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Summary

The incidence of oesophageal adenocarcinoma is increasing at a rapid rate in Western
countries (Pennathur et al., 2013). Early oesophageal cancer is often asymptomatic and
metastatic disease is common at presentation leading to poor prognosis and survival rates
(Pennathur et al., 2013).

RACK1 is a 36kDa scaffolding protein that interacts with a wide variety of different molecules.
It is a multifunctional adaptor protein which can contribute to numerous biological processes
including cell proliferation, adhesion, migration, apoptosis and protein synthesis (Adams et al.,
2011). RACK1 expression is altered in a variety of cancers including those of the breast, ovary,
lung and prostate. (Adams et al., 2011, Li and Xie, 2014). However prior to this PhD study, the
expression and function of RACK1 in oesophageal adenocarcinoma had not been examined.

Our group had previously identified a novel interaction between RACK1 and Non Muscle
Myosin Heavy Chain IIA (NMHCIIA) in migrating T-cells. This project included an investigation
into whether this interaction between RACK1 and NMHCIIA also occurs in migrating OAC cells.
However a combination of immunofluorescent staining, confocal microscopy, fluorescent
ratiometric imaging and FRET microscopy experiments found no evidence for a functionally
significant interaction between RACK1 and NMHCIIA in migrating OAC cells. The proteins with
which RACK1 interacts may vary with cell type. (Adams et al., 2011).

Interestingly, we observed that NMHCIIA localises to the leading edge lamellipodia of
migrating FLO-1 cells, and also to stress fibre like structures. This indicated that NMHCIIA may
play a role in FLO-1 cell migration. An siRNA approach was therefore used to investigate the
functional role of NMHCIIA in FLO-1 cell biology by depleting the cells of this protein and
analysing the consequences of same using cell based assays. In this way it was found that
NMHCIIA depletion reduces FLO-1 cell migration, alters cell morphology and gives rise to an
increased number of thick, stress fibre like structures in the cells. NMHCIIA depletion did not
affect cell proliferation under the conditions tested. Thus, it appears that NMHCIIA has a
specific functional role in FLO-1 cell migration and it may execute this function through its
regulation of f-actin dynamics and cytoskeletal processes.

This project examined the expression and function of RACK1 in OAC cell lines. Western blotting
was used to show that RACK1 is highly expressed at the protein level in OAC cell lines. RACK1
depletion, using an siRNA approach, was found to reduce FLO-1 OAC cell proliferation and two-
and three- dimensional cell migration. A mass spectrometry based proteomics screen was used
to study the RACK1 associated proteome, in FLO-1 OAC cells, which was found to be enriched
with  ribosomal proteins. A novel RACK1 interaction partner, nicotinamide
phosphoribosyltransferase (NAMPT), was also identified in this screen.

Peptide array technology was subsequently used to show that RACK1 interacts directly with
NAMPT. Alanine substitution arrays identified three amino acid residues (arginine 47, lysine 44
and arginine 60) in the RACK1 sequence that are required for its interaction with NAMPT.

Previous studies have shown that NAMPT plays a role in the pathophysiology of metabolic
disorders associated with obesity and inflammation. NAMPT is therefore an interesting RACK1



interaction partner to study in the setting of OAC which is a disease that is strongly associated
with obesity and inflammation. NAMPT is the rate-limiting enzyme in the mammalian
nicotinamide adenine dinucleotide (NAD) salvage pathway (Sampath et al., 2015). NAD is an
important coenzyme that is involved in cellular redox reactions and serves as a substrate for a
number of different enzymes and regulatory proteins (Sampath et al., 2015). It is required for a
variety of cellular processes that are essential for survival, such as metabolism and the
maintenance of genomic stability (Sampath et al., 2015). NAD assays were used in this project
to show that FLO-1 NAD levels decease dramatically upon siRNA mediated NAMPT depletion
from these cells. Furthermore, NAMPT depleted FLO-1 OAC cells exhibited a dramatic
reduction in cell proliferation, viability and cell migration, indicating that NAMPT is of
significant function importance in this cellular setting. Interestingly, our results show no
evidence that RACK1 depletion affects FLO-1 NAD levels but show that RACK1 depletion results
in reduced protein levels of a 70kDa NAMPT complex.

In conclusion, this project has demonstrated that NMHCIIA plays a role in FLO-1 cell migration
and that this may be via an f-actin dependent mechanism. Further study, to investigate further
the role of NMHCIIA in OAC cell migration (and invasion) is warranted in light of our results and
such study may identify NMHCIIA as a potential therapeutic target for OAC metastasis. This
project has also identified a novel, direct interaction between RACK1 and NAMPT in FLO-1 cells
and has shown that both proteins play important functional roles in FLO-1 cells. Furthermore,
RACK1 depletion was shown to reduce levels of a high molecular weight NAMPT complex,
indicating that RACK1 may play a role in modulating NAMPT. Thus, the interaction between
RACK1 and NAMPT could potentially be targeted as a therapeutic strategy for OAC and further
study to investigate the functional consequences of this interaction is certainly warranted.
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Abstract

Title: Oesophageal adenocarcinoma cell migration and metastasis: an investigation of the

scaffolding protein RACK1 as a key player and therapeutic target

Background

The incidence of oesophageal adenocarcinoma (OAC) is increasing at a rapid rate in Western
countries. Early oesophageal cancer is often asymptomatic and metastatic disease is common
at presentation leading to poor prognosis and survival rates. RACK1 is a 36 kDa scaffolding
protein with a seven-bladed propeller structure. RACK1 binds to a plethora of molecules
including receptors, adhesion molecules, kinases and phosphatases. It is involved in the co-
ordination of multiple cellular processes including cell growth, adhesion and motility. RACK1
has been implicated in a variety of cancers but it has not been previously examined in OAC.
Aims

Our group had previously identified a novel interaction between RACK1 and Non Muscle
Myosin Heavy Chain IIA (NMHCIIA) in migrating T-cells. This project sought to determine if this
interaction between RACK1 and NMHCIIA also occurs in migrating OAC cells. It also aimed to
investigate the functional role of both RACK1 and NMHCIIA in OAC cell biology, with a
particular focus on cell migration. This project aimed to examine the RACK1 associated
proteome in OAC cells. It sought to identify and characterise novel RACK1 binding partner(s)
within the setting of OAC and to map the sites on RACK1 which mediate its interaction with
such partner(s).

Methods

Immunofluorescent staining, confocal microscopy, fluorescent ratiometric imaging and FRET
microscopy were used to investigate if RACK1 and NMHCIIA interact in migrating OAC cells.
siRNA technology was used to deplete RACK1, or other proteins of interest, from OAC cells,
and the functional consequences of this were studied using a range of cell based assays.

A mass spectrometry based proteomics screen, of RACK1 immunoprecipitates prepared from
FLO-1 cell lysates, was performed and the resultant data were analysed using PEAKS and
MaxQuant mass spectrometry software. Peptide array technology was used to find evidence of
direct protein-protein interactions and alanine substitution arrays were used to identify amino
acid residues on the RACK1 sequence that mediate its interaction with a direct binding partner.
Results

No evidence, of a functionally important interaction between RACK1 and NMHCIIA in migrating
oesophageal adenocarcinoma cells, was found.

NMHCIIA was found to localise to the leading edge of migrating FLO-1 cells and to stress fibre
like structures. NMHCIIA depletion from FLO-1 cells altered cell morphology and gave rise to

an increased number of thick, stress fibre like structures in the NMHCIIA depleted population.



NMHCIIA depletion also reduced FLO-1 cell migration but did not affect cell proliferation under
the conditions tested.

RACK1 depletion was found to reduce FLO-1 OAC cell proliferation and two- and three-
dimensional migration. The RACK1 associated proteome in FLO-1 cells is significantly enriched
with  ribosomal proteins. A novel RACK1 interaction partner, nicotinamide
phosphoribosyltransferase (NAMPT), was identified and shown to interact directly with RACK1.
Three amino acid residues (arginine 47, lysine 44 and arginine 60) on the RACK1 sequence, that
mediate the RACK1-NAMPT interaction, were identified.

It was found that NAMPT depletion from FLO-1 cells dramatically reduced their nicotinamide
adenine dinucleotide (NAD) levels and decreased cell proliferation, cell viability and cell
migration. RACK1 depletion did not affect FLO-1 NAD levels under the conditions tested but
did result in reduced protein levels of a 70kDa NAMPT complex.

Conclusions

We have found NMHCIIA localises to the leading edge of migration FLO-cells, and that
NMHCIIA depletion reduces FLO-1 cell migration and alters cell morphology and stress fibre
structure. These findings lead us to conclude that NMHCIIA may influence FLO-1 cell migration
by regulating F-actin dynamics and the actin cytoskeleton in some way. Cell migration is tightly
controlled in the healthy cell but can become dysregulated in diseases such as cancer where
increased cell motility and migration can contribute to metastasis. In NMHCIIA, we have
identified a protein that may be worthy of further study in the setting of OAC, as such study
may vyield insights into the mechanisms of migration employed by OAC cells or may identify
NMHCIIA as a potential therapeutic target for this disease.

Our findings that RACK1 plays a significant functional role in OAC cells indicate that is an
important player in OAC cell biology. Our finding that the RACK1-associated proteome in FLO-1
cells is enriched with ribosomal proteins leads us to conclude that RACK1 may contribute to
one or more aspects of ribosomal function in this cell type.

The identification of NAMPT as a direct RACK1 interaction partner is of significant interest as it
represents a novel RACK1 interaction partner. Furthermore, multiple studies have indicated
that NAMPT plays a role in the pathophysiology of metabolic disorders associated with obesity
and inflammation. Thus NAMPT is an interesting RACK1 interaction partner to study in the
context of OAC, a disease that is strongly associated with obesity and inflammation. We have
also shown that NAMPT is required by FLO-1 OAC cells to maintain NAD levels and that NAMPT
depletion reduces cell proliferation, viability and migration. Thus NAMPT has an important
functional role in FLO-1 cell biology and represents a potential therapeutic target for OAC. Our
finding that RACK1 depletion leads to a reduction in the protein levels of a 70kDa high
molecular weight NAMPT complex is intriguing and indicates that RACK1 does have a NAMPT-
modulating role. The interaction between RACK1 and NAMPT that we have discovered may be
important for RACK1’s modulation of NAMPT and targeting this interaction may represent a

potential therapeutic strategy for OAC.
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Chapter 1. General Introduction

1.1 Oesophageal Adenocarcinoma

Oesophageal cancer is the sixth most common cause of cancer related death and the eight
most common cancer in the world (Pennathur et al., 2013). Despite recent advances in
treatment, prognosis for oesophageal cancer is poor, with the overall 5-year survival of
patients with this malignancy ranging from 15% to 25% (Pennathur et al., 2013).

There are two main histological types of oesophageal carcinoma; namely oesophageal
squamous cell carcinoma (SCC) and oesophageal adenocarcinoma (OAC). On a global level, SCC
has the greatest incidence. However, the incidence of OAC is increasing rapidly in the Western
world and OAC is now more common than SCC in countries such as the USA, Australia and
some western European countries (Pennathur et al., 2013).

OAC usually develops from a pre-cancerous lesion called Barrett’s oesophagus; a metaplastic
condition whereby the normal squamous epithelium of the distal oesophagus is replaced by an
intestinal-type columnar epithelium (de Almeida et al., 1997). Population based studies have
found that people with Barrett’s oesophagus have a ten times greater risk of developing OAC
than people without the condition (Lepage et al., 2013). However, as OAC is relatively rare,
only a minority of patients with Barrett’s oesophagus actually developed OAC (Lepage et al.,
2013). Other important risk factors for OAC include obesity, symptomatic gastro-oesophageal
reflux disease (GORD), tobacco use, male gender and low fruit and vegetable intake
(Pennathur et al., 2013, Pohl et al., 2013).

Chronic gastro-oesophageal reflux disease is one of the strongest risk factors for OAC
(Pennathur et al., 2013). The components of gastro-oesophageal refluxate include gastric acid,
bile acids and other harmful chemicals which damage the oesophagus and promote
inflammation (Duggan et al., 2010, Jenkins et al., 2006, Jenkins et al., 2004). Chronic exposure
to this refluxate can lead to the development of Barrett’s oesophagus which, in some patients,
can develop further into adenocarcinoma (McQuaid et al., 2011, Pennathur et al., 2013).
Obesity is also an important risk factor for OAC (Thrift et al., 2014). The link between obesity
and OAC may be partly mechanical. Central adiposity promotes gastro-oesophageal reflux
disease by increasing intragastric pressure, increasing transient lower oesophageal relaxation
and reducing lower oesophageal sphincter pressure (Beddy et al., 2010). However visceral
adipose tissue is also metabolically active and can promote inflammation and metabolic
syndrome (Picardo et al., 2012, Xu et al., 2003). Evidence is accumulating which suggests that
intra-abdominal visceral adipose tissue may promote OAC carcinogenesis by releasing
adipokines, proinflammatory cytokines and growth factors which can drive cellular
proliferation, reduce apoptosis and trigger neoplastic transformation in the oesophageal
epithelium (Lynam-Lennon et al., 2014) (O'Sullivan et al., 2014, Thompson et al., 2010).
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Oesophageal cancer is a notoriously invasive cancer, with 20%-30% of patients already having
distant metastasis on diagnosis (Napier et al., 2014). This aggressive cancer can spread by a
variety of routes, which include direct extension, haematogenous metastasis and lymphatic
spread (Napier et al., 2014). Local extension is aided by the fact that the oesophageal wall has
no serosa. Without an anatomical barrier to restrict it, the primary tumour can extend quickly
into the surrounding structures of the thorax (Napier et al., 2014). The oesophagus’s extensive
lymphatic drainage system also facilitates lymphatic spread of the cancer while
haematogenous spread to the liver, lungs, bones, adrenal glands, kidneys and brain, is more

common with advanced stages of the disease (Napier et al., 2014).

1.2 Cancer cell migration and invasion

Aberrant regulation of cell migration contributes to the progression of many diseases,
including cancer cell invasion and metastasis (Yamaguchi and Condeelis, 2007). The process of
metastasis involves a number of steps. These steps include local cancer cell infiltration or
invasion into adjacent tissue, trans endothelial migration of cancer cells into vessels of the
vasculature (this is called intravasation), survival in the circulatory system, exit of carcinoma
cells from the circulation (extravasation) and proliferation in competent organs, leading to
colonization of distal sites (van Zijl et al., 2011).

The ability of a cancer cell to migrate and invade enables it to change position within tissues
and break free from the primary tumour, thus spreading the disease. It also allows tumour
cells to enter lymphatic and blood vessels for dissemination into the circulation, thus enabling
the cancer to colonise distant organs (Polacheck et al., 2013). Cell migration is a dynamic,
complex process which requires multiple, interdependent steps. The cytoskeleton must be
reorganized to form leading edge protrusions, mechanical forces must be generated and the
cell tail must be retracted and detached from the extracellular matrix (Yamaguchi and
Condeelis, 2007). The mechanisms of cell migration used by migrating cancer cells are broadly
quite similar to those used by healthy cells during normal physiological processes such as
wound healing, immune surveillance and embryonic morphogenesis (Friedl and Wolf, 2003).
When migration is stimulated, a cell generally polarises and generates cell protrusions in the
direction of migration. These protrusions are usually driven by actin polymerization and they
vary in nature depending on the cell type; some cells generate broad lamellipodia while others
generate spike-like fillopodia (Ridley et al., 2003). Transmembrane receptors linked to the
actin cytoskeleton stabilize these protrusions by mediating their adhesion to the extracellular
matrix or to adjacent cells. These adhesions act as traction sites for cell movement as the cells
progresses forward over them. At the cell rear, adhesions are disassembled, allowing the cell
to detach. The collective migration of cell sheets share some of the features of single cell
migration but in the case of the former, polarization extends across the sheet(Ridley et al.,
2003).
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The precise details of cell migration depend on the cell type and the cell’s environment. For
example, somatic cells migrating in vivo exhibit large single protrusions and highly directional
cell migration. Conversely, on planar substrates these cell exhibit multiple small protrusions.
Cancer cells can respond to environmental changes by modifying their morphology and nature
of migration (Ridley et al., 2003).

