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Abstract

Cell migration is significant in many physiological and pathophysiological processes, including
wound healing, angiogenesis, embryonic development, vascular remodelling and inflammation.
Migration is a necessary component of the metastatic cascade as cancer cells have the ability to
detach from the primary site, migrate into the blood or lymphatic system and travel to a distant
location. Emerging evidence suggests that endocytosis may regulate the migration of tumour
cells, but the contribution of different endocytotic pathways have not been addressed in detail.
Thus, our aim was to determine the link between endocytosis pathways with cell migration.

Focal adhesions are necessary in many physiological and pathophysiological processes
including cell survival, morphology, proliferation and cell migration. They are not only
structural elements that provide the stability of the cells through its connection to ECM, they
also can regulate internal and external signalling to trigger various cellular responses. Several
studies have hypothesised that vesicles such as endosomes might interact with focal adhesions
or be implicated in their turnover. Therefore, our aim was to examine the possible link between
focal adhesions and the early endosomal compartment, including the influence of clathrin and
dynamin pathways on focal adhesion dynamics as well as identifying signalling pathways

affecting endocytotic regulation of cell migration and focal adhesion turnover.

Cell migration using wound-healing assay and time-lapse microscopy on a variety of surfaces
demonstrated that both micropinocytosis and caveolae pathways had no effect on cell migration.
However, dynamin and clathrin dependent endocytosis pathways significantly decreased cell
migration and impaired early endosome trafficking. Inhibition of dynamin or clathrin pathways,
decreased the expression of EEA1 and numbers of endosomes containing EEAL, while leading
to the enlargement of endosomes. Additionally, dynamin and clatherin dependent pathways
significantly increase the number of paxillin and vinculin containing focal adhesions. In

addition, both pathways significantly decreased focal adhesion turnover time.

Another main finding is that endosomes associate with focal adhesion internalization.
Immunocytochemical analysis and live cell imaging revealed that both early endosome markers
Rab5 and EEA1 colocalized with focal adhesion proteins. This data was further supported by
cell fractionation, and showed that Vinculin, Paxillin, Zyxin, FAK and Talin were found in the

same fractions that endosomes were found in. Co-immunoprecipitation was performed to



confirm the association between endosomes and focal adhesions, and the results showed that

vinculin was found to coimmunoprecipitate with Rab5 and EEAL.

Finally, we identified that nitric oxide may be a positive regulator of cell migration and focal
adhesion turnover and that relies on early endosome trafficking. Our results show that a
significant decrease in migration speed in MDA-MB-231 cells when the total NO synthesis or
inducible NO synthase (iNOS) were inhabited. In addition, these treatment cause a significant
decrease in focal adhesion turnover time. Importantly, these treatments resulted in a significant
increase in endosomes containing EEA1 size and simultaneously decreased its number. This
observation was further confirmed by immunocytochemistry results where EEA1 was found to
moderately co-localize with eNOS or INOS, and S-nitrosylated compared to non-modified
control proteins like H2B or ubiquitin. This result was further confirmed by bioinformatics
analysis using the GPS-SNO algorithm where EEA1 was predicted to be S-nitrosylated at four
cysteine residues - Cys-46, Cys-255, Cys-894 and Cys-1102, with a high confidence score.

Taken together, our present study provides supporting evidence for the claim that endocytosis
plays a crucial role in the migration of cancer cells. Moreover, it is suggested that there is a link
between focal adhesions and early endosome markers, which indicates that the early-endosome

compartment is involved in focal adhesion turnover.
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Chapter 1: Introduction
1 Cancer

Cancer is not just one disease but a complex of diseases that affects both males and females of all
ages. It is a disease of uncontrolled cell proliferation where normal cells begin to proliferate and
acquire additional capabilities which may eventually progresses into a systemic disease that can be
lethal. According to a 2018 world health organization (WHO) report, cancer is one of the leading
causes of death in the world, and 9.6 million people died as a result of cancer in 2018 (Bray et al.,
2018). Breast cancer is the second leading cause of death after lung cancer and skin cancer is the fifth

(Bray et al., 2018).

There are more than 200 different types of cancer, and the disease can originate from different types
of tissues. Origination of cancer can be due to alterations on chromosomes or from genetic mutations
(Schuh and Dreau, 2018). This alteration allows some cellular function to reprogram the proliferation
system, which makes cancer treatment complex (Cheng et al., 2008). The complexity of cancer led
Hanahan and Weinberg to hypothesise several acquired function (hallmarks) (Hanahan and Weinberg,
2011). Theses hallmarks cause cells to behave abnormally (Figure 1.1). Some cancer cells have the
ability to proliferate and secrete their own growth factor (autocrine agent) as a result of mutation in
the regulatory proteins such as Ras family (Miller and Miller, 2012). Others have mutation in the
growth factor receptors such as epidermal growth factor receptor (EGFR) and is active even in the
absence of its ligands or autocrine agent. It also evades growth suppressor genes such as p53 protein
and RB (retinoblastoma) and disables them (Junttila and Evan, 2009). In addition, some cancers have
the ability to evade cell death by disabling the apoptotic pathways either by down regulation or

through the stimulation of pro-apoptotic proteins (Debatin, 2004).

Unlike cancer cells, normal cells under the control of telomerase stop cell division when it proceeds

to its limit. Cancer cells enable the replicative immortality through activation of the telomerase
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enzymes, and that increases telomere length of chromosomes causing the cells to divide (Blasco,
2005). It also has the ability to survive by inducing the formation of blood vessels to supply growth
requirements such as nutrients as well as the consumption of energy sources, such as glucose through
the production of ATP (DeBerardinis et al., 2008). These markers lead to the metastasis of cancer
cells by migrating to and invading organs locally and throughout the body (Hanahan and Weinberg,

2011; 2000).

self-sufficiency
in growth signals

1
[Cancer

<Evad'm g apoptosis

Figure 1. 1 Hallmarks of cancer

Avoiding immune
destruction

N

Insensitivity to

anti-growth signals
invasion
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Limitless

replicative potential
Sustained
angiogenesis

In this figure, the 10 hallmarks of cancer are illustrated. Six hallmarks that proposed in 2000 are
highlighted in blue (Hanahan and Weinberg, 2000). Where the new emerged markers that proposed
in 2011 highlighted in red (Hanahan and Weinberg, 2011). Modified from (Hanahan and Weinberg,
2011)
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2 Metastasis

Metastasis refers to the ability of cancer cells to spread from primary sites to distant locations and is
considered to be the primary cause of mortality in most cancer patients (Seyfried and Huysentruyt, 2013)
(DeVita et al., 1975). In order for Cancer cells to detach from the primary location and to metastasise,
they go through many distinct steps called the metastatic cascade (Samatov et al., 2013b) (Brooks,
1996). During this cascade event, cancer cells lose the adherent junction that makes them closely
connected through the process called EMT (epithelial-mesenchymal transition) (Chambers et al.,
2002). The epithelial-mesenchymal transition (EMT) process occurs in wound healing, organ fibrosis,
and the onset of cancer progression metastasis (Gonzalez and Medici, 2014) (Thiery, 2002). Primarily,
epithelial, and mesenchymal cells differ in phenotype and function. Epithelial cells are closely
connected to each other via tight junctions, gap junctions, and adherent junctions. They also have
apico-basal polarity—polarization of the actin cytoskeleton—and are bound by a basal lamina at their
basal surface. Mesenchymal cells, on the other hand, lack polarization, have a spindle-shaped
morphology, and interact via focal points (Gonzalez and Medici, 2014). Epithelial cells convey high
levels of E-cadherin, while mesenchymal cells convey N-cadherin, fibronectin, and vimentin
(Moreno-Bueno et al., 2008).

Losing the adherent junctions allow cancer cells to detach from neighbouring cells in the original site
of the tumour. Successful detachments cause cancer cells to migrate and secrete protease enzymes
such as metalloproteinase that lead to the degradation of cancer cells and the invasion of the
extracellular matrix such as basement membranes (Artym et al., 2006). It then penetrates the blood
vessels and interact with platelets to survive in the blood circulation system (Schlesinger, 2018). After
this step, metastasised cells colonise and breakdown the basement membrane of distal organ in a
process called extravasation, as shown in Figure 1.2 (Kawauchi, 2012; Gonzalez and Medici, 2014)

(Samatov et al., 2013a).
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PRIMARY TUMOR

EXTRAVASATION

Colonization

Figure 1.2. This figure represents a multi-step proses of the metastatic cascade include primary
tumour invasion, intravasation, extraversion and colonization. Abbreviations: Epithelial-
mesenchymal transition (EMT). Mesenchymal-epithelial transition (MET). Modified from
(Samatov et al., 2013a)

The metastatic cascade is therefore dependent on the cell migration process which results in multiple
changes to the cancer cells that interacts with basement membranes (Joyce and Pollard, 2009).
Therefore, strengthening the knowledge of cell migration will help uncover the metastasis of cancer

cells.
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3 Cell migration:

Cell migration plays a critical role in the maintenance of multicellular organisms. It is an essential
process because it is involved in many biological and physiological process, such as the formation of
blood vessels (angiogenesis), during embryonic and organ development (Kurosaka and Kashina,
2008), wound healing when the epithelial cells migrate to the edge of the wounds (Li et al., 2015a)
and immune response such as the migration of the white blood cells to the site of infected cells (Madri

and Graesser, 2000).

