 17). These data indicate that, on
laminin-1 at 12 hours, there was approximately 6.4 fold difference between the number
of PC3N-α6-WT and PC3N-α6-RR cells migrating into the scratch (Fig. 17A). A 2.4
fold difference on fibronectin (Fig. 17B), a 1.4 fold difference on laminin-5 (Fig. 17C)
and no significant difference on collagen IV was observed (Fig. 17D).
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Figure 17. Migration of PC3N-α6-WT and PC3N-α6-RR cells on Laminin-1,
Collagen IV, Fibronectin and Laminin-5 and reduction in migration by PAI-1.
Doxycycline (0.02 μg/ml) induced PC3N-α6-WT and PC3N-α6-RR cells were grown to
confluency on glass coverslips precoated with Laminin-1, Fibronectin, Collagen IV or
Laminin 5. Migration was induced by scratching across the coverslip and addition of
1ng/ml EGF. The cells were fixed and stained with DAPI immediately (0) or after 3,6,9
or 12 hours of incubation at 37oC. Images were collected using a Zeiss Axiovert
microscope at 10 X magnification. The % of migrating cells was determined by using
Scion Image software to detect the number of cells entering the scratch / total number of
cells X 100.
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The next assay was carried out to test if blocking uPA activity would inhibit migration on
laminin-1. A known uPA inhibitor, PAI-1 was added to the cells after migration was
induced. Only 2% PC3N-α6-WT cells migrated into the scratch at 3 hrs and no further
migration was observed as compared to the 32% in absence of PAI-1 (Fig. 17A). These
observations indicate that uPA mediated cleavage of integrin α6 to α6p facilitates
migration on laminin-1.

Integrin α6p is induced in migrating cells
Since the above-mentioned data suggests that integrin α6p facilitates migration, the next
question addressed was if there would be α6p induction, in the absence of exogenously
supplied uPA, in cells induced to migrate by scratching. The doxycycline induced PC3Nα6-WT and PC3N-α6-RR cell monolayers were scratched to induce migration and
analyzed for the presence of the integrin α6p. Comparable levels of full-length integrin
α6 were observed in the scratched and unscratched PC3N-α6-WT cells. A dramatic
increase in integrin α6p levels was observed in the scratched, migrating PC3N-α6-WT
cells. As expected, comparable levels of full-length integrin α6 and integrin α6p were
observed in the scratched and unscratched, mutant integrin α6 expressing PC3N-α6-RR
cells (Fig. 18).
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Figure 18. Induction of α6p in scratched PC3N-α6-WT cells.
Doxycycline (0.02 μg/ml) induced PC3N-α6-WT and PC3N-α6-RR cells were grown to
confluency in a tissue culture dish, scratched and incubated overnight in fresh IMDM
medium. The cells were then lysed and the integrin α6 detected using SDS-PAGE. The
integrins α6 (~140 kD) and α6p (~75 kD) were detected using the rabbit antibody AA6A
specific for the integrin α6 cytoplasmic domain. Actin (~40kD) was used as a loading
control.
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Integrin α6 cleavage modulates ERK and FAK phosphorylation
Integrins are initiators of many signaling cascades involving extracellularly-responsive
kinase (ERK) and Focal Adhesion Kinase (FAK) (93-98). These pathways play important
roles in cell adhesion, migration and tumor growth. In order to determine if the
prevention of integrin α6 cleavage altered these signals erythroleukemia cell lines K562
and the wild-type and mutated integrin α6 expressing K562-α6-WT and K562-α6-RR
were treated with uPA after growing them on Laminin 10 coated plates. It was observed
that uPA treatment increased phosphorylation of ERK in the K562 cell line and the
K562-α6-WT cell line. There was no significant increase in the phospho-ERK levels in
uPA treated K562-α6-RR cell lines indicating that the integrin α6 cleavage enhanced
ERK phosphorylation (Fig. 19).

Induction of integrin α6p on scratching was observed in the wild-type integrin α6
expressing PC3N-α6-WT cells and not in the mutant integrin α6 expressing PC3N-α6RR cells (Fig. 18). It is also known that the PC3N-α6-WT cells migrate at a greater rate
than the PC3N-α6-RR cells (Fig. 17). ERK and FAK are known to regulate cell
migration. In order to determine if inducing migration by scratching the cells induced
phosphorylation of ERK or FAK, doxycycline induced PC3N-α6-WT and PC3N-α6-RR
cells were grown to confluency and scratched. The cells were treated with sodium
vanadate to prevent dephosphorylation and lysed at different time points upto 60 minutes
after scratching. The lysates were analyzed by SDS-PAGE and western blotted for
phospho-ERK, total ERK, phospho-FAK and total FAK. The data indicates that there is
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Figure 19 Integrin α6 cleavage enhances ERK phosphorylation
K562 and doxycycline induced K562-α6-WT and K562-α6-RR cells were grown on
laminin 10 coated plates overnight and then treated with 20 μg/ml uPA for 3 hrs at 37
deg. C. The cells were treated with sodium vanadate, lysed and analysed by SDS-PAGE
and western blotted for phospho ERK (~40 kD) and total ERK (~38 kD).
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an earlier and stronger phospho-ERK signal observed in the cleavable PC3N-α6-WT
cells where a strong signal is detected 10 min after scratching and peaks at 20 minutes
and gradually decreases by 60 minutes. In the PC3N-α6-RR cells, however, there is a
gradual increase in the phospho-ERK signal after scratching, beginning at 10 min.,
peaking by 30 mins and remaining constant till 60 mins.(Fig. 20). A similar pattern is
observed in the phospho-FAK signal where the signal peaks 20 min after scratching the
PC3N-α6-WT cells and gradually subsides by 60 mins. In the PC3N-α6-RR cells the
phosph-FAK signal remains constant from 10 min to 60 min.(Fig. 20). The data suggests
that integrin α6 cleavage is required to modulate the phospho-ERK and phospho-FAK
signal to carry out efficient migration of the cells.

DISCUSSION
In this study the residues R594 R595 have been identified by mutagenesis, as essential
for integrin α6 cleavage. Mass spectrometry data previously indicated the presence of
R596 at the amino terminal end of the integrin α6 indicating that the cleavage could
occur between R595 and R596. Both residues, R594 and R595, require mutation in order
to prevent cleavage of the integrin α6 (Fig. 6A). The data further indicate that the R594
R595 to A594 A595 substitution does not affect the ability of the integrin to bind to its β
partner or become resident on the cell surface. On treatment with uPA, cleavage of
integrin α6 to α6p was detected in the PC3N-α6-WT cells and was absent in PC3N-α6RR cells. A majority of the α6-WT integrin is cleavable by uPA. The α6-WT that is not
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Figure 20. Integrin α6 cleavage modulates Erk and FAK phosphorylation
Doxycycline induced PC3N-α6-WT and PC3N-α6-RR cells were grown on laminin 5
coated plates overnight and then scratched and incubated over 60 min at 37 deg. C. The
cells were treated with sodium vanadate, lysed and analysed by SDS-PAGE and western
blotted for phospho ERK (~40 kD) and total ERK (~38 kD) and phospho FAK (~200 kD)
and total FAK (~116 kD).
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cleavable by uPA is either protected from cleavage while resident on the cell surface or
based upon previous findings, has not yet reached the cell surface (7). Experiments
examining protein-protein interactions that may regulate integrin α6 cleavage on the cell
surface are presented in chapter V. The rat and mouse integrin α6 contains both the
R594 and R595 residues present in human integrin α6, suggesting that rat and mouse
integrin α6 would undergo uPA-mediated cleavage. Simplified model systems may be
useful to study the physiological effects of uPA-mediated cleavage of integrin α6 to α6p
in vivo.

This study has demonstrated that the induction of integrin α6p occurs in cells induced to
migrate. Urokinase has been immunohistochemically shown to be present at the leading
edge in wound healing experiments (99, 100). This suggests that the presence of uPA at
the leading edge will cleave integrin α6 to α6p. The data indicates that uPA activity is
required for migration (Fig. 17A), however the mutation does not affect its substrate
affinity (Fig. 15). While uPA is clearly required for cleaving integrin α6 to α6p, it is not
the sole determinant for this event to occur. Excess of uPA does not result in complete
conversion of surface integrin α6 to α6p, even over longer time periods. As stated earlier,
one determinant includes accessibility since intracellular integrin α6 is not accessible to
uPA for cleavage (37). Another potential determinant is accessibility of the site after the
integrin is on the cell surface. Biotinylation of cell surfaces followed by uPA treatment
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does not result in complete conversion of integrin α6 to α6p. It is possible that the known
lateral associations of the tetraspanin proteins could influence α6 integrin cleavage.
The integrin α6 is a laminin receptor interacting with laminin-1 or laminin-5 depending
on its β subunit binding partner. Integrin α6β4 binds to laminin-5 where as laminin-1 is
the major ligand for integrin α6β1. The data suggest a role of integrin α6β1 cleavage in
facilitating cell migration on laminin-1. Since the cleavage of the integrin results in the
loss of the ligand-binding domain, this may be a mechanism for dynamic cell detachment
from the ligand to facilitate migration. The migration may also be due to integrin
switching resulting in a change from an adhesive phenotype to a migratory phenotype.
Work by others has demonstrated a required co-ordination of the leading and “retraction”
edge of the cell surface for cell migration (101). The development of α6p specific
reagents would allow localization studies in both migrating cells in vitro and the
repopulation of wounded tissue.

It is interesting that integrin α6p appears as a doublet at approximately 75 kDa when
migration is induced by scratching or after treatment with uPA in the K562 overexpressing cell lines. These two forms are presumed to represent altered levels of posttranslational modifications like glycosylation and palmitoylation resulting in altered
molecular weight (102-104). Five of the nine putative glycosylation sites on integrin α6
are retained on integrin α6p (37). Hence the two forms of integrin α6p observed in the
western blot may correspond to such modified integrins.
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Integrin α6 cleavage plays a major role in cell migration. Data in Figures 19 and 20
indicate that the cleavage not only affect the cell-ECM interaction but may enhance cell
migration by modulating the signaling pathways involving ERK and FAK intracellularly.
It was observed that the signals initiated in the PC3N-α6-RR cell line remain at elevated
levels while in the PC3N-α6-WT cells they ebb after peaking. This may regulate the
cytoskeletal rearrangement in the cell for it to migrate efficiently.

Taken together, the data suggest that the integrin α6 undergoes uPA-mediated cleavage at
residues R594 R595 in a time dependent manner enhancing cell migration on Laminin-1.
Further understanding of factors regulating integrin cleavage holds promise for either
modulating or detecting early tumor cell migration. Future work will be directed towards
understanding the regulatory features dictating the cleavage of the integrin α6 on the
tumor cell surface.
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IV.

INTEGRIN α6 CLEAVAGE ENHANCES OSTEOLYTIC
ACTIVITY IN MURINE BONE.

INTRODUCTION
Of the estimated 570,280 people in the United States who will die of cancer in 2005,
almost all will have metastasis (105). Prostate cancer metastasizes to the bone eliciting
osteolytic and osteoblastic reactions associated with incapacitating bone pain and fracture
(106-109). Treatment for bone metastases is palliative, including radiation therapy,
bisphosphonate therapy, vertebralplasty, or pain management strategies (110). A better
understanding of mechanisms underlying tumor metastasis and invasion within the bone
environment may lead to the development of better treatment for bone metastasis. Three
recent discoveries prompted the work presented here. First, metastatic human prostate
tumor cells continue to express integrins that function as laminin 5 and 10 extracellular
matrix receptors (38). Second, laminins 5 and 10 are major constituents of the human
bone marrow matrix (111, 112). Third, the integrin α6β1 laminin receptor is uniquely
processed on human prostate tumor cells isolated from metastatic lesions by uPA (38).
Studies have shown that uPA is important in establishment of the prostate cells in the
bone marrow and that osteoblast-conditioned medium stimulates uPA production in
prostate cancer cells (113-115). These facts, combined with the known importance of the
interaction of tumor cells with the extracellular matrix in the new metastatic environment
of the bone to elicit complex adverse processes such as bone loss and pain prompted this
study. It was tested whether altered forms of the laminin adhesion receptor integrin α6β1
on PC3N human prostate tumor cells changes tumor growth and cancer-induced bone
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loss and pain within the laminin containing bone matrix. PC3N-α6-RR cells overexpressing mutated uncleavable integrin α6β1 were found to be less invasive into the
bone, produced less bone loss and did not elicit pain behaviors when injected into the
intramedullary space of the mouse femur. In contrast, femoral injection of PC3N-α6-WT
cells over-expressing wild-type integrin α6β1 produced more tumor invasion into the
bone, bone loss, and pain behaviors compared to mice injected with parental PC3N cells
expressing unaltered α6β1 receptors. These data indicate that clipping of the integrin
α6β1 receptor confers an advantage for cancer growth and invasion in the bone, cancerinduced osteolytic activity and associated pain.

MATERIALS AND METHODS
Details of antibodies, chemicals and cell lines used for this work are can be found in
Chapter II.

Surgery
Animals were anesthetized with ketamine/xylacine and an arthrotomy was performed
exposing the condyles of the distal femur. A hole was drilled into the femur, and the
needle was inserted into the hole. Faxitron images were taken on 2 planes to verify needle
placement inside the intramedullary space of the femur. Doxycycline induced and
uninduced PC3N-α6-WT, or PC3N-α6-RR cells (106 in 5 μl of filtered minimal essential
medium (MEM) containing 1% bovine serum albumin (BSA) or 5 μl of filtered MEM
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containing 1% BSA alone (control)) were injected into the intramedullary space of the
mouse femur of the right leg and the injection site was sealed with dental amalgam.

Behavioral Pain Measures
Movement-evoked pain. Limb use was assessed as previously described (109). The mouse
was placed in an empty mouse pan and observed while walking across the pan in a
continuous motion. Limping and/or guarding behavior of the right (sarcoma treated) hind
limb was rated on the following scale: 0=complete lack of use, 1=partial non-use,
2=limping and guarding, 3=limping, 4=normal walking.
Spontaneous pain. To assess flinching and guarding behavior, animals were placed in
raised plexiglass chambers with a wire grid floor for observation of flinching and
guarding of the right hind limb. The mice were allowed to acclimate to the chamber for
20 minutes. Guarding and flinching behaviors of each mouse were measured for 2
minutes. The number of flinches was counted, and the time spent guarding the foot (the
foot is lifted off of the floor) was measured.
Tactile hypersensitivity (allodynia). Paw withdrawal thresholds from von Frey filaments
were determined in the manner described by Chaplan et al. (1994) (116). Paw withdrawal
threshold was determined in response to probing with calibrated von Frey filaments. The
mice were kept in suspended cages with wire mesh floors and the von Frey filament was
applied perpendicularly to the plantar surface of the paw of the mouse until it buckled
slightly, and was held for 3-6 sec. A positive response was indicated by a sharp
withdrawal of the paw. The 50% paw withdrawal threshold was determined by the non-
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parametric method of Dixon. An initial probe equivalent to 2 g was applied and if the
response was negative, the stimulus was incrementally increased until a positive response
was obtained, then decreased until a negative result was obtained. This up-down method
was repeated until 3 changes in behavior were determined, and the pattern of positive and
negative responses was tabulated. The 50% paw withdrawal threshold was determined as
(10[Xf+k* ])/10,000, where Xf = the value of the last von Frey filament employed, k =
Dixon value for the positive/negative pattern, and * = the mean (log) difference between
stimuli. Data were converted to % anti-allodynia by the formula: % anti-allodynia = 100
x (test value - post-treatment baseline value)/(pretreatment baseline - post-treatment
baseline value).

Determination of bone destruction.
To determine the time-course of bone destruction, radiographs were taken prior to the
injection of the cancer cells (baseline, BL), and 7, 14, and 21 days following induction of
bone cancer using a Faxitron machine (Source). Images were captured by a digital
camera and transferred to computer and saved in digital grayscale format (TIFF). Bone
loss was rated according to the following 5 point scale: 0 = normal, 1 = bone loss
observed in less than half of the distal third of the bone, 2 = bone loss observed in more
than half of the distal third of the bone, no fracture, 3= full thickness unicortical bone loss
indicating unicortical bone fracture, 4= full thickness bicortical bone loss indicating
bicortical bone fracture.

81

Histological analysis of bone.
Mice were sacrificed at day 19, a time prior to high fracture rates in PC3N-WT femurs.
Mice were deeply anesthetized with ketamine and perfused intracardially with 25 ml of
0.1 M PBS followed by 25 ml of 10% neutral buffered formalin. Ipsilateral femora were
removed and postfixed overnight in 10% neutral buffered formalin. Femora were rinsed
in water to remove formalin prior to being placed in Decal solution (RDO-Apex, Aurora,
IL), for an hour to achieve decalcification. Bones were rinsed in water and placed in
ethanol before embedding in paraffin and sectioning. Femura were cut in the frontal plane
3 μm thick and stained with hematoxylin and eosin to visualize normal marrow elements
and cancer cells under bright field microscopy.

