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Abstract

The exocyst is a multisubunit complex that is required for the vesicular trafficking
of many proteins. Regulation of exocyst assembly occurs in part through multiple
small GTPases, including RalA. Previous work in our lab has shown RalA to be
essential for two exocyst dependent processes, delivery of E-Cadherin to the
basolateral membrane of H-Ras transformed keratinocytes, and the secretion of
HGF from primary fibroblasts. Some, but not all, exocyst subunits may be
required for specific processes. We have identified Sec8 as an important
regulator of E-Cadherin delivery. Depletion of Sec8 from keratinocytes grown in
organotypic models of squamous cell carcinoma resulted in decreased ECadherin levels and increased invasion of the keratinocytes into the underlying
dermis. These results phenocopied depletion of RalA implying that Sec8 is
downstream of RalA. In order to gain further insight into the mechanism by
which RalA and Sec8 regulate E-Cadherin delivery we isolated the exocyst
complex from control and RalA depleted tissues by Sec8 immunoprecipitation of
the epithelial layer and analyzed samples by 2D-DIGE. Similar experiments
were conducted in fibroblasts to examine the role of RalA and Sec8 in HGF
secretion. While 2D-DIGE failed to identify changes in proteins associated with
Sec8 which may regulate vesicular trafficking of E-Cadherin in keratinocytes, we
were able to identify RPLP1 as a potential Sec8 interacting protein in fibroblasts.
Further work is required to validate the specificity of this interaction and its
contribution to HGF secretion.
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Chapter 1: Overview

1.1 The Ras Superfamily of small GTPases

There are over 150 small GTPases which comprise the Ras Superfamily
of small GTPases [1]. These evolutionarily conserved proteins serve as
regulators of diverse and complex biological processes. Based on sequence,
structure, and functional similarities, the Ras Superfamily can be divided into five
families. In general, Ras family GTPases regulate cell proliferation, gene
expression, differentiation and survival. Rho family members regulate actin
organization, cell cycle progression, and gene expression. Rab and Arf proteins
are involved in vesicular trafficking, and Ran proteins regulate nucleocytoplasmic
transport.
Despite such a diverse array of biological functions, all small GTPases
share a common catalytic cycle in which proteins exist in either an inactive (GDP),
or active (GTP) bound state (Figure 1.1). Enzyme activation requires the
exchange of tightly bound GDP for GTP, which is catalyzed by various nucleotide
exchange factors (GEFs). Only in the GTP bound state are GTPases capable of
binding to, and modulating the activity of, various downstream effectors.
Inactivation of GTPases occurs through the hydrolysis of GTP to GDP. Most
GTPases have slow intrinsic GTPase activity which can be enhanced by GTPase
activating proteins (GAPs) [2].
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Figure 1.1 The GTPase Cycle GTPases cycle between inactive (GDP-bound)
and active (GTP-bound) states with the aid of nucleotide exchange factors
(GEFs) which exchange GDP for GTP and GTPase activating proteins, which
enhance intrinsic GTPase activity. GTP-bound proteins are capable of binding
various effector molecules to transducer signals.
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1.2 Ras Signal Transduction
The Ras family of GTPases consists of 36 members. The most well studied and
characterized member of this family is Ras itself, which has been found to play
critical roles in oncogenesis [3]. The most well characterized Ras signaling
pathway involves growth factor dependent activation of Ras through the Ras
nucleotide exchange factor SOS [4]. Once activated, three main effector
pathways exist downstream of Ras (Figure 1.2). The MAP kinase signaling
cascade ultimately leads to changes in gene transcription via translocation of Erk
to the nucleus where it phosphorylates Ets-family transcription factors [5, 6].
GTP-bound Ras also binds to and enhances the activity of PI3-Kinase [7],
ultimately leading to the activation of Akt. Activated Akt plays a complex role in
promoting cell growth while inhibiting apoptosis. Finally, Ras also activates a
family of nucleotide exchange factors which in turn active the Ral (Ras-like)
GTPases [8]. These proteins, RalA and RalB, control many cellular processes
including vesicle sorting [9], gene expression [10], migration, [11, 12], and
apoptosis [13].

1.3 Ras Signaling and Cancer

In the early 1980s activating mutations in the Ras family members H-Ras
and K-Ras were first identified. For a review of the history leading up to these
discoveries see [3]. Large scale sequencing of tumor samples has subsequently
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Figure 1.2 Major Ras Effector pathways Activated Ras signals through three
main pathways which control a variety of cellular processes.
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revealed a relatively high percentage (20-30 %) of all human cancers contain an
activing Ras mutation [14]. Interestingly, the prevalence of H-Ras and K-Ras
mutations differs widely among tumor types. For example, K-Ras mutations are
more often associated with lung and colorectal cancers, while H-Ras mutations
are found in thyroid and head and neck cancers [15]. Given the role Ras plays in
regulating cell proliferation and survival, it should not be surprising that tumors
harboring constitutively active Ras have deregulated growth patterns and are
resistant to apoptosis. Many of the properties of Ras-driven tumors have been
attributed to either MAP kinase or Akt signaling. Small molecule inhibitors to
each of these pathways are currently in clinical trials both alone and in
combination, and have shown promising anti-cancer activity preclinically [16].
Much less is known about the contribution of Ral proteins to tumorigenesis,
in part due to the fact that like Ras, these proteins are difficult to design inhibitors
against. Conflicting reports in the literature suggest that Ral proteins in some
contexts can, like other Ras effectors, be oncogenic [17] however other reports
suggest Ral GTPases may be tumor suppressors [18].

1.4 Ral GTPases

Like Ras, Ral GTPases are small G-proteins that bind specific effectors in
a GTP dependent manner [19]. The two Ral proteins, RalA and RalB, share
82 % homology but have distinct biological functions. For the purpose of this
review, we will focus solely on RalA.

5

There are three known RalA effector pathways controlling processes such
as endocytosis, transcription, and exocytosis (Figure 1.3). RalA has been found
to regulate EGF dependent receptor-mediated endocytosis through complex
formation between its effector, RalBP1, Reps, and Rab11-Fip2 [20]. RalA can
also associate with the transcription factor ZONAB. Under low cell density
ZONAB is found in the nucleus and is involved in the activation of genes which
promote cell growth, such as cyclin D1. Formation of tight junctions between
epithelial cells redistributes ZONAB to the plasma membrane in a RalA
dependent manner [21], where it can no longer function as a transcription factor
[22]. Finally, RalA has been shown to regulate various exocytic processes
through binding two of the eight exocyst subunits, which will be described in
further detail below.
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Figure 1.3 RalA effectors The RalA GTPase can alter transcription by altering
the cellular location of the ZONAB transcription factor. RalA, through RalBP1
modulates endocytosis. Binding of RalA to either exocyst component EXO84, or
Sec5 alters exocyst assembly and the ability to traffic vesicles to the plasma
membrane.
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1.5 The Exocyst Complex
The exocyst is an octonomeric structure that is involved in tethering
secratory vesicles to the plasma membrane (Figure 1.4) [23]. Originally
characterized in yeast, it was found that mutation of any exocyst component with
the exception of Sec 3 resulted in accumulation of secretory vesicles unable to
fuse with the plasma membrane [24, 25]. The exact mechanisms leading to
exocyst assembly remain poorly characterized. It is known that two subunits,
EXO70 and Sec3 are “anchored” to the plasma membrane through direct binding
to PI(4,5)P2 [26-28]. The remaining components appear to be associated with
vesicles that are brought to the plasma membrane through an actin dependent
process [28].