There are three basic steps associated with the movement of such cells: 1) extending a plasma-
membrane protrusion at the leading edge, 2) cell body movement and 3) cell-trailing detachment
(Figurel.3) (Ananthakrishnan and Ehrlicher, 2007). The first step in epithelial cell migration involves
the extending plasma-membrane protrusion at the leading edge, and the direction of cell is not
restricted. For example, cells can move over and between each other and even invade the extracellular
matrix. Epithelial cells use their cytoskeletons in order for four different types of protrusion to be
extended. These protrusions are driven by actin polymerization and can be lamellipodia, filopodia,
membrane blebs and invadopodia. Each of these structures has its own features, regulating cell
migration in specific ways. Lamellipodia was originally identified in 1970 by Michael Abercrombie
(Abercrombie et al., 1970). It is characterised by extending a thin sheet through ECM in vivo and
pulling cells through the tissue (Friedl and Gilmour, 2009). Filopodia are actin-containing spikes that
explore cell environments. They are essential for guiding cells towards chemoattractants and
facilitating adhesion to the extracellular matrix (Gupton and Gertler, 2007). Membrane blebs are
spherical membrane protrusions that guide cell migration during the development stage (Charras and
Paluch, 2008). Finally, invadopodia are usually found in invasive cancer cells. Their structures

degrade the extra matrix and allow epithelial cells to invade blood vessels (Buccione et al., 2009).
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Once the cell establishes polarity via actin polymerization to produce lamellipodia at the leading edge,
cells need to form new adhesion proteins called focal adhesions to specific extracellular matrix
components. This attachment allows the actin network which is associated with myosin fibres to
generate force. This force resulting in translocation of the rest of the cell body foreword. This process
is followed by the detachment of the trailing edges of the cell (back of the cell) and the process of

movement is repeated.
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1) Protrusion of the Leading Edge

actin network

2) Adhesion at the Leading Edge

cortex under tension

>
»

A

new actin
new adhesion

movement of unpolymerized actin

Deadhesion at the Trailing Edge

o~

3) Movement of the Cell Body

direction of cell body movement

Figure 1. 3. Three stages of cell migration.

Once the cells determine its direction, they extend the protrusion via actin polymerization and thereby
forming a lamellipodia structure. Cells then form an adhesive molecule at the leading edge
and remove the adhesions formed in the cell rear. Removal of adhesions generate
contraction force that causes the whole cell body to move forward. Finally, cells will cycle
through these steps during the migration. Taken from (Ananthakrishnan and Ehrlicher,

2007).

One of the key players in these process are cytoskeleton proteins, which regulate polarization and

protrusion during migration, and adhesion proteins, which mediate the dynamic formation of

adhesion, attachments of adhesion and detachments at the trailing edges (Ridley, 2011).
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3.1 Thecytoskeleton

The cytoskeleton is a cytoplasmic network which not only plays an important role in cell movement,
such as the extension of lamellipodia and control of the polymerization and depolymerisation into
actin fibers, but also participates in maintaining cell morphology and certain mechanical strength
(Pollard and Borisy, 2003). This network is found in most eukaryotic cells and is composed of three

types—microfilaments, intermediate filaments and microtubules (Fuchs and Karakesisoglou, 2001).

Actin is a structural component of microfilaments, and there are three types of actin—a, 3 and y.
Among them, the B-actin isoform is a major and abundant conserved protein in eukaryotic cells
(Rayment et al., 1993). In the cytoplasm, actin exists in two forms, monoactin (G-actin) and actin
fibers (F-actin). Monoactin is an individual actin that has a pointed end and a barbed end and consists
of 375 to 377 amino acid residues, with a molecular mass of 43-kDa (Dominguez and Holmes, 2011).
During actin polymerization, G-actin aggregates into short monomers (three G-actin) called trimers
(Percipalle, 2013). Once the trimer is formed, the elongation process proceeds by adding G actin at
the barbed end (+), forming filaments (F actin). This cycle is a ATP-based process, as G-actin
associates with the barbed end in the ATP state and disassociates at the pointed end (-) when G actin
is released in an ADP-bound state (Figure 1.4) (Percipalle, 2013). This dynamic mechanism of gaining

and losing individual actin monomers is called the treadmilling process (Bugyi and Carlier, 2010).

The association and disassociation of individual actin monomer G actin at both ends is regulated by
several actin binding proteins (ABPs), such as ADF/Cofilin and profilin (Paavilainen et al., 2004).
ADF/Cofilin binds to the ADP-bound actin and enhances the rate of dissociation of G actin from
pointed end (Figure 1.4) (Bamburg and Bernstein, 2010). Profilin reverses the effect of cofilin by
mediating the exchange of bound ADP to ATP resulting in loading ATP bound to the barbed ends
(Kardos et al., 2009). In this way, ADF/Cofilin and profilin control the assembly and disassembly of

monomer G actin during the treadmilling process.

21



Treadmilling
() (+)

X404 o< p<TLTTTE
Q((D(D(D(D(D(T Gl

i Cofilin-mediated severing

@D <D<b <l-)< <D<T (T <T <T < Elongating actin polymers
Frrcsa-ccacény

G

Y 2
g gmemn T

ADP-actin

Figure 1.4. Schematic diagram of actin polymerization and depolymerisation by treadmilling.

This figure illustrates the treadmilling process in which the G actin at the barbed end (+) and released
at pointed end (-). Cofilin enhances the rate of dissociation of G actin from the pointed end (+). D =
ADP-actin, T= ATP actin, C= cofilin P= profilin. Taken from (Percipalle, 2013).

Other actin binding proteins (ABPs) such as Formin facilitates the nucleation process in which three
G-actin joins to form a trimer. This accelerates the length of filaments at the barbed end and allows

polymerization to proceed rapidly (Evangelista et al., 2003).

The Arp2/3 complex and the N-WASP (neuronal Wiskott—Aldrich Syndrome protein) actin binding
proteins control the branch of actin filaments that occur extensively at the leading edge of migrating
cells (Swaney and Li, 2016). The Arp2/3 complex consists of seven subunits ArpC1, ArpC2, ArpC3,
ArpC4, ArpC5; of these seven subunits, Arp2 and Arp3 are required for remodelling the cytoskeleton

(Borths and Welch, 2002). Structurally, Arp2 and Arp3 are similar to actin monomer (G-actin), which
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together become similar to trimer (Machesky and Gould, 1999). This Arp2/Arp3 complex binds near
to the barbed end of the microfilaments and facilitates the formation of a new actin branch. The
formation of branching actin via Arp2/3 complex is stimulated via N-WASP in a process that requires
small GTPases (Cdc42 : cell division control protein 42 homolog) (Carlier et al., 1999). For example,
N-WASP on its C-terminal side contains the acidic domain (A domain) which interacts with the
Arp2/3 complex. The C-terminal also contains the VCA domain which binds the G actin and which
iIs also required for nucleation activity. On the other site, the NH2-terminal of N-WASP particularly
WASP homology 1 (WH1) interacts with phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2). The
WH1 domain is followed by the GTPase-binding domain (GBD), which includes the Cdc42/Rac
interactive binding (CRIB) domain (Kurisu and Takenawa, 2009). Therefore, the binding of active
Cdc42 with phosphatidylinositol-4,5-bisphosphate (Ptdins(4,5)P2) to the NH2 terminal of N-WASP
directly enhances its ability to activate Arp2/3, and thus promotes the growth of actin fibers that are
required for cell migration as well as lamellipodia formation morphology (Higgs and Pollard, 2000;

Nakagawa et al., 2001).
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3.2 Integrin:

Integrins are a class of important cell adhesion molecules that provide attachments between the cell
and the surrounding extracellular matrix. They are transmembrane proteins with long extracellular
domains which each contain a ligand binding region and a short intracellular domain. These domains
allow the integrins to connect the extracellular matrix to cytoskeletal linker proteins within a cell and
mediates bidirectional signal transmission between intracellular and extracellular regions to trigger
several intracellular pathways. For example, they mediate cell adhesion, cell differentiation, cell

migration, cell growth and proliferation (Schwartz and Assoian, 2001); (Hood and Cheresh, 2002).

Structurally, integrins are composed of a and B transmembrane glycoproteins subunits (18 a, 8 B),
which can assemble into 24 alpha beta heterodimers, and most of them can have specific functions
depending on the specific ECM ligands such as collagen, laminin, fibronectin and glycine (Figure 1.5)
(Kumar, 1998); (Humpbhries et al., 2006). The a-chain consists of four to five extracellular domains,
and the bindings to their ligands depends on cations such as Mg?* and Ca?* (Lee et al., 1995). The
cytoplasmic tail of the B subunit is short and contains NPXY and NxxY motifs. Due to the lack of
enzyme activity in the integrin itself, focal adhesions play an important role in the process of
transferring extracellular stimuli from the cytoplasmic tail of the integrin to the cells (Legate and
Fassler, 2009). This leads to integrins on the cell membrane clustering and allows epithelial cells to

generate force by actin that influences cell migration.
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Collagen Receptors

Laminin Receptors

Figure 1. 5: The integrin family of matrix receptors.