RT-PCR
Bone marrow was extracted from the bones by flushing bone cavity with PBS. Total
RNA was obtained from bone marrow and PC3N-α6-WT and PC3N-α6-RR cells by
extraction with TRIzol reagent (Invitrogen Corp., Carlsbad, CA, U.S.A.) according to the
manufacturer’s protocol. RNA samples were evaluated for integrity of 18S and 28S
rRNA by ethidium bromide staining of 1 mg of RNA resolved by electrophoresis on a
1.0% agarose/formaldehyde gel. CDNA was prepared using High Capacity cDNA
Archive kit (Applied Biosystems, Foster City, CA, U.S.A.) as per manufacturer’s
instructions. The primers targeted the mutation (R594R595 to A594A595) in the PC3Nα6-RR integrin α6 and were 5’-CTC TGC TGC GCG AGT GAA TTC-3’ and 5’-TGT
CTT GAT TTC CTT CTC GGG T-3’ (150 bp). The GAPDH primers used were 5’-TGG
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TAT CGT GGA AGG ACT CAT GAC-3’ and 5’-AGT CCA GTG AGC TTC CCG TTC
AGC-3’ (181 bp). PCR products were electrophoresed on an 2% agarose gel and
visualized with Ethidium Bromide staining.

RESULTS
Prostate cancer cell lines expressing cleavable and uncleavable integrin α6
Prostate cancer cells PC3N were transfected with wild type cleavable or mutated
uncleavable integrin α6 generating the PC3N-α6-WT and PC3N-α6-RR cell lines. These
cells over express the wild type or the mutated integrin α6 respectively, in presence of
doxycycline, to equivalent levels as estimated by western blot (Fig. 21). PC3N, PC3Nα6-WT and PC3N-α6-RR were treated with 0.02μg/ml doxycycline and 20μg/ml uPA
and lysed. The lysates were analyzed by SDS-PAGE and western blotted for integrin α6.

Increased osteolytic activity and invasion in mouse femurs injected with PC3N-α6WT cells
Bone is a common metastasis site in prostate cancer. To determine the role of integrin α6
cleavage in the development of osteolytic lesions doxycycline induced PC3N-α6-WT and
PC3N-α6-RR cells were injected into the intramedullary space of the mouse femur (Fig.
22).
To determine the role of cleavage of the α6 integrin in the development of osteolytic
lesions, radiograph images of bones were taken in vivo prior to surgery and 14, and 21
days following surgery and were rated according to a 4 point scale in which 0 indicates
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Figure 21 Integrin α6 expression in PC3N, PC3N-α6-WT and PC3N-α6-RR cells.
Cell lysates were analyzed for expression levels of integrin α6 in PC3N, PC3N-α6-WT and
PC3N-α6-RR cells treated by 0.02 μg/ml doxycycline. The cells were treated with 20 μg/ml uPA
and cell lysates were analyzed by SDS-PAGE. The integrins α6 (140 kD) and α6p (~70 kD) were
detected using the AA6A rabbit polyclonal antibody on a western blot. Actin was used as a
loading control.

84

Figure 22. Injection of prostate cancer cell lines into the intramedullary space of the
mouse femur.
Animals were anesthetized and an arthrotomy was performed exposing the condyles of
the distal femur. A hole was drilled into the femur, and the needle was inserted into the
hole. Faxitron images were taken to verify needle placement inside the intramedullary
space of the femur. PC3N-α6-WT or PC3N-α6-RR cells, 106 in 5 μl of filtered minimal
essential medium (MEM) containing 1% bovine serum albumin (BSA) or 5 μl of filtered
MEM containing 1% BSA alone (control) was injected into the intramedullary space of
the mouse femur of the right leg and the injection site was sealed with dental amalgam.
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normal bone and 4 indicates full thickness bicortical bone loss (Fig. 23B). All animals
treated with PC3N-α6-RR and PC3N-α6-WT cells developed bone loss, particularly in
the distal third of the bone, by 21 days following surgery (Fig. 23A). Animals treated
with PC3N-α6-RR developed minimal bone loss throughout the study irrespective of
whether the cells had been pre-treated with doxycycline. In contrast, mice treated with
PC3N-α6-WT cells showed a time-dependent increase in bone loss. Doxycycline pretreated PC3N-α6-WT cells developed significantly more bone loss by 14 days post
surgery than any other group, including uninduced PC3N-α6-WT cells. On day 19, mice
treated with doxycycline induced PC3N-α6-WT cells demonstrated dramatic bone loss
and all mice had fractures. In contrast, uninduced PC3N-α6-WT demonstrated fewer
fractures. Only 75% of mice had fractures, with 33% of the mice showing bi-cortical
fractures compared to 50% of mice treated with doxycycline induced PC3N-α6-WT (Fig.
23C). These data indicate that cleavage of integrin α6 plays an important role in the
development of bone loss induced by prostate cancer within the bone environment.
Histological evidence further demonstrates the invasion of the bone cortex by induced
PC3N-α6-WT cells. Mice were sacrificed at day 19 and the ipsilateral femora were
removed and postfixed in formalin and decalcified by placing in Decal solution. The
bones were then embedded in paraffin, sectioned and stained with hematoxylin and eosin
and visualized by bright field microscopy. The specimens from bones injected with
medium did not show any cortical invasion by cancer (Fig. 24A). The bones injected with
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Figure 23. Increased osteolytic activity in femurs injected with PC3N-α6-WT cells.
A. Doxycycline induced PC3N-α6-WT and PC3N-α6-RR cells were injected in the
intramedullary space of the femur. Radiographs of the femurs were taken 14 and
21 days post surgery.
B. Radiographs showing typical bone loss in the ipsilateral femurs of mice 21 days
following injection of control medium, PC3N-α6-RR, or PC3N-α6-WT into the
femur.
C. Bone loss was rated according to the following 5 point scale: 0 = normal, 1 =bone
loss observed in less than half of the distal third of the bone, 2 = bone loss
observed in more than half of the distal third of the bone, no fracture, 3= full
thickness unicortical bone loss indicating unicortical bone fracture, 4= full
thickness bicortical bone loss indicating bicortical bone fracture. Bone loss was
graded on radiographs at day 14 and day 21 post-surgery in femurs injected with
uninduced PC3N-α6-RR (light blue), induced PC3N-α6-RR (green), uninduced
PC3N-α6-WT (dark blue) and induced PC3N-α6-WT (red).
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Figure 24. Invasion of the bone matrix after injection with prostate cancer cells
H&E staining of mouse femurs injected with medium (A), PC3N-α6-WT (B) or PC3Nα6-RR (C) show cancer cells within the distal end of the femur. PC3N-α6-WT (B) cells
show more invasion into the cortical part of the femur (arrows) than the PC3N-α6-RR
cells (C), corresponding to the enhanced bone loss observed in this area in the
radiographs of the PC3N-α6-WT treated mice. Control bones that had been injected with
filtered MEM show normal bone marrow within the intramedullary space (A).
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doxycycline induced PC3N-α6-WT demonstrated cancerous tissue and invasion of the
bone cortex (Fig. 24B). The bones with the doxycycline induced PC3N-α6-RR cells
injected in them demonstrated the presence of cancer but no cortical invasion was
observed (Fig. 24C).
Behavioral analysis of spontaneous and evoked pain
A major clinical aspect of bone metastasis is pain management. Behavioral analyses of
spontaneous and evoked pain were determined to evaluate the role of cleavage of the
integrin α6 on the development of cancer pain behaviors. Mice treated with the PC3Nα6-WT cells developed evoked pain behaviors as indicated by development of tactile
allodynia and movement evoked pain. Moreover, mice treated with doxycycline pretreated PC3N-α6-WT cells showed significantly lower paw-withdrawal thresholds to
probing with von Frey filaments compared to mice treated with PC3N-α6-WT cells that
did not receive doxycycline pre-treatment (Fig. 25A).
PC3N-α6-RR treated mice failed to develop tactile allodynia throughout the test period
(Fig 25A). Mice treated with doxycycline pre-treated PC3N-α6-WT cells also developed
movement evoked pain 19 days following surgery, with 63% of the mice showing
limping behavior (Fig 25B). Movement-evoked pain was not observed in mice treated
with the PC3N-α6-WT cells that did not receive doxycycline pre-treatment or the PC3Nα6-RR cells, as limb use during normal ambulatory movement was no different from
baseline or control animals throughout the 19 day testing period (Fig 25B). These data
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indicate that clipping of integrin α6 plays an important role in the development of evoked
pain behaviors.

Mice treated with the PC3N-α6-WT cells developed spontaneous pain behaviors as
indicated by development of flinching and guarding of the treated hind limb (Fig. 25
C,D). Mice treated with PC3N-α6-WT cells developed robust flinching behavior by 19
days post-surgery, as indicated by significantly more flinching behavior compared to
baseline or control animals (Fig 25C). In contrast, mice treated with PC3N-α6-RR cells
resistant to cleavage showed basal levels of flinching behavior throughout the study, (Fig
25C). Mice treated with doxycycline pre-treated PC3N-α6-WT cells also developed
guarding behavior, with 30% of the mice showing guarding behavior by day 14 and 63%
of the mice showing guarding behavior by day 19 (Fig 25D). Mice treated with PC3Nα6-WT cells that did not receive doxycycline pre-treatment showed less guarding
behavior, with no mice showing guarding behavior at day 14, and 17% of the mice
showing guarding behavior on day 19. These data indicate that cleavage of integrin α6
plays an important role in bone remodeling leading to the demonstration of spontaneous
pain behaviors.

These data indicate that the uPA dependent cleavage of the integrin α6 in PC3N prostate
cancer cells is important in the development of cancer-induced bone loss and the
associated development of bone-cancer induced pain. Preventing clipping of integrin α6
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Figure 25. Evoked and Spontaneous pain profiles in control (no cells), uninduced
and induced PC3N-α6-WT and PC3N-α6-RR injected animals.
A. Withdrawl threshold: determined in response to probing with calibrated von Frey
filaments. The mice were kept in suspended cages with wire mesh floors and the
von Frey filament was applied perpendicularly to the plantar surface of the paw of
the mouse until it buckled slightly, and was held for 3-6 sec.
B. Limb use score – scale used: 0=complete lack of use, 1=partial non-use,
2=limping and guarding, 3=limping, 4=normal walking.
C. Foot flinches: animals were placed in raised plexiglass chambers with a wire grid
floor for observation of flinching and guarding of the right hind limb. The mice
were allowed to acclimate to the chamber for 20 minutes. Guarding and flinching
behaviors of each mouse were measured for 2 minutes.
D. Guarding : time spent guarding the foot (the foot is lifted off of the floor) was
measured.
Control (medium only): black bars; uninduced PC3N-α6-RR cells: light blue bars;
induced PC3N-α6-RR cells: green bars; uninduced PC3N-α6-WT cells: dark blue bars;
induced PC3N-α6-WT cells: red bars.
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in the PC3N-α6-RR cells slowed bone loss and drastically reduced development of
cancer-induced pain. In contrast, mice treated with the PC3N-α6-WT cells overexpressing the cleavable α6 integrin showed accelerated development of cancer-induced
bone loss and pain behavior.

Detection of the integrin α6p in bone marrow extracts 21 days post-surgery.
The bone environment is rich in proteases. In order to determine if integrin α6p was
induced in the PC3N-α6-WT cell injected femurs, bone marrow from the bones was
extracted by flushing the bones with PBS. The cells thus retrieved were lysed and the
lysates analyzed by SDS-PAGE. A western blot for integrin α6 demonstrated the
presence of integrin α6p protein in the bone marrow extract from bones injected with
doxycycline induced PC3N-α6-WT cells. No integrin α6p was observed in the bone
marrow extracts from bones injected with uninduced PC3N-α6-WT, PC3N-α6-RR or
induced PC3N-α6-RR cells (Fig. 26A). It should be noted that integrin α6 is present in
the bone marrow cells as demonstrated by the first lane in Figure 26A. These results
indicate that proteases present in the bone microenvironment can cleave integrin α6 to
α6p enhancing osteolysis as observed in figure 23.

From the abovementioned data, it was possible that the α6p detected was being generated
from the integrin α6 in the bone marrow cells, though no α6p integrin was observed in
the PC3N-α6-RR treated cells. Therefore it was important to confirm the proliferation of
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Figure 26. Generation of the integrin α6p in bone marrow extracts 21 days postsurgery.
A. Bone marrow was extracted from the femurs injected with PC3N-α6-WT and
PC3N-α6-RR 21 days post-surgery. The lysates were analyzed by SDS-PAGE.
The integrins α6 (~140 kD) and α6p (~75 kD) were detected using the rabbit
antibody AA6A specific for the integrin α6 cytoplasmic domain.
B. Expression of the mutated integrin α6 in bone marrow 21 days after injection of
PC3N-α6-RR cells in mouse femur. RNA was extracted from doxycycline
induced PC3N-α6-WT cells, PC3N-α6-RR cells, bone marrow 21 days after
injection of doxycycline induced PC3N-α6-WT or PC3N-α6-RR cells. PCR was
done on the cDNA generated from the RNA to detect and amplify the mutated
integrin α6. GAPDH amplification was carried out as control
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the prostate cancer cells in the bone cavity. In this experimental setup the best approach
was to attempt to detect the mutated integrin α6 message. In order to determine if the
mutated integrin α6 was being expressed 21 days after surgery, bone marrow from all the
bones was extracted by flushing the bone with PBS. RNA was extracted from the
retrieved tissue using TRIZOL and cDNA was prepared. Primers to the R594R595 to
A594A595 mutation were used to amplify the targeted sequence if present in cDNA from
all the tissue extracts with PCR. The PCR products were analyzed on a 2% agarose gel
and visualized with Ethidium Bromide staining. The mutated transcript was detected in
the PC3N-α6-RR cells and in the bone marrow extracts from femurs injected with
induced PC3N-α6-RR cells. It was, however, not detected in the PC3N-α6-WT cells and
in the bone marrow extracts from femurs injected with induced PC3N-α6-WT cells (Fig.
26B). These results demonstrated that the injected prostate cancer cells were proliferating
in the bone environment at least 21 days post surgery.

DISCUSSION
Prostate cancer often metastasizes to the bone. This study has demonstrated the
significance of integrin α6 celavage in the bone microenvironment. The increased bone
degradation in femurs injected with induced PC3N-α6-WT cells as compared to that in
PC3N-α6-RR injected bones demonstrates the ability of the cleaved integrin α6 to
enhance invasion and remodel the bone matrix. The degree of bone degradation observed
in the radiographs is corroborated by histologic analysis of the bones which demonstrate
high degree of invasion of cancer tissue into the bone cortex in PC3N-α6-WT injected
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bones. It is interesting to note that there is cancerous tissue present in the bones injected
with induced PC3N-α6-RR cells, however no cortical invasion is observed. The cleavage
of the integrin may be initiating a cascade of signaling events which could involve
activation of bone remodelling preoteases like the matrix metalloproteases known to play
an important role in the bone microenvironment. Hence the PC3N-α6-RR cells are
capable of causing cancer lesions but cannot degrade or invade the bone cortex.

Integrin α6p was detected in the degraded bones which had been injected with PC3N-α6WT indicating that proteases that can cleave the integrin α6 are present in the bone
microenvironment. These data suggest that the microenvironment of the bone is
conducive for processing proteins present on the metastatic cancer cell surface.

The presence of the mutant transcript in the bone marrow 19 days post-surgery indicate
the survival and proliferation of the injected induced PC3N-α6-RR cells and their
continued ability to express the mutated integrin α6.

Taken together, the data indicate that integrin α6 cleavage enhances bone degradation by
cortical bone invasion and remodeling of the bone microenvironment resulting in pain.
Strategies to prevent α6 integirn cleavage may result in the prevention of cancer bone
pain that is an inevitable consequence of metastasis.
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V.

INTEGRIN α6 CLEAVAGE BLOCKED BY INTERACTION
WITH TETRASPANIN CD151.

INTRODUCTION
The integrin family of proteins play major roles in normal cell adhesion, cell survival,
cell differentiation, cell-cell and cell-matrix interactions (27, 117). In prostate cancer
progression, there is a general repression of integrin protein expression, with the
exception of the integrins considered to be laminin receptors. The integrins α6β1, α6β4,
and α3β1 are laminin receptors, (118, 119) and these integrin pairs are associated with
the progression of many epithelial tumors (33, 120, 121). In particular, the α6 subunit is
continually expressed during prostate cancer progression and found in micrometastases
(33, 122, 123).