1.5.1 GTPases Participate in Exocyst Assembly

The exocyst regulates a diverse array of biological processes. While it is
clear that many proteins can bind to the exocyst complex to alter its localization
or assembly, it is currently unknown if exocyst subcomplexes may have their own
activity. Distinct subcomplexes containing either Sec10/Sec15/EXO84 or
Sec5/Sec6 have been identified, but it remains unknown if these are functional
[29]. Further details on how the exocyst assembles from 8 separate proteins
remains largely unknown. A number of small GTPases have been found

8

Figure 1.4 A Model for Exocyst Assembly The exocyst consists of 8 proteins.
It is believed that Sec3 and EXO70 are constitutively associated with the plasma
membrane while other components are brought to the plasma membrane on
vesicles. The exact mechanism by which all eight proteins assemble into a
complex remains unknown. Figure from [23].
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associated with various exocyst components and appear to at least in part, be
responsible for assembly of the complex.
Arf6 is a member of the ADP ribosylation factor family of Ras-like
GTPases. This enzyme is present at both the plasma membrane as well as
recycling endosomes and is a regulator of membrane trafficking [30]. GTP-Arf6
has been found to associate with Sec10, and disruption of this interaction
interferes with cell spreading [31].
Rab11a is another Ras superfamily member present on recycling
endomsomes. This protein has been found to associate with Sec15. Inhibition of
Rab11a with the use of Anthrax toxins causes mislocalization of Sec15 leading to
inhibition of endocytic recycling, and reduced targeting of cadherin to adherins
junctions, [32] leading to loss of vascular integrity.
RalA has been shown to bind both EXO84 and Sec5 in a GTP dependent
manner. Loss of RalA has been shown to selectively disrupt delivery of proteins
to the basolateral, but not the apical, membrane [29] in polarized MDCK cells.
An identical phenotype was observed using neutralizing antibodies to Sec8 [33].
The mechanism by which RalA regulates exocyst assembly remains
poorly understood. It has been shown that the binding site for Sec5 and EXO84
overlap, and that these subunits compete for each other [34]. It has observed in
vitro that 7 members of the exocyst complex are able to assemble in the absence
of EXO84 [35]. Additionally, knockdown studies have revealed different roles for
either Sec5 or EXO84. For example, RalA and Sec5 were shown to be required
to target the exocyst to focal adhesions during cell migration [36]. RalA and
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EXO84, but not Sec5, promote E-cadherin delivery to the plasma membrane [37],
while Sec5 and EXO84 appear to act cooperatively to promote HGF secretion
[38].

1.5.2 Other Exocyst Binding Proteins

In addition to GTPases, a number of other proteins have been shown to
bind to the exocyst to control its localization and function.
aPKC is a serine/threonine kinase with well documented roles in
regulating cell polarity through the Par complex [39]. In normal rat kidney cells it
was found that aPKC binds to the exocyst through the adapter protein kibra and
was required for localization of the exocyst at the leading edge of migrating cells
[40].
The Arp2/3 complex nucleates actin allowing for de novo assembly of
filmaments [41] and is required for such processes as cell migration and
endocytosis. The Arp2/3 complex binds to Exo70, and loss of EXO70 results in
defects in actin assembly and membrane protrusion at the leading edge of
migrating cells. Based on these data it has been hypothesized that EXO70 is
involved in the recruitment of the Arp2/3 complex to sites of membrane extension,
however more studies are required to further characterize this process.
.
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Exocyst
Subunit
Sec3

EXO70

Binding
Partner

Function

IQGAP1

Scaffolding/Migration

Kibra/aPKC

Migration

Arp2/3

Actin nucleation

Sec6

______

_____

Sec8

Syntaxin-4

Vesicle Fusion

IQGAP1

Scaffolding/Migration

Sec10

Arf6

Vesicle recycling

Sec15

Rab11

Vesicle recycling

EXO84

RalA

Basolateral Delivery

Sec5

RalA

Basolateral Delivery

Table 1.1 Known exocyst binding partners
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IQGAP1 is a multifunctional scaffolding protein that acts downstream of Rho
GTPases to regulate actin assembly, cell adhesion, and motility [42]. Both Sec3
and Sec8 have been shown to bind IQGAP1. This interaction was required for
formation of invadipodia and delivery of MT1-MMP (membrane type 1 main
matrix metalloproteinase) to the plasma membrane in breast cancer cells [43].

1.6 RalA, the exocyst, and cancer

As described above, the exocyst is regulated by a large number of
proteins which may influence its function. How oncogenic signals change the
association of these proteins with the exocyst remains poorly understood. Given
that the exocyst controls many cell processes which influence malignancy such
as cell migration, polarization, and secretion of various factors it is likely that
disregulation of the exocyst is important on the transition to malignancy. Our lab
has previously shown that RalA and EXO84 are required for E-Cadherin delivery
to the basolateral membrane of H-Ras transformed keratinocytes, but not in wild
type cells [37]. One aim of this thesis will be to further characterize this process
through the identification of novel exocyst binding proteins which regulate ECadherin delivery.
E-Cadherin is a type 1 membrane glycoprotein which is a major
component of the adherens junction (AJ). Cadherins mediate cell-cell adhesion
through calcium dependent homophilic binding between the ectodomains of other
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cadherin molecules on neighboring cells [44]. Their cytoplasmic tails interact
with a range of proteins which contribute to cytoskeletal binding, cell signaling,
and trafficking [45].
Because of its central role in cell adhesion, loss of E-cadherin plays a
major role in cancer progression [46]. E-cadherin expression is lost in the
majority of cancers, and the loss of E-Cadherin has been shown to promote
invasion and metastasis [47].
E-Cadherin loss can arise from several different mechanisms. Loss of
function mutations have been identified, but are relatively rare [48]. More
commonly the Snail/Slug family of transcriptional repressors are overexpressed
in late stage cancers and are effective E-cadherin silencers [46].
Hypermetylation of the E-cadherin promoter has also been correlated with
reduced E-cadherin protein levels in a number of cancers [49, 50]. It is believed
that alterations in E-cadherin trafficking may also play an important role in cancer
progression, although there is still much to learn about this highly complex
process.
E-Cadherin trafficking is regulated at three main points: 1. Delivery from
the ER/Golgi to adherens junctions at the plasma membrane, 2. Endocytosis
from the cell surface followed by recycling back to the plasma membrane, and 3.
Endocytosis followed by lysosomal degradation (Figure 1.5). To date over 150
proteins have been identified that associate with E-cadherin at various stages of
the trafficking process. We will focus on only a few that are most relevant to
pathways involving the exocyst.