Metastasis accounts for approximately 90% of all deaths from cancer(Leber and Efferth, 2009).
As outlined above, cancer cell migration and invasion constitute the initial step in the
metastatic process (Leber and Efferth, 2009). While we have learnt much about these complex
processes, there is still much to be discovered about the precise molecular regulation of cancer
migration and invasion. New insights into the molecular processes which drive and regulate
migration and invasion are necessary for a deeper understanding of carcinogenesis and may

pave the way for new, more specific cancer therapeutics.

1.3 RACK1

RACK1 (Receptor for activated C kinase 1) is a 36kDa scaffolding protein. It was originally
characterised as a scaffold responsible for regulating the subcellular localisation of Protein
Kinase C (PKC) isoforms (Ron et al., 1994, Ron et al., 1995). However RACK1 is now known to
bind a wide variety of different molecules and it is well recognized as a multifaceted
scaffolding protein involved in numerous biological processes including cell proliferation,
adhesion, migration and survival, apoptosis, protein synthesis, virus infection, neural
development, angiogenesis and circadian rhythm (Berns et al., 2000, Daniels et al., 2008,
Gandin et al., 2013b, Kiely et al., 2002, Mamidipudi and Cartwright, 2009, Robles et al., 2010,
Wehner et al., 2011).

1.3.1 RACK1 is a WD-repeat protein

RACK1 is a member of the tryptophan-aspartic acid repeat (WD-repeat) family of proteins and
has significant homology to the B subunit of G-proteins (Adams et al., 2011). WD-repeat
proteins are an ancient, highly conserved family of proteins found in prokaryotes and all
eukaryotes. WD repeats are sequences of approximately 44-66 amino acids that end in a
signature WD dipeptide or its equivalent. They usually also have a glycine-histidine (GH)
dipeptide positioned 11-24 residues from the N-terminus and often have an aspartic acid
residue positioned 6 residues before the WD dipeptide. However none of these features are
absolutely conserved and it is their collective critical mass instead of the absolute conservation
of any particular amino acid that gives the sequence its identity as a WD repeat (Adams et al.,
2011). WD repeat proteins have at least four of these WD repeat sequences which generate a
WD-domain. These domains form a circular B-propeller structure, characterised by propeller
blades arranged radially around a central axis (Adams et al., 2011, Sondek et al., 1996, Wall et
al., 1995).
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WD repeat proteins have a wide variety of roles, however they share a common function in
scaffolding protein complexes, usually with numerous and competing partners, thus acting as
hubs for the spatiotemporal coordination of cellular signalling across many pathways and
networks. WD repeat proteins do not have any enzymatic activity but they do undergo post-
translational modification and some of them, including RACK1, form both homodimers and
heterodimers (Adams et al., 2011).

WD repeat proteins play a role in nearly every signalling pathway and thus they play an
important role in a variety of human diseases (LiD, 2001, Stirnimann et al., 2010). Small
changes in the expression of WD repeat proteins can have serious impacts on the assembly of
protein complexes and on important signalling pathways (Ron et al., 2013).

RACK1 has a seven bladed WD-repeat propeller and has significant homology to the B subunit
of G-proteins. As is the case with other WD repeat proteins, RACK1’s propeller blades serve as
binding sites for multiple interaction partners and enable it to act as a scaffolding protein
which nucleates key signalling complexes. RACK1 also has important roles in shuttling proteins
within the cell, anchoring proteins at specific subcellular locations and regulating protein
stability and activity(Adams et al., 2011).

1.3.2 RACK1 and cancer

As discussed above, RACK1 participates in multiple signalling pathways and is implicated in a
wide range of cellular functions and processes including transcription and protein synthesis,
cell proliferation, survival, apoptosis, adhesion and migration. RACK1’s roles in such processes
are very important for normal, healthy cellular functions. The expression and activity of RACK1,
and its associated molecules, is normally kept under tight regulation. However, if this tight
regulation is lost, such as in a cancer setting, RACK1 can become implicated in carcinogenesis,
or in some rarer cases, in tumour suppression (Ron et al., 2013). As will be discussed below,
whether RACK1 promotes or suppresses carcinogenesis appears to depend on cancer type and
on the particular cellular setting in which RACK1 is operating.

Increased RACK1 expression has been observed in studies of patient samples from a variety of
cancers including breast carcinoma, non-small-cell lung cancer, pulmonary adenocarcinoma,
hepatocellular carcinoma, oesophageal squamous cell carcinoma and glioma (Cao et al.,
2010b, Guo et al., 2013, Hu et al., 2013, Peng et al., 2013, Ruan et al., 2012, Shi et al., 2012,
Zhong et al., 2013). In contrast, studies in samples from gastric cancer patients have found
that RACK1 expression is decreased in this malignancy (Chen et al., 2015, Deng et al., 2012).
RACK1 can promote or suppress carcinogenesis through a wide variety of different
mechanisms which vary depending on the cell and cancer type and subtype. For example,
RACK1 interacts with MKK7 in hepatocellular carcinoma cells and promotes proliferation by
enhancing MKK7/JNK activity (Guo et al., 2013). In oesophageal SCC cells, RACK1 appears to
drive cancer cell growth and migration through activation of the hedgehog signalling pathway
(Hu et al., 2013). RACK1 interacts with the IGF-IR in a variety of cell types and facilitates
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migration of breast and prostate tumour cells through a mutually exclusive interaction with 1
integrin or Protein Phosphatase 2A (Kiely et al., 2008). Conversely, RACK1 appears to have a
tumour suppressive function in colon cancer cells where its inhibition of Src delays cell cycle
progression, suppresses colonic growth and induces apoptosis (Mamidipudi and Cartwright,
2009).

RACK1 acts at important points during transcription and translation. In particular, it acts at the
ribosomal small subunit and impacts upon nuclear translocation and regulation of chromatin
and transcriptional complexes (Ron et al., 2013). RACK1 is a component of the small subunit of
the eukaryotic ribosome; it is located at the back of the 40S head region and it interacts with
the ribosomal RNA (Link et al., 1999, Sengupta et al., 2004). In humans, RACK1 promotes
translation by recruiting active PKC and elF6 which stimulates subunit association via PKC-
mediated elF6 phosphorylation (Ceci et al., 2003, Li and Xie, 2014). The ribosomal function of
RACK1 enables it to alter gene translation and signal transduction in response to various
stimuli (Li and Xie, 2014). In some cancer settings, RACK1’s function as a ribosomal protein can
promote proliferation and survival of cancer cells. A study in hepatocellular carcinoma found
that increased RACK1 expression promoted tumour growth and that this effect depended on
RACK1 being localized to the ribosome. This study demonstrated that ribosomal RACK1
couples with PKCBIl which promotes phosphorylation of eukaryotic initiation factor 4E
resulting in the preferential translation of factors which drive cell growth and survival, such as
cyclin D1, MYC, Survivin, and BCL-2 (Ruan et al., 2012).

The vast number of proteins with which RACK1 interacts is likely to account for its contrasting
roles in different cancer settings. It is likely that the particular cohort of binding partners with
which RACK1 interacts at any particular moment, in any particular disease or cell setting, will
determine whether RACK1 acts as a tumour promoter or suppressor. Thus it is important that
we consider cell and cancer type when examining RACK1 function.

The subcellular localisation of RACK1 is also an important determinant of its cellular function
as it interacts with different proteins at different locations within the cell (Adams et al., 2011).
Aberrant signalling, cellular stimuli or protein expression in cancer may alter RACK1
localisation which in turn may influence the function which RACK1 plays in cancer cells. For
example, RACK1 normally has a diffuse cytoplasmic localisation in prostate cancer cells but it
accumulates in the membrane compartment when expression of Trop-2 is upregulated. This
shift in RACK1 localisation increases the association between RACK1 and B1 integrin which
results in increased B1 integrin-RACK1-focal adhesion kinase (FAK)-Src signalling and loss of cell
adhesion (Trerotola et al., 2012). Thus alterations in RACK1 subcellular localisation can have
important impacts on its ability to promote or suppress carcinogenic processes and should
thus be considered when examining the role of RACK1 in disease.

Thorough examination of RACK1 in a variety of cancer settings should enable us to increase
our understanding of this multi-functional protein and may ultimately lead to the development
of therapeutic strategies which hinder its pro-tumourigenic functions or promote its tumour

suppressive functions.
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1.3.3 RACK1 and cancer cell migration, invasion and metastasis

As discussed in section 1.2, cancer cell migration, invasion and metastasis represent important
targets for cancer therapeutic strategies and research to further our understanding of the
mechanisms which control these processes is crucial. Mounting evidence suggests that RACK1
can regulate cell migration, invasion and metastasis through multiple mechanisms. Such

evidence is summarized in the paragraphs below.

1.3.3.1 RACK1 regulates polarity and direction sensing in cancer cells.

The regulation of cell polarity is fundamental to the process of cell migration (reviewed by
(Etienne-Manneville, 2008) and (Cramer, 2010)). While cancer cells often lose apical-
basolateral polarity, it is probable that polarization and directional migration toward
chemotactic stimuli still play a role during cancer cell invasion and metastasis (Serrels et al.,
2010). Cell polarization requires the differential localization of protein complexes in cells
(Etienne-Manneville, 2008) and research has demonstrated a role for RACK1 in the
construction and functioning of such complexes. To illustrate, RACK1 acts as a molecular
bridge in a ‘direction-sensing’ pathway that links the integrin effector FAK to the recruitment
of PDE4DS5, a cAMP-degrading phosphodiesterase (Serrels et al., 2010). It facilitates the
formation of a FAK-RACK1-PDE4D5 complex which is recruited to newly formed integrin
adhesions and promotes cell polarity. This FAK-RACK1-PDE4D5 complex recruits specific
components of the cAMP messenger system to nascent adhesions and the leading edge of
polarized cells and is required for squamous cell carcinoma cells to sense direction and
respond to directional cues (Serrels et al., 2010). This complex functions by signalling, via the
guanine nucleotide exchange factor EPAC, to its small GTPase target Rap1 (Serrels et al., 2011).
This FAK-RACK1-PDE4DS5 complex is also essential for the construction of actin-based
protrusive structures at the edges of polarized or spreading cells (Serrels et al., 2010).

In leukaemia cells, RACK1 interacts with heterotrimeric G protein By (GBy) subunits and
functions as a negative regulator of directed cell migration (Chen et al., 2008). This study
shows that when Jurkat and HL60 cells polarize, in response to chemoattractant, RACK1
interacts with GBy and translocates to the leading edge. RACK1 negatively regulates migration
in these cells by preventing GBy stimulation of phosphoinositide 3-kinases and phospholipase
€.

1.3.3.2 RACK1 can promote the epithelial to mesenchymal transition (EMT).
In many cancers, cell motility and migration is stimulated, and invasiveness enhanced, when a

process known as the epithelial to mesenchymal transition (EMT) occurs (Savagner, 2015) . As

cells undergo EMT, they lose their epithelial characteristics, such as their polarity and epithelial
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cell-cell contact structures, and instead acquire a mesenchymal phenotype (Savagner, 2015).
They thus acquire a migratory behaviour which allows them to migrate away from their
epithelial cell neighbours and invade into surrounding tissue (Xu et al., 2009). A number of
studies now indicate that RACK1 can contribute to cancer cell migration and invasion by
enhancing the epithelial to mesenchymal transition (Lv et al., 2016, Shi et al., 2012, Wang et
al., 2015a). A study in glioma cells found that siRNA-mediated depletion of RACK1 suppressed
cell migration and invasion by inhibiting expression of a number of EMT markers, namely, N-
Cadherin, ZEB1, MMP-2, MMP-9 and Integrin-B1(Lv et al., 2016). A recent study of
oesophageal squamous cell carcinoma patient tissue reported a positive correlation between
RACK1 expression and vimentin, and an inverse correlation between RACK1 expression and E-
cadherin. Furthermore, when the authors depleted RACK1 from oesophageal SCC cells, levels
of vimentin were reduced, E-cadherin increased and cell migration and invasion was inhibited
(Wang et al., 2015a).

The hedgehog signalling pathway contributes to EMT and enhanced cell migration and
invasion in a number of cancers (Katoh and Katoh, 2008). In some cases, RACK1 contributes to
EMT through activation of this pathway. For example, a study in non-small cell lung cancer
(NSCLC) found that RACK1 interacted with and activated Smoothened to mediate Glil-
dependent transcription and hence activate sonic hedgehog signalling. Furthermore, when
RACK1 was silenced, metastasis was dramatically inhibited by blocking the sonic hedgehog
signalling pathway (Shi et al., 2012). Similarly, in oesophageal SCC RACK1 has been shown to
promote cell migration via the hedgehog signalling pathway with upregulated expression of
Glil and Patch (Hu et al., 2013).

Matrix degradation enzymes such as the proteolytic matrix metalloproteases (MMPs) promote
EMT by degrading the basal membrane and extracellular matrix, thus alleviating the physical
constraint that otherwise hinders cell motility in vivo and hence aiding tumour infiltration and
metastasis (Kalluri and Weinberg, 2009). A number of studies now indicate that RACK1 can
play a role in regulating MMP expression and/or activity. As mentioned above, a study in
glioma cells found that depletion of RACK1 inhibited a variety of EMT markers which included
MMP-2 and MMP-9 (Lv et al., 2016). Furthermore, a study in oral SCC cells found that RACK1
depletion by siRNA decreased the invasion, migration and adhesion capability of the tumour
cells and this was associated with down-regulation of MMP-2, MMP-9 (and also EGFR, pEGFR,
HER2) which they observed in these cells (Li et al., 2012b).

CD147 (extracellular matrix metallo-proteinase inducer) is a highly glycosylated
transmembrane protein and an important stimulator of matrix metalloproteinases (MMPs)
(Sun and Hemler, 2001). CD147 expression has been examined in breast carcinoma where
RACK1 has been shown to promote invasion both in vitro and in vivo (Cao et al., 2010a).
Interestingly, when breast carcinoma cells are stably transfected with RACK1 (so that they
overexpress it) their levels of CD147 significantly increase. These RACK1-overexpressing
transfectants also exhibit much higher MMP2 activity in comparison to parental cells (Cao et

al., 2010a). Similarly, in pulmonary adenocarcinoma, tumour invasiveness is associated with
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RACK1 expression and there is a significant correlation between RACK1 and CD147 expression
both in vitro and in vivo (Zhong et al., 2013). Thus RACK1 is involved in multiple cell signalling

pathways that regulate EMT across a broad range of tissues/cancers.

1.3.3.3. The activity of Src, a key player in tumour cell migration and invasion, is modulated
by RACK1

Src is a non-receptor tyrosine kinase which can regulate several important signalling pathways
which influence cancer migration, invasion and angiogenesis (as well as survival and
proliferation) (Creedon and Brunton, 2012). RACK1 is a Src substrate(Chang et al., 2002). The
phosphorylation of RACK1 by this kinase is necessary for Src interaction with RACK1 via its SH2
domain (Chang et al., 2002). Upon RACK1 binding, Src activity is inhibited. Thus RACK1 is a
negative regulator of Src activity (Chang et al., 1998, Chang et al., 2001, Chang et al., 2002) and
this contributes to the ability of RACK1 to act as a negative regulator of invasion in some
cancer types. For example, a study by Swaminathan and colleagues reported that the
inhibition of Src by RACK1 was partly responsible for its ability to reduce the invasive potential
of colon cancer cells (Swaminathan and Cartwright, 2012). Epithelial cell-cell adhesion is
mediated by E-cadherin and catenins. In cancer, aberrant Src activity can disrupt such
adhesions and allow cancer cells to invade and metastasize. However, in colon cancer cells
(HT29 and WiDr), RACK1 stabilises cell-cell contacts, in part through its inhibition of Src-
mediated E-cadherin phosphorylation and consequent E-cadherin endocytosis, a key step in
EMT (Swaminathan and Cartwright, 2012).

In contrast to colon cancer, RACK1-mediated regulation of Src activity appears to promote
migration in other tumour types. In a study conducted in two neuroblastoma cell lines, namely
SK-N-SH and SK-N-BE, high RACK1 expression was associated with increased migration (and
proliferation) and increased phosphorylation of Src at Tyr416. Thus in neuroblastoma, RACK1
appears to promote migration through activation of Src activity (Lu et al., 2012). A study in
glioma U87 and CHG-5 cell lines and xenograft tissue found that RACK1 expression was
significantly higher in glioma tissue and cells in comparison to normal brain tissue (Peng et al.,
2013). Furthermore, siRNA mediated RACK1 depletion reduced invasion and proliferation of
glioma cell lines while also promoting their apoptosis. RACK1 depletion also resulted in a
marked decrease in the activity of the Src/Akt signalling pathway, indicating that RACK1 may
promote glioma cell invasion (as well as cell proliferation and survival) through modulation of
Src activity (Peng et al., 2013).