A) Structure of integrin adhesions. Integrin composed o (grey) and B (red) transmembrane
glycoproteins subunits, bind talin which connect focal adhesion proteins and actin. b) The integrin
subunits and their EXM receptors. Figure 1.4 B taken from (Lal et al., 2007)
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3.3 Focal adhesions formation and turnover:

3.3.1Focal adhesions formation

As described earlier, focal-adhesion proteins allow epithelial cells to interact with their outside
environments through integrin. Focal adhesions can be divided into the following sub-classes: nascent
adhesions, focal complex and focal adhesions (Parsons et al., 2010). A nascent focal adhesion has a
short life, as it can either turn over or grow into larger focal complexes. Focal complexes are larger
than nascent focal adhesions. As the migration cycle continues, focal complexes transforms into larger

sizes of approximately 3 to 10 um long (Figurel.6 B) (Zimerman et al., 2004).

More than 150 focal-adhesion proteins have been identified. Using 3D super-resolution fluorescence
microscopy, Kanchanawong et. al determined the relative 3D organization of focal adhesions and
mapped three main functional regions close to the membrane where integrin cytoplasmic tails appear.
They have identified an integrin signalling region in close proximity with the plasma membrane where
talin and Paxillin bind to the integrin cytoplasmic tail. Above this, an intermediate force transducing
region, which links structure focal adhesion such as vinculin. Furthest from the membrane, an actin-
filament regulatory layer containing zyxin and a-actinin, which is crosslinking the actin to bundle
actin filaments. This is where the forces are generated to move the cell forwarded (Figure 1.6 A)

(Kanchanawong et al., 2010).
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Figure 1. 6 Focal adhesions.

A) The architecture of the connection between focal-adhesion molecules and integrin.
Taken from (Kanchanawong et al., 2010). B) Illustrate focal adhesions sub-classes:

nascent adhesions, focal complex and focal adhesions. Taken from (Zimerman et al.,
2004)
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In order for focal adhesion to form and for cells to continue migrating, three important categories of
focal adhesion proteins have to be recruited. These categories are structural proteins (Talin), which
interact with the cytoplasmic tail of integrin, adaptors or scaffolding proteins (vinculin and paxillin),
which link the structural protein with actin and enzymes (FAK), which transmit the signal to actin or

other cellular compartments and also regulate FA assembly and disassembly (Geiger et al., 2009).

Once the integrin binds to the extracellular matrix ligands (fibronectin, vitronectin or collagen), talin
is the first cytoskeletal protein that binds the NPXY motifs of the cytoplasmic tail of the B subunit
through its N-terminal protein band 4.1 -ezrin-radixin-moesin (FERM) domain. The carboxy-terminal
rod domain of the talin has a site for vinculin binding (Martin et al., 2002). The binding between
vinculin and talin results in the regulation of the formation of focal adhesions and recruiting FAK

(Humphries et al., 2007).

Focal adhesion kinase (FAK) or Protein tyrosine kinases 2 (PTK2) is a cytoplasmic tyrosine kinase
with a molecular weight of 125kDa. Focal adhesion kinase is expressed in all species and consists of
three main domains: the FERM domain at the N-terminal, the kinase domain (KD) and the C-terminal

FAT domain which targets focal adhesion proteins such as paxillin (Parsons, 2003).

When talin bind to integrin, FAK auto-phosphorylation at Tyr397 occurs (Moser et al., 2009) (Sieg et
al., 2000). In turn, FAK recruit SH2 domain containing molecules such as Src and Fyn (Schaller et
al., 1994b). These molecules further phosphorylate the FAK Y576 and Y577 sites, which are located
in the KD region and which determine the maximum activation of FAK. The
activated FAK/Src complex causes the FAT region of FAK to interact with focal adhesions paxillin

(Parsons et al., 2000).

Auto-phosphorylation of FAK at Tyr397, can also activate kinases, phosphatases and other functional

proteins, including phosphatidylinositol 3-kinase (P13K) and phospholipase C (PLC). The activated
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PI3K produces PIP3, which promotes recruitment and activation of AKT to the membrane and

regulates downstream proteins (Wang and Basson, 2011).

Paxillin is an adaptor protein that contains 559 amino acids with a molecular weight of 65KDa. It
binds structural proteins such as vinculin and enzymes such as FAK and Src proteins. Structurally,
there are five LD motifs (leucine aspartate-rich) at the amino terminus, and a number of domains such
as SH2 and SH3. The main function of these domains is to facilitate the interaction between focal
adhesion proteins, including vinculin and FAK (Brown and Turner, 2004b). The C-terminal of the
protein is composed of four LIM domains which are binding sites for the protein tyrosine phosphatase

PTP-PEST (Cote et al., 1999).

Zyxin is an adhesion protein with a molecular weight of 82 kDa. It can be distinguished from paxillin
as it has three LIM domains at the C-terminal. Whereas, in the N-terminal, zyxin contains proline-
rich domains and proline-rich motifs which mediate the interactions with the many proteins that

contain SH3 domains, including vinculin and VASP (Wang and Gilmore, 2003).

3.3.2 Focal adhesion turnover

Many cells attached to the ECM are forming large and more stable focal adhesions. These FAs do not
turnover due to the fact that these cells are not motile. However, in cancer cells, the majority of focal
adhesion can be turned over, allowing the cancer cells to detach and migrate. Therefore, rapid focal

adhesion turnover is critical for cancer cell motility.

There are many important factors that have been suggested as playing an important role in focal
adhesion turnover. Those factors include calpain and microtubules. Calpain 2 also called m-Calpain
is a family of calcium dependent that plays an important role in cell migration by proteolysis of several
focal adhesions include talin, vinculin, paxillin and FAK (Franco et al., 2004; Chan et al., 2010;

Cortesio et al., 2011; Serrano and Devine, 2004). Research which involved using a timelapse
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microscope to track the duration time of GFP-Talin disassembly discovered that the knock down of

calpain prevented focal adhesion disassembly (Franco et al., 2004).

Microtubules play an important role in maintaining cell morphology, structure, material transport, cell
movement, cell differentiation and cell division. Microtubules are composed of tubulin and
microtubule associated proteins (MAPS). Tubulin is a family of proteins with many members, the
most common members of which are a-tubulin and B-tubulin. Microtubule-binding proteins stabilise
the microtubules by binding the tubulin subunits that make up microtubules. It also organises the

microtubules into bundles and mediates its interaction with other proteins (de Forges et al., 2012)

Microtubules have been shown to play an important role in cell directions as it undergoes changes to
direct the cell movements and is associated with focal adhesions (Rinnerthaler et al., 1988); (Nobes
and Hall, 1999). For example, individual microtubules grow toward the ventral cell surfaces and the
growth phase switches to the shortening phase (Kaverina et al., 1998). The growth and the shortening
phase occur seven times higher at focal adhesions site than elsewhere in the cytoplasm (Efimov et al.,

2008)
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4 Endocytosis

Endocytosis is initiated when the cell takes up molecules from the extracellular medium or from the
plasma membrane into the cytoplasm forming vesicles. These molecules (cargo), progress through
different intracellular compartments and can be recycled back to the cell surface or are subjected to
lysosomal degradation (Mellman, 1996).

4.1 Endocytosis pathways

A number of endocytosis modes have been demonstrated to be involved in the uptake of particles.
Key among these are the phagocytosis and pinocytosis pathways (Doherty and McMahon, 2009).
Phagocytosis internalizes large molecules and predominantly occurs in macrophages and dentric cells
that have the ability to clear most of the foreign materials and pathogens. In phagocytosis, foreign
materials, such as bacteria, yeast and cellular debris, are recognised by the phagocyte. The recognition
depends on the cell surface protein of the phagocyte such as complement receptors, Fc-receptors
(FcR), scavenger receptors and pathogen-specific receptors (Toll-like receptors)(Rosales and Uribe-

Querol, 2017) .

In contrast, pinocytosis is the most common form of endocytosis, and it can occur in all types of cells
(Doherty and McMahon, 2009). According to differences in morphology, size, cargo and
characteristic proteins of vesicles formed by endocytosis, pinocytosis can be classified into the
following  pathways—clathrin-dependent  endocytosis,  caveolae-dependent  endocytosis,
macropinocytosis and clathrin- and caveolae- independent endocytosis (Figure 1.7) (Table 1.1)

(Sigismund et al., 2012) (Canton and Battaglia, 2012).
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Figure 1.7. This figure demonstrates multiple endocytosis pathways. Taken from (Canton and
Battaglia, 2012).
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Table 1. 1 demonstrates the morphological features and molecular markers for each pathway.
Taken from (Sigismund et al., 2012)

Morphology | Coator | Dynamin Small GTPase Internalized
Pathway and Size Coat-like | Dependence | Involved Cargoes
Cargo- Pathogens,
shaped >500 RAC1/RHOA/CDC42 | apoptotic cells,
Phagocytosis | nm None No depending on type FcRs
RTKs, fluids,
bacteria
Macro- Ruffled 0.2— In some RAC1, CDCD42
pinocytosis 10 um None cases (575) | ARF6, RAB5
RTKs , GPCR,
TFR, LDLR,
Clathrin- Vesicular toxins , bacteria
mediated 150-200 nm | Clathrin | Yes RAB5 , Viruses
GPI-linked
proteins ,
Flask- CTxB, SV40,
Caveolae- shaped 50— | Caveolin TGF-BR , IGF-
mediated 120 nm land 2 Yes Not clear 1R
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Morphology | Coator | Dynamin Small GTPase Internalized
Pathway and Size Coat-like | Dependence | Involved Cargoes
Fluids, bulk
membrane,
GPI-linked
CLIC/GEEC | Tubular None No CDC42, ARF1 proteins
IL-2Rp (424),
Vesicular yc-cytokine
IL-2RB 50-100 nm | None Yes RHOA, RAC1 receptor
MHC I-11,
CD59 (551),
Arf6- CD55, GLUT1
dependent Tubular None None as yet | ARF6 , AchR
CTxB, CD59,
Flotillin- Flotillin proteoglycans ,
dependent Vesicular land?2 No None DAT, EAAT2

34




4.1.1 Clathrin-mediated endocytosis:

Clathrin-mediated endocytosis ( CME) is one of the most well understood pathways that presents in
all eukaryotic cells and plays a major role in cellular entry. It can occur either constitutively or in
response to certain stimuli. The mechanism starts when the plasma membrane receptor such as
transmembrane, transferrin and low-density lipoprotein receptors accumulate at the plasma
membrane. This accumulation leads to recruitment of the intracellular proteins such as adaptor

protein complex (Traub, 2009a).