The presence of a cleaved form of the integrin α6 known as α6p has been previously
reported on prostate cancer cell culture surfaces; a finding that has been documented by
other groups. This form of the integrin is formed on the cell surface through the action of
a serine protease, urokinase-type plasminogen activator (uPA) and has a biological halflife three times longer than the full-length form (124). Mass spectrometry analysis
indicated the ligand-binding domain of the integrin is missing and that the cleavage site
on the integrin is located distal to a putative tetraspanin interaction site on the integrin
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(37, 125). Integrin α6p is present in prostate cancer but absent in normal prostate tissue
(38). Proteins that interact directly with integrins include the tetraspanin protein family.

The tertraspanins are a highly conserved family of proteins with four transmembrane
domains and are the subject of a recent review (69). There are 32 known tetraspanins in
mammals and they regulate cell migration, fusion and signaling events. Tetraspanin
CD151 is known to form complexes with integrins α6β4, α6β1 and α3β1 (Fig.27).
Tetraspanins like CD9, CD81, CD151 and CD82 regulate integrin dependent signaling
controlling apoptosis, cell proliferation, cell motility, cell migration and morphology
(Fig. 28) (66, 70, 87, 126). CD151 is present in the hemidesmosome in association with
integrin α6β4 (44) and association with the α6β1 integrin promotes adhesion
strengthening and cable formation in matrigel (127, 128).

The purpose of the study was to determine if a protein such as CD151, that interacts
directly with integrin α6β1 and α6β4, would protect or promote the cleavage of the a6
integrin. Complete conversion of surface exposed integrin α6 to α6p has not been
observed in cell lines. This suggested that there was a portion of the integrin α6 on the
cell surface that was being promoted or protected from uPA-mediated cleavage. This
study demonstrates that α6-CD151 complexes are resistant to uPA mediated cleavage
and that decreasing CD151 expression will increase the production of α6p.
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Figure 27. Tetraspanin interactions of laminin binding integrins.
Integrin α6β4, α6β1 and α3β1 are laminin binding integrins predominantly found in
epithelial cells. Different tetraspanins have specific interactions with each pair of
integrins. Though the tetraspanins are bound to the α subunit, the β subunit may dictate
the integrin–tetraspanin interaction specificity.
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Figure 28 Tetraspanin signaling. CD81 (and CD9) associate with PI4K, which locally
produces phosphoinositides, such as PtdIns(4,5)P2. This causes the recruitment and
activation of Shc. Subsequent Ras-mediated activation of ERK, p38 or JNK pathways
leads to proliferation or apoptosis. Caspase-3 activation might also contribute to CD9dependent regulation of apoptosis. Signaling through CD151 might negatively regulate
Ras–ERK/MAPK and Akt/PKB signaling in a cell adhesion-dependent manner. CD151
(together with associated laminin-binding integrins) also preferentially activates Rac (and
Cdc42) over Rho, leading to regulation of the actin cytoskeleton, cell spreading and
motility. Conversely, CD82 might suppress tumor cell invasion by down regulating
p130Cas and thereby decreasing Rac activation. The C-terminal tails of CD151 (and
CD81and CD9) contain PDZ-domain-binding motifs, and the tail of CD151 is essential
for its signaling and adhesion-strengthening functions. Possibly, PDZ-domain containing
proteins could connect these tetraspanins to signaling and cytoskeletal regulatory
events that affect adhesion strengthening, cell spreading and cell motility (69).
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MATERIALS AND METHODS
Details of antibodies, chemicals and cell lines used for this work are can be found in
Chapter II.

Endoglycosidase treatment
Resuspend washed IPs in 35 μl of non-reducing sample buffer 1 mU Endo H (Sigma, St.
Louis, MO, U.S.A.) diluted in 10% glycerol. Leave the IPs on a shaker at 37 deg. C
overnight. Wash the IPs the next day and analyze by SDS-PAGE.

siRNA Transfection
PC3N cells were transfected with a pool of 4 siRNA oligos targeting CD151, or a pool of
4 non-targeting siRNA oligos (Dharmacon RNA Technologies, Lafayette, CO) as per
manufacturer’s protocols with the DharmaFECT 2 reagent. The cells were incubated
with the siRNAs in standard conditions for 96 hours, afterwards cells were harvested and
RNA prepared.

Real-Time RT PCR
Total RNA was isolated from cells using TRIzol (Invitrogen Life Technologies, Inc.) and
DNased using a DNA-free kit (Ambion, Inc., Austin, TX) following standard protocols.
The total RNA was then purified with the RNeasy Mini Kit (Qiagen Inc., Valencia, CA)
using the protocol for RNA clean-up. Samples were set-up for real-time PCR using the
TaqMan One-Step RT-PCR Master Mix Reagents kit and appropriate Assays-On-
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Demand probe/primer sets (Applied Biosystems, Foster City, CA) according to the
manufacturer’s suggestions, and ran on a 5700 Real Time PCR System (Applied
Biosystems). Analysis was performed using the Relative expression software tool
(REST).

RESULTS
Integrin α6 cleavage is not observed in α6-CD151 complexes
It is known that full length α6 integrin interacts with CD151 on the cell surface. The
cleavage of the α6 integrin by uPA removes the ligand-binding region but the putative
binding region on the integrin for CD151 remains. The first experiment was to determine
if the α6-CD151 complexes were protected from uPA mediated cleavage. PC3N cells
were treated with 20 μg/ml uPA for the indicated time up to 90 minutes. Integrin α6 was
immunoprecipitated using J1B5 (specific for a6 integrin). The α6-CD151 complexes
were immunoprecipitated with 5C11 antibody (specific for CD151). The resulting
samples were analyzed by SDS-PAGE under non-reducing conditions. The production of
α6 (~140kD) and α6p (~70 kD) was determined by western blot analysis using rabbit
anti-integrin α6 antibody AA6A, specific for the cytoplasmic domain of a6 integrin (Fig.
29A). The immunoprecipitation of the integrin α6 by J1B5 recovers both the full length
α6 and the α6p. Further, the production of α6p increases in a time dependent fashion
upon uPA incubation and corresponds to a decrease in the amount of the full-length form
of α6. In contrast, immunoprecipitation of the α6-CD151 complexes indicates that only
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the full-length form of the α6 is recovered. Further, there is no time dependent decrease
in the full-length level of the a6 integrin. These data suggest that the α6-CD151
complexes were not affected by the treatment with uPA, whereas the α6 integrin not
complexed with CD151 was susceptible.

Our previous work has demonstrated that the α6 integrin cleavage occurs at the cell
surface(37). In order to determine that the α6-CD151 complexes on the surface were also
being protected from uPA mediated cleavage PC3N cells were treated with 20 μg/ml uPA
for the indicated time up to 90 minutes and labeled with Biotin 30 minutes prior to lysis.
Integrin α6 was immunoprecipitated using J1B5 and the α6-CD151 complexes were
immunoprecipitated with the 5C11 antibody specific for CD151. The resulting samples
were analyzed by SDS-PAGE under non-reducing conditions. The production of α6
(~140kD) and α6p (~70 kD) was determined by western blot analysis using rabbit antiintegrin α6 antibody AA6A, specific for the cytoplasmic domain of a6 integrin (Fig.
29B). Similar results to those in Fig. 29A were observed where immunoprecipitation of
the integrin α6 by J1B5 recovered the full length α6 (~140 kD) and the α6p (~70 kD).
The production of α6p increased in a time dependent fashion upon incubation with uPA
and corresponded to a decrease in the amount of the full-length form of α6. The
immunoprecipitation of the α6-CD151 complexes however recovered only the full-length
form of the α6 integrin and the levels remained constant over the 90 min duration.
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Figure 29 Integrin α6 cleavage blocked by integrin interaction with CD151.

A. PC3N cells were treated up to 90 min with 20 μg/ml uPA and lysed using RIPA buffer.
Immunoprecipitations were carried out using rat anti-integrin α6 antibody J1B5 and
mouse anti-CD151 antibody 5C11 at different time points.
B. PC3N cells were treated up to 90 min with 20 μg/ml uPA and labeled with Biotin for 30
min at RT. The cells were then washed with Hepes buffer and lysed using RIPA buffer.
Immunoprecipitations were carried out using rat anti-integrin α6 antibody J1B5 and
mouse anti-CD151 antibody 5C11 at different time points and samples were analyzed on
10% SDS-PAGE under non-reducing conditions and transferred to a PVDF membrane.
The transferred proteins were immunoblotted for biotin using HRP-Streptavidin. The
full-length integrin α6 bands at ~140 kD and α6p is observed at ~70 kD.
C. PC3N cells were lysed using RIPA buffer and immunoprecipitations were carried out
using rat anti-integrin α6 antibody J1B5 and mouse anti-CD151 antibody 5C11. The
immunoprecipitates were treated up to 20 min with 20 μg/ml uPA.
All samples were analyzed on 10% SDS-PAGE under non-reducing conditions and transferred to
a PVDF membrane. The transferred proteins were immunoblotted for integrin α6 using the rabbit
anti-integrin α6 AA6A antibody. The full-length integrin α6 bands at 140 kD and α6p is
observed at ~70 kD.
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Integrin α6p induced by TPA treatment
These data in Figure 29 indicate that cleavage of α6 integrin by exogenous uPA can be
prevented by association with CD151. However, it was possible that this was not
physiologically relevant since an exogenous supply of the uPA was used to detect
susceptibility of the cleavage. Therefore, the next experiment was to determine if the
protective effect of CD151 was observed under conditions of 100 nM TPA treatment.
The treatment of PC3N cells with TPA will induce the production and secretion of uPA
and the cleavage of α6 to α6p (38). The results shown in Fig. 30 indicate that the
immunoprecipitation of the integrin α6 by J1B5 recovers both the full length α6 and the
α6p. Further, the production of α6p increases in a time dependent fashion upon TPA
incubation and corresponds to a decrease in the amount of the full length form of α6,
similar to the results seen in Fig. 29A,B,C. Immunoprecipitation of the CD151 indicates
that only the full-length form of the α6 is recovered after TPA treatment. Further, there is
no time dependent decrease in the full-length level of the α6 integrin. These data again
suggest that the α6-CD151 complexes were not affected by the treatment with TPA,
whereas the α6 integrin not complexed with CD151 was susceptible to cleavage.

The next experiment was to test whether the induced cleavage of the unassociated α6 on
the cell surface affected the amount of α3-CD151 complexes. Integrin α3 also is a major
binding partner for CD151 and it was possible that the induced cleavage of α6 integrin
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Figure 30 TPA induction of integrin α6p.
PC3N cells were incubated with 100 nM TPA up to 9 hours and lysed using RIPA buffer.
Immunoprecipitations were carried out using rat anti-integrin α6 antibody J1B5, mouse
monoclonal anti-integrin α3 antibody P1B5 and mouse anti-CD151 antibody 5C11 at
different time points and samples were analyzed on 10% SDS-PAGE under non-reducing
conditions and transferred to a PVDF membrane. The transferred proteins were
immunoblotted for integrin α6 using the rabbit anti-integrin α6 AA6A antibody and the
rabbit polyclonal anti-integrin α3 AB1920 antibody. The full-length integrin α6 bands at
140 kD and α6p is observed at ~70 kD. Integrin α3 bands at ~150 kD.
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would increase the amount of the α3-CD151 complexes. Next it was determined
whether treatment of PC3N cells with 100nm TPA induced any alteration of the levels of
the α3 integrin or α3-CD151 complexes. Integrin α3 and CD151 were
immunoprecipitated using P1B5 and 5C11 antibodies respectively, and analyzed by
SDS-PAGE under non-reducing conditions. The amount of integrin α3 was determined
by western blot analysis, using a rabbit anti-integrin α3 antibody. There was no
detectable alteration in the levels of the A3 integrin retrieved either by the α3 integrin
specific reagent or the CD151 specific antibody (Fig. 30). These data taken together
indicate that the TPA induced cleavage of the α6 integrin will not affect the production
or levels of the α3-CD151 complexes. These data are consistent with the idea that the
choice of the binding partner for CD151 is not based upon availability of the integrin on
the cell surface (70).

Integrin α6 and α6-CD151 complexes in the cell
Results in Fig. 29A,B,C and Fig. 30 suggested the existence of two distinct populations
of the integrin α6, one that was complexed with CD151 and could not be cleaved by uPA
and the other that was not complexed with CD151 and could be cleaved. In order to
determine if two exclusive populations of integrin α6 existed, integrin α6 was
immunodepleted from the cell lysate by repeated immunoprecipitations with J1B5
antibody (specific to integrin α6) and then immunoprecipitated CD151 from the
immunodepleted cell lysate with the 5C11 antibody. A western blot for integrin α6 using
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AA6A antibody demonstrated the depletion of the integrin α6 detected by J1B5 (~140
kD) and the persistence of the α6 associated with CD151 (~145 kD) (Fig. 31A). In order
to rule out any artifact of the inherent difference of antibody affinities, a reverse
immunoprecipitation experiment was done where first the α6-CD151 complex was
immunodepleted using the CD151 antibody 5C11 and then α6 was immunoprecipitated
using J1B5 from the immunodepleted cell lysate. A western blot for integrin α6 using
AA6A antibody demonstrated the depletion of the integrin α6 pool detected by J1B5
(140 kD) and the persistence of the α6 associated with CD151 (~145 kD) (Fig. 31 B). It
is interesting to note that the integrin α6 associated with CD151 has a higher molecular
weight (~145 kD) as compared to the unassociated α6 (140 kD) as observed in both the
panels. These results indicate the existence of two distinct populations of the integrin α6,
a higher molecular weight form that is associated with CD151 and cannot be recognized
by the J1B5 antibody and the other, lower molecular weight form that is not associated
with CD151 and can be recognized by the J1B5 antibody.

Different molecular weight forms of integrin α6
Results in Fig. 31A,B indicate that the antibody J1B5 cannot detect integrin α6
associated with CD151 and that integrin α6 was present in two forms with different
molecular weight. In order to confirm the existence of the different molecular weight
forms of integrin α6 another commonly used integrin α6 antibody, the function blocking
rat GoH3 (129-131), along with J1B5 and 5C11 antibodies was used.
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Figure 31. Integrin α6 and α6-CD151 complexes in cells.
A. Immunodepletion of integrin α6. PC3N cells were lysed in RIPA buffer and
integrin α6 was immunodepleted from the lysate using anti-integrin α6 antibody
J1B5. An immunoprecipitation using mouse anti-CD151 antibody 5C11 was
carried out after every integrin α6 immunodepletion.
B. Immunodepletion of CD151. CD151 was depleted from the cell lysate using
5C11 antibody and an immunoprecipitation using rat anti-integrin α6 antibody
J1B5 was carried out after every CD151 immunodepletion.
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Immunoprecipitations of integrin α6 and α6-CD151 complexes was carried out using a
combination of J1B5 and 5C11 antibodies or GoH3 and 5C11 antibodies. If two distinct
forms of the integrin α6 with different molecular weights existed then a doublet should
be observed when the samples were immunoprecipitated with a combination of the
integrin α6 and the CD151 antibody.

All the immunoprecipitates were analyzed by SDS-PAGE and western blotted for
integrin α6 with the AA6A antibody. The integrin α6 immunoprecipitated by J1B5 and
GoH3 was found to band at a similar molecular weight (~140) and the integrin α6
complexed with CD151 banded higher at approximately 145 kD (Fig. 32). Doublets
observed in each combined immunoprecipitate indicated that the J1B5 and GoH3
antibodies recognized a lower molecular weight form of the integrin α6 and the α6 form
in the CD151 complex was of a higher molecular weight (Fig. 32). Similar experiments
were performed with another commonly used antibody for integrin α6, the rat MA6 (132134) and similar results were obtained as observed with J1B5 and GoH3. These data
demonstrate the existence of two distinct populations of integrin α6 in the cell, the higher
molecular weight form of α6 integrin complexed with CD151 and the lower molecular
weight unassociated form.