A recent study in multidrug resistant breast cancer cells has demonstrated that RACK1
promotes invasion by acting as a scaffold that facilitates the binding of P-glycoprotein to Anxa2
and Src (Yang et al., 2016). P-glycoprotein is a well-known multidrug-efflux transporter which
increases the invasion potential of drug resistant cells (Yang et al., 2016). This study showed
that RACK1 regulates the activity of P-glycoprotein and hence facilitates adriamycin-induced P-
glycoprotein-mediated phosphorylation of Anxa2 and Erk1/2. RACK1 silencing disrupted the P-
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glycoprotein-Anxa2-Src protein complex in multidrug resistant breast cancer cells and
significantly reduced cell invasion (Yang et al., 2016).

The conflicting anti- and pro- invasion properties associated with modulation of Src activity by
RACK1 highlight the fact that RACK1 function can vary hugely depending on the cell or cancer
type in which it is expressed. RACK1 function and interaction with Src also depends on stimuli
received by the cell. For example, PKC activation promotes association of RACK1 with Src
(Chang et al., 2001) while Insulin-like Growth Factor-1 (IGF-1) stimulation has been shown to
disrupt the interaction between RACK1 and Src in epithelial cancer cells and fibroblasts (Kiely
et al., 2005). Such stimulus-dependent interaction between RACK1 and Src could enable RACK1
to regulate local Src activation. Furthermore, it is known that RACK1 can shuttle its interacting
partners to certain intracellular locations (Adams et al., 2011). Therefore, it is plausible to
suggest that RACK1 may bind Src and shuttle it to particular subcellular locations before
releasing it (and thus enabling its activation) at its site of action. Such a mechanism could
possibly explain the apparently positive RACK1-mediated regulation of Src observed in the
neuroblastoma and glioma studies above.

A number of other RACK1-Src mediated mechanisms that influence cell migration have been
reported in non-tumorigenic cells. While this section specifically focuses on the role of RACK1
in cancer cell migration and invasion, nevertheless, it may be worthwhile to briefly mention
such mechanisms as they may, or may not (given the sometimes very cell-specific functions of
RACK1) also be relevant in some tumour cell types. Briefly, RACK1 promotes efficient migration
of HEK-293 cells where its role as a key regulator of migration and adhesion dynamics is
mediated through its modulation of Src activity and its resultant modulation of paxillin
dynamics at early adhesions (Doan and Huttenlocher, 2007). Another study, this time in CHO-
K1 cells, found that RACK1 localises to nascent focal complexes in paxillin-rich areas of
protrusion and regulates integrin-mediated adhesion, protrusion and chemotactic migration

through its Src binding site (Cox et al., 2003).
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Figure 1.1 RACK1 regulates migration and invasion of cancer cells via a range of mechanisms.
These mechanisms can vary with cell type. Three such mechanisms are illustrated above;
namely RACK1-mediated modulation of Src kinase activity, regulation of cell polarity and
direction sensing, and promotion of the epithelial to mesenchymal transition. EMT = epithelial

to mesenchymal transition. MDR = multi-drug resistant. P-gp = P-glycoprotein.

1.3.3.4. RACK1: a scaffolding protein that integrates signalling from receptors to cytoskeletal
reorganization.

RACK1 can promote tumour cell migration by using its scaffolding ability to bridge together
different signalling pathways and integrate signalling between them (Adams et al., 2011). For
example, RACK1 integrates signalling between the Insulin-like Growth Factor 1 Receptor (IGF-
1R) and B1 integrin by nucleating a signalling complex which contains both receptors as well as
other signalling molecules which promote migration. Such RACK1-mediated integration of IGF-
1R and integrin signalling promotes migration of a variety of tumour cells (Hermanto et al.,
2002, Kiely et al., 2006, Kiely et al., 2005). In breast (MCF-7) and prostate (PC3 and DU145)
cancer cells RACK1 promotes IGF-1R stimulated migration through its mutually exclusive
association with either B1 integrin or the serine-threonine phosphatase protein phosphatase
2A (PP2A). IGF-1 stimulation promotes the release of PP2A from a RACK-1-IGF-IR complex. This
enables B1 integrin to be recruited into an IGF-IR-RACK1-B1 integrin complex and cell
migration and proliferation is stimulated (Kiely et al., 2006, Kiely et al., 2008). A recent study in
breast cancer cells also suggested a pro-carcinogenic role for the RACK1/PP2A interaction and
reported that disruption of this interaction reduced cell adhesion, proliferation, migration and
invasion (Kiely et al., 2016). Interestingly, a study in non-small cell lung cancer, found that
RACK1 mediates the assembly of a RACK1-PP2A-Akt signalling complex in response to EphB3
activation which results in reduced Akt phosphorylation and inhibition of cell migration (Li et
al., 2012a).
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Interaction between RACK1 and B1 integrin can promote prostate cancer invasion and
metastasis as indicated by a recent study on the role of Trop-2, a transmembrane glycoprotein,
which is upregulated in this malignancy (Trerotola et al., 2012). Trop-2 upregulation was
reported to increase interaction between RACK1 and B1 integrin which in turn increased
activation of Src and FAK and inhibited cell adhesion to fibronectin. Prostate cancer cells may
utilise this mechanism to detach and invade into the surrounding extracellular matrix, thus
promoting their metastasis (Trerotola et al., 2012). Interestingly, a study in H9c2 rat
cardiomyocytes has observed that RACK1 does not interact with the IGF-1R in these non-
transformed cells (O'Donovan et al., 2007). Furthermore, IGF-1 promotes recruitment of Src to
RACK1 as well as recruitment of PKCa, and PKCeg, to RACK1. In these cells overexpression of
RACK1 increased migration but its responses to IGF-l are independent of an association with
the IGF-1R (O'Donovan et al., 2007). Therefore the make-up of the RACK1 scaffolding complex
and its effects on IGF-1 signalling can be different in normal and cancer cells. indeed this
provides an interesting example of how the function of RACK1 can vary depending on cell type
or whether it is present in normal or cancer cells.

Abnormal IGF-1 signalling is associated with the development of very invasive metastatic renal
cell carcinoma (Cardillo et al., 2013). In this cancer, RACK1 interacts with the IGF-1R and
promotes IGF-1 induced cell invasiveness which is associated with increased IGF-1R kinase
activity and increased MMP-2 expression and activation (He et al., 2011). Interestingly, RACK1
also interacts with the von Hippel-Lindau (VHL) tumour suppressor whose loss is associated
with renal cell carcinoma (RCC) pathogenesis (Baldewijns et al., 2010, He et al., 2011). RACK1
interaction with pVHL disrupts the association between RACK1 and IGF-IR thereby suppressing
RACK1-mediated IGF-1-induced renal cell carcinoma cell invasiveness. Thus RACK1 acts as a
direct mediator between pVHL loss of function and increased IGF-IR signalling in this cancer

setting (He et al., 2011).
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Figure 1.2. RACK1 is a scaffolding protein that integrates signalling from receptors to
cytoskeletal reorganization. GFR = growth factor receptor. a = integrin a chain. B = integrin B

chain.

1.3.3.5 RACK1 regulates focal adhesion kinase (FAK) activity.

FAK regulates critical processes in both normal and tumour cells through its kinase activity and
function as a scaffold (Lee et al., 2015). It regulates carcinogenesis and metastatic potential
through highly coordinated signalling networks that coordinate a wide range of cellular
processes including cell migration, invasion and adhesion (Lee et al., 2015). FAK is recruited
early to the leading edge of the cell as new focal adhesion complexes are assembled.
Meanwhile, at the trailing edge, focal adhesion complexes must be dismantled to facilitate
migration. This focal adhesion assembly and disassembly must be precisely coordinated for
efficient cell migration and is highly dependent on cross talk between growth factor and
adhesion (mainly integrin) signalling pathways (Dwane et al., 2014, Mitra et al., 2005). RACK1
plays a crucial role in cell adhesion and migration by regulating FAK activity and focal adhesion
assembly (Kiely et al., 2009, Adams et al., 2011). RACK1 is critical for the function of FAK as it
scaffolds it for activation by IGF-1 and adhesion signalling (Adams et al., 2011, Kiely et al.,
2009). When RACK1 expression is suppressed, FAK activity is disrupted which interferes with

cell adhesion and cell spreading, two crucial processes required for cell migration (Kiely et al.,
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2005, Kiely et al., 2009, Onishi et al., 2007). Phosphorylation of RACK1 on Tyr-52 by c-Abl
mediates the interaction between RACK1 and FAK (Kiely et al., 2009). Thus RACK1 acts as an
important convergence point for adhesion and growth factor signalling and is a key regulator
of the signalling events necessary to initiate cell migration (Adams et al., 2011). Furthermore,
as is discussed in 1.3.3.1 above, a RACK1/FAK complex, together with PDE4D5, regulates cell
spreading and direction sensing and is thus important for establishing cell polarity (Serrels et
al., 2010, Serrels et al., 2011). It is likely that RACK1 regulates migration and invasion through
FAK in a variety of ways which vary depending on the cancer setting. A recent study in
nasopharyngeal carcinoma reported that RACK1 promoted invasion and metastasis by
activating FAK and Akt (Peng et al., 2016). The phosphoinositide 3-kinase (PI3K)/Akt signalling
pathway is highly implicated in nasopharyngeal carcinoma and this study suggests that
regulation of the PI3K/Akt/FAK pathway may underlie the contribution of RACK1 to this
disease (Peng et al., 2016).

Angiogenesis is critical for primary tumour growth but also contributes to tumour invasion and
metastasis(Bielenberg and Zetter, 2015). RACK1 has been found to be induced during tumour
angiogenesis (Berns et al., 2000) and a study by Dave and colleagues has found that RACK1 can
promote angiogenesis by enhancing endothelial sprout formation through an interaction with
FAK and the intermediate filament protein, vimentin, in three-dimensional collagen matrices
(Dave et al., 2013). In this study, RACK1 and vimentin were found to complex in invading
endothelial cells where they regulate FAK. In response to stimulation by sphingosine 1-
phosphate (which is required for invasion) and growth factors, RACK1, vimentin and FAK
formed an intramolecular complex in invading endothelial cultures. Furthermore, RACK1
depletion decreased the association between FAK and vimentin, indicating that RACK1 is

important for stabilising their interaction during angiogenic sprouting(Dave et al., 2013).
1.3.3.6. RACK1 and Rho GTPase signalling pathways

In order for cancer cells to migrate and invade, significant changes to the cell cytoskeleton
must be made. Cell shape must be altered, actin polymerisation and depolymerisation must
occur and integrin-mediated membrane attachment to the substrate must be modified (Ridley
et al., 2003). Rearrangements of the actin cytoskeleton are necessary to allow such
modifications and processes to occur (Ridley et al., 2003). A number of proteins belonging to
the Ras homologous (Rho) family of small GTPases function as crucial regulators of the actin
cytoskeleton (Spiering and Hodgson, 2011). Rho GTPases are normally highly regulated, and
like other low molecular weight GTPases of the Ras family, they cycle between an active, GTP-
bound and an inactive, GDP-bound state (Malliri and Collard, 2003). Therefore deregulation or
dysfunction of Rho pathways in cancer cells can lead to aberrant cytoskeletal modulation and
hence create the potential for aberrant cell motility, migration and invasion (Malliri and
Collard, 2003, Schmitz et al., 2000).
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A number of studies have demonstrated that RACK1 can regulate cancer cell migration and
invasion via modulation of some of the Rho GTPases themselves or of other proteins which
function in Rho GTPase signalling pathways (Cao et al.,, 20103, Cao et al., 2011, Wu et al.,
2013). A study in breast carcinoma cells found that RACK1-induced cell migration could be
dramatically inhibited by the addition of a Rho-kinase inhibitor (Cao et al., 2010a). A
subsequent study demonstrated that RACK1 interacts with RhoA and promotes breast
carcinoma migration and metastasis by activating the RhoA/Rho kinase pathway in breast
cancer cell lines and in patient samples (Cao et al., 2011). The level of active, GTP-bound RhoA
significantly increased in breast carcinoma cells stably transfected with RACK1 (in comparison
to parental control cells) while the level of total RhoA remained unchanged. Furthermore, the
level of GTP-bound RhoA was significantly decreased in breast carcinoma cells treated with
siRNA targeting RACK1 (Cao et al., 2011). Thus RACK1 appears to promote cell migration by
enhancing the activation of RhoA.

RACK1 may also influence cancer cell migration through its influence on the signalling
pathways associated with other Rho GTPases such as Racl. Overexpression of RACK1 in a
mouse hepatocellular carcinoma cell line increased expression of Racl, Jnkl and Gsn and
promoted cell migration and invasion in comparison to control cells (Wu et al., 2013).
Treatment with LY294002, an inhibitor of PI3K, decreased these RACK1-induced
phenomena(Wu et al., 2013). Interestingly, RACK1 has been found to interact with PI3K p110
alpha in breast carcinoma cell lines (Cao et al., 2010a). PI3K p110 is the catalytic subunit of
PI3K which generates phosphatidylinositol-3, 4, 5-trisphosphate, PI(3,4,5)P3, which can in turn
activate multiple downstream signalling pathways (Vara et al., 2004). Thus, over-expressed
RACK1 may act as a scaffold which binds and activates PI3K which then affects activation of
Racl. Pre-treatment of these RACK1-overexpressing mouse hepatocellular carcinoma cells
with an inhibitor of Racl (NSC33766) also decreased the RACK1-induced upregulation of Gsn
(Wu et al., 2013).Gsn is an important actin-regulatory protein which can both nucleate and
sever actin and which may play an important role in regulating cell motility (Deng et al., 2015).
Furthermore, Gsn has been shown to induce invasion of epithelial cells which rely on the Ras-
Rac signalling pathway, with Ras activated through PI3K (De Corte et al., 2002). Thus, RACK1
may promote cell migration in mouse hepatocellular carcinoma cells by regulating Gsn through
a Rack1/PI3K/Racl pathway.

1.3.4 RACK1 and non-muscle myosin heavy chain IIA (NMHCIIA)

As illustrated in section 1.2 and section 1.3.3 above, cell migration is a complex process
involving a plethora of proteins which regulate the cytoskeleton and enable it drive the cell
forward. Research, which improves our understanding of how these numerous proteins are
coordinated in such a way that enables them to regulate cytoskeletal dynamics, could greatly

improve our understanding of the cell migration process. RACK1, as an adaptor protein, may
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contribute to this coordination; it may link signalling proteins to the cytoskeleton, shuttle
proteins involved in migration to their site of action within the cell and/or anchor such
proteins at their required location. The mechanics of cell migration require that contractile
forces are generated within the cell and that the cell polarises, rearranging various
components of the cytoskeleton (Devreotes and Horwitz, 2015). One family of proteins which
contribute to such physical processes and help to regulate the mechanics of cell migration is
non muscle myosin Il (Heissler and Manstein, 2013).

Non-muscle myosin Il proteins are actin binding motor proteins with actin cross-linking and
contractile properties. Their ability to catalyse the conversion of chemical energy into directed
movement and force enables them serve as important regulatory components of the
cytoskeleton and they are proteins with critical roles in the control of cell adhesion, cell
migration and tissue architecture (Heissler and Manstein, 2013) (Vicente-Manzanares et al.,
2009). Non muscle myosin Il is a hetero-multimeric protein complex composed of two 230kDa
heavy chains, two 20kDa regulatory light chains and two 17kDa essential light chains. Three
mammialian isoforms of non-muscle myosin Il have been identified, namely non muscle myosin
IIA, non-muscle myosin IIB and non-muscle myosin IIC. These isoforms have both overlapping
and distinct functions (Heissler and Manstein, 2013).

Research from our group has previously discovered a novel interaction, between non-muscle
myosin heavy chain IIA (NMHCIIA) and RACK1, in T lymphocytes. This research demonstrated
that RACK1 translocates to the leading edge of migrating T-lymphocytes in association with
NMHCIIA. This indicates that RACK1 may control the subcellular localisation of this non muscle
myosin Il isoform during cell migration (Christine Rudolph, unpublished data).