There are at least three different adaptor protein complexes (Ap) which are involved in the formation
of vesicles and can specifically select different sorting signals. It is known that the adaptor protein
AP-1 mainly mediates the sorting and transportation of cargo from the trans-Golgi network (TGN) to
endosomes; AP-2 is responsible for endocytosis of cell surface receptors; AP-3 localized to TGN and
endosomes is involved in lysosomes and degradation (Collins et al., 2002). The AP-2 adaptor
coordinates clathrin nucleation at sites on the plasma membrane and help to wrap the non-particles by

the polymerization of clathrin (Collins et al., 2002).

Structurally, clathrin is a protein complex composed of three heavy chain proteins with a relative
molecular mass of approximately 190KDa and three light chain proteins with a relative molecular
mass of approximately 25KDa (Pearse, 1975) . These proteins are closely associated with each other’s
forming three arm structure termed a clathrin triskelion. As triskelions assemble, they tend to form a

spherical clathrin lattice structure known as Cage (Figure 1.8) (Schmid and McMahon, 2007).
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Figure 1. 8 Clathrin structures. Taken from (Schmid and McMahon, 2007).

The formation of clathrin cage requires a number of adaptor proteins and scaffold proteins. Adaptor
protein such as AP2, clathrin assemble lymphoid myeloid leukaemia protein (CALM) and epsins, that
are involved in the interaction between the plasma membrane lipid, particularly phosphoinositides
(PIPs) and cargo (Cocucci et al., 2012). Whereas, scaffold proteins such as clathrin and EPS15
(epidermal growth factor receptor substrate 15), bind the clathrin adaptors to cluster the coat

components (Traub, 2009b).

The clathrin-dependent endocytosis is a multi-step process (Kaksonen and Roux, 2018). Initiation of
coat pit is an early step and occurs before the clathrin coating is formed. It is initiated when Eps I5
(EGFR pathway sub-strate-15), protein contain a membrane-binding F-BAR domain such as FCHo1/2
(Fer/Cip4 homology domain-only proteins 1 and 2) bind to the plasma membrane (Henne et al., 2010).
These proteins are collected in the core of the coated pit, and adaptor proteins AP-2 are recruited
through the binding sites of multiple adaptor protein 2 (AP-2) on Eps I5. This binding recruits clathrin
and allows them to assemble into hexagonal and pentagonal lattices to form clathrin coated pits (cage)
(Kaksonen and Roux, 2018). Another adaptor involved in the clathrin recruitment process is assembly
protein 180 (AP180). This adaptor protein has an assembly protein activity, which can help clathrin

to form around the coated pit (Figure 1.9) (Ford et al., 2001).
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Figure 1.9 Overview of the five steps involved in clathrin-mediated endocytosis

Nucleation: it is the first step of clathrin-coated pit initiation, where the FCH domain only (FCHO)
proteins bind to phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2. This binding recruit adaptor
protein 2 (AP2) which bind to the p-subunit and o-subunit of the cytoplasmic tail of the receptors
(cargo selection step). AP 2 then recruits clathrin to assemble around the nascent pit at the intracellular
surface of the plasma membrane. BAR domain-containing proteins is then recruit dynamin at the neck
of the clathrin coat pit and upon GTP hydrolysis The clathrin vesicles detaches from the plasma
membrane. The vesicle loses its clathrin by the ATPase heat shock cognate 70 (HSC70), leaving the
naked transport vesicle for fusion. Taken from (McMahon and Boucrot, 2011).

Once the clathrin vesicles are formed, dynamin is then recruited. Dynamin is an important regulatory
protein that has been identified as being responsible for mediating the membrane fission and release
of clathrin coated pits (Antonny et al., 2016). Dynamin is 100 KDa and consists of five domains (
GTPase hydrolysis domain, Middlil domain, PH domain and GTPase effector domain) and has been
identified as a high-molecular-weight GTPase as it shares a high sequence number on its C-terminal
GTPases (300 amino acid ) that distinguishes it from other members of the GTPase family, such as
Ras (Ferguson and De Camilli, 2012) Initial characterisation revealed that dynamin localizes at the
neck of budding vesicles, forming a helix, and acts as a GTPase switch. This switch mediates ‘pinch’
activity, resulting in vesicle scission from the membrane (Sweitzer and Hinshaw, 1998). The pinches
activity is stimulated when the lipid binds to dynamin at the PH domain and the lipid bilayer undergoes
conformational change in a GTP-hydrolysis manner, which in turn drives the neck constriction and

scission (Stowell et al., 1999).

Once the clathrin-coated vesicle is released from the plasma membrane, the heat shock cognate 70

(HSC70) protein binds to the C-terminal of clathrin heavy chains (Sousa and Lafer, 2015) (Barouch
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et al., 1994). This binding induces the clathrin disassembly, leaving the naked transport vesicle for
fusion with early endosomes in pH of approximately 6.0. The pH falls further to around pH 5, where
the early endosomes mature to late endosomes followed by lysosome degradation (Figure 1.12)

(McMahon and Boucrot, 2011, Kaksonen and Roux, 2018).

4.1.2 Caveolae-dependent endocytosis

Caveolae were first defined in the 1950s using electron microscopy as a flask-shaped structure
(approximately 50-100 nm in diameter) composed of cholesterol (Palade, 1953). It is involved in the
regulation of a range of important cellular activities such as lipid metabolism, transmembrane
signalling and endocytosis of certain toxins or pathogens. Caveolin is the main protein that induces

the formation and stability of the caveolae (Nabi and Le, 2003).

Three caveolins have been identified: caveolinl, caveolin2 and caveolin3. Caveolinl and caveolin2
are present in most non-muscle cells, except the neuron, while caveolin 3 is muscle specific (Way and
Parton, 1995). Caveolinl is present on the plasma membrane and is composed of the N-terminal
domain (101 amino acid), caveolin scaffolding domain (CSD: 33 amino acid sequence) and the C-
terminal domain (44 amino acid sequence). Both its carboxyl and amino termini face the cytoplasm

(Figure 1.10) (Parton and Collins, 2016).
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Figure 1. 10 Schematic representation of Caveolae endocytosis and Caveolinl structure. CSD:
caveolin scaffolding domain. Modified from (Baker and Tuan, 2013)

During endocytosis, pathogens interact with the receptor on the plasma membrane to induce the
formation of lipid rafts. These caveolae are also driven by dynamin, which induces the pinching off
of the caveolar vesicle followed by fusion to a caveosome which is a specific endosomal compartment
with a neutral internal pH (Nabi and Le, 2003). These vesicles do not travel through the lysosome
system and many pathogens, such as simian virus 40 follow this pathway to avoid lysosome
degradation (Kiss and Botos, 2009). Consequently, targeting caveolae-dependent endocytosis may

prove beneficial for improving therapeutic effects.
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4.1.3 Macropinocytosis

Macropinocytosis is the third endocytic pathway and can take place in many types of cell. It is derived
from membrane folds (ruffles) that extend out of the actin-rich plasma membrane and form vesicles
called macropinosomes. Macropinosomes have an irregular shape, and its size is approximately 0.2
to 10 um in diameter, which is larger than other pinocytosis vesicles (Figurel.11) (Swanson and

Watts, 1995).
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Figure 1. 2 Schematic representation of micropinocytosis pathway. Taken from (Lim and
Gleeson, 2011)

The formation of macropinosomes normally occur upon external stimulation from growth factors such
as epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and macrophage colony-
stimulating factor-1 (CSF-1). These factors activate multiple signalling pathways such as RAC1 (Ras-
related C3 botulinum toxin substrate 1) (Bar-Sagi et al., 1987). These signalling pathways with the

help of actin induce the formation of membrane ruffles and the traffic of macropinosomes.

The breakage and cleavage of macropinosomes can occur without the aid of dynamin. It relies on
actin dynamics (Sigismund et al., 2012). It can occur through extensive folding and protrusion of the

plasma membrane mediated by phosphoinositide 3-kinase (PI3K) and phospholipase C (PLC)
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interaction (Bar-Sagi et al., 1987). Therefore, drugs that disrupt the actin cytoskeleton can inhibit this

process(Dutta and Donaldson, 2012) (Rauchenberger et al., 1997).