109

Figure 32. Different molecular weight forms of integrin α6.
PC3N cells were lysed using RIPA buffer. Immunoprecipitations were carried out
using rat anti-integrin α6 antibody J1B5, rat anti-integrin α6 antibody GoH3, mouse
anti-integrin MA6, mouse anti-integrin β1 and mouse anti-CD151 antibody 5C11.
Mixed immunoprecipitations were carried out with rat anti-integrin α6 antibody
J1B5 + mouse anti-CD151 antibody 5C11 and rat anti-integrin α6 antibody GoH3 +
mouse anti-CD151 antibody 5C11.
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Integrin α6 associated with CD151 is palmitoylated.
Integrins are known to undergo glycosylation, which could account for the apparent
molecular weight differences. In order to determine if the difference in molecular weight
of integrin α6 was due to glycosylation PC3N cells were treated with Endoglycosidase F.
The cells were then lysed and integrin α6 and CD151 were immunoprecipitated and
analyzed by SDS-PAGE. Western blot for integrin α6 did not show any shift in
molecular weight of Endoglycosidase treated and untreated cells indicating that the
difference in molecular weight was not due to glycosylation (Fig. 33). Work by others
has demonstrated that proteins associated with tetraspanins can be palmitoylated (70). In
order to determine if integrin α6 complexed with CD151 was palmitoylated and hence
was of a higher molecular weight, PC3N cells were treated with palmitoylation inhibitor
Brefeldin A (70) for an hour and then allowed to grow overnight in absence of Brefeldin
A. The cells were lysed and immunoprecipitations with J1B5 or 5C11 were performed.
SDS-PAGE analysis followed by a western blot for integrin α6 with the AA6A antibody
was carried out. No difference in the molecular weight of the integrin α6 recognized by
J1B5 was observed. However, the integrin α6 complexed with CD151 in the Brefeldin A
treated cells shifted to a lower molecular weight (~140 kD) as compared to that in the
untreated cells (Fig. 33). These data suggest that the integrin α6 associated with CD151
is palmitoylated and hence is of a higher molecular weight when compared to the CD151
unassociated integrin α6. However prevention of palmitoylation does not affect its ability
to form complexes with CD151.
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Figure 33. Integrin α6 in the α6-CD151 complexes is palmitoylated.
PC3N cells were treated with 2 mU of endoglycosidase or 10 μg/ml Brefeldin A for 1
hour and then incubated in media without Brefeldin A overnight at 37 deg. C. Cells
were lysed using RIPA buffer. Immunoprecipitations were carried out using rat antiintegrin α6 antibody J1B5 and mouse anti-CD151 antibody 5C11.Allsamples were
analyzed on 10% SDS-PAGE under non-reducing conditions and transferred to a
PVDF membrane.
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Integrin α6 and α6-CD151 complexes in different cell lines
CD151 is present in nearly all epithelial, endothelial and fibroblastic cells (69). In order
to determine if the CD151 associated and unassociated form of integrin α6, detected in
the prostate cancer cell line PC3N, could be detected in other cell lines integrin α6 was
immunoprecipitated using J1B5 and CD151 using the 5C11 antibody in prostate cancer
cell line Du145, normal keratinocyte cell line HaCaT, normal breast epithelial cell line
MCF10A and erythroleukemia cell line K562 and K562 transfected to express the
integrin α6 (K562-α6-WT). These immunoprecipitations were analyzed by SDS-PAGE
and western blotted for integrin α6 using the rabbit AA6A antibody (Fig. 34).
Comparable levels of both populations of integrin α6 were detected in PC3N and
MCF10A cell lines. Du145 constitutively express the truncated integrin α6p that was
observed in the J1B5 immunoprecipitate (~70 kD). The blot suggests that there is greater
amount of CD151 unassociated integrin α6 present in Du145 as compared to the
associated integrin. In the keratinocyte cell line HaCaT majority of the integrin α6 is not
associated with CD151.

The human erythroleukemic cell line K562 expresses CD151 but no integrin α6 or α3.
However CD151 is known to complex with the integrins α6 and α3 in transfected K562
cells (44). The K562 cell line was transfected to express the integrin α6 and integrin α6
was immunoprecipitated with J1B5 antibody and CD151 with the 5C11 antibody and
analyzed it by SDS-PAGE. A western blot for integrin α6 using the AA6A antibody
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Figure 34. CD151 associated and unassociated population of integrin α6 in different
cell lines.
Prostate cancer cell lines PC3N and Du145, keratinocytes HaCaT, breast epithelial cell
line MCF10A and erythroleukemia cell line K562 and integrin α6 transfected K562
(K562-α6-WT) were lysed using RIPA buffer. Immunoprecipitations were carried out
using rat anti-integrin α6 antibody J1B5 and mouse anti-CD151 antibody 5C11 and
samples were analyzed on 10% SDS-PAGE under non-reducing conditions and
transferred to a PVDF membrane. The transferred proteins were immunoblotted for
integrin α6 using the rabbit anti-integrin α6 AA6A antibody, which recognizes the
intracellularly located 16 c-terminal amino acids in the integrin α6 sequence. The
integrin α6 associated to CD151 bands at ~145 kD and the unassociated integrin α6
bands at ~140 kD and α6p is observed at ~70 kD.
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confirmed the expression of the integrin α6 and its complex formation with CD151. The
blot indicates that there is a greater amount of CD151 unassociated integrin α6 present as
compared to the associated integrin (Fig. 34 – left panel). The integrin α6
immunoprecipitated by the J1B5 antibody in all these cell lines bands lower (140 kD) as
compared to the integrin α6 complexed with CD151 (~145 kD). These results
demonstrate the presence of the CD151 associated and the unassociated form of the
integrin α6 in prostate cancer, keratinocyte and breast epithelial cell lines.

Localization of integrin α6 and CD151 in cells
Our data in Fig. 29 and Fig. 31, demonstrated the presence of two distinct populations of
integrin α6 biochemically. It was hypothesized that the PC3N cells stained with J1B5 (α6
integrin specific antibody) and 5C11 (CD151 antibody) would not show co-localization.
In order to determine if these populations could be detected by immunocytochemistry and
hence determine their localization in cells, integrin α6 was clustered using the rat antiintegrin α6 J1B5 antibody (Fig. 35A) and co-stained for CD151 using the 5C11 antibody
(Fig. 35B). The composite Figure (Fig. 35C) with the integrin α6 antibody J1B5 tagged
with a green fluorescent dye and the 5C11 antibody tagged with a red fluorescent dye, did
not demonstrate a significant co-localization of the two proteins. In order to detect the
integrin α6 complexed with CD151, CD151 was clustered using the mouse 5C11
antibody (Fig. 35D) and then stained for integrin α6 using the rabbit anti-integrin α6
antibody AA6A (Fig. 35E) that recognizes an intracellular epitope of the integrin α6
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and hence can recognize integrin α6 that is complexed with CD151 as well as
unassociated integrin. Fig. 35F is an overlay of Fig. 4D and Fig. 4E and demonstrates
partial co-localization of integrin α6 and CD151. The green color indicates integrin α6
that is not bound to CD151, the red areas indicate CD151 not bound to integrin α6 and
the yellow regions identify the areas where integrin α6 and CD151 co-localize. Integrin
β1 is the binding partner for integrin α3 and integrin α6, both of which can bind to
CD151. Integrin β1 was clustered with rat anti-integrin β1 antibody mAb13 (Fig. 35G)
and then stained for CD151 using 5C11 antibody (Fig. 35H).
Fig. 35I is an overlay of Fig. 35G and Fig. 35H. Green areas identify integrin β1 not
bound to CD151, red areas identify CD151 not bound to integrin β1 and the yellow
regions identify the co-localization sites for integrin β1 and CD151. The increased colocalization indicates that CD151 is present in complexes containing integrin α6 as well
as integrin α3. The data in Fig. 35 demonstrate that J1B5 does not identify the integrin
complexed with CD151 (Fig. 35C) unlike the AA6A antibody, which can detect both; the
CD151 associated and unassociated, integrin α6 populations (Fig. 35F). Fig. 35I
demonstrates a dramatically greater degree of co-localization between integrin β1 and
CD151 as it detects the CD151 associated with integrin α3 as well as integrin α6.
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Figure 35. Localization patterns of CD151 with respect to integrin α6 recognized by
J1B5, AA6A antibody and integrin β1.
PC3N cells were grown on glass coverslips and treated with the clustering antibody
(Panel A - rat anti-integrin α6 antibody J1B5 / Panel D - mouse anti-CD151 antibody
5C11/ Panel G – rat anti-integrin β1 antibody mAb13) for 30 min at RT. After PBS
washes the cells were treated with the respective secondary antibodies (Panel A – anti-rat
Alexa Fluor 488 / Panel D – anti-mouse Alexa Fluor 568 / Panel G – anti-rat Alexa Fluor
488) for 30 min at RT in the dark. The coverslips were washed and fixed as described in
materials and methods and then treated with the primary antibody to the second protein to
be detected (Panel B - mouse anti-CD151 antibody 5C11 / Panel E – rabbit anti-integrin
α6 antibody AA6A which recognizes the intracellularly located 16 c-terminal amino
acids in the integrin α6 sequence / Panel H – mouse anti-CD151 antibody 5C11) for 30
min at RT. After washes the coverslips were incubated with the respective secondary
antibodies (Panel B – anti-mouse Alexa Fluor 568 / Panel E - anti-rabbit Alexa Fluor 488
/ Panel H – anti-mouse Alexa Fluor 568) for 30 min at RT in the dark, washed and
stained with DAPI. The coverslips were mounted using Prolong Anti-fade and visualized
on a Zeiss Axiovert microscope at 40X under oil immersion lens. Pictures were taken
using Axiocam camera. Panel C is an overlay of panels A and B. Panel F is an overlay of
panels D and E. Panel I is an overlay of panels G and H. The white bar represents 20
microns.
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Decrease of CD151 levels by siRNA increases the levels of cleavable integrin α6
Our data so far suggest distinct functions for integrin α6 associated and unassociated with
CD151. In order to determine if the two integrin α6 populations could be modulated by
modulating the amount of CD151 available PC3N cells were transfected with CD151
siRNA pool or scrambled siRNA pool. Approximately a 90% decrease in the CD151
message levels was observed in cells treated with CD151 siRNA as compared to the
scrambled siRNA treated cells (Fig. 36A). The CD151 siRNA and the scrambled siRNA
treated cells were treated with 20 μg/ml uPA for 3 hours. Immunoprecipitations using
J1B5 and the 5C11 antibody were performed using lysates from the uPA treated or
untreated, scrambled or CD151 siRNA treated cells. These were analyzed by SDS-PAGE
and western blotted for integrin α6 using the AA6A antibody. Lanes marked 1 and 2
indicate the total integrin α6 that can be detected by J1B5 and 5C11 in the cell. When the
cells are transfected with the CD151 siRNA the amount of integrin α6 detected by J1B5
increases (Fig. 36B-lane 5) when compared to the integrin α6 detected by J1B5 in
scrambled siRNA treated control cells (Fig. 36B-lane 1). There is a corresponding
decrease in the integrin α6 complexed with CD151 (Fig. 36B-lane 2 and lane 6). On
treatment with uPA the integrin α6 detected by J1B5 in the scrambled siRNA treated
cells was cleaved (Fig. 36B-lane 3) resulting in the production of integrin α6p (~70kD).
The levels of α6p produced, by uPA treatment, in CD151 siRNA treated cells is
dramatically increased (Fig. 36B-lane 7) as compared to the levels of α6p in lane 3. This
is a result of more CD151 unassociated integrin α6 being available for cleavage, which is
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Figure 36. Modulation of cleavable and non-cleavable integrin α6 by limiting
availability of CD151.
PC3N cells were treated with scrambled and CD151 siRNA using siRNA pools from
Dharmacon.
A. The graph shows the relative levels of CD151 mRNA in scrambled siRNA treated
and CD151 siRNA treated cells as determined by Real Time RT-PCR. Nearly
90% drop in CD151 mRNA levels is observed in CD151 siRNA treated cells as
compared to scrambled siRNA treated cells.
B. Scrambled siRNA treated and CD151 siRNA treated cells were treated with 20
μg/ml uPA for 3 hours. The treated (Lanes 3,4,7 & 8) and untreated (Lanes 1,2,5
& 6) cells were lysed using RIPA buffer. Immunoprecipitations were carried out
using rat anti-integrin α6 antibody J1B5 and mouse anti-CD151 antibody 5C11.
Samples were analyzed on 10% SDS-PAGE under non-reducing conditions and
transferred to a PVDF membrane. The transferred proteins were immunoblotted
for integrin α6 using the rabbit anti-integrin α6 AA6A antibody, which
recognizes the intracellularly located 16 c-terminal amino acids in the integrin α6
sequence. The integrin α6 associated to CD151 bands at ~145 kD (lanes 2,4,6 &
8) and the CD151 unassociated integrin α6 bands at ~140 kD (lanes 1,3,5 & 7).
Integrin α6p bands at ~70 kD (lanes 3 & 7)
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recognized by J1B5 antibody, in the CD151 siRNA treated cells (Fig. 36B-lane 5). Lane
6 and 8 show the low levels of integrin α6 associated with CD151 as a result of decreased
CD151 expression in these cells. These data indicate that the amount of integrin α6
available for cleavage by uPA can be modulated by CD151 availability for binding and
blocking cleavage of the integrin.

Integrin α6 biological turnover is lower when complexed with CD151.
Others have demonstrated that tetraspanin CD82 attenuates cellular morphogenesis by
increasing the internalization rate of integrin α6 (82). Integrins have a common
tetraspanin binding domain. It was therefore hypothesized that since CD151 is
responsible for adhesion strengthening it prolongs the turnover time for integrin α6 by
stabilizing it on the surface. In order to test this hypothesis PC3N cells were labelled with
Biotin for half an hour. The biotin was removed and the cells were incubated at 37 deg. C
over 18 hours. The cells were lysed at different time points and immunoprecipitates for
integrin α6 and CD151 were produced. The IPs were analyzed by SDS-PAGE. A western
blot for Biotin demonstrated significant decrease in biotin signal in the J1B5 IPs by 12
hrs. However the signal remained strong in the CD151 IP even at 12 hours and ebbed at
18 hrs (Fig. 37). It should be kept in mind that the biotin signal observed in the CD151 IP
includes the labeled integrin α6 (~140 kD) as well as integrin α3 (~150kD). A western
blot for integrin α6 indicated a decrease in integrin α6 detected by J1B5,
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Figure 37. Integrin α6 biological turnover is lower when complexed with CD151.
PC3N cells were labelled with biotin for 30 min and then incubated over 18 hours. IPs
with J1B5 and 5C11 were carried out. Biotin was probed for with HRP-Streptavidin.
Western blot for Integrin α6 was done using AA6A and for integrin α3 was done with
rabbit AB1920 antibody. It should be noted that the biotin signal observed in the CD151
IP in the top panel is a combination of integrin α6 and α3.
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however the levels of integrin α6 associated with CD151 remained constant. This may
indicate a shift from CD151 unassociated integrin α6 to CD151 associated integrin α6 in
resting cells. The levels of integrin α3 associated with CD151 did not vary. (Fig. 37).
These experiments could be confirmed by use of K562 erythroleukemia cells transfected
to express integrin α6 since they are integrin α6 as well as integrin α3 null.

HYD1 peptide does not affect integrin α6 CD151 dynamics.
The HYD1 peptide is known to inhibit adhesion and migration (135, 136). It is thought to
do so by blocking integrins. In order to determine if the peptide had any effect on the
integrin α6 – CD151 dynamic, PC3N cells were treated with the peptide and scrambled
peptide for 10 min and 30 min. Immunoprecipitates using J1B5 and 5C11 were carried
out. Western blot analysis using anti-integrin α6 antibody AA6a and anti-integrin α3
antibody AB1920 was performed. No effect of the peptide was observed in any of the IPs
(Fig. 38).

CD151 complexes with N-Cadherin
Cells are known to form cord like networks when placed on matrigel. These networks are
disrupted in the presence of an anti-CD151 or anti-integrin α6 antibody. Cell cell
contacts were thought to play a role in these tube formations along with the cell – ECM
interaction. Cadherins are important components of desmosomes which are present at cell
– cell contacts. In order to determine if N-cadherin, present in the PC3N cells, formed a
complex with integrin α6 or CD151, integrin α6 was immunoprecipitated with J1B5 and
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Figure 38. HYD1 peptide does not affect integrin α6 – CD151 dynamics.
PC3N cells were treated with HYD1 and scrambled peptide for 10 and 30 min. Cells
were then lysed and immunoprecipitates using J1B5 and 5C11 were done.
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CD151 with 5C11 and analyzed by SDS-PAGE. Western blot analysis for N-Cadherin
indicated its presence in the CD151 IP and not in the integrin α6 IP (Fig. 39). The
CD151–N-cadherin interaction resists disruption by a strong detergent buffer like RIPA
indicating it to be a strong primary interaction. This data suggests that CD151 not only
modulates cell-ECM interactions but also plays a role in cell-cell interactions.

Integrin α6 and CD151 interaction with the PKC family of kinases.
Tetraspanins are known to link PKC to specific integrins (137). CD151 is known to
regulate epithelial cell-cell adhesion through PKC dependent actin cytoskeletal
reorganization(138). In order to determine which PKC isoforms formed complexes with
integrin α6 or CD151, PC3N cells were lysed and J1B5 and 5C11 antibodies were used
to IP integrin α6 and CD151. Western blot for PKC-α, PKC-δ, PKC-ε revealed their
presence in both IPs. PKC-βII however was detected only in the integrin α6 IP and not in
the CD151 IP. This was however found to be an artifact of the antibody used as the same
band was detected in the J1B5 antibody only control (Fig. 40).