A small number of studies have begun to demonstrate an association between NMHCIIA and
cancer migration, invasion and metastasis (Ouderkirk and Krendel, 2014). In tissue from
oesophageal SCC patients, increased NMHCIIA expression is associated with increased
metastatic lymph nodes, poorer cancer differentiation, and advanced tumour stage.
Meanwhile, NMHCIIA depletion in oesophageal SCC cell lines increases cell-matrix adhesion
and reduces cell migration (Xia et al., 2012). NMHCIIA depletion from MCF-7 breast carcinoma
cell lines promotes cell aggregation and inhibits invasion (Derycke et al., 2011). A study in
MDA-MB-231 breast cancer cells demonstrated that NMHCIIA plays an important role in
matrix remodelling and its depletion also reduces migration of this cell type (Hindman et al.,
2015, Betapudi et al., 2006). In contrast, NMHCIIA depleted A549 lung carcinoma cells exhibit a
more motile morphology, with decreased amounts of stress fibres and focal adhesions,
increased cellular protrusions and an increased migration speed (Sandquist et al., 2006).
Meanwhile, a study in squamous cell carcinoma reported a positive association between
NMHCIIA depletion and metastasis and suggested that NMHCIIA acts as a tumour suppressor
by regulating p53 stabilisation and nuclear retention (Schramek et al., 2014). Thus, whether
NMHCIIA promotes or suppresses cancer migration, invasion and metastasis is the subject of

conflicting reports and more research is needed to improve our understanding of same.
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1.4 Targeting interactions between RACK1 and its binding partners; a therapeutic strategy
for cancer and other diseases?

The abundance and near ubiquitous expression of RACK1 coupled with its involvement in a
plethora of cellular and physiological processes renders the unspecific therapeutic targeting of
this protein unsuitable as a strategy to treat cancer or other diseases. However, the possibility
of targeting specific interactions between RACK1 and particular RACK1 binding partners may
offer promising therapeutic potential.

As outlined in the preceding sections, RACK1 interacts with a host of different interaction
partners; such partners include kinases, phosphatases, phosphodiesterases, ion channels,
membrane receptors, G proteins, IP3 receptors, apoptosis-related molecules and structural
proteins associated with the ribosome. RACK1 mediates and controls cellular processes
through its interaction with these partners and its influence on them can be broadly classified
into four categories; modifying the activity of its partners, changing intermolecular interaction
(enhancing association/dissociation), modulating the stability of binding proteins and shuttling
partners from one subcellular location to another (Li and Xie, 2014).

Like other scaffolding proteins, the expression of RACK1 is normally tightly controlled in the
healthy cell (Adams et al., 2011). This is important because scaffolding proteins such as RACK1
exert major impacts on the cell’s signalling networks. For example, when a signalling protein
binds to RACK1, the local concentration of that signalling protein is increased. In many diseases
or disorders associated with RACK1, abnormal RACK1 signalling, which underlies the
pathology, occurs as a result of either increased or decreased RACK1 expression. It is likely that
sub-optimal RACK1 protein levels interferes with its compartmentalisation and, as a result,
impedes the formation of signalling complexes with correct stoichiometry at distinct locations
within the cell (Ron et al., 2013). Thus it is likely that even a small deviation from the normal
expression levels of RACK1 can have major consequences for signalling networks and the
cellular processes that they control (Adams et al., 2011).

Taken the above into consideration, the therapeutic potential of RACK1 may be realized by
developing small molecules which target specific RACK1 binding partners and selectively
disrupt their interaction with it (Ron et al., 2013). Some progress has already been made in
this regard. For example, cell permeable peptides which function to hinder the interaction
between a specific subset of RACK1 and its binding partner PDE4D5 have successfully inhibited
metastasis and direction sensing of cancer cells without adversely affecting the many other
critical cellular functions of RACK1 (Serrels et al., 2010, Serrels et al., 2011, Smith et al., 2007).
Co-crystal structures of a RACK1-like, 7-bladed beta-propeller protein (WDR5) with molecules
that were designed to disrupt binding of a single interaction partner have also been developed
(Karatas et al., 2012, Senisterra et al., 2013). Such work paves the way for molecules which
could inhibit RACK1's interaction with specific client proteins and which could potentially be
used to target specific actions of RACK1 which contribute to cancer or other diseases (Ron et
al., 2013).
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As we identify new RACK1 interaction partners and improve our knowledge of the interaction
between RACK1 and already identified partners, we may discover important interactions which

we could specifically target for therapeutic benefit.

1.5 Introduction to nicotinamide phosphoribosyltransferase (NAMPT)

As discussed in section 1.1, OAC is associated with obesity (Thrift et al., 2014). Furthermore,
meta-analysis has shown that central adiposity, independent of body mass index (BMI), is
associated with oesophageal inflammation, metaplasia and OAC (Singh et al., 2013). Metabolic
changes related to central adiposity may contribute to dysfunctional adipose tissue inducing
chronic inflammation, insulin resistance and abnormal production of adipokines (Dalamaga
and Christodoulatos, 2017).

Nicotinamide phosphoribosyltransferase (NAMPT), also known as visfatin and pre-B-cell
colony-enhancing factor (PBEF), is a multifaceted protein which is believed to act as both an
enzyme and a cytokine. Evidence is accumulating to suggest that NAMPT can modulate
important processes involved in the pathogenesis of obesity and related diseases and
disorders through its influence on the oxidative stress response, inflammation, lipid and
glucose metabolism, insulin resistance and cellular growth and apoptosis (Garten et al., 2015).
Thus it is not surprising that NAMPT has been associated with a number of metabolic disorders
associated with obesity and inflammation (Chang et al., 2011, Garten et al., 2015).
Furthermore, NAMPT plays an important role in cancer cell metabolism and is overexpressed
in a wide range of cancer tissues (Garten et al., 2015).

NAMPT is expressed in a wide variety of organs, tissues and cells, suggesting that it has
pleiotropic functions in human physiology (Garten et al.,, 2015). NAMPT occurs both
intracellularly (iNAMPT) and extracellularly NAMPT (eNAMPT). iNAMPT is widely expressed
and has been well characterised as an NAD biosynthetic enzyme (Bi and Che, 2010). eNAMPT
has been detected in human and mouse circulation, in human cerebrospinal fluid and seminal
plasma as well as in the supernatant of multiple cell types including adipocytes, hepatocytes,
leucocytes, neurons, cardiomyocytes, amniotic epithelial cells, lipopolysaccharide-activated
monocytes and pancreatic B cells(Garten et al., 2015). There is still some debate and
uncertainty regarding the precise functions of eNAMPT but potential pro-inflammatory, NAD
biosynthetic, insulin-mimetic and growth factor functions have been ascribed to it (Kieswich et
al., 2016, Moschen et al., 2007) (Yoon et al., 2015) (Dahl et al., 2012, Garten et al., 2015).
There is now significant evidence that eNAMPT is a cytokine that binds to a presently unknown
extracellular receptor (Grolla et al., 2015). There is still some debate on eNAMPT’s potential
role as pro-inflammatory molecule. However many studies have now demonstrated pro-
inflammatory effects of eNAMPT which include production of cytokines such as TNF-a, IL-6, IL-
8, IL-1B, induction of inducible nitric oxide synthase, activation of extracellular signal-regulated
protein kinase 1/2 (ERK1/2) and nuclear factor NF-kB activation(Garten et al., 2015).
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Working as a biosynthetic enzyme, NAMPT catalyses the generation of nicotinamide
mononucleotide from nicotinamide and 5'-phosphoribosyl-1-pyrophosphate. This makes
NAMPT the rate-limiting enzyme in the mammalian NAD salvage pathway (Sampath et al.,
2015). NAD is an important coenzyme which is involved in cellular redox reactions and serves
as a substrate for a number of different enzymes and regulatory proteins (Sampath et al.,
2015). It is a cofactor and second messenger for a variety of cellular processes that are
essential for survival, such as metabolism and the maintenance of genomic stability (Sampath
et al.,, 2015). By way of its NAD biosynthesis ability, NAMPT is one of the regulators of the
intracellular NAD pool and it influences the action of NAD-dependent enzymes. Through its
influence on such enzymes, which include sirtuins and poly (ADP-ribose) polymerases, NAMPT
regulates cellular metabolism, mitochondrial biogenesis and adaptive responses to oxidative,
proteotoxic, genotoxic and inflammatory stress. It is likely that NAMPT also influences the
function of mono-ADP-ribosyl transferases and ADP-ribosyl cyclases as they also use NAD.
These enzymes are involved in a number of physiological processes including DNA repair and
calcium signalling (Garten et al., 2015). NAMPT activity has been shown to augment cell
proliferation and tip the balance towards cell survival following a genotoxic insult (Galli et al.,
2010).

1.5.1 NAMPT and obesity

The correlation between NAMPT and obesity is the subject of conflicting reports; some of
which may be due to differences between study populations, sample handling and NAMPT
detection methods. However, a meta-analysis investigating the association between eNAMPT
and obesity parameters, found that, in general, eNAMPT levels are increased in obese
individuals (Chang et al., 2011). NAMPT expression is higher in visceral adipose tissue in
comparison to subcutaneous adipose tissue (Garten et al., 2015).

A number of metabolic factors which are elevated in obese patients have been shown to
influence the expression and production and/or release of NAMPT (Garten et al., 2015).
Glucose and oxidized LDL stimulate NAMPT gene and protein expression as well as the release
of NAMPT in human adipocytes via the PI3-kinase—AKT pathway (Haider et al., 2006a, Haider
et al., 2006b, Chen et al., 2013). When glucose is administered to humans, eNAMPT levels
increase (Friebe et al., 2011). An in vitro study has demonstrated that the expression of
NAMPT mRNA increases during adipogenesis (Kralisch et al., 2005) while another study has
found that hypoxia upregulates NAMPT mRNA expression in adipocytes through a HIFla-
dependent mechanism(Segawa et al., 2006).

A number of single nucleotide polymorphisms in the NAMPT gene are associated with obesity
and obesity related comorbidities such as coronary artery diseases (Blakemore et al., 2009,
Saddi-Rosa et al., 2013).
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1.5.2 NAMPT and cancer

Increased expression of NAMPT has been associated with the development of multiple cancers
including cancers of the prostate, ovaries, breast and stomach, melanoma, myeloma,
endometrial carcinomas, colorectal cancer and astrocytomas (Garten et al., 2015).

Cancer cells have high energy demands and, due to the Warburg effect, they have a high
capacity for glucose uptake and increased rates of glycolysis (Palsson-McDermott and O'Neill,
2013). As a result of this altered metabolic phenotype, cancer cells require increased amounts
of NAD. NAD-dependent enzymes, such as poly (ADP-ribose) polymerases (PARPs), mono-ADP
ribosyltransferases (MARTs) and sirtuins, which are required for DNA repair, genome stability
and proliferation, are also highly active in cancer cells (Schuster et al., 2015, Sampath et al.,
2015). Cancer cells are highly reliant on the NAMPT dependent salvage pathway for NAD
production and thus NAMPT is an attractive therapeutic target for cancer (Sampath et al.,
2015). The specific NAMPT inhibitor, FK866 has been evaluated in a wide range of cancers
including solid tumours and leukaemias, both in vitro and in nude mouse xenografts, and was
capable of attenuating tumour growth (Garten et al., 2015). A study in cancer cells and tumour
xenografts demonstrated that NAMPT inhibition with FK866 leads to the attenuation of
glycolysis due to the reduced availability of NAD. This study reported that the blockade of
glycolysis at the glyceraldehyde 3-phosphate dehydrogenase step was the central metabolic
basis of NAMPT inhibition responsible for ATP depletion, metabolic perturbation, and
subsequent tumour growth inhibition (Tan et al., 2013). In hepatocarcinoma cells, FK866 can
induce delayed energy stress which stimulates activation of AMPKa and downregulation of
mTOR signalling which are associated with increased tumour cell death. Noncancerous
hepatocytes are less sensitive to FK866 then cancerous cells (Garten et al., 2015).

NAMPT may contribute to cancer progression through multiple mechanisms. NAMPT
modulates resting monocytes, polarising them towards a tumour-supporting M2 macrophage
phenotype; using this mechanism NAMPT induces an immunosuppressive and tumour-
promoting microenvironment in chronic lymphocytic leukaemia(Audrito et al., 2015). As
mentioned above, NAMPT tips the balance towards cell survival following a genotoxic insult
and could thus promote survival of mutated tumour cells (Galli et al., 2010). NAMPT
overexpression increases the activity of NAD-dependent SIRTs and protect cells from death
due to PARP overexpression. Thus NAMPT may contribute to stress resistance in cancer and
protect cells from stress induced PARP-mediated cell death (Bi and Che, 2010). A study in
human umbilical vein endothelial cells (HUVECs) reported that NAMPT up-regulates gene
expression and protein production of VEGF and MMP2 and MMP9 through MAPK/PI3K-
Akt/VEGF signalling pathways. Thus NAMPT may play an important role in angiogenesis, a
process which is critical for tumour growth and expansion (Adya et al., 2008b). A study in
prostate cancer cell lines also demonstrated that NAMPT promotes the expression and activity

of MMP-2/9. These proteases play an important role in the breakdown of the extracellular
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matrix and thus these studies suggest a potential role for NAMPT in cancer cell migration,

invasion and metastasis (Patel et al., 2010, Dalamaga, 2012).

1.6 Research objectives

The incidence of OAC is on the increase in Western countries. Early oesophageal cancer is
often asymptomatic and hence metastatic disease is common at presentation leading to poor
prognosis and survival rates (Pennathur et al., 2013). Thus, metastasis is an important target in
oesophageal cancer treatment.

RACK1 is a 36 kDa scaffolding protein containing seven internal Trp-Asp (WD) repeats forming
a seven-bladed propeller structure. It interacts with a plethora of molecules including
receptors, adhesion molecules, kinases and phosphatases(Li and Xie, 2014). Thus RACK1 is
involved in the co-ordination of multiple cellular processes including cell growth, adhesion and
motility. RACK1 expression is altered in a wide variety of cancers and mounting evidence
suggests that this scaffolding protein plays important roles in the development and
progression of many cancers (Adams et al., 2011, Li and Xie, 2014). However, the role of RACK1
in OAC has not been previously examined. Therefore, this PhD project aimed to investigate
the potential role of RACK1 in this malignancy. My host laboratory had previously identified a
novel interaction between RACK1 and non-muscle myosin heavy chain IIA in migrating T cells.

Therefore, this project also aimed to investigate if such an interaction also occurs in OAC cells.

Specifically, the objectives of this PhD project were to;

1.) Examine the localisation, and potential co-localisation, of RACK1 and NMHCIIA in
oesophageal cells across the cancer progression sequence from non-cancerous oesophagus to
OAC. Determine if RACK1 and non-muscle myosin heavy chain IlA interact in migrating OAC
cells and determine if this interaction is of functional significance to migration. My host
laboratory had previously identified a novel interaction between RACK1 and non-muscle
myosin heavy chain IIA in migrating T cells. | was therefore interested to see if this interaction
also occurs in OAC cells.

2.) Examine the function of NMHCIA in OAC cell biology, with a particular focus on
investigating if NMHCIIA plays a role in OAC cell migration.

3.) Examine the expression, localisation and function of RACK1 in OAC cells. The role of RACK1

in OAC cell migration was of particular interest to this study.

4.) Examine and characterise the RACK1 associated proteome in OAC cells.

5.) Identify a RACK1 binding partner of particular interest. Determine if RACK1 interacts
directly with that partner. Map the sites on RACK1 which mediate its interaction with that
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binding partner. Investigate the functional implications of the interaction between RACK1 and
such a binding partner. As OAC is strongly associated with obesity, the potential interaction of

RACK1 with obesity-associated proteins was of particular interest.
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Chapter 2. Materials and Methods

2.1 Cell culture; cell lines and growth conditions

Cell lines were cultured in the media described below in table 2.1. All cell lines used were
grown in an incubator at 37°C in a 5% CO; humidified atmosphere. Cell culture media,

phosphate buffered saline (PBS), trypsin, Hanks’ balanced salt solution (HBSS), trypsin and

soybean trypsin inhibitor were all warmed to 37 °C prior to performing cell culture.