14

70
6 8

5
15
6

8
*

MDCK
Endothelial Cells
Figure 1.5 Overview of E-Cadherin trafficking Newly synthesized E-Cadherin
is transported from the golgi to the plasma membrane where it has been found
associated with Sec8. Upon internalization, E-Cadherin is found in recycling
endosomes along with several exocyst components which help decide whether
the receptor will be recycled or targeted for lysosomal degradation. Figure
modified from [51].
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Once synthesized, E-Cadherin is transported to the basolateral surface in
a process requiring the exocyst. The exact mechanism for this trafficking
remains unknown. While it has been reported that Sec8 can directly bind to ECadherin, in polarized MDCK cells no functional data is available [52]. At the
plasma membrane, E-Cadherin containing vesicles fuse with syntaxin-4, a
basolateral specific protein known to bind Sec 8 [53].
E-Cadherin internalization occurs through many mechanisms including
heterodimerization with activated receptor tyrosine kinases and direct
phosphorylation by Src. Once internalized, E-Cadherin can either by recycled
back to the plasma membrane or targeted for degradation. As outlined in
section above, several exocyst proteins have been found on recycling
endosomes and are critical for restoring to the membrane. RalA is known to be
localized to recycling endosomes and has previously been shown to be required
for E-Cadherin delivery back to the plasma membrane [37].
Oncogenic Ras is capable of altering E-cadherin levels via two
mechanisms. Through Erk signaling the expression of the E-cadherin
transcriptional repressor Snail is increased to downregulate E-cadherin
transcription [54, 55]. Secondly, active Ras downregulates Rac activity leading to
an increase in Rho activity [56] which promotes E-Cadherin internalization.
These two pathways put stress on the RalA/Eexocyst pathway requiring either an
increase in E-Cadherin de novo synthesis, or in an increase in E-cadherin
recycling, putting a greater burden on the RalA pathway. Our lab has previously
shown that loss of RalA then favors degradation, and that this process requires
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EXO84, but not Sec5. A major goal of this thesis is to further define the
mechanism by which RalA controls E-Cadherin delivery in the context of
oncogenic Ras.

1.7 Model systems to study H-Ras tumorigenesis

The targeting of E-cadherin to the basolateral membrane of cells by
definition requires cell polarization. Unfortunately standard monolayer cell
culture conditions are not conducive to proper cell polarization. For proper
polarization cells must be grown at high densities on extra cellular matrix, often in
a transwell setting. There are only a handful of cell lines that have been
extensively studied using such systems including MDCK, an immortalized non
cancerous cell line and CaCo2, a well differentiated colon cancer cell line. In
order to better understand the role of RalA and the exocyst in the context of
oncogenic Ras signaling, we turned to a genetically defined organotypic model of
squamous cell carcinoma of the skin [57].
This model system consists of collagen embedded primary skin fibroblasts
upon which a stratified epithelium is grown at an air-liquid interface.

For our

experiments the epithelium is composed of the spontaneously immortalized
HaCat cell line, which has been transformed with H-Rasv12 [58]
Use of these cells, referred to as II-4 cells in organotypic culture produces a
dysplastic phenotype compared to parental HaCat cells, however these
transformed cells retain normal E-cadherin levels and are non invasive.
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A

B
Figure 1.6 The organotypic culture system (A) Outline of experimental
process. B. Representative histology of tissue. Collagen embedded fibroblasts
are visibile on top of a stratified epithelium. Figure from [57].
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1.8 HGF
Hepatocyte Growth Factor (HGF), through its activation of the c-Met
receptor, promotes cell migration, proliferation, and changes in cell morphology
[59]. HGF expression is confined almost exclusively to stromal cells, while c-Met
expression is limited to epithelial cells. Under normal conditions, the HGF/c-Met
system plays an important role during development and tissue regeneration.
HGF production is often upregulated during cancer progression, and higher
levels of HGF are correlated with a poor clinical outcome. Cancer cells can
influence the transcription of stromal HGF through the secretion of various
factors such as IL-1, bFGF, PDGF, and TGF [60]. While transcriptional
regulation of HGF has been well characterized, little is known about other
mechanisms of regulation.
Our lab has previously reported that HGF secretion depends on RalA and
the exocyst [38]. Similar to our studies with RalA/Exoycst/E-Cadherin, we will
hope to identify novel exocyst binding proteins which are required for the RalA
dependent secretion of HGF.
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Chapter 2: Investigating the Role of RalA/Exocyst in E-Cadherin
Delivery

2.1 Introduction

Previous work in our lab established the small GTPase RalA as an
important mediator of exocyst assembly and E-Cadherin delivery. Using an
organotypic model of squamous cell carcinoma of the skin it was shown that loss
of RalA led to a decrease in E-Cadherin protein levels and consequently an
increase in the number of epithelial cells migrating into the underlying dermal
layer. Given the fact that E-Cadherin mRNA levels were unchanged by RalA
knockdown, and the well established role for the exocyst in the delivery of
proteins to the plasma membrane, it was hypothesized that the loss of ECadherin was due to altered trafficking of the protein, which favored degradation
over recycling. This loss of E-Cadherin could be phenocopied by knockdown
EXO84, an exocyst component and direct RalA effector. Interestingly,
knockdown of another exocyst component, and RalA effector, Sec5, had no
effect on E-Cadherin levels. These data support the idea that not all exocyst
components are required for a particular function. Indeed, it has been
speculated by others that specific exocyst subcomplexes are involved in distinct
processes. It is likely that some, but not all, of these processes are RalA
dependent.
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The mechanism by which RalA controls exocyst assembly remains poorly
understood. In addition to the core exocyst subunits, a number of other proteins
have been found to be associated with the exocyst complex under various
conditions. Additionally, multiple exocyst proteins have been shown to be
substrates for various kinases. This phosphorylation has the potential to
modulate exocyst function.
In order to gain further insight into how RalA controls exocyst function in
our organotypic model system, we sought a method to isolate and compare
exoycst complexs and associated proteins from control and RalA knockdown
keratinocytes.