Alternatively, it can occur via mechanisms that require the involvement of CtBP1/BARS (C-terminal-
binding protein-1/brefel-dinA-ADP ribosylated substrate) (Bonazzi et al., 2005). Studies have shown
that upon EGF receptor engagement, the CtBP1/BARS migrates and accumulates around the
macropinosomes. p21-Activated kinase (Pakl) phosphorylates CtBP1/BARS on a specific serine.

This phosphorylation promotes the membrane fission (Liberali et al., 2008).

4.1.4 Non Clathrin- and caveolae independent endocytosis

Clathrin- and caveolae-independent endocytosis is the fourth endocytic pathway, and it can be
distinguished by its dependency on cholesterol, and it requires specific lipid compositions such as
lipid rafts (Damm et al., 2005). Lipid rafts (also called lipid microdomains) are highly dense
membrane domains that are rich in molecules, including cholesterol and phospholipids, such as

phosphatidylcholine (Simons and Sampaio, 2011).

A common feature of these pathways is the involvement of rho protein family members such as
CDC42 and ARF6 (ADP-ribosylation factor 6) (Sabharanjak et al., 2002). Once the extracellular
ligand accumulates and binds to the protein receptor on the lipid rafts. The lipid raft region form large
tubular which then detaches from the cell membrane depending on actin polymerisation and the
curvature of the membrane (Gallop et al., 2013). The investigation into these pathways has recently

strengthened, but more work is needed due to the lack of understanding of their mechanisms.

41



4.2 Endosomes

Endosomes are vesicles coated by envelopes which are responsible for transporting endocytic
particles to the lysosomes for degradation or back to the plasma membrane for recycling. They also
play a role in regulating signal transduction (Murphy et al., 2009). For example, they prevent the
generation of excessive signals by regulating the number of receptors on the plasma membrane
through degradation or recycling pathways. Therefore, defects in endocytosis can lead to abnormal
transport of ligand receptors such as EGFR, causing degradation or accumulation, resulting in the
development of cancer in humans (Tomas et al., 2014). The early endosome compartment is the first
compartment that labels the incoming cargo and fluid and transports it to the correct destination
(Maxfield and McGraw, 2004, Helenius et al., 1983). The lumen of the early endosome is slightly
acidic, usually ranging between pH 6.3 to 6.8 and takes cargo molecules from different internalization
routes including the clathrin pathway, Caveolae pathway, micropinocytosis pathway and ARF6-

dependent pathway (Mayor and Pagano, 2007).

Structurally, early endosomes are composed of big vesicular structures and many tabulated
membranes. The vesicular structures are generally 700nm in diameter, while the tabulated membranes
range from 50 to 60 nm in diameter. Differences in this structure can determine the destination of
internalized cargo. For example, thin tubular extension is responsible for recycling the receptor
directly from early endosomes or indirectly via recycling compartments, which contain a large number
of tubular structures with the molecular marker Rab11, whereas vesicles serve as sites for fusion with
late endosome compartments (Mellman, 1996). Early endosomes can be distinguished from other
compartments according to the time at which internalized cargo reach them ( 10 minutes ) and the
different molecular markers such as Rab5A (Ras-related protein Rab-5A ) (Figure 1.12) (Maxfield

and McGraw, 2004).
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Figure 1. 3 overview of endosomal trafficking.

Internalised endosomes undergo homotypic fusion to form vesicular and tubular early endosomes.
The tubular endosomes are recycled back to the cell membrane by Rab4. The vesicular endosomes
can be fused with multivesicular bodies/ late endosomes to the lysosome by Rab7 or to trans-Golgi
network by Rab6. Taken from (Elkin et al., 2016)

Rab5A protein is a member of Rab family, which belongs to small GTP binding protein. It has three
isomers—Rab5A, Rab5B and Rab5C. Rab5A is one of the key proteins that cycle between Rab-GTP-
bound (active) and Rab-GDP-bound (inactive) by GTP/GDP exchange factors: guanine nucleotide

exchange factors (GEFs) (Schwartz et al., 2007) .

Rab5a is composed of 215 amino acid residues with a molecular weight of 23 kDa. It characterized
by a G domain (G1 to G5) figure 1.13 (Zhu et al., 2004) (Lachance et al., 2014). Switch 1 and Switch
2 regions, which are part of the conserved element of G2 and G3, play an important role in exchanging
inactive GDP to active GTP. Amino acid Ser/Thr in switch regions bind to the gamma phosphate of
GTP, which results in conformational change within the protein structure (localized change of the

amino acid) as the Rab5 protein switches from GDP to GTP structure (Lee et al., 2009). This change
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allows the effector protein to recognise the GTP structure and regulates the fusion of uncoated clathrin

vesicles with early endosomes and mediates intraluminal vesicle formation (Zhu et al., 2004).

G2 G3

v \4

Figure 1. 4 Molecular structure of Rab5a. G domain (grey) contains molecular switch I (Sw 1),
molecular switch 11 (Sw2) and a hypervariable domain (HVD). Modified from (Zhu et al., 2004).

Rab5a GTP alone is not sufficient to regulate the trafficking and membrane fusion of the endosome
but requires other effectors that can bind lipid of the endosomes membrane and Rab5a. The early
endosomal autoantigen 1 (EEAL) is one of Rab5A effector that is specifically located on early

endosomes and regulates vesicle membrane fusion (Jovic et al., 2010).

Structurally, EEAL protein consists of three regions—the N-terminal region FYVE domain, which
bind Phosphatidylinositol 3,4,5-triphosphate (PI3P), C-terminal region C2H2 zinc finger domain
binds active Rab5 GTP- and central region of 1,200 residues which has coiled-coil structure (two
alpha helices )(Rubino et al., 2000) (Dumas et al., 2001). This large coiled-coil structure extends the
length to capture and tether the upcoming Rab5 positive vesicle via its C-terminal. the long coiled coil
then collapses to bring the vesicles closer to the early endosome compartments as shown in Figure

1.14 (Dumas et al., 2001, Das and Lambright, 2016, Murray et al., 2016).
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Figure 1. 5. Endosome tethering

Early endosome antigen 1 protein with a diameter of 200 nm collapsed by binding
phosphatidylinositol 3-phosphate (PI3P) at its C-terminal region FYVE domain and Rab5 at its C-
terminal C2H2 zinc finger. Taken from (Das and Lambright, 2016)

Late endosomes, also known as multivesicular bodies (MVBs), are usually spherical or tubular with
a large number of intraluminal vesicles labelled with Rab7, Rab9 and LAMP1 (Lysosomal associated
membrane protein 1) (Luzio et al., 2000). The maturation of late endosomes require Rab5 conversion
in which early endosomes lose Rab5A and acquire Rab7A (Somsel Rodman and Wandinger-Ness,
2000). This occurs when ubiquitinated receptors recruit the endosomal sorting complex required for
transport (ESCRT) machinery that induces inward budding into the endosomal lumen. The luminal
pH gradually decreases from 6.5 to 5 under the action of V-ATPase on the membrane (Bishop and
Woodman, 2000). The membrane fusion also regulates by replacing the class C core
vacuole/endosome tethering factor (CORVET) by the late endosome (Solinger and Spang, 2013). The

late endosomes are then fused with lysosomes for degradation (Huotari and Helenius).
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4.3  The role of endocytosis in cell migration:

The plasma membrane is the physical barrier whose features defend the cytoplasmic content of the
cell by separating it from the external environment. At the same time, it works as a communications
interface allowing cells to receive or sense signals from the external environment or from its
neighbouring cells. These signals are activated when the membrane receptors bind to their specific
ligands and the signal is transmitted across the plasma membrane inside the cell. Once these receptors
have bound the ligands and transmitted the signal through the cell membrane, the cell undergoes

physiological and behavioural changes.

One key feature of endocytosis are the internalizing plasma membrane proteins, especially the surface
receptors and ligands. Endocytosis of these receptors and ligands modifies the shape and dynamics of
the plasma membrane. Endocytosis also controls the intracellular signalling because endocytosis has
the ability to translocate membrane receptors to the nucleus or between endocytosis compartments
and thereby sustain the signal by recycling membrane receptors or terminating the signal by degrading
membrane receptors through lysosomal activity. Therefore, endocytosis plays an important role in

regulating cell signalling (Di Fiore and von Zastrow, 2014).

Emerging evidence suggests that endocytosis can contribute to cell migration steps both indirectly
and directly in many ways (Maritzen et al., 2015). These steps can be subdivided into three stages—
response to external signal(s), assembly or disassembly of adhesions (cell-cell adhesion or cell to
ECM) and protrusions that are mediated by cytoskeleton polarization at the leading edge (Maritzen et

al., 2015).

In the first step of cell migration, endocytosis pathways mediate the internalization and trafficking of
exogenous signals such as chemokines and growth factors as they play an important role in cell
movement (Luker et al., 2010). A good example of this is the directional migration of border cells

from the anterior end of the egg to the posterior end of the oocyte during ovarian developments of
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Drosophila. Multiple growth factors receptors (PVR and EGFR ) were found to be secreted from
border cells where as its ligands (PVF1 and GrK ) expressed by the oocyte (Duchek et al., 2001).
Interestingly, endocytotic events regulate the localization of these receptors. Inhibiting these receptors

affects endocytic mechanisms leading to the defective migration of border cells (Mateus et al., 2011).