DISCUSSION
This work has studied the effect of the tetraspanin CD151- integrin α6 interaction on
integrin cleavage. As mentioned in the introduction, no complete conversion of integrin
α6 to integrin α6p has been observed in cell lines. This suggested that there was a certain
population of the integrin α6 that was protected from cleavage. The observation that no
integrin α6p was found in a complex with the tetraspanin CD151 suggested that either
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Figure 39. N-Cadherin complexes with CD151.
PC3N cells were lysed in RIPA buffer. Immunoprecipitation of integrin α6 and CD151
was performed using J1B5 and 5C11 antibodies. The immunoprecipitates were analyzed
by SDS-PAGE and a western blot analysis was done for integrin α6 using AA6A
antibody and for N-cadherin using the N-Cad antibody.
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Figure 40. Integrin α6 and CD151 interaction with the PKC family of kinases.
PC3N cells were lysed in RIPA buffer. Immunoprecipitation of integrin α6 and CD151
was performed using J1B5 and 5C11 antibodies. The immunoprecipitates were analyzed
by SDS-PAGE and a western blot analysis was done for integrin α6 using rabbit AA6A
antibody, PKC-α using rabbit SC-208 antibody, PKC-δ using rabbit SC-937 antibody,
PKC-ε using goat SC-7262 antibody and PKC-βII using rabbit SC-210 antibody.
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cleavage of integrin α6 to α6p led to the dissociation of the integrin – tetraspanin
complex or that the tetraspanin blocked the cleavage of the integrin. To test these
scenarios PC3N cells were treated with uPA and lysed and the integrin and tetraspanin
were immunoprecipitated at different time points and analyzed by western blotting for the
integrin α6. Increasing levels of integrin α6p were observed in the integrin
immunoprecipitate using the anti-integrin α6 antibody J1B5 overtime with a
corresponding decrease in full length integrin α6. The levels of integrin α6 in the
tetraspanin CD151 immunoprecipitate were constant and no integrin α6p induction was
observed. These data support the idea that the tetraspanin CD151 blocks uPA mediated
cleavage of the integrin α6 to α6p (Fig. 41). The cleavage site on the integrin α6 has
been identified to be at the arginine residues R594 and R595 in the extracellular stalk
region of the integrin α6. It is possible that the tetraspanin binding to the integrin renders
the R594 and R595 residues on the integrin inaccessible to uPA for cleavage hence
blocking the cleavage of integrin α6 to α6p when complexed with the tetraspanin
CD151. Integrin α3 is one of the other major binding partners for CD151. Our data
demonstrate that cleavage of the integrin α6 does not affect the levels of CD151
associated or unassociated integrin α3. The integrin α3 – CD151 interaction has been
reported to be important in cell–cell adhesion, cell motility and cell migration (65, 87,
126, 139, 140).
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Figure 41. CD151 interaction blocks uPA mediated integrin α6 cleavage.
uPA can cleave the integrin α6 not complexed with CD151 to α6p. uPA inhibitors like
PAI-1 and YO-2 have been demonstrated to prevent this cleavage. The integrin α6
associated with CD151 remains intact.
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The CD151- integrin α6 interaction has been reported to be important in adhesion
strengthening, cellular morphogenesis and spatial organization of the adhesion structure
hemidesmosome (44, 87, 127, 128). These reports and the data indicate that the levels of
CD151 associated with the integrin α6 do not affect integrin α3 or its association with
CD151 suggesting that CD151 has functionally independent roles when complexed with
integrin α3 and integrin α6.

It was observed that the integrin α6 immunoprecipitated with the anti-integrin α6
antibody J1B5 banded at a lower molecular weight when compared to the integrin α6
identified in the CD151 complex. On the basis of these data it was hypothesized that the
J1B5 antibody was not able to detect the higher molecular weight integrin that was
complexed with CD151 and that there were at least two distinct populations of the
integrin α6, one that was complexed with CD151 and one that was unassociated with the
tetraspanin. Immunodepletion experiments were done to test this hypothesis and the
results prove that the J1B5 antibody can only detect CD151 unassociated integrin α6 and
cannot detect the integrin α6 associated with CD151. The immunofluorescence data reenforce this conclusion as no co-localization was observed when the cells were stained
using J1B5 antibody against integrin α6 and the 5C11 antibody against CD151. The
rabbit anti-integrin α6 antibody AA6A that is specific for the intracellularly located cterminal 16 amino acids of the human integrin α6 sequence (141) and can detect both the
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CD151 associated and unassociated integrin α6, demonstrated partial co-localization with
the CD151 protein identified by the 5C11 antibody. These results together indicate that
J1B5 antibody can detect only the CD151 unassociated integrin α6.

The conformational epitope recognized by the J1B5 antibody is in close proximity to the
region recognized by function blocking anti-integrin α6 antibodies GoH3 and MA6 (130,
133, 142-144). On immunoprecipitation with these antibodies it was observed that they
detected only the CD151 unassociated integrin α6 similar to the J1B5 antibody. This
further indicates that the CD151-integrin α6 interaction does not appear to play a role in
cell migration as GoH3 and MA6 can actively block migration and these do not recognize
the integrin α6 complexed with CD151. Others have reported that dissociation of the
complex between CD151 and laminin-binding integrins permits migration of epithelial
cells (145). It has been demonstrated that cleavage of the integrin α6, which results in a
loss of the ligand-binding domain, enhances migration on Laminin-1, and data in this
work demonstrate that complex formation between CD151 and integrin α6 blocks
integrin α6 cleavage. Lammerding et al. have demonstrated that CD151–integrin α6
interaction results in adhesion strengthening, i.e. the integrin α6 – ligand interaction is
strengthened when the integrin is bound to CD151 (127). The presence of CD151 in
hemidesmosomes further implicates the tetraspanin – integrin α6 association in cell
adhesion. It is therefore hypothesized that a majority of the integrin α6 in resting cells is
associated with CD151, however when the cell is induced to migrate the balance shifts
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towards more CD151 unassociated integrin α6 which can be dissociated from its ligand
that is anchoring it either by cleaving or by decreasing the strength of the adhesion. Our
data indicate that it is possible to make this transition, from non-cleavable, CD151
complexed integrin to cleavable unassociated integrin α6, by down-regulating CD151 or
making it unavailable for complex formation with the integrin. It is interesting to note
that the total levels of integrin α6 in the cell lysate appears to be constant even when the
ratio of CD151 associated and unassociated integrin α6 changes. This suggests that the
availability of CD151 for α6 complex formation could potentially block migration.

The difference in molecular weight in the CD151 associated and unassociated integrin α6
led us to hypothesize that the integrin α6 complexed with CD151 had undergone a posttranscriptional modification. Integrins are known to be highly glycosylated proteins. No
shift was observed in the CD151 complexed integrin α6 after treatment with
glycosylation inhibitor Endoglycosidase F indicating that glycosylation was not
responsible for the difference in molecular weight. Palmitoylation plays a very important
role in tetraspanin-tetraspanin and to some extent in tetraspanin-integrin interaction in
TEMs (Tetraspanin Enriched Domains) (70, 146). The integrin α6 has residues that can
be palmitoylated. On inhibition of palmitoylation a shift in the integrin α6 associated
with CD151 from a higher molecular weight to a lower molecular weight was observed.
Hence it can be concluded that the integrin α6 complexed with CD151 is palmitoylated
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but prevention of palmitoylation does not prevent the integrin – tetraspanin complex
formation.

In this study it has been demonstrated that tetraspanin CD151 interaction with the
integrin α6 blocks integrin α6 cleavage, that function blocking anti-integrin α6
antibodies like J1B5 and GoH3 recognize only the CD151 unassociated form of integrin
α6 and that the integrin α6 associated with CD151 is palmitoylated. Experiments have
been successfully carried out to modulate the cleavable and non-cleavable populations of
the integrin α6 using CD151 siRNA and hence shown that such transitions are possible.
The integrin α6 and CD151 interaction transitions in resting and migrating cells will be
studied in greater depth in future projects.
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VI.

CHARACTERIZATION OF HEMIDESMOSOMAL PROTEINS
IN NORMAL BREAST EPITHELIAL CELLS.

INTRODUCTION
The Hemidesmosome is a multi-molecular complex that integrates the extracellular
matrix with the keratin cytoskeleton and stabilizes epithelial attachment to connective
tissue. Altered expression of hemidesmosomal components leads to a number of
blistering diseases collectively known as epidermolysis bullosa and is also likely to be
involved in the development and progression of certain cancers (39).

Structure of the hemidesmosome
The hemidesmosome, under the electron microscope, is seen to have a triangular-shaped
cytoplasmic plaque, a sub-basal dense plate just below and external to the plasma
membrane and thin extracellular anchoring filaments that extend from the plate into the
basement membrane (Fig. 3) (147). The hemidesmosome has three known
transmembrane components viz. α6 integrin, β4 integrin and the BP180 protein. The
cytoplasmic tail of the β4 integrin connects to plectin that is in turn attached to the keratin
intermediate filaments (Fig. 42). The protein BP230 is known to interact with BP180 and
also bind to the keratin cytoskeleton. Extracellularly, the α6β4 integrin binds to its ligand
laminin-5. There are two types of hemidesmosomes observed: Type I hemidesmosome
which is found in skin and cornea which is composed of α6β4 integrin, the bullous
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Figure 42. Hemidesmosome components
The hemidesmosome consists of 4 transmembrane components – integrin α6, β4, BP180
and CD151. Plectin and BP230 bind the β4 cytoplasmic tail and are in turn connected to
the keratin intermediate filaments. (not to scale)
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pemphigoid antigens BP180, BP230, intermediate filaments and laminin-5 and Type II
hemidesmosome found in the digestive tract and vascular system which has all other
hemidesmosomal components except BP180 and BP230 (148). The tetraspanin CD151
has been recently identified as a component of hemidesmosomes (Fig. 42) (39, 44). The
hemidesmosomal complex is connected to the keratin intermediate filaments on the
cytoplasmic side and interacts with the ECM, specifically Laminin-5, on the extracellular
side.

Integrin α6β4 and its ligand laminin 5
The α6β4 integrin is found in hemidesmosomes and is different from the other integrins
as it is connected to the intermediate keratin filament system and not to actin. The
heterodimer α6β4 is considered to be the seeding site of the hemidesmosome and is also
responsible for the transduction of signals via the hemidesmosome (47). All integrins
have an extracellular domain, a transmembrane domain and a short cytoplasmic domain,
except for β4 integrin, which has a cytoplasmic tail that is nearly 1000 amino acids in
length (18, 22). The α6 subunit consists of an extracellular β-propeller domain attached
to the stalk region which transverses the membrane and a very short cytoplasmic domain.
(Fig. 43) The N-terminal region of the α subunit contains seven segments of about 60
amino acids each that fold into a seven-bladed β-propeller domain (22). The β-propeller
domain appears to directly participate in ligand binding. The β subunit consists of the PSI
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Figure 43. A schematic representation of the integrin α6 and β4 subunits found in
hemidesmosomes.
The α6A subunit has a sevenfold repeat of a homologous region (gray rectangles). The
α6A subunit also contains two membrane-proximal protease-cleavage sites (thin black
vertical lines near to intracellular domain). Cleavage at these sites results in a heavy chain
that is disulfide linked (represented by S-S) to a membrane-spanning light chain. The
β4A subunit is shown with four cysteine-rich repeat sequences (light gray rectangles) in
its extracellular domain, and four fibronectin type III repeats (dark gray rectangles) in its
cytoplasmic domain. These fibronectin type III repeats reside in two pairs separated by a
connecting segment. The positions of the two tyrosine residues (YY) in the cytoplasmic
domain of β4A, which are part of the TAM, in addition to the positions of possible Nlinked glycosylation sites (arrowheads) in both α6A and β4A, are indicated. COOH,
carboxyl terminus; H2N, amino terminus. (149)
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domain at the N-terminal, the I-Like domain that is thought to bind directly to the ligand
and the C-terminal stalk (22) (Fig. 43). Laminin-5 is the ligand required by α6β4 in order
to form a hemidesmosome. Laminin-5 is a heterotrimeric molecule consisting of the α3,
β3 and γ2 chains. The integrin α6β4 binds to the G-domain of Laminin-5 (150). α6 and
β4 null mice fail to form hemidesmosomes and die at birth due to blistering of skin (48,
49).

Extensive work has been done on the β4 integrin to elucidate its role in hemidesmosome
formation. Its cytoplasmic domain has been found to be responsible for recruiting and
attachment of the different hemidesmosomal components (47). Since the α6 null mice
lack hemidesmosomes, α6 plays a critical role in their formation. However, its exact role
in hemidesmosome formation has not been studied. It is known that it forms a
heterodimer with the β4 integrin and binds to its ligand laminin-5 via its N-terminal
region.

A cleaved version of the α6 integrin, α6p (lacks the N-terminal domain), has been
observed in certain prostate and colon cancer cell lines (52) and also found in the more
aggressive pancreatic cancer cell lines (Fig. 9). α6p has not been found in cell lines
derived from normal prostate and breast tissue but recent data shows that urokinase-type
plasminogen activator (uPA) can induce the cleavage of α6 to α6p in the normal breast
epithelial cell line MCF10A (Fig. 44). MCF10A cells are the only cells of human origin
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Figure 44. uPA induced cleavage of integrin α6 in normal breast epithelial cell line
MCF10A.
MCF10A cells were treated with 20 μg/ml uPA for 3 hours and cells were lysed in RIPA
lysis buffer and sonicated. Immunoprecipitations (IP) were carried out for integrin α6
using rat anti-integrin α6 antibody J1B5 and analyzed by SDS-PAGE. The integrins α6
(~140 kD) and α6p (~75 kD) were detected by western blotting using the rabbit antibody
AA6A specific for the integrin α6 cytoplasmic domain.
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that can form hemidesmosomes in vitro. The role of cleavage of α6 to α6p in
hemidesmosome dynamics is unknown. The α6p integrin may be involved in the
preventing further seeding of the hemidesmosome and correlated with increased
migration of cells.

Assembly of the hemidesmosome
The α6β4 integrin has been demonstrated to be essential to nucleate a hemidesmosome
(151). The recruitment of integrins to the cell membrane takes place due to the presence
of its extracellular ligand laminin-5 (147). There is, however, a second school of thought
that believes that the integrins are already present at the basal membrane and bind to
laminin-5 when they come into contact with it. The globular domain of the α3 chain of
laminin-5 molecule is responsible for binding to the integrin (149). Phosphorylation of
the β4 cytoplasmic tail at the Tyrosine Activation Motif (TAM) at positions 1422 and
1440 is thought to be critical in hemidesmosome formation (Fig. 42) (149). Once the
integrins form a heterodimer, plectin is recruited to the β4 cytoplasmic tail and attaches
to the first pair of the FNIII repeats connecting the β4 to the keratin intermediate
filaments. BP180 is known to interact with the second pair of FNIII repeats on the β4
cytoplasmic tail and hypothesized to bind α6 integrin (47). BP230 is finally recruited and
interacts with BP180 and connects the hemidesmosome to more keratin intermediate
filaments (47).
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MATERIALS AND METHODS
Details of antibodies, chemicals and cell lines used for this work are can be found in
Chapter II.
Removal of cells from matrix (Gospodarowicz method)
Cells were removed from the matrix in order to detect integrin shed in the ECM by
migrating cells. The cells were allowed to grow to confluency. The medium was replaced
by 5mM EDTA in serum free medium for 30 minutes at 37 deg C. Cells were washed
twice with 1X PBS and then treated with 40 mM Ammonium hydroxide for 20 minutes,
completely removing the cells. This process leaves the ECM intact and removes the cells
(152). The ECM was washed twice with 1X PBS and scraped off in RIPA buffer and
sonicated and used for immunoprecipitates.