2.2 Results

One common method for the identification of protein-protein interactions is
co-immunoprecipitation followed by mass spectrometry. Of critical importance is
a highly specific capture antibody with a high affinity for the particular protein
being isolated. An additional consideration for these experiments is to ensure
that the exocyst protein targeted for IP is part of a RalA dependent complex. The
first obvious candidate for immunopreciptation would be EXO84, however no
antibodies suitable for these assays could be obtained. While there are Sec5
antibodies available, given this protein was found not to be involved in RalA
dependent E-Cadherin delivery, this was also not a good choice.
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Previous studies have shown that a mixture of monocloncal antibodies
against Sec8 could successfully immunoprecipitate the entire exocyst complex
[36]. In order to determine the contribution of Sec8 to E-cadherin delivery in our
system we generated shRNA constructs for delivery into Ras-transformed
keratinocytes. We evaluated the degree of Sec8 knockdown by western blot and
found a significant reduction in Sec8 levels compared to controls.
Similar to RalA and EXO84 knockdowns, loss of Sec8 had no apparent
effect on E-Cadherin levels in monolayer as determined by Western blot.
Additionally, no morphological changes were observed between control and
Sec8 knockdown cells under brightfield microscopy. This is in contrast to cells in
which E-Cadherin levels have been suppressed by the introduction of a dominant
negative construct. These cells form less well packed colonies, with an obvious
loss of tight junctions (Figure 2.1).
Next we generated tissues with control, or Sec8 knockdown keratinocytes.
Loss of Sec8 had a dramatic effect on the invasiveness of the epithelial cells,
even greater than what was previously observed for RalA knockdown (Figure
2.2). These data clearly establish Sec8 as an important regulator of E-Cadherin
delivery. On their own these data are significant in that while many other exocyst
components have been implicated in regulating E-Cadherin trafficking, this is the
first the evidence implicating Sec8. Of equal importance, this suggests that Sec8
may be a suitable target for co-immunoprecipitation experiments to study the
effect of RalA knockdown on the regulation of exocyst function in the context of
E-Cadherin delivery.
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In order to confirm that the observed phenotype was not due to an off
target effect of the shRNA, we re-expressed a shRNA resistant Sec8 to levels
comparable to wild type. This Sec8 “putback” could significantly reduce, but not
completely reverse the invasive potential of the cells (Figure 2.3). These results
could easily be explained by the fact that even though Western analysis suggests
over all the expression of Sec8 is comparable to wild type, these cells are not a
clonal population. Thus it is likely that some cells express significantly higher or
lower levels of Sec8 and those cells which express low levels of Sec8 may retain
the ability to invade.
Given the relatively strong phenotype observed with Sec8 knockdown, the
ability to at least partially reverse the phenotype with Sec8 restoration, and the
fact that others had previously been successful in immunoprecipitating the
exocyst with Sec8 antibodies, we decided to continue with experiments
comparing Sec8 pull down from control and RalA depleted keratinocytes.
A pilot experiment was conducted with a small number of tissues. After
tissues were fully formed a small section was preserved for H&E to confirm
tissue quality and proper phenotype. Epidermis was then peeled away from the
underlying stroma and flash frozen in liquid nitrogen. Samples were
homogenized and immunoprecipitated as detailed in the materials and methods
section.
Given the relatively small amount of material, and the lack of good
antibodies to many of the exocyst components, it was decided that the best way
to evaluate the how well the co-IP worked would be to examine blot samples for
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EXO70, an exocyst component that doesn’t directly bind to Sec8. We were able
to successfully co-IP Sec8 and Exo70, suggesting that our method for isolating
the exocyst is appropriate (Figure 2.4). Interestingly, EXO70 was not co-IPed
with Sec8 in RalA knockdown cells, suggesting that this interaction requires RalA.
Based on the experience of others in cell culture, we estimated that in
order to successfully identify proteins associated with the exocyst complex, we
would need about 50 milligrams of protein lysate, which corresponds to roughly
500 milligrams of epidermis for each sample. In order to generate these samples
we grew 60 tissues each of control and RalA knockdown keratinocytes and
pooled epithelium at the end of the assay. As has been observed in the past,
RalA knockdown cells appeared to have a more brittle epidermis, making them
more difficult to separate from the stroma compared to controls. However when
we evaluated the tissues by H&E staining we were surprised to observe the
same level of invasion in both the control and RalA knockdown tissues (Figure
2.5). Uncertain why this may have occurred, but hopeful that the underlying
biochemistry of the RalA knockdown remained, we continued with Sec8 IP.
In order to identify changes in Sec8 associated proteins from our two
samples we turned to 2 dimensional difference in gel electrophoresis (2D-DIGE)
analysis. This technique offers advantages over conventional one dimensional
SDS-PAGE where proteins are separated not only by size but by isoelectric point.
This allows for the detection of proteins which might otherwise be masked by
other proteins of a similar molecular weight. One common limitation of this
technique is the requirement to run a separate gel for each of the two samples.
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After electrophoresis, gels are stained and then lined up to compare similarities
and differences. Any spots which appear in one gel but not the other would be
excised for Mass Spec analysis. Often it is difficult to line the gels up accurately.
One company which as found a solution to this problem is Applied Biosystems,
which fluorescently labels proteins from each of the two samples with different
dyes. Samples can then be mixed and run on the same gel, allowing for more
accurate spot picking of MS analysis.
Results of the 2D-DIGE experiments comparing Sec8 IP from control
(green) and RalA knockdown (red) tissues are shown in figure 2.6. A total of 16
spots were identified which had a greater than 1.8 fold difference between the
two samples. We picked a total of 9 samples for identification by MS. Of these 9
samples, 4 proteins could be identified with high confidence. Those that were
identified have no known link with RalA, the exocyst, E-Cadherin, or vesicular
trafficking. Given these observations, coupled with the fact that control and RalA
knockdown tissues were no longer phenotypically distinguishable, this project
was put on hold.
In addition to problems with tissue generation, there are other potential
explanations for the lack of observed changes exocyst associated proteins
between control and RalA knockdown. While both RalA and Sec8 knockdown
share the same phenotype in properly constructed tissues, we cannot rule out
the possibility that these two proteins are disrupting E-cadherin through different
mechanisms. Sec8 has been primarily implicated in trafficking of newly
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synthesized cadherin, while RalA is believed to be involved in E-cadherin
recycling.
While we had observed a decrease in EXO70 binding to the exocyst in
RalA knockdown tissues by Western blot, this was not confirmed in the 2D-DIGE
experiments, suggesting that there may be limitations to this technique.
Importantly, about 25 % of all proteins do not resolve on 2D gels. Additionally,
changes in less abundant proteins may be masked by abundant proteins which
do not change. Finally, even though the detection method used has a large
dynamic range, we cannot rule out the possibility of missing small changes due
to signal saturation.
An Alternative Organotypic Model to Study RalA/ Loss
A recent publication has identified RalA as an important contributor to
anchorage independent growth in colon cancer [61]. In order to examine the role
of RalA in a more tissue-like environment we developed several organotypic
colon cancer models. We used two KRas mutant lines with differing invasive
properties as well as a non invasive Ras wild type cell line. While these tissues
appear to reflect the morphology of the tumor they were derived from, we could
find no evidence of RalA playing a role in modulating their invasiveness or
proliferative potential. These data highlight the limitations of many of the model
systems are that currently in use to study cancer, where results can vary from
system to system.
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Figure 2.1 Knockdown of Sec8 reduces E-Cadherin Levels and
Enhances Invasion in an Organotypic Model of Squamous Cell
Carcimona (A-C) Brightfield microscopy comparing control, shSec8, and
dnE-Cadherin morphology. (D). Western analysis of E-Cadherin levels in
monolayer cultures. (E-F) H&E stain of tissues. (G) Western analysis of
E-Cadherin levels from organotypic cultures
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Figure 2.3 Preparation for Sec8 IP (A) A model for exocyst assembly.
(B) Sec8 IP shows decreased EXO70 association in RalA knockdown
cells. (C) Growth of tissues and separation of epitheilium (photo courtesy
of Adam Sowalsky)
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Figure 2.4: Deterioration of Tissue Quality Control cells have for an
unknown reason become equally invasive as RalA knockdown cells.
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Figure 2.5: 2D-DIGE Results Control (Green) and shRalA (Red) samples were
resolved. Proteins with greater than 1.5 fold changes are circled. Mass spec
results of the proteins with the greatest change are presented in the table.
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Figure 2.6 RalA knockdown has no effect on three organotypic models of
colon cancer
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Chapter 3: Investigation of RalA/Exocyst Dependent Function in Stromal Cells