Moreover, endocytosis can initiate the signalling cascade and control the activity of signalling by
controlling the quantity and quality of surface receptors (Platta and Stenmark, 2011, Di Fiore and von
Zastrow, 2014). The Wnt signalling pathway, which plays a main role in the progression of a tumour
to an invasive or metastatic state by disrupting tight junctions in epithelial cell-cell contact through a
process called cadherin switching. Hanaki and colleagues showed that endocytosis can modulate Wnt
signalling and contribute to a decrease in tumour spread by inhibiting the protein Wnt5a (Hanaki et
al., 2012). These observations suggest an important role of endocytosis pathways as they can work as
attenuators of signalling and any defect in endocytic mechanisms can affect many cellular processes,

such as cell adhesion, proliferation and survival (Mosesson et al., 2008).

In addition to signalling, endocytosis mediates cell-cell adhesion (E.Cadherin) trafficking and
degradation through the lysosomal pathways, thereby maintaining cell-cell communication. Inhibiting
the function of endocytosis may lead to the development of epithelial-to-mesenchymal transitions
(EMT) (Sato et al., 2011). The phenomenon of EMT is implicated in many processes and diseases
such as cancer cell metastasis (Baum et al., 2008). Because multiple pathways are implicated in both
signalling and cell-cell adhesion, more information is still needed to distinguish the function and

mechanisms of each endocytotic pathway.

Endocytosis also mediates the trafficking and recycling of integrins that have been implicated in many
processes, including morphology, proliferation and invasion. Some studies have provided evidence
that endocytosis translocates integrin subtypes from early endosomes to recycling endosomes, thus

facilitating the migration speed (Bridgewater et al., 2012). Another study has indicated a new
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trafficking route for integrins through the degradation pathway (Dozynkiewicz et al., 2012). However,
data is still needed to determine whether integrins are recycled from late endosomes or targeted for

degradation and which endocytosis pathways are involved.

Aside from its function in mediating signalling and membrane trafficking, endocytosis has been
implicated in the cytoskeleton network organisation and actin assembly. Actin polarization mediates
the formation of lamellipodia and protrusion during cell migration steps. In yeast, for example, the
ARP2/3 complex are major components that facilitate actin assembly. It has been discovered that
these complexes are recruited at the late stage of clathrin pathways by endocytotic adaptors. In
addition to that, eps15 amphiphysin proteins that are associated with clathrin endocytosis adaptors are
also found to bind to the actin cytoskeleton directly. Mutations of the clathrin pathway, either dynamin
or its endocytotic adaptors, affect the function of these complexes and delays the time that actin needs
to polymerize new filaments. Similar to yeast, mutations of dynaminl in mammalian cells (Hela cells)
disrupt the actin fibres. Nevertheless, other clathrin independent pathways have also been implicated
in cytoskeleton organisation (Coppolino et al., 2001);(Castellano et al., 2001); (May et al., 2000)

(Basquin et al., 2015)

These observations suggest that actin may participate in endocytotic actions. Actomyosin contractility
may facilitate the invagination of the plasma membrane while actin polymerization may provide force
at the neck of the vesicles to facilitate membrane fusion and detachment (Qualmann et al., 2000). For
example, in yeast, disruption of the cytoskeleton through either mutation or chemical inhibitors
completely blocks endocytosis. In contrast, in mammalian systems, understanding the role of actin in
endocytosis is lacking and needs to be better defined. For example, intracellular actin inhibitors
cytochalasin D, latrunculin A and jasplakinolide displayed no effect on the endocytosis of transferrin
in two different cell lines A321 CHO (Miya Fujimoto et al., 2000). However, other studies have

demonstrated that the inhibition of actin function partially inhibits the endocytosis (Lamaze et al.,
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1997). In addition, depletion of myosin 1E inhibits transferrin endocytosis and increases the average

lifetime of clathrin coated vesicles (Cheng et al., 2012).

Recently, endocytosis has been shown to play an important role in focal adhesion disassembly. Ezratty
et al. (2009) have shown, however, that endocytosis plays a crucial role in focal-adhesion disassembly
by demonstrating the relationship between the endocytosis of integrin and microtubules and the
mediation of focal-adhesion disassembly through the clatherin pathway, which has implications for
epithelial polarisation. Similarly, other studies have shown that integrin endocytosis can mediate focal
adhesion disassembly in response to PDK1 (Gagliardi et al., 2015). These findings may indicate that
the interaction of integrin with ECM and focal adhesion may not be sufficient to induce its clustering

and may require the activity of other mechanisms such as endocytosis.

Emerging evidence suggests that endocytosis is implicated in focal adhesion disassembly by
controlling the expression of calpain (Mendoza et al., 2018) This study showed that calpain co-
localized, co-immunoprecipitated with early endosomes markers (EEA1 and Rab5) as well as
accumulated at endosomes fraction. In addition, the knock down of rab5 decreased the expression of

calpain and prevented focal adhesion disassembly (Mendoza et al., 2018).

Overall, all these observations regarding signalling, internalizing adhesions, cytoskeleton organisation
and focal adhesion disassembly indicate a role for endocytosis in cell migration and possibly FA
turnover. However, the exact mechanisms need to be elucidated. In addition, there is a lack of
knowledge regarding the relationship between each endocytosis pathway and cell migration. As a
result, there exists a need for the mechanisms of endocytosis to be examined so that the methods in

which cell migration mediates the metastasis of cancer cells can be better understood.
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5  Aimsof project

The aim of this project is to accomplish an in vitro investigation of the role of endocytosis in regulating
cell migration and focal adhesions. We aim to understand the role of endocytosis pathways on
endocytosis (ligand uptake and endosome markers) and cell migration by using four endocytosis
pathways inhibitors—dynamin pathway inhibitors (Dynasore), Clathrin pathways inhibitors
(Pitstop2), Caveolae pathways inhibitor (Filipin I1l) and Micropinocytosis pathways inhibitor
(Amiloride), and three different cancer cell types that originate from different histological organs:
MDA-MB-231 breast cancer cell line, SK-MEL-28 melanoma cell line and HT1080 fibrosarcoma
cancer. Furthermore, we intend to identify the role of early endosome proteins in directing cell

migration.

In addition, in this project we also aim to study the impact of endocytosis inhibition on focal adhesion
dynamics (humber, size and turnover), and to clarify the association between early endosome portions
and focal adhesion. Finally, this project also aims to identify signalling pathways affecting endocytic
regulation of cell migration and focal adhesion turnover and to study the role of nitric oxide in cell

migration, endocytosis and focal adhesion turnover.
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Chapter 2: Materials and Methods

2.1 Materials and Reagents:

2.1.1 Tissue Culture:
Table 2. 1: All materials and reagents listed below were used for Tissue culture:

Collagen BD Bioscience
DMSO ( Dimethyl Sulphoxide ) Sigma Aldrich
Dulbecco’s Modified Eagle’s Medium

Gibco
(DMEM)
Dulbecco’s Phosphate Buffered Saline

Gibco
(PBS)
Fetal Bovine Serum (FBS) Gibco
Gelatine Sigma Aldrich
Low glucose MEM (Minimum Essential

Gibco
Medium)
L-Glutamine Gibco
Penicillin /Streptomycin Gibco
Trypsin /EDTA 0.05% Gibco
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Table 2. 2 Cell lines:

MDA-MB-231

ATCC
( Human Invasive Breast Cancer Cell Line )
HT1080(HumanFibrosarcoma Cell Line) ATCC
SK-MEL-28 ( Melanoma Cell Lines) ATCC
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2.1.2 Inhibitors
Table 2. 3 All inhibitors listed below were used for endocytosis:

Amiloride ( 5-(N-Ethyl-N-isopropyl) Sigma
Stock: 33.36 mM in DMSO

Working concentration: 50 uM

Dynasore Selleckchem

Stock: 80mM in DMSO

Working concentration: 20 uM and 80 uM

Filipin 111 from Streptomyces filipinensis SigmaAldrich

Stock: 1.5 mM in DMSO

Working concentration: 16 pM

Pitstop2 (N-[5-(4-Bromobenzylidene)-4-oxo0-4,5-  Abcam
dihydro-1,3-thiazol-2-yl]naphthalene-1-

sulfonamide)

Stock: 8 mM in DMSO

Working concentration: 25 uM
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Table 2. 4 All inhibitors listed below were used for nitric oxide:

L-NAME (Nw-Nitro-L-arginine methyl ester Abcam

hydrochloride)
Stock: 100 mM in PBS

Working concentration: 5mM

1400W (dihydrochloride iNOS inhibitor) Tocris

Stock: 19.291 mM in PBS Bioscience

Working concentration: 2mM

Nitric Oxide Donors (PAPA/NO; NOC-15; 1-(3- Santa Cruz
aminopropyl)-2-hydroxy-3-oxo-1-propyltriazan

PAPA NONOate

Stock: 10mM in PBS

Worked concentration: 50 uM
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2.1.3 Antibodies:
Table 2. 5 All antibodies that listed below were used for endocytosis, focal adhesions, nitric oxide and
other experiments