RESULTS
The presence of hemidesmosomes in culture is detected by a cat-paw like staining pattern
in cells. The normal breast epithelial cell line MCF10A, the only human cell line known
to form hemidesmosomes in vitro, was used to characterize the components of the
hemidesmosome. MCF10A cells were grown on glass coverslips for at least 4 days.
Treatment with a primary antibody before fixing the cells clusters the protein which pulls
all the other proteins associated with it in the process. This facilitates visualization of
protein-protein interactions in a complex. Treatment with secondary antibody postprimary antibody treatment before fixing further enhances the clustering.
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Integrin α6 colocalizes with Laminin 5
Integrin α6β4 binds to its ligand Laminin-5 to initiate the formation of the
hemidesmosome. In order to determine if integrin α6 colocalized with its ligand
Laminin-5, MCF10A cells were grown on glass coverslips for at least 4 days. One set of
coverslips was fixed and stained for integrin α6 and Laminin-5. Another set of coverslips
was treated with the primary integrin α6 antibody followed by fixing and staining with
Laminin-5 antibody and secondary antibodies for both integrin α6 and laminin-5. The
last set of coverslips was treated with the primary antibody for integrin α6 followed by
secondary antibody for integrin α6. The cells were then fixed and stained for Laminin-5.
All the coverslips were stained with DAPI. Colocalization of integrin α6 and Laminin-5
was detected in fixed cells (Fig. 45A). Striations observed in the staining indicate
organization of integrin α6 and laminin-5. Clustering integrin α6 antibody with primary
antibody treatment reduced the colocalization but the cat-paw like pattern indicative of
hemidesmosomes persisted (Fig. 45B). However, treatment with primary as well as
secondary anti-integrin α6 antibody completely eliminated the cat-paw pattern indicating
the loss of hemidesmosomes. The integrin α6 can be observed clustered while the roseate
pattern of the laminin-5 remains unchanged (Fig. 45C).
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Figure 45 Integrin α6 and Laminin-5 localization in MCF10A
A. MCF10A cells grown on glass coverslips were fixed with paraformaldehyde and
stained with rat monoclonal anti-integrin α6 antibody J1B5, mouse monoclonal
anti-laminin-5 antibody Clone 17 and DAPI and mounted using Prolong anti-fade.
B. Cells were treated with J1B5 (integrin α6) and fixed in paraformaldehyde. The
cells were then stained with Clone 17 (Laminin-5) and the secondary antibodies
anti-rat Alexa 488 and anti-mouse Alexa 568 and DAPI.
C. Cells were treated with J1B5 (integrin α6) followed by secondary antibody antirat Alexa 488. The cells were then fixed with paraformaldehyde and stained with
Clone 17 (Laminin-5) and the secondary antibody anti-mouse Alexa 568 and
DAPI.
The slides were visualized on a Zeiss Axiovert microscope. Pictures were taken using
Axiocam camera.
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Integrin α6 colocalizes with plectin
Once the integrin α6β4 binds to its ligand Laminin-5 plectin gets recruited to the FN III
domain of the β4 cytoplasmic tail. In order to determine if integrin α6 colocalized with
plectin, MCF10A cells were grown on glass coverslips for atleast 4 days. One set of
coverslips was fixed and stained for integrin α6 and plectin. Another set of coverslips
was treated with the primary integrin α6 antibody followed by fixing and staining with
plectin antibody and secondary antibodies for both integrin α6 and plectin. The last set of
coverslips were treated with the primary antibody for integrin α6 followed by secondary
antibody for integrin α6. The cells were then fixed and stained for plectin. The above sets
were repeated after uPA treatment for 3 hrs. All the coverslips were stained with DAPI.
Colocalization of integrin α6 and plectin was detected in both the uPA treated and
untreated fixed cells (Fig. 46 A,D). Striations observed in the staining indicate
organization of integrin α6 and plectin in hemidesmosomes. Clustering integrin α6
antibody with primary antibody treatment reduced the colocalization but the cat-paw like
pattern indicative of hemidesmosomes persisted in both uPA treated and untreated cells
(Fig. 46 B,E). However, treatment with primary as well as secondary anti-integrin α6
antibody completely eliminated any colocalization and the cat-paw pattern indicating the
loss of hemidesmosomes in the uPA untreated cells (Fig. 46 C). It is interesting to note
that the colocalization of plectin and integrin α6 persisted in the uPA treated cells along
with the cat-paw pattern indicating that uPA treatment blocks the dissociation of the
hemidesmosome by the primary and secondary integrin α6 antibodies (Fig. 46 F).
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Figure 46. Integrin α6 and plectin localization in MCF10A
A. MCF10A cells grown on glass coverslips were fixed with paraformaldehyde and
stained with rat monoclonal anti-integrin α6 antibody J1B5, mouse monoclonal
anti-plectin antibody Clone 7A8 and DAPI and mounted using Prolong anti-fade.
B. Cells were treated with J1B5 (integrin α6) and fixed in paraformaldehyde. The
cells were then stained with Clone 7A8 (plectin) and the secondary antibodies
anti-rat Alexa 488 and anti-mouse Alexa 568 and DAPI.
C. Cells were treated with J1B5 (integrin α6) followed by secondary antibody antirat Alexa 488. The cells were then fixed with paraformaldehyde and stained with
Clone 7A8 (plectin) and the secondary antibody anti-mouse Alexa 568 and DAPI.
D. Same as A but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
E. Same as B but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
F. Same as C but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
The slides were visualized on a Zeiss Axiovert microscope. Pictures were taken using
Axiocam camera.
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Integrin α6 colocalizes with BP180
BP180 is a transmembrane protein which is thought to associate directly with integrin α6.
In order to determine if integrin α6 colocalized with BP180, MCF10A cells were grown
on glass coverslips for atleast 4 days. One set of coverslips was fixed and stained for
integrin α6 and BP180. Another set of coverslips was treated with the primary integrin
α6 antibody followed by fixing and staining with BP180 antibody and secondary
antibodies for both integrin α6 and BP180. The last set of coverslips was treated with the
primary antibody for integrin α6 followed by secondary antibody for integrin α6. The
cells were then fixed and stained for BP180. The above sets were repeated after uPA
treatment for 3 hrs. All the coverslips were stained with DAPI. Colocalization of integrin
α6 and BP180 was detected in both the uPA treated and untreated fixed cells (Fig. 47
A,D). Striations observed in the staining indicate organization of integrin α6 and BP180
in hemidesmosomes. Clustering integrin α6 antibody with primary antibody treatment
reduced the colocalization but the cat-paw like pattern indicative of hemidesmosomes
persisted in both uPA treated and untreated cells (Fig. 47 B,E). However, treatment with
primary as well as secondary anti-integrin α6 antibody completely eliminated any
colocalization and the cat-paw pattern indicating the loss of hemidesmosomes in the uPA
untreated cells (Fig. 47 C). It is interesting to note that the colocalization of BP180, like
plectin, and integrin α6 persisted in the uPA treated cells along with the cat-paw pattern
indicating that uPA treatment prevents the dissociation of the hemidesmosome by the
primary and secondary integrin α6 antibodies (Fig. 47 F). uPA cleaves integrin α6.
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Figure 47 Integrin α6 and BP180 localization in MCF10A
A. MCF10A cells grown on glass coverslips were fixed with paraformaldehyde and
stained with rat monoclonal anti-integrin α6 antibody J1B5, mouse monoclonal
anti-BP180 antibody Clone 1D1 and DAPI and mounted using Prolong anti-fade.
B. Cells were treated with J1B5 (integrin α6) and fixed in paraformaldehyde. The
cells were then stained with Clone 1D1 (BP180) and the secondary antibodies
anti-rat Alexa 488 and anti-mouse Alexa 568 and DAPI.
C. Cells were treated with J1B5 (integrin α6) followed by secondary antibody antirat Alexa 488. The cells were then fixed with paraformaldehyde and stained with
Clone 1D1 (BP180) and the secondary antibody anti-mouse Alexa 568 and DAPI.
D. Same as A but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
E. Same as B but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
F. Same as C but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
The slides were visualized on a Zeiss Axiovert microscope. Pictures were taken using
Axiocam camera.
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Hence the antibody may not have sufficient receptor to bind to in order to cluster it and
disassemble the hemidesmosome.

Integrin α6 colocalizes with BP230
BP230 is another bullous pemphigoid antigen protein that gets recruited to the
cytoplasmic tail of the integrin β4. In order to determine if integrin α6 colocalized with
BP230, MCF10A cells were grown on glass coverslips for at least 4 days. One set of
coverslips was fixed and stained for integrin α6 and BP230. Another set of coverslips
were treated with the primary integrin α6 antibody followed by fixing and staining with
BP230 antibody and secondary antibodies for both integrin α6 and BP230. The last set of
coverslips were treated with the primary antibody for integrin α6 followed by secondary
antibody for integrin α6. The cells were then fixed and stained for BP230. All coverslips
were stained with DAPI. Colocalization of integrin α6 and BP230 was detected in fixed
cells at the cell membrane (Fig. 48A). Clustering integrin α6 antibody with primary
antibody treatment indicated more systemic colocalization and the cat-paw like pattern
indicative of hemidesmosomes became more pronounced (Fig. 48B). However, treatment
with primary as well as secondary anti-integrin α6 antibody completely eliminated the
cat-paw pattern indicating the loss of hemidesmosomes. The integrin α6 can be observed
clustered while the cytoplasmic presence of the BP230 remained (Fig. 48C).
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Figure 48 Integrin α6 and BP230 localization in MCF10A
A. MCF10A cells grown on glass coverslips were fixed with paraformaldehyde and
stained with rat monoclonal anti-integrin α6 antibody J1B5, mouse monoclonal
anti-BP230 antibody Clone C319 and DAPI and mounted using Prolong anti-fade.
B. Cells were treated with J1B5 (integrin α6) and fixed in paraformaldehyde. The
cells were then stained with Clone C319 (BP230) and the secondary antibodies
anti-rat Alexa 488 and anti-mouse Alexa 568 and DAPI.
C. Cells were treated with J1B5 (integrin α6) followed by secondary antibody antirat Alexa 488. The cells were then fixed with paraformaldehyde and stained with
Clone C319 (BP230) and the secondary antibody anti-mouse Alexa 568 and
DAPI.
The slides were visualized on a Zeiss Axiovert microscope. Pictures were taken using
Axiocam camera.
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Integrin α6 colocalizes with Keratin
The integrin α6β4 is unique in its ability to interact with Keratin 5 and 14 instead of actin
among the cytoskeletal proteins. In order to determine if integrin α6 colocalized with
Keratin 5, MCF10A cells were grown on glass coverslips for at least 4 days. One set of
coverslips was fixed and stained for integrin α6 and Keratin 5. Another set of coverslips
was treated with the primary integrin α6 antibody followed by fixing and staining with
Keratin 5 antibody and secondary antibodies for both integrin α6 and Keratin 5. The last
set of coverslips was treated with the primary antibody for integrin α6 followed by
secondary antibody for integrin α6. The cells were then fixed and stained for Keratin 5.
All the coverslips were stained with DAPI. Colocalization of integrin α6 and Keratin 5
was detected in fixed cells (Fig. 49A). Striations observed in the staining indicate
organization of integrin α6 and Keratin 5. Clustering integrin α6 antibody with primary
antibody treatment reduced the colocalization as well as the cat-paw like pattern
indicative of hemidesmosomes (Fig. 49B). However, treatment with primary as well as
secondary anti-integrin α6 antibody completely eliminated the cat-paw pattern indicating
the loss of hemidesmosomes. The integrin α6 can be observed clustered while Keratin 5
was detected in the cytoplasm (Fig. 49C).
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Figure 49 Integrin α6 and Keratin 5 localization in MCF10A
A. MCF10A cells grown on glass coverslips were fixed with paraformaldehyde and
stained with rat monoclonal anti-integrin α6 antibody J1B5, rabbit polyclonal
anti-Keratin 5 antibody Clone 18A and DAPI and mounted using Prolong antifade.
B. Cells were treated with J1B5 (integrin α6) and fixed in paraformaldehyde. The
cells were then stained with Clone 18A (Keratin 5) and the secondary antibodies
anti-rat Alexa 488 and anti-rabbit Alexa 568 and DAPI.
C. Cells were treated with J1B5 (integrin α6) followed by secondary antibody antirat Alexa 488. The cells were then fixed with paraformaldehyde and stained with
Clone 18A (Keratin 5) and the secondary antibody anti-rabbit Alexa 568 and
DAPI.
The slides were visualized on a Zeiss Axiovert microscope. Pictures were taken using
Axiocam camera.
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Integrin α6 does not colocalizes with 14-3-3
14-3-3 proteins are activators of the tyrosine and tryptophan hydroxylases and Raf and
inhibitors of protein kinase C (153). They are able to recognize certain phosphorylated
residues on proteins and interact with them. MSP-mediated PI3K pathway activation
induces Ron and α6β4 phosphorylation in the connecting sequence to generate 14-3-3
binding sites on both molecules. The dimeric 14-3-3 proteins mediate the MSP-dependent
formation of a Ron/α6β4 complex that in turn induces disassembly of HDs and α6β4
relocation at lamellipodia (154). In order to determine the localization of integrin α6 and
14-3-3 proteins, MCF10A cells were grown on glass coverslips for at least 4 days. One
set of coverslips was fixed and stained for integrin α6 and 14-3-3. Another set of
coverslips were treated with the primary integrin α6 antibody followed by fixing and
staining with 14-3-3σ antibody and secondary antibodies for both integrin α6 and 14-33σ. The last set of coverslips were treated with the primary antibody for integrin α6
followed by secondary antibody for integrin α6. The cells were then fixed and stained for
14-3-3σ. The above sets were repeated after uPA treatment for 3 hrs. All the coverslips
were stained with DAPI. No colocalization of integrin α6 and 14-3-3σ was detected in
the uPA untreated cells however colocalization was observed in uPA treated fixed cells
(Fig. 50 A,D). Striations observed in Figure 50A indicate organization of integrin α6 in
hemidesmosomes. Clustering integrin α6 antibody with primary antibody treatment
increased the colocalization in the uPA untreated cells but the cat-paw like pattern
indicative of hemidesmosomes persisted (Fig. 50B). In the uPA treated cells
colocalization decreased (Fig. 50 E). However, treatment with primary as well as
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Figure 50 Integrin α6 and 14-3-3σ localization in MCF10A
A. MCF10A cells grown on glass coverslips were fixed with paraformaldehyde and
stained with rat monoclonal anti-integrin α6 antibody J1B5, mouse monoclonal
anti-14-3-3σ antibody SC-7681 and DAPI and mounted using Prolong anti-fade.
B. Cells were treated with J1B5 (integrin α6) and fixed in paraformaldehyde. The
cells were then stained with SC-7681 (14-3-3σ) and the secondary antibodies antirat Alexa 488 and anti-goat Alexa 568 and DAPI.
C. Cells were treated with J1B5 (integrin α6) followed by secondary antibody antirat Alexa 488. The cells were then fixed with paraformaldehyde and stained with
SC-7681 (14-3-3σ) and the secondary antibody anti-goat Alexa 568 and DAPI.
D. Same as A but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
E. Same as B but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
F. Same as C but preceded by uPA (20 μg/ml) treatment for 3 hrs at 37 deg. C.
The slides were visualized on a Zeiss Axiovert microscope. Pictures were taken using
Axiocam camera.
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secondary anti-integrin α6 antibody completely eliminated any colocalization and the
cat-paw pattern indicating the loss of hemidesmosomes in the uPA untreated cells (Fig.
50C). It is interesting to note that the colocalization of 14-3-3σ and integrin α6 persisted
in the uPA treated cells with the appearance of the cat-paw pattern (Fig. 50F). This
suggests that uPA treatment blocks the dissociation of the hemidesmosome by the
primary and secondary integrin α6 antibodies. The colocalization of integrin α6 and 143-3σ in figure 50C accompanies dissociation of the hemidesmosome.

Integrin α6 complexes with the hemidesmosomal proteins in MCF10A cells.
The immunocytochemistry data indicated that integrin α6 colocalized with the other
hemidesmosomal components like Laminin-5, plectin, BP180, BP230 and CD151. In
order to determine if integrin α6 complexed with the hemidesmosomal proteins,
MCF10A cells were lysed with RIPA buffer and briefly sonicated. The lysates were then
used to immunoprecipitate integrin α6, integrin β4, Laminin-5, plectin, BP180, BP230
and CD151. A western blot for integrin α6 demonstrated the presence of integrin α6 in
all the protein complexes (Fig. 51A). However when the lysate was precleared with
Protein G beads for 1 hr at 4 deg. C, integrin α6 was detected only the integrin α6,
integrin β4 and CD151 immunocomplexes (Fig. 51B). This observation suggests that the
hemidesmosomal complex is insoluble in nature and is removed during preclearing. The
integrin α6 detected in the integrin α6, integrin β4 and CD151 immuno complexes is
soluble and hence is left behind in the lysate after preclearing. It also suggests that the
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Figure 51 Integrin α6 complexes with the hemidesmosomal complexes in MCF10A
cells.
A. MCF10A cells were lysed in RIPA buffer and integrin α6 (rat J1B5), integrin β4
(mouse 3E1), Laminin-5 (mouse Clone 17), plectin (mouse Clone 7A8), BP180
(mouse Clone 1D1), BP230 (mouse Clone C319) and CD151 (mouse 14A2.H1)
were immunoprecipitated and analyzed by SDS-PAGE. . The integrins α6 (~140
kD) and α6p (~75 kD) were detected by western blotting using the rabbit
antibody AA6A specific for the integrin α6 cytoplasmic domain.
B. MCF10A cells were lysed in RIPA buffer and precleared with Protein G beads for
1 hr at 4 deg. C. Integrin α6 (rat J1B5), integrin β4 (mouse 3E1), Laminin-5
(mouse Clone 17), plectin (mouse Clone 7A8), BP180 (mouse Clone 1D1),
BP230 (mouse Clone C319), CD151 (mouse 5C11) and p53 (mouse Clone
C1421) were immunoprecipitated and analyzed by SDS-PAGE. . The integrins α6
(~140 kD) and α6p (~75 kD) were detected by western blotting using the rabbit
antibody AA6A specific for the integrin α6 cytoplasmic domain.