The exocyst is important not only for basolateral delivery of membrane
proteins, but also for the secretion of a number of factors including MMPs and
insulin. Our lab has previously shown that RalA is an important regulator of HGF
secretion. Unlike in the case of E-Cadherin and keratinocytes, both RalA
effectors EXO84 and Sec5 seem to play a role.
Using a similar approach as in the previous chapter, we hoped to identify
how RalA regulates exocyst function to specifically secrete HGF. Again, we
knocked down Sec8, this time in order to assess its contribution to HGF secretion.
However we found that loss of Sec8 led to cell death and were thus unable to
determine if Sec8 was a necessary component in HGF secretion.
We performed the IPs despite being unable to determine if Sec8 is directly
involved in RalA dependent HGF secretion. Upon submission for 2D-DIGE could
identify 29 proteins whose association with Sec8 was altered by RalA knockdown.
We selected 13 candidates for MS, 9 of which could be identified with high
confidence. Interestingly the majority of proteins identified appeared to be
involved in nucleotide biosynthesis or metabolism. One protein however, had
previously been implicated in cancer.
Ribosomal protein, large P1 (RPLP1) was first identified as an important
contributor to transformation in a screen searching for factors that enhance
proliferation of embryonic stem cells [62]. In addition to enhancing proliferation of
mouse embroyonic fibroblasts, RPLP1 was found to enhance Ras-induced
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transformation of NIH-3T3 cells. Interestingly, RPLP1 has also been found to be
upregulated in both colon [62] and gynecological tumors [63].
While relatively easy to detect from 5 micrograms of cell lysate by Western
blot, we could only confirm RPLP1 association with the exocyst using very large
(50 milligrams) amount of cell lysate by co-IP. Additionally, we saw no change in
the association with RalA knockdown fibroblasts, which led us to believe that we
might be observing non-specific binding given the generally “sticky” nature of
ribosomal proteins. It should be mentioned however that we cannot rule out the
possibility that the change observed in 2D-DIGE may not be a decrease in the
total amount of RPLP1 that is associated with the exocyst, but rather a change in
a post-translational modification, such as phosphorylation.
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results of the proteins with the greatest change are presented in the table
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Figure 3.3 RPLP1 levels do not change with RalA knockdown Large scale
sec8 IP from control and RalA knockdown HFFs probed with RPLP1 antibody
reveal no decrease in associated RPLP1 levels with loss of RalA
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Chapter 4: Discussion

The exocyst complex has been known for many years to be involved in
the trafficking of a subset proteins destined for secretion or incorporation into the
plasma membrane. One major area of research is the determination of how the
exocyst specifically targets cargos to their appropriate destinations. Regulation
exocyst assembly is highly complex, with multiple regulatory proteins or effector
molecules controlling specific exocyst dependent events. Our lab has previously
implicated the small GTPase RalA in two distinct exocyst processes, the
basolateral delivery of E-cadherin in Ras-tranformed keratinoyctes, and the
secretion of HGF from primary fibroblasts. In order to gain a greater
understanding of the role RalA in controlling exocyst assembly we isolated the
exocyst from control and RalA depleted cells and subjected these samples to 2DDIGE.
2D-DIGE is a powerful technique which can provide a wealth of
information regarding not only what proteins are part of a complex, but can also
detect changes in post translation modifications from control and experimental
samples. Using this technique we should be able to identify not only changes in
proteins bound to the exocyst, but also determine if specific subcomplexes of the
exocyst exist which would be required for either of the two processes we
investigated, the basolateral delivery of E-Cadherin in keratoinocytes or HGF
secretion in fibroblast.
Consistent with a role in the delivery of E-Cadherin in polarized cells, Sec8
knockdown in keratinocytes had no effect in monolayer, but significantly
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decreased E-Cadherin levels and increased invasiveness in tissues. Restoring
Sec8 levels to those seen in wild type tissues could partially block invasion,
suggesting that the observed effects were not due to off-target activity of the
Sec8 shRNA. Knockdown of other exocyst components including Sec15, a
known Rab GTPase effector, have previously been shown to be necessary to
maintain levels of VE-Cadherin in endothelial cells [32]. One report has
previously identified Sec8 associated with E-Cadherin at the adherens junction
[52], but to the best of our knowledge this is the first report suggesting a
functional role for Sec8 in the trafficking of E-Cadherin. Previous work in our lab
had shown that RalA was necessary for E-Cadherin delivery only in the context
of oncogenic Ras. It would be useful to know if the same were true of Sec8, and
may be the subject of a future study. Having a greater understanding the role of
Sec8 in E-Cadherin trafficking is extremely important given the finding that Sec8
is commonly lost in certain cancers, such as colon cancer [64].
A small pilot experiment where we isolated the exocyst from control and
RalA depleted kerationcytes yielded promising data revealing a decrease in the
association between Sec8 and EXO70, an exocyst subunit which independently
localizes to the plasma membrane. Unfortunately during the scale up process
the quality of the organotypic cultures had severely deteriorated. Approximately
half of the samples had poor collagen gel contraction which would not support
epithelial cell growth. The remaining samples seemed to have developed
properly by eye, but subsequent H&E staining revealed a high level of
invasiveness in both the control and RalA knockdown tissues. This is a problem
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that has continued to plague our lab, as well as the tissue engineering facility, for
over a year now. Several hypotheses have been proposed for the lack of proper
tissue formation including changes in the composition of the proprietary media or
serum used during culture, improper pore size of the transwell inserts,
mycoplasm contamination, or lot to lot variations in the cells themselves. We
have attempted to address each of these, but have yet to return control tissues to
their previous quality.
We hoped that although control samples had suddenly become as
invasive as RalA knockdown that biochemistry behind RalA assembly of the
exocyst would remain intact. 2D-DIGE results however did not show striking
differences between the two samples. Nine spots were chosen to be identified
based on at least a 1.5 fold difference control and knockdown tissues. However,
given the relative low abundance of these proteins, only four could be
successfully identified by mass spectrometry. These four, in addition to not being
very abundant, had also some of the smallest changes between the two samples,
hinting that perhaps these were just part of the “noise” of the data. Although not
practical, it would be interesting to repeat this experiment to examine the
reproducibility in the spots identified. Further supporting the notion that the
proteins identified were non specific, none of the proteins were likely to be
involved in vesicle trafficking. Instead, they had functions ranging from
nucleosome assembly to mitosis.
While it is easy to simply dismiss these data based on the poor quality of
the tissues they were derived from, there are other factors which may have
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contributed to the failure of this aim. These include technical limitations of 2DDIGE, which will be discussed below, and the possibility that our hypothesis
linking RalA and Sec8 together in the trafficking of E-Cadherin was incorrect. We
assumed that because Sec8 and RalA knockdown produce similar phenotypes
that Sec8 would be downstream of RalA/EXO84 in the assembly of the exocyst
for E-Cadherin delivery. Due to technical limitations, we have not demonstrated
that there is in fact a change in EXO84 association with Sec8 that depends on
RalA. It is possible that while both RalA/EXO84 and Sec8 control E-Cadherin
delivery, they may do so independently. A better experiment may have been to
use EXO84, a direct RalA effector, rather than Sec8 for immunoprecipitation, but
would have been much more technically challenging when the current
experiments were already quite complex.
As another approach to study RalA/exocyst dependent trafficking we
turned to a less complex system which didn’t require the generation of in vitro
tissues. Similar to above our lab has implicated RalA/EXO84, as well as Sec5, in
the secretion of HGF from primary fibroblasts. Knockdown of RalA was found to
reduce HGF secretion by approximately four-fold, while knockdown of EXO84
and/or Sec5 appeared to cooperatively reduce secretion. Importantly for these
experiments, we were able to show a consistent phenotype (reduced HGF levels
in conditioned media) from RalA knockdown fibroblasts directly harvested for
Sec8 IP.
A total of 29 spots were identified by 2D-DIGE to have a greater than 1.5
fold change between control and RalA depleted fibroblasts. We selected 13 to
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identify by mass spectrometry. The success rate for protein identification was
greater for these samples compared to tissues, with nine of the 13 proteins
identified with high confidence. The majority of these proteins had a relatively
small (less than two fold) change between samples, and had biological roles in
metabolism, making them less unlikely candidates for being involved in HGF
secretion. One protein however, RPLP1, had a greater than three fold change
between samples, appeared to be relatively abundant based on the signal on the
gel, and had previously been linked to transformation of fibroblasts.
While RPLP1 could be readily detected from small amounts of cell lysate,
we could only confirm association with Sec8 using very large amounts (greater
than 20 milligrams) of input lysate for IP. Additionally, we found by Western blot
that the same small level of RPLP1 associated with Sec8 in control and RalA
knockdown cells. At this point we dismissed our data as reflecting a non-specific
interaction with RPLP1 and the Sec8 IP. One possibility which could have been
examined further is that the total levels of RPLP1 associated with Sec8 may not
depend on RalA, however the phosphorylation status of RPLP1 may. While it
has been demonstrated that RPLP1 may be phosphorylated at multiple sites [62],
there are currently no good phosphospecific antibodies available to confirm our
data. As with the keratinocytes, it would be interesting to repeat the 2D-DIGE
experiments to determine if RPLP1 could be identified again in these samples.
Having this further level of validation might provide further rationale for continued
study of RPLP1 in controlling HGF secretion.
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We should note that another significant caveat to these experiments,
similarly to those conducted with keratinocytes, was the inability to directly link
Sec8, the target of our immunoprecipitations, with RalA/EXO84 biology. In this
case we couldn’t even evaluate the effect of Sec8 knockdown on HGF secretion
as reduction in Sec8 expression resulted in complete loss of cell viability.