Anti-APPL1 Rabbit Abcam

Working concentration: 1:200 IHC, 1:50 IP and
1:1000 WB

Anti-EEA1 Mouse Cell signalling

Working concentration: 1:200 IHC, 1:50 IP and
1:1000 WB

Anti-EEAL Rabbit Cell Signalling

Working concentration: 1:200 IHC, 1:50 IP and
1:1000 WB

Anti-Clathrin Heavy Chain Rabbit Abcam

Working concentration: 1:200 IHC, 1:50 IP and
1:1000 WB

Anti-Rab5 Rabbit Abcam

Working concentration: 1:200 IHC, 1:50 IP and
1:1000 WB

Anti-LAMP1 Rabbit Cell Signalling

Working concentration: 1:200 IHC, 1:50 IP and
1:1000 WB
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Anti-Vinculin Mouse Abcam

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-Vinculin Rabbit Abcam

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-Talinl Rabbit Abcam

Working concentration: 1:200 IHC, 1:50 IP and 1:1000 WB

Anti-Paxillin Mouse Abcam

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-Paxillin Rabbit Abcam

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-FAK Mouse Abcam

Working concentration: 1:200 IHC, 1:50 IP and 1:1000 WB

Anti-Actin Mouse Abcam

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-GAPDH Rabbit Sigma

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-H2B Mouse Abcam

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB

Anti-ubiquitin Mouse Sigma

Working concentration: 1:100 IHC, 1:50 IP and 1:1000 WB
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Anti-1gG Rabbit Sigma

Working concentration: 1:1000 WB

Anti-Mouse Alexa Flour 488 Goat Cell Signalling

Working concentration: 1:100 /1500 IHC

Anti-Rabbit Alexa Flour 488 Goat Cell Signalling

Working concentration: 1:100 /1500 IHC

Anti-Mouse Alexa Flour 546 Goat Cell Signalling

Working concentration: 1:100 /1500 IHC

Anti-Rabbit Alexa Flour 546 Goat Cell Signalling

Working concentration: 1:100 /1500 IHC

Anti-Rabbit Alexa Flour 647 Goat Cell Signalling

Working concentration: 1:100 /1500 IHC

Anti-Mouse Alexa Flour 647 Goat Cell Signalling

Working concentration: 1:100 /1500 IHC

Anti-eNOS Rabbit Cell Signalling

Working concentration: 1:100 IHC, 1:50 IP and
1:1000 WB

Anti-NOS2 Mouse Santa Cruz

Working concentration: 1:100 IHC, 1:50 IP and
1:1000 WB
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2.1.4 Ligands:
Table 2. 6 All ligands s that listed below were used for endocytosis uptake:

Transferrin From Human Serum, Alexa Fluor® Thermo Fisher
546 Conjugate

Dextran, Fluorescein, 10,000 MW, Anionic, Thermo Fisher
Lysine Fixable (Fluoro-Emerald)

2.1.5 Plasmids:
Table 2. 7 All plasmids that listed below were used for transfection:

mCHerry-Zyxin Phil Dash Lab

GFP-Paxillin Phil Dash Lab




2.1.6 Reagents:

Table 2. 8 Biochemical reagents:

Acetone Sigma Aldrich
Acrylamide Sigma Aldrich
Agarose Sigma Aldrich
Ammonium perusulphate Sigma Aldrich
Ampicillin Sigma Aldrich

Bovine serum albumin

Thermo Fisher

Bromophenol Blue

Sigma Aldrich

Clarity Western ECL Substrate

Thermo Scientific

DAPI Vectashield

Vector Laboratories

DMF (Dimethylformamide) Sigma Aldrich
EDTA Sigma Aldrich
Glycine Sigma Aldrich
Goat Serum Thermo Fisher
Glycerol Sigma Aldrich
Hybond ECL Nitrocellulose Sigam Aldrich
Nembrane

Hepes Sigma Aldrich
Isopropanol Sigma Aldrich
Kanamycin Sigma Aldrich
Luria Bertani Agar and Broth Sigma Aldrich
Maxprep Kit Qiagen
Medical X-Ray Film Fuji
Mercury(1l) Chloride Sigma Aldrich
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Protein A/G Agarose

Thermo Scientific

Precision Plus Protein Dual Colour Standards

Thermo Fisher

Paraformaldehyde

Sigma Aldrich

Phosphate Buffered Saline (PBS) Tablets

Thermo Scientific

Protease Inhibitors Cocktail (PIC)

Calbiochem

Percoll

VWr

RIPA Lysis Buffer

Thermo Fisher

Streptavidin Agarose from Streptomyces Sigma Aldrich
Avidinii

Sodium Chloride Sigma Aldrich
Sodium Dodecyl sulphate Sigma Aldrich
Sodium Fluoride Sigma Aldrich
Skimmed Milk Powder Sigma Aldrich
Sucrose Sigma Aldrich
Tris-Base Sigma Aldrich
Tris-HCL Sigma Aldrich
Tween Sigma Aldrich
TEMED (Tetramethylenediamine) Sigma Aldrich
Triton 100X Sigma Aldrich

TurboFect Transfection Reagent

Thermo Scientific
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2.1.7 Solutions Preparations:

2.1.

2.1.
2.1.

2.1.

7.1 Western blot solution preparation:

- 10% SDS (wi/v): 509 of SDS (Sodium dodecyl sulphate) in 450ml of ddH20.

- Tris —Glycine electrophoresis (5x): 25mM Tris base: 15.1g (w/w), 250 mM Glycine: 94g (w/w),
0.1% SDS: 50ml of 10% SDS and all Diluted in 950ml distilled water. pH adjusted to 8.3.

- Tris —Glycine electrophoresis (1x): 5X (v/v) Tris —Glycine electrophoresis: 200 ml in 800ml
ddH20.

- Transfer Buffer: 39mM Glycine: 2.5g (w/w), 48mM Tris Base: 2.93g (w/w), Methanol (200ml)
and all diluted in 800ml distilled water.

- 10x Tris Buffer Saline (TBS): 80g (w/w) Sodium Chloride, 2g (w/w) Potassium Chloride, 30g
(w/w) Tris Base and all diluted in 1000 ml distilled water. pH adjusted to 7.4

- Tris Buffer Saline Tween (TBST): 10x TBS (100mL), 0.1% of Tween 20 (Sigma): 1 ml (v/v)
and all diluted in 900 ml distilled water.

7.2 Acrylamide gel preparation
7.2.1 Solution for preparing 10% resolving Gels:
7.9 ml H20
6.7 ml 30% Acrylamide mix
5ml 1.5 M Tris
0.2 ml 10% SDS
0.2 ml 10% (w/v) Ammonium Persulfate
8uL TEMED (Tetramethylenediamine)

7.2.2 Solution for preparing 5% Stacking Gels:
5.5ml H20
1.3 ml 30% Acrylamide mix
1ml1.0 M Tris
0.08 ml 10% SDS
0.08 ml 10% (w/v) Ammonium Persulfate
8uL ml TEMED (Tetramethylenediamine)
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2.2Methods:
2.2.1 Cell Culture:
2.2.1.1 Cell Thawing and Freezing:

Vials which contain cell lines were removed from liquid nitrogen and gently thawed with agitation in
a 37°C water bath for approximately 2 minutes. As soon as the cells were thawed, the vial was
removed from the water bath and decontaminated by spraying with 70% ethanol. Cells were
subsequently transferred to a T25 Flask and diluted with 5 ml of DMEM (10% FBS, 1%
Penicillin/streptomycin). Flasks were then incubated at 37°C, 5% CO2 incubators for a week with

medium renewal every 2 - 3 days.

Once cells reached 80% confluency, media was discarded and cells washed twice with PBS. In order
to freeze cells for long term storage, cells were then incubated with 2ml 0.05 % Trypsin (trypsin-
EDTA) for 2-3 minutes in a 37°C, 5% CO2 incubator. Trypsin was inactivated by addition of 3 ml
fresh media and the suspension mix transferred to a falcon tube. The mixture was centrifuged at 1000
rcf (Eppendorf 5810) for 10 minutes. The supernatant was removed and the cell pellet resuspend in
FBS with 10% DMSO (1ml DMSO in 9 ml FBS). Cells were then aliquoted into several cryo vials,
transferred into a Mr Frosty containing 100% isopropyl alcohol and cooled to -80 °C for 24h. Finally,

cryo vials were then transferred to liquid nitrogen for long term storage.

2.2.1.2 Cell growth:

MDA-MB-231 human breast cancer, HT1080 Human Fibrosarcoma and SK-MEL-28 Melanoma Cell
lines were used. These cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% of foetal bovine serum (FBS), 1% v/v penicillin/streptomycin (10,000 units/ml penicillin, 10,000
pg/ml streptomycin, Gibco). Cells were cultured in T75 flasks and incubated at 37°C in 95% air and
5% CO2. The media was changed every 48 hours. Once the cells reached 80% confluency, the growth

medium was discarded and the cells were washed in 5 mL phosphate-buffered saline (PBS), and
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incubated with 2.5 mL of 1x trypsin (0.05% trypsin-EDTA) for 6 min at 37°C. After incubation, 5mL
of DMEM was added to the cells in order to inactivate the trypsin. Twenty microliters of the cell
suspension was counted using the 1/400mm? haemocytometer. The following equation was used to

determine cell concentration per millilitre:
(Number of cells counted /number of squares) X 10* X dilution factor = number of cells per ml.

Cell were seeded at 1:4 or 1:6; 0.4 -0.6 ml of cell suspension was added with 18 ml of fresh media into a new
flask. Cells were incubated at 37°C in 95% air and 5% CO> for a week until 80% confluence with

medium renewal every 2 - 3 days.