FLO-1 cells were bought from Culture Collections, Public Health England. SKGT-4 and
OACMS.1C cells were kind gifts from Dr Gisella Vaas, Trinity College Dublin. OE33 cells were
bought from European Collection of Cell Cultures. QhTERT and GohTERT cells were kind gifts

from Dr Rabinovitch (University of Washington, WA, USA).

HET-1A cells were bought from American Type Culture Collection (LGC-standards, Middlesex,
UK). HEEC cells were obtained from 3H Biomedical (Uppsala, Sweden). MDA-MB-231 cells were

a kind gift from Dr Kathy Gately.

Cell Line Base medium Supplements added to | Media Supplier
prepare complete medium
FLO-1 RPMI 1640 with | 10% FCS Lonza/Biosciences
UltraGlutamine for FCS
or DMEM with
UltraGlutamine
SKGT-4 RPMI 1640 with | 10% FCS Lonza/Biosciences
UltraGlutamine for FCS
OE33 RPMI 1640 with | 10% FCS Lonza/Biosciences
UltraGlutamine for FCS
OACMS5.1 C RPMI 1640 with | 10% FCS Lonza/Biosciences
UltraGlutamine for FCS
QhTERT BEBM BEGM SingleQuots™ | Lonza/Biosciences
growth supplement kit + 5% | for FCS
FCS
GOhTERT BEBM BEGM SingleQuots™ | Lonza/Biosciences
growth supplement kit + 5% | for FCS
EGS
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HET1A BEBM BEGM SingleQuots™ | Lonza
growth supplement kit
except GA

(gentamycin/amphotericin).

HEEC BEBM BEGM SingleQuots™ | Lonza
growth  supplement kit
except GA

(gentamycin/amphotericin).

MDA-MB-231 | RPMI 1640 with | 10% FCS Lonza/Biosciences

UltraGlutamine for FCS

Table 2.1. Cell culture media and growth conditions

2.2 Sub culturing/passaging of Cells

(1) The laminar flow hood was cleaned with 70% industrial methylated spirits (IMS) prior to
performing cell culture. The surfaces of all materials (bottles, pipette tip boxes, etc.) to be used
in the hood were also sprayed with IMS to avoid contamination. Gloved hands were also
sprayed. Hands were kept gloved at all times during cell culture work, both for personal

protection and to protect cells from infection.

(2) The flask of cells to be cultured was examined under an inverted microscope to check for
contamination and assess cell health and confluency. In general, cells were always split before

they reached greater than 80% confluency.

(3) Old media was removed from the cell culture flask containing the cells. Cells were washed

twice with PBS. In the case of HET-1A, HEEC and QhTERT cells, HBSS was used instead of PBS.

(4) Cells were incubated with trypsin (1ml of trypsin-versene per T75 flask) for approximately 3
minutes. The flask was then checked under an inverted microscope to check that cells were

detached from the flask bottom.

(5) 5mis of complete medium (for 1ml trypsin in a T75ml flask) were added to inhibit the
trypsin. In the case of HET-1A, HEEC and QhTERT cells, 1ml of soybean trypsin inhibitor was

used instead of the 5mls of complete medium.
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(6) The cell suspension was transferred to a sterile 15ml conical centrifuge tube and
centrifuged for 3 minutes at 1200 rpm in an Eppendorf 5810 R centrifuge. The supernatant was
then carefully discarded, so as not to disturb the cell pellet. The pellet was then broken up by
tapping the tube and the cells were re-suspended in 3ml of fresh complete cell culture

medium.

(7) Cells were then counted (using a haemocytometer as described in detail in 2.3 below) and
seeded for an experiment or were they split by adding 0.5ml (if a splitting ratio of 1/6 was
required) or 1ml (if a splitting ratio of 1/3 as required) of the suspended cells into a T75 flask

containing 10ml of fresh medium.
2.3 Cell counting

It is usually necessary to seed a precise number of cells into wells when setting up an
experiment using cell lines. This ensures consistency between experiments. Cell numbers were
therefore estimated using a haemocytometer. Steps 1 and 2 below described the protocol that

was used when estimating cell numbers in this way.

(1) Cells were re-suspended in 3 ml of complete medium. 20 pl of cell suspension was taken
and added to 180 pl of Trypan Blue dye in a 96 well plate. This was mixed well and 10ul was
then added to the haemocytometer. Cells in the 4 squares (labelled A,B,C,D in figure 2.1
below) were counted. This was done for both the bottom and top grid of the

haemocytometer.

Figure 2.1. Diagram of a haemocytometer grid. The areas used to determine cell number are

marked as A, B, Cand D.

(2) The average number of cells per square was calculated by adding up the cells in the 8
squares and dividing by 8. The number of cells in 1 ml of suspension was then equal to the

‘Average number of cells x 10° /ml’.
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The following formula was used to calculate the volume of cell suspension required to seed a

desired number of cells in a desired volume of media.

Number of cells you want/ml = Volume of cell suspension

Number of cell you have/ml Volume of cells you want

2.4 Medium and long term storage of cells.

(1) Stocks of cells were maintained by cyro-preservation. Following trypsination and
centrifugation of cells as described above in 2.2, cell pellets were re-suspended in FCS with
10% dimethyl sulfoxide (DMSO) and placed in a - 80°C freezer for medium term storage.
Gradual cooling of the cells (whereby temperature was reduced by approximately 1°C per
minute) to -80°C was achieved using a “Mr. Frosty’’ controlled rate cryo-freezing container. For

long term storage cells were then transferred to liquid nitrogen.

(2) After storage, cells were resuscitated as follows. Cells were defrosted rapidly in a 37°C
incubator or water bath. Cells were then added to a sterile 15ml conical centrifuge tube
containing 5ml complete medium and centrifuged for 3 minutes at 1200 rpm in an Eppendorf
5810 R centrifuge. The supernatant was gently discarded, the cell pellet was then re-
suspended in fresh complete medium and the cells were seeded into a tissue culture flask.
Following overnight incubation at 37°C, the newly resuscitated cells were washed with PBS to

remove dead cells, debris and any remaining traces of DMSO.
2.5 Mycoplasma Testing

Cells were tested for mycoplasma infection using a commercially available kit (MycoAlert™
PLUS Mycoplasma Detection Kit, Lonza, Walkersville, USA). The MycoAlert™ PLUS Assay is a
biochemical test that exploits the activity of certain mycoplasmal enzymes. The presence of
these enzymes allows the sensitive detection of contaminating mycoplasma in a test sample.
Viable mycoplasma are lysed and the enzymes react with the MycoAlert™ PLUS Substrate
which catalyses the conversion of ADP to ATP. By measuring the level of ATP in a sample both
before and after the addition of the MycoAlert™ PLUS Substrate, a ratio can be obtained which

is indicative of the presence or absence of mycoplasma.

Cell samples to be tested for mycoplasma infection were prepared according to the kit
manufacturers’ detailed instructions. MycoAlert™ PLUS Reagent and MycoAlert™ PLUS

Substrate were reconstituted in assay buffer and equilibrated for time 15 minutes at room
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temperature. MycoAlert™ PLUS Reagent was added to the samples and incubated for 5
minutes. Luminescence was measured and recorded as reading A. MycoAlert™ PLUS Substrate
was then added to the samples, incubated for 10 minutes and luminescence was measured
again and recorded as reading B. The ratio of reading B/reading A was calculated and used to
determine whether the sample cell culture was contaminated by mycoplasma. If mycoplasma
enzymes are not present, reading B should show no increase over reading A. If mycoplasma
are present, reaction of mycoplasmal enzymes with the MycoAlert™ PLUS Substrate should
lead to elevated ATP levels and an increase in reading B. Therefore a reading of < 1 was
interpreted as negative for mycoplasma, a reading of 1 to 1.2 was interpreted as border line

and a reading of > 1.2 was interpreted as positive for mycoplasma contamination.
2.6 Cell Transfection
2.6.1 Reverse transfection of SKGT-4 or FLO-1 cells with siRNA

(1) SMARTpool siRNA was bought from Dharmacon. See Appendix 1; Table 1 for details of each
siRNA used during this PhD project. The siRNA was resuspended according to the
manufacturer’s instructions. Briefly, the tube containing the siRNA was centrifuged to ensure
that the siRNA pellet was collected at the bottom of the tube. RNase-free 1X siRNA Buffer was
then added to the siRNA pellet to give a stock concentration of 20uM. The siRNA/siRNA buffer
was pipetted up and down 3-5 times, avoiding the introduction of bubbles, and then placed in
an orbital mixer/shaker for 30 minutes at room temperature. Tube containing the siRNA was
centrifuged briefly to ensure that the solution was collected at the bottom of the tube.

Aliquots of this 20uM stock were then made and stored at - 20°C.

(2) Cells were washed, trypsinized and counted as described above in 2.2. A suspension of cells

at a concentration of 80 000 cells/ml was then prepared in fresh complete medium.

(3) A six well tissue culture plate was propped up at an angle in the laminal flow hood on a
10ml serological pipettes. 250 pl of Opti-MEM reduced-serum medium was added to the
lowest portion of each tilted well. 3.75ul of 20uM siRNA stock was added to the 200 pl of
Opti-MEM in the well. (4) The plate was tilted back and forward gently to mix the siRNA and
Opti-MEM. It was then propped back up on the 10ml pipette and 7.5ul of Lipofectamine
RNAIMAX (Invitrogen) was added to each well to be transfected. The plate was again tilted
back and forth gently to mix the reagents and then propped back up on the 10ml pipette and

left to incubate at room temperature for exactly 5 minutes.
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(5) 2250ul of the cell suspension prepared in (2) above was added to the Opti-
MEM/siRNA/lipofectamine mixture, the plate was tilted gently to mix and then incubated in
the 37° C incubator. This gave a final concentration of 180 000 cells/well with 30uM siRNA.
Experiments using the transfected cells were performed at 48-96 hours post transfection at
which point cell lysates were also simultaneously prepared to assess % depletion (knockdown

efficiency) of the target protein.

Note: In some cases siRNA transfection was also performed in 12 well plates. In these cases
the same protocol as that described above was used and quantities were scaled down

accordingly.
2.6.2 Forward transfection of FLO-1 cells with plasmid DNA

Note: See Appendix 1; Table 1 and Appendix 1; figure 1 for details of each DNA plasmid used
during this PhD project.

Day 1: Cells were seeded at a density of 25, 000 cells/well in 24-well cell culture plates.

Day 2: For each well to be transfected, 1ug of plasmid DNA was added to 50ul Opti-MEM
reduced serum medium (Tube A). For each well to be transfected, 3ul of Fugene HD
Transfecting reagent (Promega) was added to 50ul of Opti-MEM (Tube B). Tube A and Tube B
were left to incubate at room temperature for 5 minutes. The contents of Tube A and Tube B

were then combined and left to incubate together for 20 minutes. (Complex C).

Media was removed from cells in the 24well plate seeded on Day 1 and replaced with 500l
fresh serum free media/well. 100ul of Complex C was then gently added in a dropwise fashion

to each well to be transfected. The plate of cells was then placed back into a 37C ° incubator.

Day 3: At 24hours post transfection the cells were washed with PBS and the serum free cell

culture media was replaced with complete media.

Note 1: In the case of transfection with pCMV-mCherry-NMHCIIA plasmid DNA
transfection efficiency using the above protocol was poor. The protocol was
therefore modified such that 2pg (instead of 1ug) of plasmid DNA and 6pl

Fugene HD (instead of 3ul ) were added per well.

Note 2: In the case of a co-transfection of cells with two plasmids, 1ug of DNA for each
plasmid was added per well; i.e. 2 ug of DNA in total was added per well. In

this situation 6l of Fugene HD was added per well.
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In the case of co-transfection with pCMV-mCherry-NMHCIIA and a second
plasmid, 2ug of pCMV-mCherry-NMHCIIA DNA + 1ug of the second plasmid
was added to give a total of 3ug of plasmid DNA per well. In this case, 9ul of

Fugene HD was used per well.

2.7 Scratch wound two dimensional (2D) cell migration assay

SKGT-4 or FLO-1 cells were seeded at a density of 50,000 cells/well in 96 well plates and
allowed to form fully confluent monolayers. A single scratch wound was then created in the
middle of each well using a p200 pipette tip. Cells were then gently washed once and new
complete media was added to each well. In the case of scratch wound assays to assess the
impact of RACK1 or NMHCIIA depletion in FLO-1 cells, the new complete media that was added
post wounding also contained 50ng/ml HGF to help promote cell migration. The scratch
wounds were imaged immediately after wounding (time zero) using the Cellavista imaging
platform. Subsequent images of the scratch wounded wells were taken at 10 hours, 14 hours
and 24 hours post wounding. The size of each wound at each time point was quantified using
the ‘plaque assay’ tool included in the Cellavista software (Roche, Basel, Switzerland). The area
of wound which had been filled by migrating cells was then calculated by subtracting the size
of the wound at a given post-wounding time point from the original wound area recorded

immediately after wounding at time zero.

2.8 Three dimensional (3D) cell migration assay using the xCELLigence real time cell analysis

(RTCA) platform

Cell migration was monitored in real-time in xCELLigence CIM-Plate-16 using the xCELLigence

RTCA platform according to manufacturer’s instructions. Briefly;

(1) FLO-1 cells (which had been transfected 48 hours previously with the appropriate siRNA —
e.g. siControl or siRACK1 or siNAMPT) were serum starved for four hours prior to setting up

the experiment.
(2) Each side of the upper chamber of the CIM plate was coated with 1ug/ul of fibronectin.

(3) The X-CELLigence RTCA CIM plate cell migration assay was then set up according to the
manufacturer’s instructions. Briefly, 160ul of complete media was added to each lower

chamber of the CIM plate, while avoiding bubbles and ensuring that a clearly defined meniscus
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was formed in each well. The upper and lower chambers were then locked together and 30ul

of serum free media was added to the upper chamber.

(4) The CIM-Plate was then loaded onto the RTCA DP Analyzer and allowed to equilibrate for
an hour. A background measurement was then performed using the xCelligence software. This
measured the background impedance of cell culture media and the data obtained were

subsequently used as reference impedance for calculating Cell Index values.

(5) Suspensions of FLO-1 cells at a concentration of 200,000cells/ml| were prepared in serum
free media. 100pl of cell suspension was added to each well of the CIM plate upper chamber
to give 20000 cells per well. The CIM plate was then left for 30 minutes at room temperature
to allow the cells to settle down to the upper side of the membrane located in the bottom of

the upper chamber.

(6) The CIM plate was then loaded into the RTCA DP Analyzer. The xCELLigence system then
monitored cell migration by measuring the impedance values of each well every 15 minutes

for a period of 60 hours. Impedance values were expressed as Cell Index values.

2.9 Cell proliferation assay using the xCELLigence real time cell analysis (RTCA) platform

Cell proliferation was monitored in real-time in xCELLigence E- Plates using the xCELLigence

RTCA platform according to manufacturer’s instructions. Briefly;

(1) 100l of complete cell culture media was added to each well of the E-Plate. The E-plate was
then left in the tissue culture hood for 30 minutes at room temperature to ensure that the
culture media and E-Plate surface achieved equilibrium. A background measurement was then
performed using the xCelligence software. This measured the background impedance of cell
culture media and the data obtained were subsequently used as reference impedance values

for calculating Cell Index values.

(2) A cell suspension of FLO-1 cells (which has been transfected 48 hours previously with the

appropriate siRNA) was prepared at a concentration of 200,000 cells/ml in complete medium.

(3) 100ul of cell suspension was added to each well of the E-Plate so as to give 20,000 cells per
well. The E plate was then left for 30 minutes at room temperature to allow the cells to settle

to the bottom of the wells.

(4) The E-Plate was then loaded into the RTCA DP Analyzer. The xCELLigence system then

monitored cell proliferation by measuring the impedance values of each well every 15 minutes
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for a period of 80 hours. Impedance values were expressed as Cell Index values.
Measurements taken for the first 6-8 hours were more reflective of cell adhesion than cell
proliferation. Therefore, the rate of cell proliferation was determined by analysing the slope of

the line between the 8 and 48 hour interval.
2.10 Nuclear count assay to assess cell proliferation.

SKGT-4 cells were transfected with appropriate siRNA (e.g. siControl or siRACK1). At
approximately 24 hours post transfection cells were re-seeded at a density of 6000 cells/well
into two 96 well plates; one plate was labelled ‘T42 hour cell count’ and the other was

labelled ‘ T96 hour cell count’.