Limitations of 2D-DIGE

In both of our aims, we relied heavily on 2D-DIGE to produce our data.
While 2D-DIGE is a powerful technique, it is not without limitations.
Approximately 25 % of proteins do not resolve into discrete spots by 2D-PAGE
thereby limiting our ability to detect changes between samples. One could
speculate that the most important proteins which change with RalA knockdown
simply didn’t resolve on our gels. Additionally, a large number of abundant
proteins were detected which did not change. It is possible that changes in less
abundant proteins of similar molecular weight and PI were obscured by the more
abundant proteins. Given that there were so many proteins with a very strong
signal, it is also possible we simply loaded too much protein for these
experiments. We set up experiments trying to detect very small amounts of
protein, assuming that anything novel associated with Sec8 would be found only
with a small fraction of what we immunoprecipitated. Perhaps we were above
the linear range of detection for this system, and missed small changes in
proteins which bind at fairly high levels with Sec8. Ideally, these experiments
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could have been repeated loading a smaller amount of material on the 2D gels,
but were cost prohibitive.
Identification of spots from 2D gels requires very careful excision from the
gel and careful analysis of ioniziation data from mass spectrometry. Since these
technically challenging experiments were outsourced, we unfortunately have no
control over this aspect of the experiments. While we have no choice but to trust
in the expertise of the company chosen to analyze these samples, there may be
benefit in outsourcing to another institution in the future to compare customer
service and data quality.

Future Directions

While we cannot control for the limitations of 2D-DIGE, it may be possible
to improve upon our experiments to increase the probability of identifying
changes in our system. Rather than immunoprecipitating Sec8, which hasn’t
been directly implicated in either of the processes we are examining, we could
instead immunopreciptate the RalA effector EXO84. EXO84 has been shown to
play a direct role in regulating both E-Cadherin delivery and HGF secretion
previously. There are no good antibodies available to IP EXO84 directly, but it
may be possible to use a recombinantly expressed tagged protein to pull down
EXO84 containing complexes. This approach has been used successfully to
identify novel protein-protein interactions in the past, usually using a dual tagged
system, known as tandem affinity purification or TAP-tag.
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Given the important roles both HGF and E-Cadherin have in tumor
progression, further characterization of the trafficking of both of these proteins
may shed additional light on the mechanisms of oncogenesis and potentially
identify novel tumor suppressors or promoters.
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Chapter 5: Materials and Methods
5.1 Cell Lines

II-4 and HFFs used to generate skin tissues were a gift from Dr. Jonathan
Garelick and were grown in DMEM supplemented with 5 % or 10 % FBS
respectively. Colon cell lines HCT116, CCD18-Co, CaCo-2, and T84 were
purchased from ATCC and grown in DMEM 10 % FBS.

5.2 Antibodies

E-Cadherin (1:2500), RalA (1:2000) and Sec8 (1:1000) were purchased
from BD Biosciences. EXO70 (1:500) was purchased from SantaCruz
Biotechnology. RPLP1 (1:500) was purchased from Sigma. Antibodies for Sec8
IP were described previously [53].

5.3 Generation of Sec8 shRNA Constructs

shRNAs against the Sec8 3’UTR using the Invitrogen Block-IT RNAi
Designer. Oligos were annealed and ligated into pENTR U6 Gateway vector and
recombined into pLenti6-Bsd-DEST.
293 FT cells were co-transfected with the Sec8 shRNA containing plasmid
and the Vira Power plasmid packaging mix (invitrogen). Media was collected 72
hours post transfection. II-4 cells infected at an MOI of 1 with either Sec8 shRNA
or a scrambled conrol.