154

integrin α6 integrin β4 and integrin α6 CD151 interaction may be stronger than the
integrin α6 interaction with the other hemidesmosomal proteins.

Different molecular weight forms of integrin α6
Integrin α6 forms complexes with many different proteins. It can form a heterodimer
either with integrin β1 or integrin β4. It has already been demonstrated that the integrin
α6 complexed with CD151 is of a higher molecular weight and the difference in
molecular weight is due to palmitoylation (Fig. 33). Similarly, the integrin α6 bound to
integrin β1 has a higher molecular weight as compared to the integirn α6 bound to
integrin β4 (Fig. 52 A). MCF10A cells were lysed in RIPA buffer and sonicated. Integrin
α6, integrin β4, integrin β1 and CD151 was immunoprecipitated and analyzed by SDSPAGE. A western blot for integrin α6 indicated that the integrin α6 bound to integrin β1
banded at a higher as compared to the integrin α6 in the integrin α6 and the integrin β4
immunocomplex. It is interesting to note that a doublet of integrin α6 was observed in the
CD151 immunocomplex which has not been observed so far in PC3N cells. The
molecular weight of the dominant form of integrin α6 associated with CD151 is less than
the molecular weight of integrin α6 paired with intgrin β1 but is more than that of the
integrin α6 paired with integrin β4 (Fig. 52A).

Integrins are shed in the ECM as the cell migrates. In order to determine if the integrin
α6 left behind in the ECM was of different molecular weights MCF10A cells were grown
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to confluency and then removed from the plate using Gospodarowicz method which
leaves the ECM on the tissue culture surface (152). The ECM thus acquired was then
scraped off and sonicated. The lysate was used to repeat the above-mentioned
experiments demonstrated in Figure 52A. Similar results to that in Figure 52A were
observed (Fig. 52B). Integrin α6 associated with integrin β1 had a greater molecular
weight as compared to the integrin α6 bound to integrin β4. A single form of integrin α6
was observed to be associated with CD151, unlike in Figure 52A.

In order to confirm the existence of integrin α6 of different molecular weights,
immunoprecipitations were carried out using antibodies to two different proteins in the
same IP. The doublet observed in the IP demonstrated the existence of two distinct forms
of integrin α6 associating with integrin β1 and integrin β4. The CD151 and integrin β1
immunoprecipitation revealed the two different forms of integrin α6, however no doublet
was seen in the immunocomplex of CD151 and integrin β4 indicating that the form of
integrin α6 associating with the integrin β4 is similar to the one associating with CD151
in MCF10A cells (Fig. 53A). Integrins are known to undergo post-translational
modifications like glycosylation and palmitoylation
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Figure 52 Integrin α6 forms associated with integrin β4, integrin β1 and CD151.
A. MCF10A cells lysate was used to immunoprecipitate integrin α6 (rat J1B5),
integrin β4 (mouse 3E1), integrin β1 (mouse TS2/16) and CD151 (mouse 5C11).
The IPs were analyzed by SDS-PAGE. The integrins α6 (~140 kD) was detected
by western blotting using the rabbit antibody AA6A specific for the integrin α6
cytoplasmic domain.
B. MCF10A cells were grown to confluency and then removed using the
Gospodarowicz method (152) leaving the ECM behind. The ECM was scraped
and sonicated. The lysate was used to immunoprecipitate integrin α6 (rat J1B5),
integrin β4 (mouse 3E1), integrin β1 (mouse TS2/16) and CD151 (mouse 5C11).
The IPs were analyzed by SDS-PAGE. The integrins α6 (~140 kD) was detected
by western blotting using the rabbit antibody AA6A specific for the integrin α6
cytoplasmic domain.

157

(70, 104, 146). In order to determine if the difference in molecular weight was due to
glycosylation MCF10A cells were lysed and integrin α6, integrin β1 and integrin β4
immunoprecipitated. The immunocomplexes were treated with Endoglycosidase H.
These were analyzed by SDS-PAGE. A western blot for integrin α6 revealed no change
in the integrin α6 associated with integrin β4 or integrin β1 in Endo H treated cells
indicating that the difference in molecular weight was not due to glycosylation (Fig.
53B). It has already been demonstrated earlier that the integrin α6 complexed with
CD151 in PC3N cells has a greater molecular weight due to palmitoylation (Fig. 33).
Whether palmitoylation is the cause of the different integrin α6 forms in MCF10A cells
remains to be determined.

DISCUSSION
Hemidesmosome is a multiprotein complex important in cell adhesion. Normal epithelial
cells use the hemidesmosome to anchor themselves to the ECM. It is a stronger adhesive
structure observed in long term attachment of cells to ECM unlike focal adhesion
complexes which are for transient attachment and observed in migrating cells. It is
interesting to not that it is absent in cancers. In prostate cancer hemidesmosomes may be
lost due to loss of integrin β4 expression. The importance of hemidesmosomes is
demonstrated by the severe diseases like the skin sloughing disorder epidermolysis
bullosa which result due to loss of or mutation in one of the hemidesmosomal
components.
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Figure 53 Different molecular weight forms of integrin α6 associated with integrin
β4, integrin β1 and CD151.
A. MCF10A cells lysate was used to immunoprecipitate integrin α6 (rat J1B5),
integrin β4 (mouse 3E1), integrin β4 + integrin β1 (mouse 3E1 + mouse TS2/16 ),
integrin β1 (mouse TS2/16), integrin β1 + CD151 (mouse TS2/16 + mouse 5C11
), CD151 (mouse 5C11) and integrin β4 + CD151 (mouse 3E1 + mouse 5C11).
The IPs were analyzed by SDS-PAGE. The integrins α6 (~140 kD) was detected
by western blotting using the rabbit antibody AA6A specific for the integrin α6
cytoplasmic domain.
B. MCF10A cells lysate was used to immunoprecipitate integrin α6 (rat J1B5),
integrin β4 (mouse 3E1), integrin β1 (mouse TS2/16). One set of IPs were treated
with Endo H overnight at 37 deg. C on a shaker as described in meaterials and
methods. The IPs were analyzed by SDS-PAGE. The integrins α6 (~140 kD) was
detected by western blotting using the rabbit antibody AA6A specific for the
integrin α6 cytoplasmic domain.
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The mechanism of dissociation of hemidesmosomes is not well understood, though 14-33 proteins may be involved in relocation of the integrin α6 present in the
hemidesmosome. uPA is known to cleave integrin α6 to integrin α6p. However uPA
treatment does not bring about hemidesmosome dissociation indicating that once the
multi-protein complex is formed even loss of the ligand binding domain of the integrin
does not affect its integrinty. It has been earlier demonstrated that integrin α6 cleavage is
blocked by CD151 association. CD151 has been identified as a hemidesmosomal
component, hence it could be protecting the integrin α6 from cleavage and maintaining
the integrity of the hemidesmosome. Others have reported that the integrin β4
cytoplasmic tail is critical in formation of the hemidesmosome (42). The phosphorylation
of the integrin β4 cytoplasmic tail is also thought to be important in hemidesmosome
disassembly (155). It has been observed that treatment with primary and secondary
antibodies does not diassemble the hemidesmosomes in uPA treated MCF10A as
observed in uPA untreated cells. uPA is known to set up many signaling cascades and
one of these may be responsible in preventing phosphorylation of the integrin β4
cytoplasmic domain and hence prevent hemidesmosomal disassembly.
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VII. EPIGENETIC SILENCING OF THE CELL ADHESION GENE
DESMOCOLLIN 3 IN BREAST CANCER.

INTRODUCTION

The cell makes two types of contacts with its surroundings. They are cell-ECM junctions
and cell-cell junctions. Cell-ECM junctions are mediated by hemidesmosomes, as
elaborated in the previous chapter. Cell-cell junctions are mediated through a multiprotein complex known as desmosomes. The protein components of the desmosome and
the hemidesmosome are different. The desmosome holds cells together by
transmembrane adhesion molecules from the cadherin family. Desmoglein and
desmocollin are associated with the keratin intermediate filaments through other proteins
like plakoglobin and desmoplakin (156). It is necessary for the cancer cell to disrupt both
the cell-cell as well as the cell-ECM interaction in order to migrate.

Desmosomes, together with adherens junctions, represent the major adhesive celljunctions of epithelial cells (157-159). E-cadherin is one example of an integral
component of adherens junctions whose role in breast tumor progression has been clearly
established (160-162). The participation of desmosomal components in cancer, however,
is enigmatic. Desmosomes are multifaceted intracellular junctions that participate in cell
adhesion and maintenance of normal tissue structure in the epidermis (159, 163).
Desmocollins (DSCs) are members of the cadherin super-family, and fundamental
members of the desmosome. DSC family members are uniquely expressed in epidermal
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tissue, with DSC2 being expressed in all desmosome-bearing tissues, while DSC1 and
DSC3 expression is restricted to certain specialized epithelia, mainly stratified squamous
epithelia (164, 165). Furthermore, DSC1 is expressed in the higher terminally
differentiated cell layers, while DSC3 is mainly expressed in the basal layers (164, 165).
In addition, the DSCs are present in both 'a' and 'b' isoforms, resulting from the alternate
splicing of exon 16 (166). They differ with respect to their carboxy-terminal end, with the
'b' form having a shortened carboxy-terminal domain that removes the major binding site
for plakoglobin (167).

Aberrant cytosine methylation of CpG dinucleotides in the promoter region of genes is
often associated with changes in their chromatin structure and transcriptional silencing of
the gene during carcinogenesis and tumor progression (168-174). Examples of
hypermethylated genes in breast cancer include: maspin, E-cadherin, BRCA1, ras
association domain family 1A, tissue inhibitor of metalloproteinase-3, and A Disintegrin
And Metalloprotease domain 23 gene (160, 161, 168, 175-180).

One of the more intriguing functions of desmosomal proteins as they relate to cancer is
their ability to inhibit cell motility. Notably, Tselepis et al. (181) showed that the
expression of multiple desmosomal components (DSC, desmoglein, and plakoglobin)
were sufficient to induce adherence of the normally non-adherent invasive L929
fibroblast. This induced adhesion could be blocked by the addition of short peptides
corresponding to the putative cell adhesion recognition sites of DSC and desmoglein.
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Recently, functional studies that targeted the inhibition of DSC3 with dominant negative
constructs showed that DSC3 expression is required for the formation of desmosomes
and adherens junctions (182). In total, these studies support the idea that intact
desmosomes can inhibit cellular motility.

Down-regulation of DSC3 in breast cancer was first reported by Klus (183). They showed
that DSC3 was expressed in normal breast while its expression was down regulated in
both primary breast tumors and breast tumor cell lines. Two-color fluorescence cDNA
microarray experiments to identify p53 response genes in human breast tumor cell lines
identified DSC3 as a p53 response gene whose expression was downregulated in 80% of
breast tumor cell lines tested. In addition, analysis of breast cancer cell lines showed that
DSC3 is silenced in association with cytosine hypermethylation and histone deacetylation
(170). Therefore, the loss of DSC3 expression in the cell lines appears to be due to both
epigenetic and genetic changes.

In this study a panel of breast tumor cell lines were analyzed for DSC3 expression and
concomitant cytosine methylation of its promoter region. As aberrant cytosine
methylation of promoter regions is associated with alterations to chromatin structure, the
in vivo nuclease accessibility of the DSC3 promoter region was compared in normal and
tumor breast cell lines. Results indicate that the loss of DSC3 is a common event in breast
tumor cell lines at both the mRNA and protein levels and that the loss of expression is
frequently correlated with cytosine methylation of its promoter region and an inaccessible
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chromatin structure. These results indicate that epigenetic silencing of DSC3 is an
underlying event in breast tumorigenesis.

MATERIALS AND METHODS
Details of antibodies, chemicals and cell lines used for this work are can be found in
Chapter II.
Quantitative real time RT-PCR
For real time quantitative RT-PCR analysis of DSC3 and GAPDH gene expression, a
reverse transcription step was performed using TaqMan® Reverse Transcription Reagents
(Roche Molecular Systems, Branchburg, NJ, USA) and 250 ng of total RNA in a 50 μl
reaction. The reverse transcription reaction was primed with random hexamers and
incubated at 25°C for 10 minutes followed by 48°C for 30 minutes, 95°C for 5 minutes
and a chill at 4°C. For the PCR reaction, 10 ng of cDNA was used in accordance with the
protocol outlined in the ABI user manual (Applied Biosystems). DSC3 and GAPDH
primer probes were purchased from ABI Assays-on-demand (Fwd Primer,
CCAATCCGGTTTCAGAAGTGA; Rev Primer, CTCGCCGCTGCTTGTTTT; FAM
Probe, CTCTCTCAGGCTTGCC) were used and data collected using the ABI Prism
7000 real-time sequence detection system (Applied Biosystems). Differences in
expression were determined using the comparative Ct method described in the ABI user
manual (Applied Biosystems).
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Sodium bisulfite genomic sequencing of the DSC3 promoter
Genomic DNA (5 μg) was modified with sodium bisulfite under conditions previously
described (168). The DSC3 promoter was amplified from the bisulfite-modified DNA by
two rounds of PCR using nested primers specific to the bisulfite-modified sequence of
the DSC3 CpG Island. First round primers were: UTDSC3_F1,
GATTGGGGTTTTGTATTGAGA; UTDSC3_R1, TTAACCTCTCTCAAACTTACC.
Second round primers were: UTDSC3_F2, ATTTGGGTTGTTAGGGTTTTTTT;
UTDSC3_R2, AAAACAACTTCACTTCTAAAACC. Both rounds of PCR were
performed under the same parameters, with 1% of the first round PCR product serving as
the template in the second round of PCR. PCR amplification was performed under the
following conditions: 94°C for 4 minutes followed by 5 cycles of 94°C for 1 min, 56°C
for 2 min, 72°C for 3 min, then 35 cycles of 94°C for 30 s, 56°C for 2 min, 72°C for 1.5
min, and ending with a final extension of 72°C for 6 min.
The resultant PCR product was cloned into a TA vector according to the manufacturer's
instructions (pGEM-T-Easy cloning kit; Promega, Madison, WI, USA)). Ten positive
recombinants were isolated using a Qiaprep Spin Plasmid Miniprep kit (Qiagen)
according to the manufacturer's instructions and sequenced on an ABI automated DNA
sequencer (Applied Biosystems, Foster City, CA, USA). The methylation status of
individual CpG sites was determined by comparison of the sequence obtained with the
known DSC3 sequence. The number of methylated CpGs at a specific site was divided by
the number of clones analyzed (minimum of 10 in all cases) to yield a percent
methylation for each site.
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Chromatin accessibility assays
Chromatin accessibility assays were performed as previously described (170) with minor
modifications. Ten million cells were washed twice with ice cold 1 × PBS, gently scraped
and collected by centrifugation. Nuclei were extracted by resuspension of cells in ice cold
1 × RSB (10 mM Tris HCl, pH 8, 3 mM MgCl2, 10 mM NaCl, 0.05% NP40). The nuclei
were collected by centrifugation, resuspended in appropriate 1 × restriction endonuclease
buffer, and divided into two aliquots of 200 μl/aliquot. MspI (0 or 75 units; Gibco BRL,
Bethesda, MD, USA) was added to the nuclei and incubated at 37°C for 15 minutes.
Genomic DNA was isolated using the QIAamp DNA Mini Kit (Qiagen) and ligated to
linkers specific for the MspI ends. The linker 'marks' accessible sites of chromatin, and
acts as the primer sequence for PCR along with the DSC3 promoter specific primer.
Primers were: linker specific primer, GGATTTGCTGGTGCAGTACT; first round gene
specific primer, CCTAAATCCCTTTTCAAGTCT; second round gene specific primer,
CTCAAAACAAAAAGCTCAGTCCAGA. To increase specific amplification of the
band of interest, a second round of PCR was performed using a 1:1000 dilution of the
first round PCR product, adding a second, nested primer that was specific for the
genomic region being analyzed and internal to the first region-specific primer.
First round PCR was performed using RTG PCR beads (Pharmacia, Piscataway, NJ,
USA) to amplify 100 ng of linkered DNA. The initial step in the first round PCR reaction
was a 15 minute incubation at 72°C followed by a denaturation at 95°C for 2 minutes
then 25 cycles of 95°C for 30 s, 55°C for 1 min, 72°C for 2 s and a final extension at
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72°C for 5 minutes. The second round of PCR was performed using the ABI Prism 7000
real-time sequence detection system (Applied Biosystems). For the nested PCR step, 25
pmol (1 μl) of internal DSC3 specific primer was added to 5 μl of diluted first-round
product (1:1000), 19 μl of PCR water and 25 μl of 2 × SYBR® Green PCR Master Mix
(Applied Biosystems). The PCR conditions for this second round of PCR were as
follows: a 10 minute denaturation at 95°C and 40 cycles of 94°C for 1 min, 56°C for 40 s
and 72°C for 30 s. Relative levels of chromatin accessibility were determined using the
comparative Ct method. Real-time PCR products were also separated on a 3% TBE
agarose gel to verify the presence of a single PCR product of the appropriate size (241
bp).