At 42 hours post transfection, cell permeable Hoechst 33342 dye (Invitrogen) diluted 1/10,000
in cell culture media was added to cells in the plate labelled ‘T42 hour cell count’. The plate
was incubated at 37° for 30 minutes and was then imaged using the ‘Nuclear Count Assay’
application of the Cellavista cell imaging system (Roche, Basel, Switzerland). Whole well
images were obtained for each well and cell number was determined by counting the number
of Hoechst stained nuclei. At 96 hours post transfection, cell numbers in the plate labelled ‘T96
hour cell count” were determined using the same method. The resultant data was then used

to determine the increase in cell number between 42 and 96 hours post transfection.
2.11 Cell confluency assay

SKGT-4 cells were transfected with appropriate siRNA (e.g. siControl or siRACK1). At
approximately 24 hours post transfection cells were re-seeded at a density of 6000 cells/well
in a 96 well plate. At 72 hours post transfection bright field whole well images of the wells
were taken using the Cellavista cell imaging system (Roche, Basel, Switzerland). % cell
confluency was then measured by measuring the % surface area of tissue culture plates that

was covered by the cells using the ‘Confluency’ application included in the Cellavista software.
2.12 Methylthiazolyldiphenyl-tetrazolium (MTT) assay to assess cell viability/proliferation

SKGT-4 or FLO-1 cells were transfected with appropriate siRNA in 12 well plates at a density of
38,000 cells/well.

Methylthiazolyldiphenyl-tetrazolium (MTT) powder was purchased from Sigma (Cat. No
M5655).

A 5mg/ml MTT solution was prepared in PBS and filter sterilized in the laminal flow hood.
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At 65-72 hours post transfection, cells were washed gently with PBS. 1ml of fresh complete
medium was then added to each well along with 200ul of 5 mg/ml MTT in PBS. The cells were
then placed back into the 37°C incubator but were checked regularly under an inverted
microscope for the appearance of purple crystals which occurred at approximately 1-3 hours
after MTT addition. At this point cell culture containing MTT reagent was carefully removed
and cells were solubilized by adding 1ml of DMSO per well. This produced a purple colour in
the wells which was quantified by measuring absorbance at 570nm using an ELx800

Absorbance Plate Reader (BioTek).
2.13 Assay to quantify impact of NMHCIIA depletion on F-actin organisation

FLO-1 cells were transfected with anti-NMHCIIA siRNA or control siRNA. 24 hours later cells
were reseeded into 96 well plates. At 84 hours post transfection cells were washed twice with
PBS and then fixed with 4% PFA in PBS for 15minutes at room temperature. Cells were then
permeabilized for 10 minutes with 0.3% Triton X-100 in PBS, blocked for 30 minutes with 3%
BSA in PBS and then incubated with phalloidin-TRITC (which stains F-actin) and a rabbit anti-
NMHCIIA primary antibody (1/100 dilution) in 3% BSA in PBS overnight at 4°C in the dark. Cells
were then washed twice x 5 minutes with PBS-0.01% Tween and were then incubated with an
AlexaFluor goat anti-rabbit 488 fluorescently-labelled secondary antibody at a 1/500 dilution
for two hours at room temperature in the dark. Cells were then washed twice x 5 minutes with
PBS-0.01% Tween and wells were then filled with PBS. The 96 well plate containing the stained

cells was then imaged using the InCell 1000 High Content Cell Analysis platform.

Cells with 4 or more ‘very thick stress fibres” were counted and expressed as a percentage of
total cells in the field of view under analysis. ‘Very thick stress fibres” were defined as those
stress fibres whose width exceeded an arbitrarily set length measured using ImageJ (NIH free

download).

2.14 Treatment of cells with deoxycholic acid (DCA)

DCA was purchased from Sigma and was solubilised in DMSO (Sigma). Exposure of SKGT-4 and
FLO-1 cells to DCA was performed in RPMI media with 10% foetal calf serum supplementation
throughout the time course under study as this produced a more physiologically relevant
setting than that which could be achieved under conditions of serum starvation. The
concentrations and time periods used when treating cells with DCA are indicated in figure
legends. Matched time point controls treated with vehicle (DMSO) were also conducted to

normalise data for time or vehicle effects.
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2.15 Live cell imaging of fluorescent proteins
2.15.1 Image Acquisition

During live cell imaging cells were maintained at 37°C on a heated stage in 35mm MatTek
dishes (MatTek Corporation) in Ringer’s buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 2 mM NaH2P04, 10 mM glucose and 10 mM HEPES at pH 7.2) supplemented with 10%
FCS Serum and 2mM GlutaMAX (Life Technologies).

Images were acquired on a Nickon Eclipse TE-300 inverted fluorescence microscope with a 60X
1.4 PlanApo oil immersion objective lens, excitation and emission filters in filter wheels,
dichroic mirrors that allowed simultaneous detection of multiple fluorophores, a temperature-
controlled stage, shutters for both phase-contrast and epifluorescence illumination and a
cooled digital charge-coupled camera (Quantix; Photometrics). The source of epifluorescent

light was a 75 W mercury arc lamp.

All of the above were controlled with MetaMorph image processing software (Molecular

Devices).
2.15.2 Image Processing

MetaMorph software (Molecular Devices, Sunnyvale, CA) was used for image processing.
Flourescent images were background bias-subtracted and shading-corrected using the
“Correct Shade” tool in MetaMorph, which performs the shading correction as Corrected
Image = (Max value of Shade Image)* (Acquired Image - Background)/(Shade Image -

Background).

(Note; In the equation above MetaMorph the single term ‘background’ is used by MetaMorph

to refer to ‘bias’ or ‘background bias’ )

The background bias image was a 20-frame average of the camera bias, taken in identical
conditions as for imaging, but with the excitation light blocked. The shade image was collected
from a 20-frame average of images of a glass slide impregnated with green or red fluorescent

dye.

Background bias corrections corrects for dark current of camera while shading correction

controls for variation in illumination across an image plane.

In the case of some mCherry images, an additional shading correction was required to control

for additional variation in illumination across the image plane when imaging glass MatTek
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chambers at 580nm excitation. This correction was performed as (Acquired image) - (Shade

image taken in presence of a MatTek chamber).

Background noise was removed from images by using the thresholding function of MetaMorph

to remove signal below a manually chosen threshold.

2.15.3 Ratiometric Fluorescent Microscopy
2.15.3.1 Fluorescent ratiometric imaging of RACK1-EGFP

Live cells co-expressing RACK1-EGFP and free mCherry were imaged as described in 2.15.1
above. Chimeric EGFP should localise according to the protein (RACK1) which it is linked to
while free mCherry serves as a general marker of soluble cytosol. Images of free mCherry were
collected with 580 nm excitation and 630nm emission. Images of chimeric EGFP were collected

with 485nm nm excitation and 525nm emission. Phase contrast images were also collected.

Images were corrected as described in 2.15.2 above. The corrected EGFP and mCherry images
were then added and a manual threshold was applied to the ADD image. This threshold was
then used to create a binary mask which was then taken as a ‘logical AND" with each of the

corrected EGFP and mCherry images.

Finally, ratio images of RACK-EGFP were obtained by dividing the fully corrected EGFP images
by the corresponding mCherry images. Such ratio images report the localisation of the RACK1-
EGFP chimera normalized to cell volume and thus corrected for variation in optical path length

due to cell shape.

A pseudocolour scale was applied to the ratio images using image) where low ratio values (and
hence low RACK1 concentrations) were represented by cool colours and high ratio values (and
hence high RACK1 concentration) were represented by warm colours. Specifically, ‘lookup
table '16_colors' in ImageJ (NIH, free download) was the pseudocolour scale which was used.
The pseudo coloured ratio images were then overlaid on corresponding phase contrast images

to aid identification of subcellular locations/structures with high or low RACK1 concentration.
2.15.3.2 Fluorescent ratiometric imaging of NMHCIIA-mCherry

Live cells co expressing NMHCIIA-mCherry and free EGFP were imaged as described in section
2.15.1. Chimeric mCherry should localise according to the protein (NMHCIIA) to which it is
linked while free EGFP serves as a general marker of soluble cytosol. Images of chimeric

mCherry were collected with 580 nm excitation and 630nm emission. Images of free EGFP

46



were collected with 485nm excitation and 525nm emission. Phase contrast images were also

collected.

images were corrected as described in section 2.15.2. The corrected EGFP and mCherry images
were then added and a manual threshold was applied to the ADD image. This threshold was
then used to create a binary mask which was then taken as a ‘logical AND’ with each of the

corrected EGFP and mCherry images.

Lastly, ratio images of NMHCIIA-mCherry were obtained by dividing the fully corrected
NMHCIIA-mCherry images by the corresponding free EGFP images. Such ratio images report
the localisation of the NMHCIIA-mCherry chimera normalized to cell volume and thus

corrected for variation in optical path length due to cell shape.

A pseudo colour scale was applied to the ratio images using imageJ where low ratio values
(and hence low NMHCIIA concentrations) were represented by cool colours and high ratio
values (and hence high NMHCIIA concentration) were represented by warm colours.
Specifically, ‘lookup table '16_colors' in Image) was the pseudocolour scale which was used.
The pseudo coloured ratio images were then overlaid on corresponding phase contrast images
to aid identification of subcellular locations/structures with high or low NMHCIIA

concentration.
2.15.4 Forster Resonance Energy Transfer (FRET) Sensitized Emission Microscopy

EGFP-RACK1 and NMHCIIA-mCherry were co expressed in FLO-1 cells and served as FRET donor
and acceptor, respectively. Cells, which has successfully co-expressed both recombinant
proteins, were identified and imaged as described in section 2.15.1 Four images were acquired

for each cell, namely;
Phase-contrast

IA was collected at the acceptor excitation wavelength and the acceptor emission wavelength;

i.e. it was collected with 580 nm excitation and 630nm emission.

ID was collected at the donor excitation and the donor emission; i.e. it was collected with

485nm excitation and 525nm emission.

IF was collected at the donor excitation wavelength and the acceptor emission wavelength; i.e.

it is collected at 485nm excitation and 630 nm emission.

Images were corrected as described in 2.15.2. MetaMorph was then used to further process

the images for FRET determination as follows. Firstly, the corrected ID and IA images were
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added and a manual threshold was applied to the ADD image. Next, a single binary mask was
created using this threshold. The binary mask was then taken as a logical AND with each of the
corrected IA, ID and IF images. The resultant masked images were then used to generate

corrected FRET images using the equation below;
Corrected FRET image = If (100) - ((alpha*IA) + (beta*ID)) *1000
(equation 1; see below for determination of parameters alpha and beta)

Corrected FRET images were pseudo coloured for display in figures using the ‘16_colour lookup
table’ in image) look up tables. This lookup table incorporates a pseudocolour scale which uses
cool colours to represent regions of low FRET signal and warm colours to represent regions of
high FRET signal. The pseudo coloured FRET images were then overlaid on corresponding
phase contrast images to aid identification of subcellular locations/structures with low or high

FRET signal.
2.15.4.1 Determination of the FRET calibration parameters alpha and beta

The FRET signal can be contaminated in two significant ways which must be corrected for
when producing FRET images. Donor fluorophore emission into the acceptor channel can occur
which contaminates the FRET signal and may be termed ‘spectral bleed through’. The FRET
signal is also contaminated by ‘cross-excitation’ whereby direct excitation of the acceptor
fluorophore by donor excitation occurs. Both phenomena were corrected for by conducting
two additional calibration experiments along with the actual FRET experiments. Such
correction methods has been previously described by others(Elder et al., 2009) (Hoc and
Phillips, 1997).Specifically, cross excitation was determined by collecting IF and IA images from
25 control cells expressing free mCherry only (i.e. acceptor fluorophore) only. These images
were corrected for bias, shade and background as described in 2.15.2. Approximately 20
control cells were imaged and the corrected and averaged IF and IA images were then used to

calculate the calibration parameter alpha according to equation 2 below;
alpha = IF/IA (equation 2)
In my experimental system a value of 0.0481 was determined for alpha.

Spectral bleed through was determined by collecting IF and ID images from control cells which
expressed free EGFP (i.e. donor fluorophore) only. These images were corrected for bias,

shade and background as described in 2.15.2. Approximately 20 control cells were imaged and
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the corrected and averaged values for IF and ID and were then used to calculate the calibration

parameter beta according to equation 3 below
beta = IF/ID (equation 3)
In my experimental system a value of 0.0515 was determined for beta.

Alpha and beta were then used in equation 1 above to correct for bleed through and cross
excitation and thus calculate the true FRET contribution (termed corrected FRET in equation 1)

in the acceptor channel.
2.16 Immunofluorescent staining and confocal microscopy

Cells were grown on sterile glass coverslips placed into the bottom of 24 well cell culture

plates.

Cells were washed, fixed for 15 minutes with 4% paraformaldehyde in PBS, washed X 3 with
PBS, permeabilised for 10 minutes with 0.3% Triton X-100 in PBS, blocked for 30 minutes with
3% BSA in PBS before incubation with primary antibody in 3% BSA overnight at 4°C or for two
hours at room temperature. Coverslips were then washed X 2 for 5 minutes in PBS with 0.01%
Tween and primary antibodies were detected with appropriate Alexa-Flour fluorescently
labelled secondary antibodies which were incubated for 1 hour at room temperature in the
dark. Controls with secondary antibody only were also employed. In some cases, cells were
also stained with Hoechst nuclear stain (1/5000). The cells were visualised using a Zeiss LSM

confocal microscope. Antibodies used are detailed in Appendix 2; Tablel.

In the case of NAMPT immunofluorescent staining, an additional Antigen Retrieval step was

employed after fixation and prior to cell permeablization. Antigen retrieval as performed as

follows;

(i) Antigen retrieval buffer (100 mM Tris, 5% [w/v] urea, pH 9.5) was pre-heated to 95°C. This

was done by heating the buffer in a heat-proof glass slide-staining tray in an oven set to 95°C.

(ii) Using a broad-tipped forceps, the coverslips of fixed cells were carefully placed into the hot
antigen retrieval buffer, making note of which side of the coverslips the cells are on. The tray

of buffer and coverslips was placed back into the oven and heated at 95°C for 10 minutes.

(iii) The coverslips were removed from the antigen retrieval buffer and immersed, with the

side containing the cells facing up, in PBS, in 6-well tissue culture plates.

(iv) Cells were washed in PBS three times for 5 minutes.
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2.17 NAD Assay to measure cellular NAD concentration in NAMPT-depleted or RACK1-

depleted cells.

Cells were transfected with control siRNA, anti-RACK1 siRNA or anti-NAMPT siRNA. Cells were
harvested at 72 hours post transfection. One 50% confluent well of cells from a six well cell

culture plate was harvested for each cell population to be tested.

The NAD concentration in each population were then measured using a commercially available
NAD/NADH Colorimetric Assay Kit (ab65348) supplied by Abcam according to the

manufacturer’s detailed protocol instruction booklet.

2.18 Preparation of cellular protein extracts

Cellular protein extracts were prepared by washing cells twice with ice cold PBS followed by
incubation at 4 °C for 20 minutes in cell lysis buffer composed of 10 mM Tris—HCI, pH 7.4, 150
mM NaCl and 1% lIgepal CA-630 (Nonidet P-40) supplemented with freshly added Sigma
protease inhibitor cocktail (P8340) (1/100 dilution) and Sigma phosphatase inhibitor cocktail 2
(P5726) and Sigma phosphatase inhibitor cocktail 3 (P0044) both used at a 1/500 dilution.

Following incubation, nuclear and cellular debris were removed by microcentrifugation at
10,000 rpm for 5 minutes at 4 °C. The supernatant was carefully removed, taking care not to
disturb the pellet of debris, and added to a clean Eppendorf tube. It was then prepared for

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE) or stored at — 20 °C.

2.19 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE)

(1)Protein concentrations were determined by BCA assay (Pierce) according to the

manufacturer’s protocol.

(2) Protein samples were then prepared for sodium dodecyl gel electrophoresis by boiling for 5
minutes in sample buffer; two different sample buffers were employed during this PhD project

and were prepared according to the protocols below:
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SDS-PAGE sample buffer (1X)

Combine: 1.51 g Trizma
20 ml Glycerol
35 ml dH20
Adjust the pH to 6.8 with HCl and then add:
4g SDS powder (Sigma catalogue L-5750) (Wear a face mask and take caution when weighing)
0.002g bromophenol blue (Sigma catalogue B-0126)
Add distilled water to 180ml. Store at room temperature.