46

5.4 Sec8 Re-Expression
A vector containing the Sec8 ORF (pSport) was purchased from
OpenBiosystems. Primers containing the first and last 20 nucleotides were used
to PCR amplify Sec8. PCR products were directly ligated in Gateway vector
pENTR SD/D TOPO. After sequence confirmation, Sec8 was recombined into
pLenti-CMV Hyg-DEST lentiviral expression vector. Virus was produced in
293FT as described in the previous section. II-4 cells in which Sec8 had
previously been depleted were infected at an MOI of 1 to produce a pool of
hygromycin resistant cells that express Sec8 at levels comparable to wild type.

5.5 Generation of Organotypic Cultures

Cultures were grown essentially as described in [57]. Briefly, HFFs were
embedded a mixture of DMEM, FBS, sodium bicarbonate and bovine collagen on
the apical side of 6 well transwell inserts. After 7 days, fibroblasts remodel the
collagen matrix into a plateau-like structure. II-4 cells are seeded at confluence
on top of solidified collagen in calcium-free, low serum media to allow for full
monolayer development. After three days calcium is added to the media to begin
the differentiation process. After an additional two days serum concentrations
are increased and the epithelial cells are grown at an air-liquid interface to allow
for cornification of the epithelium. After 7 days of cornification, tissues are
removed from the insert using a scalpel. Sections are then cut for paraffinembedding followed sectioning and histology.
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For colon tissues, a similar procedure was followed, except HFFs were
substituted for colon fibroblasts CCD18-CO, and media consisted of DMEM 10 %
FBS throughout.

5.6 Sec8 Immunoprecipitation

After removal of the tissue from the transwell insert, epithelium is gentle
pulled away from the underlying dermis and flash frozen in liquid nitrogen.
Pooled samples are homogenized in 10 mM PIPES, pH 6.8, 50 mM NaCl, 300
mM sucrose, 3mM MgCl2, supplemented with protease and phosphatase inhibitor
cocktails (Sigma). Lysates were centrifuged in the cold at 15,000 RPM for 15
minutes, and incubated with a pool of Sec8 antibodies previously crosslinked to
protein A sepharose beads. Samples were IPed for two hours in the cold,
washed several times in lysis buffer, and frozen at -20oC. For both monolayer
and organotypic cultures, approximately 50 milligrams of total protein was used
for each IP.

5.7 Measurement of HGF Levels from HFF Conditioned Media

HFFs in which RalA levels had been reduced by ~75 % were seeded
along side controls in p150 tissue culture dishes at 80 % confluence. Two days
later media was collected from cells. HGF levels were measured by ELISA (R&D
Systems).

48

References

1.
2.
3.
4.

5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

Wennerberg, K., K.L. Rossman, and C.J. Der, The Ras superfamily at a
glance. J Cell Sci, 2005. 118(Pt 5): p. 843-6.
Boguski, M.S. and F. McCormick, Proteins regulating Ras and its relatives.
Nature, 1993. 366(6456): p. 643-54.
Malumbres, M. and M. Barbacid, RAS oncogenes: the first 30 years. Nat
Rev Cancer, 2003. 3(6): p. 459-65.
Repasky, G.A., E.J. Chenette, and C.J. Der, Renewing the conspiracy
theory debate: does Raf function alone to mediate Ras oncogenesis?
Trends Cell Biol, 2004. 14(11): p. 639-47.
Marais, R., et al., Ras recruits Raf-1 to the plasma membrane for
activation by tyrosine phosphorylation. EMBO J, 1995. 14(13): p. 3136-45.
Yordy, J.S. and R.C. Muise-Helmericks, Signal transduction and the Ets
family of transcription factors. Oncogene, 2000. 19(55): p. 6503-13.
Rodriguez-Viciana, P., et al., Phosphatidylinositol-3-OH kinase as a direct
target of Ras. Nature, 1994. 370(6490): p. 527-32.
Urano, T., R. Emkey, and L.A. Feig, Ral-GTPases mediate a distinct
downstream signaling pathway from Ras that facilitates cellular
transformation. EMBO J, 1996. 15(4): p. 810-6.
van Dam, E.M. and P.J. Robinson, Ral: mediator of membrane trafficking.
Int J Biochem Cell Biol, 2006. 38(11): p. 1841-7.
Wolthuis, R.M., et al., Stimulation of gene induction and cell growth by the
Ras effector Rlf. EMBO J, 1997. 16(22): p. 6748-61.
Rosse, C., et al., RalB mobilizes the exocyst to drive cell migration. Mol
Cell Biol, 2006. 26(2): p. 727-34.
Oxford, G., et al., RalA and RalB: antagonistic relatives in cancer cell
migration. Cancer Res, 2005. 65(16): p. 7111-20.
Gonzalez-Garcia, A., et al., RalGDS is required for tumor formation in a
model of skin carcinogenesis. Cancer Cell, 2005. 7(3): p. 219-26.
Bos, J.L., ras oncogenes in human cancer: a review. Cancer Res, 1989.
49(17): p. 4682-9.
Berns, A., Kras and Hras--what is the difference? Nat Genet, 2008.
40(10): p. 1149-50.
Meng, J., et al., Combination treatment with MEK and AKT inhibitors is
more effective than each drug alone in human non-small cell lung cancer
in vitro and in vivo. PLoS One. 5(11): p. e14124.
Lim, K.H., et al., Activation of RalA is critical for Ras-induced
tumorigenesis of human cells. Cancer Cell, 2005. 7(6): p. 533-45.
Goi, T., et al., Ral-specific guanine nucleotide exchange factor activity
opposes other Ras effectors in PC12 cells by inhibiting neurite outgrowth.
Mol Cell Biol, 1999. 19(3): p. 1731-41.
Feig, L.A., Ral-GTPases: approaching their 15 minutes of fame. Trends
Cell Biol, 2003. 13(8): p. 419-25.

49

20.
21.
22.

23.
24.
25.
26.

27.
28.

29.
30.
31.

32.
33.

34.
35.

36.

37.
38.