RESULTS
DSC3 gene expression is silenced or greatly reduced in a high percentage of breast
tumor cell lines.
To further characterize in vitro models for studying the epigenetic state of the DSC3
promoter prior studies were extended (170, 183) and 14 human breast tumor cell lines
were analyzed for DSC3 expression by quantitative real time RT-PCR. Tumor expression
levels were normalized to GAPDH, and expression was then compared to HMECs.
Normalized expression levels are shown in Fig. 54. In the breast tumor cell lines tested,
11 of 14 (79%) showed a loss of DSC3 expression, whereas HS578T, MDA-MB-468,
and UACC3199 showed moderate expression levels. Of note, three of the breast tumor
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Figure 54. DSC3 gene expression is silenced or greatly reduced in a high percentage
of breast tumor cell lines (184).
DSC3 expression relative to human mammary epithelium cells (HMECs) was assessed by
real-time quantitative RT-PCR; GAPDH expression was used to normalize the data.
(Futscher lab.)
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cell lines tested, BT549, MDA-MB-231, and MDA-MB-157, are in agreement with
earlier findings (183).

DSC3 protein is not expressed in breast tumor cells with undetectable DSC3 mRNA
levels.
To determine if loss of mRNA expression correlated with a decrease in protein levels, a
western blot analysis of DSC3 in a select group of cell lines was performed. Chosen for
analysis were the MDA-MB-157, MDA-MB-231, UACC1179, HS578T, and BT549
breast tumor cell lines, as well as the immortalized but non-tumorigenic breast epithelial
cell line MCF10A. HaCaT cells, which are a spontaneously immortalized human
keratinocyte cell line, served as a positive control for DSC3 expression (185). The lack of
mRNA expression resulted in a marked reduction of DSC3 protein expression in the cell
lines tested (Fig. 55). The HS578T cell line, which showed a 7% expression of DSC3
mRNA, did not produce any detectable protein expression, which is likely below the limit
of detection for the western blot conducted. MCF10A cells, which express DSC3 mRNA,
showed protein expression comparable to the HaCaT cells; however, no protein bands
were present in any of the tumor cell lines examined. Therefore, the lack of DSC3 mRNA
expression results in a significant loss of DSC3 protein expression in breast tumor cell
lines.
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Figure 55. DSC3 protein is not expressed in breast tumor cells with undetectable
DSC3 mRNA levels(184).
Cells were lysed and analyzed by SDS-PAGE. A western blot for DSC3 using mouse
monoclonal anti-Desmocollin 3 antibody DSC3-U114 was performed. DSC3 is detected
at ~100kDa. MCF10A and HaCaT cells were used as positive controls for DSC3
expression.
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The DSC3 promoter is aberrantly methylated in breast tumor cell lines.
To determine if DSC3 expression is lost in association with aberrant methylation of the
DSC3 promoter sodium bisulfite genomic sequencing was used to assess the cytosine
methylation status of the DSC3 promoter region. Again, 10 to 12 cloned PCR products
were sequenced to determine the percent methylation of the 24 CpG sites in the 5'
promoter region. The DSC3 promoter region was relatively unmethylated in the DSC3positive, HMECs, and MCF10A cells (Fig. 56). In the DSC3-negative cell lines MB231,
UACC1179, and BT549, there is a strong correlation between cytosine methylation of the
promoter region and lack of expression. Interestingly, in the two remaining DSC3negative cell lines, UACC2087 and MB-453, loss of expression does not correlate with
cytosine methylation of its promoter region, which suggests that other mechanisms of
gene silencing are present in these cell lines. These results are similar to the conditions
found in the clinical specimens where DSC3 is silenced due to cytosine methylation of its
promoter region in 41% of specimens analyzed. Notably, as each of these cell lines
contain mutant p53, the loss of this transcription factor is likely participating in the
silencing of DSC3 (170, 186). Finally, in the two remaining tumor cell lines that express
DSC3 little or no methylation of the promoter region was observed. Therefore, the lack of
DSC3 expression in these breast tumor specimens is due in part to both epigenetic and
genetic mechanisms of gene silencing.
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Figure 56. The DSC3 promoter is aberrantly methylated in breast tumor cell
lines(184).
Ten to twelve cloned PCR products were sequenced to determine the percent methylation
of the 24 CpG sites in the region analyzed. Cytosine methylation frequency histograms
are shown for human mammary epithelium cells (HMECs) and the immortalized nontumorigenic MCF10A cells, and seven human breast cancer cell lines examined. The yaxis is percent cytosine methylation and the x-axis is the nucleotide position relative to
the transcription start site. (Futscher Lab.)
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Hypermethylated DSC3 promoter regions are inaccessible to in vivo MspI
endonuclease digestion.
Another facet of epigenetic regulation causally linked to aberrant cytosine methylation is
localized changes to chromatin architecture. Generally, methylated and silenced regions
are associated with a 'closed' chromatin structure whereas unmethylated and
transcriptionally competent regions are associated with an 'open' chromatin structure. The
chromatin structure of the DSC3 CpG island region was analyzed by measuring the
accessibility of MspI to its cognate binding site (CCGG) using a quantitative real-time,
linker-mediated PCR approach (170). The PCR for this assay involved a hemi-nested
amplification approach, with one primer being specific to the ligated linker and two gene
specific primers. The first round of PCR used the linker specific primer and a
downstream gene specific primer, while the second round used a portion of the first
round product and a gene specific primer 3' to that of the first round gene specific primer
to increase specificity of the reaction. Using this technique, a 6.5 to 8.5 cycle difference,
which translates to a 90 to 362-fold decrease in chromatin accessibility between the two
tumor cell lines tested in comparison to MCF10A cells was observed (Fig. 57).
Therefore, DSC3 gene silencing is linked to aberrant cytosine methylation and a closed
chromatin structure.
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Figure 57. Hypermethylated DSC3 promoter regions are inaccessible to in vivo MspI
endonuclease digestion.
Intact nuclei were isolated from MDA-MB-231 and UACC1179 cells and digested in
vivo with MspI. Isolated DNA was ligated with a linker specific to the MspI ends, and
hemi-nested, linker mediated PCR was conducted with two rounds of PCR with two gene
specific primers. Increased amounts of PCR product reveal the presence of accessible
chromatin. Inset within the graph is the average calculated fold decrease and standard
deviation when MDA-MB-231 and UACC1179 cells are compared to MCF10A. The
graph shown is representative of three independent replicates. (Futscher lab.)
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DISCUSSION
The purpose of this study was to determine if the loss of DSC3 expression was due to the
aberrant methylation of the DSC3 CpG island promoter. The loss of DSC3 expression in
primary breast carcinomas and tumor cell lines has been previously reported (183). These
studies were extended and show that down regulation of DSC3 is a common event in
breast tumor cell lines, in which a 79% loss of expression was observed. Furthermore, in
vitro models were used to demonstrate that the epigenetic silencing of DSC3 is due in
part to cytosine methylation of its promoter region and to concomitant changes in
chromatin structure that lead to it forming a closed, inaccessible conformation in the
breast cancer cell lines.

The cytosine methylation status of 24 CpG sites just 5' of transcriptional start were
analyzed. Within the first seven CpG sites analyzed, methylation variable positions were
observed in nearly all the cell lines analyzed. This finding signifies that the first seven
sites are at the very edge of the functional CpG island, where methylation tends to be
more variable and coincidentally resides outside of the defined minimal promoter (187190). The last 17 CpGs analyzed are within the minimal human promoter region
previously identified and are almost completely unmethylated in DSC3-positive cells.
Therefore, cytosine methylation within the DSC3 minimal promoter region results in the
silencing of DSC3 gene expression.
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It is hypothesized that subsequent to the loss of critical transcription factors, the promoter
regions become 'unprotected' and aberrant cytosine methylation that occurs in the region
induces long term gene silencing, similar to epigenetically regulated cell type-specific
genes (191).

While functional studies have identified DSC3 as a potential tumor suppressor gene
(181), future studies are necessary to determine the role of DSC3 in breast tumor
initiation and progression. Compelling evidence in the literature indicates an important
role for the loss of cellular adhesion in breast tumor progression. In an elegant study,
Sternlicht et al. (192) showed that transgenic mice that express an auto-activating form of
MMP-3/stromelysin-1, under the control of the whey acidic protein gene promoter,
undergo spontaneous development of premalignant and malignant lesions in the
mammary glands when compared to their non-transgenic littermates. This study,
conducted over a two year period, shows that the single addition of MMP-3, a gene that
encodes an enzyme that degrades extracellular components such as fibronectin, laminin,
collagens III, IV, IX, and X, and cartilage proteoglycans, is sufficient to induce moderate
to severe mammary hyperplasia, lymphocytic infiltrates, ductal carcinoma in situ, and
mammary carcinomas. The loss of cell adhesion molecules is thus sufficient to induce
neoplastic mammary diseases and warrants the further investigation of the role of
desmosomal protein loss in breast tumor progression. Furthermore, desmosomal proteins
such as DSC3 have been shown to be critical for desmosome formation, cell position, and
inhibition of cell motility (181, 193). As such, the identification of DSC3 as a gene that is
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commonly downregulated in breast cancer necessitates the need for further examination
of its role in breast tumor progression.
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VIII. CONCLUDING STATEMENTS.
Cancer is a disease due to cumulative changes. It could begin with a point mutation in the
DNA which could initiate a cascade of cellular changes resulting in a cancer cell with
multiple mutations. Normal cells would be eliminated in case of aberrant mutations,
hence it becomes important for a cancer cell with such a mutaion to survive and evade
apoptosis. Once it has accomplished this by changing its protein profile it begins to
divide. A cancer cell can also modify its surrounding tissue to facilitate its survival and
growth. Most cancer patients rarely die due to this initial primary tumor mass. The cancer
cells aquire the ability to migrate to distant sites in the body and establish secondary
cancer foci which lead to complications and eventually death of the patient. Therefore it
becomes critical to study and target the changes taking place in the cell which enable it to
migrate from the initial focus.

One of the initial changes that occur at the protein level in a cancer cell are modification
in its cell surface receptor profiles which enable it to detach from the ECM or other cells.
Integrins are a family of such receptors which undergo change. It becomes essential to
detect these changes as soon as possible in order to diagnose and treat cancer. Integrins
changes can be used as markers in diagnosis and prognosis. Since integrins mediate cell
migration, they make good therapeutic targets. Antibodies and peptides to block their
function can be developed. However, it becomes imperative to identify these transitions
in order to block them. This purpose of this work was to identify some of these changes
and study how they are regulated.
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As mentioned above, integrins play a critical role in cell adhesion and migration. Studies
have demonstrated the importance of uPA mediated integrin α6 processing in cancer cell
migration. The presence of integrin α6p has been detected in prostate, pancreatic and
breast cancer cell lines. The uPA cleavage site on the integrin α6 (R594R595) was
identified by site-directed mutagenesis. Mutant cells were made which expressed the
uncleavable form of the integrin. This was done by substituting the arginine residues
R594R595 with alanine residues A594A595. Increased migration and induction of
integrin α6p in prostate cancer cells expressing the cleavable form of the integrin α6 was
observed. Erythroleukemia and prostate cancer cell lines expressing the cleavable and
uncleavable forms of integrin α6, K562-α6-WT, K562-α6-RR, PC3N-α6-WT and
PC3N-α6-RR, were generated. Future studies will be directed towards developing
transgenic mice expressing the uncleavable form of integirn α6.

Bone metastasis is commonly observed in case of prostate cancer. Osteoblastic as well as
osteolytic activity has been reported in prostate cance metastasis. On injecting the wildtype and mutated integrin α6 over-expressing cell lines into mouse femurs, increased
osteolytic activity on bones injected with cells expressing the cleavable integrin α6 was
observed indicating that integrin cleavage has a role in remodeling the bone tissue. This
study implicates the integrin cleavage in signaling activity. Our data in Chapter III
demonstrates the ability of integrin α6 cleavage to modulate phospho-FAK and phosphoErk signals. The cleavage of the integrin could be activating a signaling cascade that
upregulates or activates certain proteases in the bone microenvironment which result in
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bone degradation. Integrin α6p has been recovered from bone marrow of bones injected
with the PC3N-α6-WT cells. The persistence of the mutated integrin message
demonstrated that the cells, once induced, could survive and proliferate in the bone even
19 days post-surgery.

So far uPA-mediated complete conversion of integrin α6 to α6p has not been observed in
cell lines. This led to the hypothesis that there was a regulatory mechanism that dictated
the amount of integrin α6 available for cleavage. Earlier work has demonstrated that the
integrin α6 processing takes place only at the surface, hence it could be possible that the
intact integrin α6 observed was intracellular. However similar persistence of full length
integrin α6 in biotinylation experiments was observed demonstrating that a certain
integrin α6 population on the surface was being protected from cleavage. The
observation that the integrin α6 complexed with the tetraspanin CD151 could not be
cleaved by uPA led to conclusion that CD151 was one of the factors regulating integrin
α6 cleavage. This work conclusively proves that at least two populations of integrin α6
exist - integrin α6 associated and unassociated with CD151. Different ratios of these two
populations in different types of cell lines has been observed indicating that this is a
common phenomenon in different tissue types.

The exact mechanism of how CD151 blocks integrin α6 cleavage is yet unknown, how
ever it may be masking the cleavage site recognized by uPA. This, however, seems

180

unlikely because CD151 stands approximately 4 nm from the cell membrane while the
integrin α6 stands 18 nm when in the open conformation. The cleavage site is
approximately half way up the integrin (~9 nm) and hence cannot be directly masked by
the bound CD151. Our docking studies using models of integrin α6 and CD151 support
this idea. However, it may be possible that CD151 binding results in a conformational
change in the integrin α6 such that the previously exposed cleavage site may become
inacessible in the new conformation. It is important to remember that the ligand binding
ability of the integrin is not affected by CD151 interaction. CD151 is thought to
strengthen the integrin-ligand association and rendering the intgrin cleavage site
inacessible may be one way to ensure that the integrin–ligand association remains intact.

The other important aspect of integrin – tetraspanin association is the ability of these
complexes to signal. Tetraspanins are known to form TEMs (Tetraspanin Enriched
Microdomains) which appear to function as signaling hubs on the membrane.
Tetraspanins act as protein adapters and provide a platform for different proteins to come
together and initiate and maintain the required signals. The tetraspanins not only regulate
integrin mediated signaling but play a role in integirn turnover as well as modulating
integrin interactions with other proteins.

Integrin α6 is an important component of the hemidesmosome which enables attachment
of the cell to the ECM. Detachment of the epithelial cell involves disassembly of the
hemidesmosome. It is interesting to note that uPA treatment does not affect the
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hemidesmosomes already formed.This may be because, once the multi-protein complex
is formed, loss of the ligand binding domain of integrin α6 does not affect its stability.
Phosphorylation of the integrin β4 cytoplasmic tail is thought to be important in
hemidesmosomal disassembly. An alternative hypothesis is that since CD151 is also one
of the hemidesmosomal components, it protects the integrin α6 from uPA mediated
cleavage as observed in Chapter V. If the cell has received the signal to migrate resulting
in upregulation of uPA, the lack of association of the integrin α6 with CD151 will render
it accesible to uPA cleavage, preventing further seeding of new hemidesmosomes as it is
known that ligand binding to the integrin α6β4 initiates hemidesmosome formation.

In the effort to understand the function and regulation of integrin α6 cleavage,
therapeutic and diagnostic targets have been identified. Future work involves developing
antibodies to detect the N-terminal ligand binding domain that gets cleaved off by intgrin
α6 cleavage and antibodies to detect specifically integrin α6p. This will ascertain if the
N-terminal fragment can be used as a serum marker in prostate or other cancers. Ability
to detect integrin α6p histologically could prove a useful prognostic tool.

It has been reported that CD151 is present in all cancers and upregulated in some cancers.
So far induction of integrin α6p has been reported only in cancer. The sequence in the
large extracellular loop of CD151 responsible for binding to the integrin is known. Using
this information peptides can be generated which mimic CD151 binding to the integrin.
This association between the peptide and the integrin will mimic the CD151-integrin α6
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interaction and render the integrin α6 uncleavable. An advantage of treatment with such a
peptide is that it will stop induction of integrin α6p in cancer cells, hence decreasing the
migratory potential of the cell. It should not affect normal cells as integrin α6p induction
has not been reported in any normal tissue to date. Further elucidation of the mechanism
by which CD151 blocks integrin α6 cleavage will give direction to develop other
methods to block integrin α6 cleavage in cancer cells and thus prevent their migration
and eventual metastasis.
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