Important: Add fresh DTT to 100mM final concentration immediately before use!

Laemmli Sample Buffer (5X)

(60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.01% bromophenol
blue)

Note: Wear a mask weighing SDS and handle B-mercaptoethanol in a ventilated fume hood.
Required reagents:

4ml 1.5M Tris-HCL pH 6.8

10ml glycerol

5ml B-mercaptoethanol

2g SDS

1ml bromophenol blue

Add 1 ml of 1% bromophenol blue to 4 ml of 1.5 M Tris-Cl pH 6.8.
Add 10ml of glycerol and mix.
Add 2 g of SDS and mix (the SDS will take a few minutes to dissolve).

Add 5 ml of B-mercaptoethanol and mix.

of!



Aliquot and store at -20°C.

(3) The protocol below was used to resolve proteins by SDS PAGE. It was composed by Dr

Michael Freeley and is based on the Atto gel electrophoresis system.

Rinse electrophoresis plates with ethanol

Attach rubber gaskets to notched plates, add the plain glass plate and fasten the green

clips to each side.

Add a comb between the plates and mark the glass 1 cm down from the bottom of the

comb

Remove comb and prepare 10 % acrylamide resolving gel in the following order as

shown

Component Volume
dH,0 7.9 ml
30 % Acrylamide 6.7 ml
1.5 M Tris-HCI (pH 8.8) 5.0 ml
10 % w/v SDS 200 pl
10 % w/v APS 200
TEMED 8ul

(the above resolving gel is enough for two complete gel plates)

Vi.

Vii.

Quickly mix the resolving gel solution and pour between the glass plates up to the 1

cm mark
Overlay the resolving gel with 1 ml of isobutanol or isopropanol

Allow the gel to set for approximately 40 minutes at room temperature
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viii.

iX.

X.

Xi.

Xii.

Xiii.

Xiv.

XV.

XVi.

Remove isobutanol/isopropanol and wash the top of the gel with dH,0
Remove any excess water with paper towel

Prepare stacking gel in the following order as shown

Component Volume
dH,0 3.4 ml
30 % Acrylamide 0.83 ml
1.0 M Tris-HCI (pH 6.8) 0.63 ml
10 % w/v SDS 50 pl

10 % w/v APS 50 pl
TEMED 5l

Mix the stacking gel quickly and pipette between glass plates until solution reaches the

top of the plate
Add combs (be careful to exclude any air bubbles from stacking gel)
Allow stacking gel to set for approximately 40 minutes at room temperature

Remove the green clips and rubber gaskets and place the glass plates into the
electrophoresis rig (the shorter, notched glass plates should be facing each other on

the inside of the electrophoresis rig). Fasten the plates with the clear plastic holders

Prepare 1X SDS-PAGE running buffer (= 80 mls of 5X SDS-PAGE running buffer and 320

mls dH20) and pour the running buffer into the electrophoresis rig and between the

glass plates in the centre of the electrophoresis rig.

Remove combs carefully (you can mark the bottom of wells with a marker before you
remove the combs as it makes them easier to see), straighten any crooked wells with a

gel-loading tip and wash each well by pipetting up and down.
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XVii. Load protein samples (approx. 20 pul) and molecular weight markers (approx. 5—10 pl)

(both of these must be boiled previously for 5 mins) into the wells.

xviii.  Attach the leads and run gel at 200V and 40 mAmps until the blue dye reaches the

bottom the gel (approximately 1.5 hours).

Solutions required

30 % acrylamide (Sigma catalogue A3699)

Store at 4 degrees

10 % w/v ammonium persulphate (10 % APS) (Sigma catalogue A3678)

Dissolve 0.1g APS in 1 ml dH20
Store at 4 degrees

10 % APS must be prepared fresh weekly!

1.5 M Tris-HCI (pH 8.8) (Sigma catalogue T-1503)

Dissolve 90.825g Trizma in 400 mi dH,0
Adjust pH to 8.8 with HCl and add dH,0 to 500 ml

Store at room temperature

1.0 M Tris-HCI (pH 6.8) (Sigma catalogue T-1503)

Dissolve 60.55g Trizma in 400 m| dH20
Adjust pH to 6.8 with HCl and add dH,0 to 500 ml

Store at room temperature
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10 % w/v SDS (Sigma catalogue L-5750)
Dissolve 10g of SDS in 100 ml dH,0

Wear a face mask when weighing out as the powder creates lots of dust and is toxic (Consult

MSDS)

TEMED (Sigma catalogue T-9281)

Store in the fume-hood as TEMED is pungent. Add TEMED to the resolving/stacking gel in the

fume-hood

Isobutanol (Sigma catalogue 58448)

Store in the fume-hood or in solvent cupboard

5X SDS-PAGE running buffer

15.1 g TRIZMA (Sigma catalogue T-1503)
94 g Glycine (Sigma catalogue G-8898)
50 mls of 10 % w/v SDS

dH20 to 1 litre

Dilute to 1X before use with dH,0 (=80 mls of 5X buffer and 320 mls dH,0)

Molecular weight markers (Sigma catalogue SDS-6H)

Reconstitute powder with SDS-PAGE sample buffer according to the instructions and aliquot 5-

10 uL into tubes and store at -20 degrees

2.20 Western blotting

The following protocol was used for Western blotting. It is adapted from a protocol written by

Dr Michael Freeley and is based on the Atto semi-dry technique.
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(1)

(3)

(4)

(5)

(6)

(7)

(8)
(9)

While the SDS-PAGE gel is running cut 4 sets of filter paper (5 sheets in each set) and 2
pieces of PVDF membrane (6.5 cm x 9.2 cm for both filter paper and PVDF)
Activate the PVDF membrane by soaking in methanol for 30 seconds and then place it

in Western blot transfer buffer

When the SDS-PAGE gel has run, prise apart the plates, remove the stacking gel with a
scalpel and discard the stacking gel

On the Atto Western blot transfer system, soak 1 set of filter papers in Western blot
transfer buffer and place on the bottom of the rig

Place the activated PVDF membrane on top of the filter papers and add more Western
blot transfer buffer on top

Take the SDS-PAGE gel, immerse it in Western blot transfer buffer briefly and place it
on top of the PVDF membrane (exclude any air bubbles)

Complete the sandwich by adding 1 set of filter papers (previously soaked in Western
blot transfer buffer) on top of the SDS-PAGE gel

Remove any excess transfer buffer on the bottom of the rig with paper towel

Lower the top piece of the transfer system onto the sandwich, connect the leads and

run at 100 V and 100 mAmps per gel sandwich for 1 hour (the system can

accommodate two gel sandwiches)

The following procedure to detect antigens on the PVDF membrane with antibodies is

described below and is a general protocol. Each antibody may have specific incubation

conditions and buffers so consult the antibody data sheet as they may not be the same as

described below.

(10)

(11)

(12)

(13)

Remove filter papers on top of gel sandwich and also remove SDS-PAGE gel and

discard it

Cut off molecular weight marker lane with a scalpel and incubate with Coomassie

stain solution for 5 minutes. Destain with Coomassie destaining solution.

Mark any relevant lanes on the PVDF membrane with a pencil and incubate with

Western blot blocking buffer for 1 hour at room temperature on a shaker. From

this point on, do not let the PVDF membrane go dry!

Wash the PVDF membrane three times with Western blot wash buffer (5 minutes
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(14)

(15)

(16)

(17)

(18)

(19)

(20)

washes) at room temperature

Incubate PVDF membrane with primary antibody (diluted according to

manufacturer’s instructions) in Western blot blocking buffer overnight at 4

degrees with gentle agitation

Wash the PVDF membrane three times with Western blot wash buffer (5 minutes

washes) at room temperature

Incubate PVDF membrane with HRP-labelled secondary antibody (diluted

according to manufacturer’s instructions) in Western blot blocking buffer for 1-2

hours at room temperature with gentle agitation

Wash the PVDF membrane three times with Western blot wash buffer (5 minutes

washes) at room temperature

Prepare fresh HRP development solution: (100mM Tris-HCl, pH 8.5, 0.009% H2 02,

1.2mM luminol, 1.9mM IBPA).

Add a few mls of HRP development solution to the membrane for 1-2 minutes and
then image the blot using the ‘Chemiluminescene’ application on a FUSION gel

imaging system (Vilber Lourmat).

Densitometry can be performed on blots, if required, using ImageJ image analysis

software (free download, NIH).

Reagents required:

Western blot transfer buffer

48 mM Trizma Base, 39 mM Glycine, 0.04 w/v SDS and 20 % Methanol

5.8 g Trizma base (Sigma catalogue T-1503)

2.9 g Glycine (Sigma catalogue G-8898)

0.37 g of SDS powder (Sigma catalogue L-5750) or 8 mls 10 % w/v SDS

200 ml Methanol

dH0to1lL

Coomassie stain solution
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2.5 g Coomassie brilliant blue G-250 (Bio-Rad; catalogue number 161-0406)
450 ml dH,0

450 ml Methanol

100 ml glacial acetic acid

Store at room temperature

Coomassie destaining solution
450 ml dH,0

450 ml Methanol

100 ml glacial acetic acid

Store at room temperature

Western blot blocking buffer
5 % w/v milk powder (Marvel) in Western blot wash buffer (TBS-T)

Western blot wash buffer

1X TBS with 0.1% v/v Tween-20 (TBS-T)

To make 10X TBS:

24.2g Trizma base (Sigma catalogue T-1503)
80g NaCl (Sigma catalogue S-7653)

900 ml dH,0

pH solution to 7.6 with HCI

Add dH,0 to 1L.

Store at room temperature and dilute to 1X with dH,0 before use

2.21 RACK1 immunoprecipitation/co-immunoprecipitation

Except for where it is otherwise indicated, the protocol described below in 2.21.1 was used for

RACK1 immunoprecipitation (IP) experiments throughout my PhD project.

2.21.1 Protocol for RACK1 immunoprecipitation from FLO-1 cells using protein G agarose

beads
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RACK1 cell lysis buffer: 10 mM Tris HCl, pH 7.4, 150 mM NaCl, 1% Igepal CA-630 (Nonidet P-

40) plus freshly added sigma protease inhibitor cocktail (1/100) plus sigma phosphatase
inhibitor cocktail 2 (1/500) plus sigma phosphatase inhibitor cocktail 3 (1/500).

RACK1 IP buffer: 1 mM EGTA, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1%

deoxycholate plus freshly added sigma protease inhibitor cocktail (1/100) plus sigma

phosphatase inhibitor cocktail 2 (1/500) plus sigma phosphatase inhibitor cocktail 3 (1/500).

Cell lysis:

1. Wash cells x2 with ice cold PBS

2. Add appropriate amount of ice cold RACK1 cell lysis buffer to flask of cells and incubate
flask on ice on a rocker for 20mins.

3. Scrape cells from flask bottom using cell scraper and transfer to 1.5 ml Eppendorf
tube. Centrifuge at 10000rpm in microcentrifuge @4-C for Sminutes to remove un-
lysed cells, nuclei and detergent-insoluble material. Remove supernatant to a clean

tube and proceed to co-IP.

Immunoprecipitation:

1. Determine protein concentration of cell lysate obtained above using BCA assay.

2. Add the following to a 1.5ml Eppendorf tube and then incubate tubes overnight on

a rotating wheel at 4-C;

Cell lysate to give 700ug of protein

e  3ug anti-RACK1 IgM (BD transduction laboratories) or control anti-mouse
1gM ( IgM Isotype Control from murine myeloma from Sigma)

e 5 pggoat anti-mouse IgM Fab fragment (Jackson Immunoresearch)

e 30ul (packed volume) protein G agarose beads

e 500ul RACK1 IP buffer

3. Recover complexes by microcentrifuation (1000xg, 2mins @4-C). Carefully remove
and discard supernatant using a syringe (syringe allows all of the supernatant to be

removed while avoiding loss of beads).
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4. Wash complexes with 1ml of RACK1 IP buffer and rotate for 5mins @ 4°C. Transfer
to fresh tubes. Centrifuge at 1000xg for 1min @ 4°C and remove supernatant
without removing beads using a syringe. Repeat two more times but do not

change tubes during the second and third wash.

If analyzing the complexes by SDS PAGE and Western blotting go to step 5 W.B. at

this point. If analyzing the IPs by mass spectrometry proceed to 5 M.S.

5. M.S. Wash complexes with 1ml of ice-cold PBS and rotate for Smins @ 4°C.
Centrifuge at 1000xg for 1min @ 4°C and remove supernatant with syringe without
removing beads. Repeat one more time. Proceed to on bead digestion in preparation

for mass spectrometry.

5. W.B. Re-suspend bead complexes in 2X SDS-PAGE sample buffer and heat for 5 mins

at 100°C (to break the antibody and antigen from the beads). Vortex the samples

6. W.B. Remove beads by centrifugation (10,000 rpm, 1 min, 4°C). Save the

supernatant and transfer it to a new tube. Load the supernatant onto an SDS-PAGE gel.

2.21.2 RACK1 immunoprecipitation from FLO-1 cells using Dynabeads

This alternative method for RACK1 immunoprecipitation was occasionally used during my PhD
project. A Dynabeads® Protein G Immunoprecipitation kit (Life Technologies; Cat. no. 10007D)
was employed according to the manufacturer’s instructions with the following alternation;
incubation of the cell lysate with the Dynabead-Antibody complex was performed for 2 hours
at 4 °C in contrast to the 10 minutes at room temperature which was prescribed by the

manufacturer.

Cell lysate containing 700 pg of protein was used per Dynabead IP. Each IP used 3ug of anti-
RACK1 IgM (BD transduction laboratories) or control anti-mouse IgM (IgM Isotype Control
from murine myeloma from Sigma) and 5 pg goat anti-mouse IgM Fab fragment (Jackson

Immunoresearch).
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2.22 Mass spectrometry based proteomics screen of RACK1 immunoprecipitates.

On bead digestion of the RACK1 IPs to be analysed was performed using the method described
by Turriziani et al., 2014. Sample clean-up was performed using c18 ziptips (Millipore) and the
samples were then run on a Thermo Scientific Q 28 Exactive mass spectrometer connected to a
Dionex Ultimate 3000 RSLCnano chromatography system. Tryptic peptides were resuspended
in 0.1% formic acid. Each sample was loaded onto a fused silica emitter (75 um ID, pulled using
a laser puller (Sutter Instruments P2000 Novato, CA, USA)), packed with Reprocil Pur C18 (1.9
pum) reverse phase packing material (Dr Maisch, Ammerbuch-Entringen, Germany) and was
separated by an increasing acetonitrile gradient over 30 minutes at a flow rate of 250 nL/min.
The mass spectrometer was operated in positive ion mode with a capillary temperature of 320
°C, and with a potential of 2200V applied to the frit. All data was acquired with the mass
spectrometer operating in automatic data dependent switching mode. A high resolution
(70,000) MS scan (300-1600 m/z) was performed using the Q Exactive to select the 8 most

intense ions prior to MS/MS analysis using HCD.

All solvents used were LCMS grade.

2.22.1 PEAKS analysis of the proteomics data

The raw data was de novo sequenced and searched against the Homosapien subset of the

Uniprot Swissprot database using the search engine PEAKS Studio 7, for peptides cleaved with

trypsin.

Each peptide used for protein identification met specific PEAKS parameters, i.e. only peptide
scores that corresponded to a false discovery rate (FDR) of <1% were accepted from the Peaks
database search. The Peaks De Novo results were filtered using an average local confidence

(ALC) of 250% and a peptide score (-10IgP) of 215.

2.22.2 MaxQuant analysis of proteomics data

The raw data was searched against the Homo sapiens subset of the Uniprot Swissprot

database using the search engine MaxQuant for peptides cleaved with trypsin. Each peptide
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used for protein identification met specific MaxQuant parameters, i.e. only peptide scores that
corresponded to a false discovery rate (FDR) of 0.01 were accepted from the MaxQuant
database search. The protein intensity of each identified protein was used for relative

guantitation; as described by Cox and Mann, 2008.

2.23 Bacterial transformation and plasmid purification for the expansion, production and

purification of pCMV-mCherry-MHC-IIA plasmid and EGFP-RACK1 plasmids.