Yamaguchi, A., et al., An Eps homology (EH) domain protein that binds to
the Ral-GTPase target, RalBP1. J Biol Chem, 1997. 272(50): p. 31230-4.
Li, G., et al., RalA and RalB function as the critical GTP sensors for GTPdependent exocytosis. J Neurosci, 2007. 27(1): p. 190-202.
Kavanagh, E., et al., Functional interaction between the ZO-1-interacting
transcription factor ZONAB/DbpA and the RNA processing factor
symplekin. J Cell Sci, 2006. 119(Pt 24): p. 5098-105.
He, B. and W. Guo, The exocyst complex in polarized exocytosis. Curr
Opin Cell Biol, 2009. 21(4): p. 537-42.
Finger, F.P., T.E. Hughes, and P. Novick, Sec3p is a spatial landmark for
polarized secretion in budding yeast. Cell, 1998. 92(4): p. 559-71.
Finger, F.P. and P. Novick, Spatial regulation of exocytosis: lessons from
yeast. J Cell Biol, 1998. 142(3): p. 609-12.
He, B., et al., Exo70 interacts with phospholipids and mediates the
targeting of the exocyst to the plasma membrane. EMBO J, 2007. 26(18):
p. 4053-65.
Zhang, X., et al., Membrane association and functional regulation of Sec3
by phospholipids and Cdc42. J Cell Biol, 2008. 180(1): p. 145-58.
Boyd, C., et al., Vesicles carry most exocyst subunits to exocytic sites
marked by the remaining two subunits, Sec3p and Exo70p. J Cell Biol,
2004. 167(5): p. 889-901.
Moskalenko, S., et al., Ral GTPases regulate exocyst assembly through
dual subunit interactions. J Biol Chem, 2003. 278(51): p. 51743-8.
Chavrier, P. and B. Goud, The role of ARF and Rab GTPases in
membrane transport. Curr Opin Cell Biol, 1999. 11(4): p. 466-75.
Prigent, M., et al., ARF6 controls post-endocytic recycling through its
downstream exocyst complex effector. J Cell Biol, 2003. 163(5): p. 111121.
Guichard, A., et al., Anthrax toxins cooperatively inhibit endocytic recycling
by the Rab11/Sec15 exocyst. Nature. 467(7317): p. 854-8.
Grindstaff, K.K., et al., Sec6/8 complex is recruited to cell-cell contacts
and specifies transport vesicle delivery to the basal-lateral membrane in
epithelial cells. Cell, 1998. 93(5): p. 731-40.
Jin, R., et al., Exo84 and Sec5 are competitive regulatory Sec6/8 effectors
to the RalA GTPase. EMBO J, 2005. 24(12): p. 2064-74.
Wang, S., et al., The mammalian exocyst, a complex required for
exocytosis, inhibits tubulin polymerization. J Biol Chem, 2004. 279(34): p.
35958-66.
Spiczka, K.S. and C. Yeaman, Ral-regulated interaction between Sec5
and paxillin targets Exocyst to focal complexes during cell migration. J Cell
Sci, 2008. 121(Pt 17): p. 2880-91.
Sowalsky, A.G., et al., RalA suppresses early stages of Ras-induced
squamous cell carcinoma progression. Oncogene. 29(1): p. 45-55.
Sowalsky, A.G., et al., RalA function in dermal fibroblasts is required for
the progression of squamous cell carcinoma of the skin. Cancer Res.
71(3): p. 758-67.

50

39.
40.

41.

42.
43.

44.
45.

46.
47.

48.
49.

50.

51.
52.

53.
54.

55.

Rosse, C., et al., PKC and the control of localized signal dynamics. Nat
Rev Mol Cell Biol. 11(2): p. 103-12.
Rosse, C., et al., An aPKC-exocyst complex controls paxillin
phosphorylation and migration through localised JNK1 activation. PLoS
Biol, 2009. 7(11): p. e1000235.
Le Clainche, C. and M.F. Carlier, Regulation of actin assembly associated
with protrusion and adhesion in cell migration. Physiol Rev, 2008. 88(2): p.
489-513.
Brown, M.D. and D.B. Sacks, IQGAP1 in cellular signaling: bridging the
GAP. Trends Cell Biol, 2006. 16(5): p. 242-9.
Sakurai-Yageta, M., et al., The interaction of IQGAP1 with the exocyst
complex is required for tumor cell invasion downstream of Cdc42 and
RhoA. J Cell Biol, 2008. 181(6): p. 985-98.
Leckband, D. and A. Prakasam, Mechanism and dynamics of cadherin
adhesion. Annu Rev Biomed Eng, 2006. 8: p. 259-87.
Jeanes, A., C.J. Gottardi, and A.S. Yap, Cadherins and cancer: how does
cadherin dysfunction promote tumor progression? Oncogene, 2008.
27(55): p. 6920-9.
Thiery, J.P., Epithelial-mesenchymal transitions in tumour progression.
Nat Rev Cancer, 2002. 2(6): p. 442-54.
Vleminckx, K., et al., Genetic manipulation of E-cadherin expression by
epithelial tumor cells reveals an invasion suppressor role. Cell, 1991.
66(1): p. 107-19.
Berx, G., et al., Mutations of the human E-cadherin (CDH1) gene. Hum
Mutat, 1998. 12(4): p. 226-37.
Caldeira, J.R., et al., CDH1 promoter hypermethylation and E-cadherin
protein expression in infiltrating breast cancer. BMC Cancer, 2006. 6: p.
48.
Zazula, M., et al., CDH1 gene promoter hypermethylation in gastric
cancer: relationship to Goseki grading, microsatellite instability status, and
EBV invasion. Diagn Mol Pathol, 2006. 15(1): p. 24-9.
Bryant, D.M. and J.L. Stow, The ins and outs of E-cadherin trafficking.
Trends Cell Biol, 2004. 14(8): p. 427-34.
Yeaman, C., K.K. Grindstaff, and W.J. Nelson, Mechanism of recruiting
Sec6/8 (exocyst) complex to the apical junctional complex during
polarization of epithelial cells. J Cell Sci, 2004. 117(Pt 4): p. 559-70.
Hsu, S.C., et al., The mammalian brain rsec6/8 complex. Neuron, 1996.
17(6): p. 1209-19.
Li, Q. and R.R. Mattingly, Restoration of E-cadherin cell-cell junctions
requires both expression of E-cadherin and suppression of ERK MAP
kinase activation in Ras-transformed breast epithelial cells. Neoplasia,
2008. 10(12): p. 1444-58.
Barbera, M.J., et al., Regulation of Snail transcription during epithelial to
mesenchymal transition of tumor cells. Oncogene, 2004. 23(44): p. 734554.

51

56.

57.
58.

59.
60.

61.
62.
63.
64.

Zondag, G.C., et al., Oncogenic Ras downregulates Rac activity, which
leads to increased Rho activity and epithelial-mesenchymal transition. J
Cell Biol, 2000. 149(4): p. 775-82.
Margulis, A., W. Zhang, and J.A. Garlick, In vitro fabrication of engineered
human skin. Methods Mol Biol, 2005. 289: p. 61-70.
Boukamp, P., et al., c-Ha-ras oncogene expression in immortalized human
keratinocytes (HaCaT) alters growth potential in vivo but lacks correlation
with malignancy. Cancer Res, 1990. 50(9): p. 2840-7.
Comoglio, P.M., Structure, biosynthesis and biochemical properties of the
HGF receptor in normal and malignant cells. EXS, 1993. 65: p. 131-65.
Matsumoto, K. and T. Nakamura, Hepatocyte growth factor and the Met
system as a mediator of tumor-stromal interactions. Int J Cancer, 2006.
119(3): p. 477-83.
Martin, T.D., et al., Activation and involvement of Ral GTPases in
colorectal cancer. Cancer Res. 71(1): p. 206-15.
Artero-Castro, A., et al., Rplp1 bypasses replicative senescence and
contributes to transformation. Exp Cell Res, 2009. 315(8): p. 1372-83.
Artero-Castro, A., et al., Expression of the ribosomal proteins Rplp0,
Rplp1, and Rplp2 in gynecologic tumors. Hum Pathol. 42(2): p. 194-203.
Ashktorab, H., et al., Distinct genetic alterations in colorectal cancer. PLoS
One. 5(1): p. e8879.

52