1. Competent E. Coli were transformed with the desired plasmid (pCMV-mCherry-MHC-
IIA plasmid or EGFP-RACK1; both of which contained a Kanamycin resistant gene).
Briefly, cells were thawed on ice for 20-30 minutes and approximately 2ul of plasmid
DNA (approximately 50ng) was added to 50ul of competent cells. The competent
cell/DNA mixture was incubated on ice for 20-30 mins. Cells were heat shocked at 42°C
for 45 seconds and then placed back on ice for 2 minutes. 250-1000ul of SOC media
(without antibiotic) was added to the cells and they were grow in a 37°C shaking
incubator for 45 min. 50ul of the transformation mixture was then plated onto a pre-
warmed (37°C) LB agar plate containing 50 pg/mL Kanamycin. The rest of the mixture
was plated onto a second a pre-warmed (37°C) LB agar plate containing 50 pg/mL

Kanamycin. Both plates were then incubated overnight at 37 °C.

2. Single colonies picked from the agar plates were then used to inoculated starter
cultures, and bacteria were grown up, harvested and their plasmid DNA extracted and
purified using a QlAfilter plasmid midi kit (Quigen; Cat No 12243) according to the

manufacturer’s detailed protocol.

2.24 Peptide array technology and alanine substitution arrays to investigate if NAMPT

interacts directly with RACK1.

Peptide arrays of RACK1 on nitrocellulose were generated as previously described (Kramer and
Schneider-Mergener, 1998). Scanning libraries of overlapping 18-mer peptides covering the
entire RACK1 sequence were produced by automatic SPOT synthesis and synthesized on
Whatman 50 cellulose using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry with the

AutoSpot-Robot ASS 222 (Intavis Bioanalytical Instruments).
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The interaction of NAMPT with the RACK1 protein array was investigated by overlaying the
nitrocellulose membranes with recombinant NAMPT-GST protein. This was performed as
follows. The membrane was first activated by placing it in 97% ethanol for 5 minutes, followed
by equilibration in TBS with 0.1% Tween for 10 minutes. Membranes were then blocked in
0.1% BSA-TBS for 10 minutes. The test membrane was then incubated with 3.3 pg/ml of
recombinant-NAMPT-GST protein (Biorbyt) in 0.1% BSA-TBS overnight at 4°C. A control array
was incubated with 0.1% BSA-TBS only. Bound recombinant NAMPT protein was then detected
as follows. The membranes were then washed X 3 for 5 minutes in TBS with 0.1% Tween and
were then incubated with a rabbit anti-NAMPT antibody (Proteintech) at a 1/2000 dilution for
2 hours at room temperature. Membranes were then washed X 3 for 5 minutes in TBS with
0.1% Tween and incubated with an anti-rabbit secondary antibody coupled with LI-COR dye
(1/10,000 dilution) in 0.1% BSA-TBS for one hour at room temperature. Membranes were then

imaged on an Odyssey Imaging System.

Once candidate binding regions for NAMPT on the full-length RACK1 array had been identified,
specific alanine scanning substitution arrays were generated for the relevant sequences using
the same synthesis procedure. The progeny peptide arrays were synthesized in 18-mer format
in such a way that each of the 18 amino acids of the RACK1 sequence were sequentially
substituted with alanine (or aspartic acid where the wild-type sequence exhibited alanine). The
arrays were probed with 3.3pug/ml NAMPT-GST using the same protocol as that described

above.

A decrease in NAMPT binding to the peptides after alanine substitution is indicative of
decreased binding of NAMPT to RACK1. The binding of NAMPT to each alanine-substituted
RACK1 peptide was quantified by densitometry and presented as a percentage of the control

“parent” or wildtype sequence.
2.25 Statistics

Statistical analysis during this PhD project was carried out using Prism v6.0, Prism v7.0 and
InStat (all from GraphPad Software, CA, USA). A P-value < 0.05 was considered significant: *P<
0.05, **P< 0.01 and ***< 0.001.

The difference between a test and control group of cells was analysed using a two-tailed
unpaired Student's t-test. The difference in band intensity (as calculated by densitometry)

between two different Western blot bands was analysed using a Student’s paired t-test. ).
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Chapter 3: An investigation into the subcellular localization,
and potential co-localization, of RACK1 and non-muscle
myosin heavy chain lIA (NMHCIIA) in oesophageal cells across
the normal to OAC cancer progression sequence. Investigating
the evidence for a RACK1 — NMHCIIA interaction during
oesophageal adenocarcinoma cell migration.

3.1 Introduction

RACK1 plays a role in regulating the migration and/or spreading of a variety of cells, as was
illustrated in chapter 1. In such cell types, the subcellular location of RACK1 can provide clues
regarding its contribution to cell migration and movement. For example, in scratch wounded
SCC cells, RACK1 localises to the leading edge of cells at the wound front where its role in
scaffolding a FAK-RACK1-PDE4DS5 complex is required for wound induced polarisation (Serrels
et al., 2010).

Indeed, investigating the subcellular localisation of proteins is of huge importance as it
provides valuable information on protein function. Knowledge of the subcellular localisation of
a protein provides us with clues regarding its potential interaction partners and helps us to
elucidate the interaction networks and signalling pathways in which it participates (Nakai et al
2000, Stadler et al 2013). Furthermore, the subcellular localization of certain proteins can
become altered in diseases such as cancer and identification of aberrantly localized proteins
can indicate that such proteins may be involved in disease causation or progression. For
example, heterogeneous ribonucleoprotein K (hnRNP K) is associated with poor prognosis of
colorectal cancer and it has aberrant subcellular localisation in this disease; in normal colon
cancer cells hnRNP K is exclusively nuclear but in colorectal cancer cells it localizes to both the
cytoplasm and the nucleus (Carpenter et al, 2006). We can learn a lot about a protein’s
function, and its potential role in disease, by studying its subcellular localisation. We can also
gain insights into a protein’s function by analysing its interaction partners. This is particularly
important in the case of RACK1, whose function in any particular setting is very dependent on
the particular proteins with which it is interacting in that time and space(Adams et al., 2011).
As discussed in chapter 1, RACK1 has been implicated in a diverse range of cellular functions
which vary depending on the proteins with which it interacts and on the cell type in which it is
expressed. This diversity is reflected in its subcellular localisation patterns which are cell-type

specific and are influenced by its binding partners and cellular stimuli. Indeed, analysis of
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RACK1 in a variety of different cell contexts has resulted in the detection of RACK1 localisation
in a wide range of subcellular compartments including the cytosol, nucleus, endoplasmic
reticulum and stress granules (Kiely Adams et al. and Arimoto et al, 2008). No known organelle
localisation motifs or nuclear entry or export signals are contained within the RACK1 sequence.
Furthermore, there is no conclusive evidence to suggest that post-translational modification of
RACK1 controls its subcellular localisation (Adams Kiely et al). Thus, the particular set of
interaction partners with which RACK1 associates at any one time, and in any one cell type, is
likely to have a strong influence on its subcellular localisation and movement around the
cell(Adams et al.,, 2011). For example, RACK1’s interaction with 14-3-3 mediates RACK1’s
translocation to the nucleus following activation of the cAMP/PKA pathway(Neasta et al.,
2012). The identification of new RACK1 interaction partners can provide us with valuable new
insights into the function of RACK1 itself.

Cell migration requires that cells project their plasma membrane forward at the front, or
leading edge of the cell. Cells can extend four different kinds of plasma membrane protrusions
at the leading edge; namely lamellipodia, blebs, filopodia and invadopodia (Ridley, 2011). The
term ‘lamellipodium’ was first termed by Michael Abercrombie in 1970 to describe the thin
sheet-like region at the leading edge of migrating cells in culture(Abercrombie et ai., 1970).
Actin polymerisation is responsible for driving forward protrusion of the plasma membrane in
the highly dynamic lamellipodium. A more stable region known as the lamella is found behind
the lamellipodium; the lamella is believed to contribute to migration by linking the actin
network to myosin ll-mediated contractility and substrate adhesion (Ridley, 2011, Ponti et al.,
2004). Filopodia, are long, thin and contain actin bundled in parallel filaments. They are
exploratory extensions from the plasma membrane which explore the cell’s surroundings and
provide guidance (Ridley, 2011).

As is the case with lamellipodia, in filopodia the plasma membrane is pushed forward by actin
polymerization. In invadopodia, actin polymerisation coupled with the action of matrix
metalloproteases cuts out a route for cells through the extracellular matrix. Membrane blebs
propel the plasma membrane forward using a combination of actomyosin-based contractility
and reversible detachment of the membrane from the cortical actin cytoskeleton(Ridley et al.,
2003). Sometimes, these different types of protrusions can coexist at the leading edge and, in
vivo, they are likely to act in concert to move cells through complex environments.

The protrusion process relies on the complex coordination of a wide variety of signalling
proteins and regulators of cytoskeletal dynamics (Ridley, 2011). It is possible that RACK1,
which can coordinate and integrate multiple signalling pathways by means of its function as a

scaffolding protein, could potentially play a role in such coordination. Multiple studies have
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demonstrated the importance of RACK1 for cell migration and several studies have also
provided evidence for an indirect involvement for this scaffolding protein in the molecular
mechanisms that regulate actin cytoskeletal dynamics, through its interaction with kinases,
such as Src, PKC or FAK whose activities control microfilament dynamics (Buensuceso et al.,
2001, Frame et al., 2002, Larsson, 2006, Li and Xie, 2014, Miller et al., 2004, Parsons et al.,
2000, Serrels et al., 2010). RACK1 also interacts with other cytoskeletal regulators such as 14-3-
37 which regulates cytoskeleton dynamics by interacting with actin-filament-associated
proteins such as cofilin (Gohla and Bokoch, 2002). Furthermore, a recent study has just shown
that RACK1 can interact directly with B-actin which raises the possibility that RACK1 might also
play a direct role in controlling cytoskeletal dynamics (Neasta et al., 2016). Using its scaffolding
properties, it is possible that RACK1 binding to the actin cytoskeleton may nucleate proteins
which can then regulate cytoskeletal dynamics. Alternatively, RACK1 binding to F-actin might
work to competitively displace or block the binding of molecules, such as Arp2/3 or cofilin,
which control actin filament assembly or disassembly (Neasta et al., 2016).

It is also possible that RACK1 may use its shuttling ability to shuttle cytoskeletal regulatory
proteins to plasma membrane protrusions at the leading edge. A study conducted by our
group has discovered a novel interaction, between NMHCIIA and RACK1, in T lymphocytes. This
study demonstrated that RACK1 translocates to the lamellipodial leading edge of migrating T-
lymphocytes in association with NMHCIIA, indicating that RACK1 may control the subcellular
localisation of NMHCIIA during cell migration (Christine Rudolph, unpublished data).

NMHCIIA belongs to the myosin superfamily of motor proteins that play important roles in
cellular processes that involve force of translocation. Myosin molecules can walk along,
produce tension on or propel the sliding of actin filaments. They also act indirectly through
actin to bring adhesion related molecules, such as integrins, or signalling proteins into contact
with each other (Vicente-Manzanares et al., 2009).

Non-muscle myosin Il proteins are found in all non-muscle eukaryotic cells (despite their name,
they are also present in muscle cells) and their contractile properties and ability to bind and
cross-link actin makes them important regulatory components of the cytoskeleton. They play
critical roles in the control of cell adhesion, cell migration and tissue architecture (Heissler and
Manstein, 2013) (Vicente-Manzanares et al., 2009). Like muscle myosin Il, non-muscle myosin
Il molecules consist of three pairs of peptides: two heavy chains, two regulatory light chains,
that regulate myosin Il activity, and two essential light chains that stabilize the heavy chain
structure. Three mammalian isoforms of non-muscle myosin Il have been identified, namely
non muscle myosin [IA (or NMHCIIA) non-muscle myosin [IB and non-muscle myosin IIC

(Heissler and Manstein, 2013).
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A small number of studies have suggested that NMHCIIA may contribute to the migration
and/or invasion of certain types of cancer cells. However the evidence on the role of NMHCIIA
in cancer is far from comprehensive and includes some conflicting or paradoxical reports

(Ouderkirk and Krendel, 2014).

3.2 Objectives

Our group has previously identified a novel interaction between RACK1 and NMHCIIA at the
leading edge of migrating T-cells. Here we sought to gain an insight into the potential roles of
RACK1 and NMHCIIA in OAC by investigating the subcellular localisation (and potential
colocalisation) of RACK1 and NMHCIIA in oesophageal cells.

We also sought to determine if the localisation and/or colocalisation of RACK1 and NMHCIIA is
of particular relevance to cancer and to cancer progression in the context of OAC. We
therefore compared RACK1 and NMHCIIA localisation patterns across the cancer progression
sequence from normal oesophageal epithelial cells to OAC.

We also sought to investigate if RACK1 and NMHCIIA interact in migrating OAC cells in a

functionally important manner.

3.3 Results

3.3.1 RACK1 and NMHCIIA exhibit similar perinuclear colocalisation patterns in resting
oesophageal cell lines representing the non-cancerous oesophagus-Barrett’s oesophagus-

adenocarcinoma sequence.

High resolution laser scanning confocal microscopy in conjunction with immunofluorescent
staining was used to examine subcellular localisation and potential colocalisation patterns of
RACK1 and NMHCIIA in oesophageal cell lines representing the normal->Barrett’s

oesophagus—->adenocarcinoma sequence.

3.3.1.1 Analysis of RACK1 and NMHCIIA localisation/colocalisation in resting HET-1A non-
cancerous oesophageal cells

The HET-1A cell line was used to represent cells of the non-cancerous oesophageal squamous
epithelium(Stoner et al., 1991). In these cells, we observed that both RACK1 and NMHCIIA had
a diffuse cytoplasmic distribution, which, in many cells, was particularly concentrated in the
perinuclear area. Strong NMHCIIA staining was also observed at the edge of many cells (see

yellow arrows in figure 3.1) where it may be localised to peripheral stress fibers. Colocalisation
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of RACK1 and NMHCIIA occurred in a significant proportion of cells, particularly in perinuclear

areas as indicated by grey arrows in figure 3.1.

Figure 3.1: Subcellular localisation of RACK1 and NMHCIIA in HET-1A non-cancerous
oesophageal cells. Cells were fixed, permeabilised, and stained with hoechst nuclear stain and
immunofluorescent dyes conjugated to antibodies specific for RACK1 and NMHCIIA. All images
were obtained by confocal microscopy using a 63X objective. Both RACK1 and NMHCIIA
exhibited a diffuse cytoplasmic distribution, which was more concentrated in the perinuclear
area of many cells. Strong NMHCIIA staining was also observed at the edge of many cells
(yellow arrows) where it may be localised to peripheral stress fibers. Colocalisation of RACK1
and NMHCIIA occurred in a significant proportion of cells, particularly in perinuclear areas as

indicated by grey arrows.

3.3.1.2 Analysis of RACK1 and NMHCIIA localisation/colocalisation in resting QhTERT

Barrett’s metaplastic oesophageal cells.

The QhTERT cell line was used to represent metaplastic Barrett’s oesophagus (Zhang et al.,
2009). RACK1 exhibited a diffuse cytoplasmic expression pattern in this cell line which was
most concentrated in the perinuclear region of many, but not all, cells. NMHCIIA also exhibited
diffuse cytoplasmic staining with regions of more concentrated staining in perinuclear regions.
However more defined NMHCIIA staining was also observed in stress fiber-like structures (see
pink arrows in figure 3.2). Strong NMHCIIA staining was also observed at the cell periphery,
where it may be localized to peripheral stress fibers (see yellow arrow in figure 3.2). In some
cells, a small amount of RACK1-NMHCIIA colocalisation was observed in perinuclear regions, as

illustrated by the grey arrow in figure 3.2.
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Figure 3.2: Subcellular localisation of RACK1 and NMHCIIA in resting QhTERT Barrett’s
metaplastic oesophageal cells. Cells were fixed, permeabilised, and stained with
immunofluorescent dyes conjugated to antibodies specific for RACK1 and NMHCIIA. All images
were obtained by confocal microscopy using a 63X objective. Both RACK1 and NMHCIIA
exhibited a cytoplasmic distribution, which was more concentrated in the perinuclear area of
many cells. Perinuclear RACK1-NMHCIIA colocalisation occurred in some cells as highlighted by
the grey arrow. Strong NMHCIIA staining was also observed at the edge of many cells (yellow
arrow) where it may be localised to peripheral stress fibers. NMHCIIA staining was also

observed in stress fiber-like structures (pink arrows).
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