2.2.2 Cell growth on coverslips or differencent extracellular matrixes
(ECM):

Glass coverslips were transferred into a 12 well plate and sterilized in 100% methanol for 1 hour in
the culture hood. The methanol was aspirated and plate was dried. Then, 2 ml of DMEM was added
to sterile glass coverslips and cells were plated at a density of 2 x 10% in 12 well plates containing 2ml

for 24h.

For ECM experiments, once the plate was dried, the glass coverslips or 35mm ibidi dish (microscopy
dish) were coated with 0.2% wi/v gelatine for 30 min and left to dry up to 2 hours. Then, 2 ml of
DMEM was added to glass coverslips coated with gelatine and the cells were plated at 2 x 10* in 12

well plates containing 2ml for 24h.

In the case of Collagen, 100uL of 10x DMEM (Gibco, Thermo Fisher Scientific) was mixed with
512uL/ml (v/v) of chilled rat tail type 1 collagen (4.41 mg/ml stock concentration). 15 to 20 pL of
1M NAOH was added to the mixture (pH normalized to 7.0) until the mixture colour changed to pink.
Culture media was then added to the mixture to give the final concentration of 2mg/ml collagen. These

steps were carried out on ice in a sterilized culture hood and special attention was paid to mix these
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ingredients well while avoiding bubble formation. Then, the collagen mixture was added to sterile

glass coverslips to a 12 well plate or 35mm ibidi dish (microscopy dish).
2.2.3 Wound Healing:

Cells were plated in six-well plates at 2x10° cell/cm? and incubated for 48 hours. Once the cells
reached 100% confluency, cells were then treated with four endocytosis inhibitors or appropriate
vehicle control (DMSO) at varying concentrations and incubation times. Then a wound/scratch was
made using a 200 pL pipette tip and the media was then removed and replaced with 1 ml fresh media.
Imaging of wound healing was performed by time lapse microscopy ( Nikon Eclipse TiE ) using a
10X objective with image capture occurring at 0, 18, and 24 hours. A minimum of three images per

well were taken.
2.2.3.1 Wound Healing analysis:
Imagel Polygon Selection Tool Analyse Measure
Wound healing images were analysed using the ImageJ software. The wounded area for wound

healing assay was manually drawn around the cell membrane at the initial time and end time points

and measured using the following equation:

Percentage of wound area = (the average area at 0 time point / the average area at end time

point) X 100
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2.2.4 Cell Tracking:

Cells were plated on plastic or different surfaces (0.2% gelatine or 2mg/ml collagen) in a 12 well plate
and incubated overnight. When the plate reached 30% confluence, cells were treated and placed in the
heated stage of a time-lapse microscope supplied with 5 % CO,. Cell migration were observed over
24 hours with images captured every 15 minutes for a period of 24 hours using Nikon Eclipse TE200
running NIS elements software a Nikon DXM1200 camera at 10 x objective. ImageJ software MtrackJ
tool was used to calculate the total distance of individual cells. The speed were represented as the
total distance moved divided by time in hours. If any inhibitors or treatments were required, each

inhibitor was added to at least four wells. A minimum of 10 cells for each well were tracked.

Imagel Analyse Plugins Tracking Mtrackl tool
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2.3 Plasmid Transfection and live cell imaging:
231 LB mediaand agar preparation:

LB media was prepared by diluting 25g of LB broth into 1000 mL deionized water in an Erlenmeyer
flask. Whereas, the LB agar was prepared by mixing 500 ml of LB media with 7.5 g agar in a different
Erlenmeyer flask. Both flasks then were covered with aluminium foil and autoclaved. Once the
autoclave process was complete, each flask was mixed with 50 pg/mL of Kanamycin. LB agar was
poured in a sterile culture plates (5-10 mL for each plate) and sealed with parafilm. Finally, both agar

plate and LB media were stored at 4 °C until use.

2.3.2 Plasmid Preparation:

One loop touch of E.coli culture, containing an inserted DNA plasmid construct (mCherry Rab5, GFP
Paxillin or mCherry -Zyxine from Addgene), was added to 5 mL Luria-Bertani (LB) medium,
containing 50 pg/ml of Kanamycin, and incubated in a shaking incubator at 37°C overnight. 10 uL. of
bacterial culture was transferred on to a Kanamycin-resistant LB agar culture plate and incubated for
16 hours at 37°C. One colony was picked and mixed with 5ml LB media in tube, and placed in a
shaking incubator at 285 rpm 37°C for 10 hours . ImL of the mixture was transferred into 100 mL
LB media in a conical flask, which was covered with aluminium foil and placed in a shaking incubator
at 285 rpm 37°C for 10 hours. The growth LB media was transferred into two 50 ml plastic tubes and
centrifuged for 20 minutes at 6000 rcf at 4°C. The supernatant was removed and the plasmid DNA
was isolated using HiSpeed Plasmid Maxi Kit reagents (Qiagen), according to the manufacture’s

instructions.

The bacteria pellet was re-suspend in 10mL buffer P1 and mixed with 10 ml buffer P2 and incubated
at room temperature for 5 minutes. Once the incubation completed, pellet was mixed with 10 ml of
buffer P3, poured into the barrel of the QIAfilter Cartridge and incubated for 10 minutes at room

temperature. Later, Hispeed max were equilibrated with 10 ml of buffer QBT. The cap of the QIAfilter
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Cartridge was removed and the cell lysate was filtered and passed through the cartridge into the
equilibrated tip. Hispeed tips were washed with 60 mL buffer QC, and the DNA was eluted with 15
mL buffer QF, precipitated with 10.5ml isopropanol and incubated for 5 minutes. Once the eluate-
isopropanol mixture was filtered through a QIAprecipitator using syring with constant pressure, the
DNA contained in the QIlAprecipitator was washed with 2 ml 70% ethanol. After QlAprecipitator was
dried, the DNA was finally eluted with 1 ml buffer TE into a 1.5 ml collection tube. The plasmid
concentration was measured using Nanodrop spectrophotometer 2000 (Thermo Scientific, Labtech
International) at 260 nm and 280 nm absorbance. Once the blank (1 pl of buffer TE) was calibrated,

samples (1 pl of DNA) was measured as ng/mL.

2.3.3 Plasmid Transfection:

Cells were plated on a 35 mm ibidi dish at 10000 cells/mm?. In an Eppendorf tube, 3 pg of plasmid
(3.5 pl mCherry Rab5 [857 pg/ml ], 7.1 uL GFP paxillin [420 pg/ml] and 5.8 L mCherry - Zyxin
[510 pg/ml ] were diluted in 100 pL of serum-free media. The Eppendorf tube’s contents was then
mixed with 3 pL of TurboFect™ Transfection Reagent (Thermo Scientific) and incubated for 15
minutes. The mixture was added to the dish and the cells then incubated overnight (>16 hours) and

Live-cell confocal imaging was performed at 37° C in 5% COa.
2.34  Cell light Early Endosomes-GFP transfection:

Cells were seeded in a 35mm ibidi dish at density of 10000 cells/mm? and allowed to adhere overnight.
Cell light Early Endosomes-GFP reagent (BacMam 2.0) was added to result in a final concentration

of 30 particles per cells according to the following equation:
Volume of Cell light Reagent (mL) = number of cells x desired PPC/ 1 x 108 Cell light particles/mL

The cells then incubated overnight (>16 hours) and Live-cell confocal imaging (Nikon A1R confocal

microscope) was performed at 37° C in 5% COs,.
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2.35 Live cell imaging:

After cells were transfected and incubated overnight, the growth medium was discarded and replaced
with media containing the inhibitors depending on the experiments. A 35 mm ibidi dish was placed

in the heated stage of confocal microscope (Nikon A1R confocal microscope supplied with 5 % COy).

To measure focal adhesion turnover, the low power excitation laser beam of 586nm and resonant
scanning (to prevent bleaching and generate the necessary speed for real-time imaging of living cells)
were used. The image was then monitored by taking images every 5 seconds for 10 minutes. Using
ImageJ, the average life time of Zyxin was concluded by counting the time period of focal adhesion

in the turnover movie (from appearance and disappearance).

In case of live co-localization, MDA-MB-231 cells were co-transfected with both mCherry-Rab5
and GFP-Paxillin or mCherry-Zyxin and GFP-Rab5. Then, both 586nm and 488nm laser channels
with resonant scanning were monitored by taking images every 5 seconds for 5 minutes. Using
ImageJ, a minimum of five frames of each minute (25 frames) were used to calculate the number of
endosomes or focal adhesions, and the average was taken for each movie. The number of co-

localizations (based on Spearman’s correlation analyses) were monitored on each movie.

2.4 Immunocytochemistry:

Cells were plated in 6 well plates and allowed to attach to glass coverslips overnight. The growth
medium was discarded and replaced with media containing the inhibitors depending on the
experiments. Thereafter, the cells washed in PBS (phosphate buffered saline) (life technologies) and
fixed for 15 min in 4% paraformaldehyde in PBS at room temperature. The cells were washed and
permeabilised with PBS containing 0.5% Triton X-100 for 10 minutes. After three PBS washes, cells
were blocked with PBS containing 10% goat serum for 30 min at room temperature. Cells were then
incubated for 60 min at room temperature with the primary antibody which was diluted to 1:100 in
PBS containing 2% goat serum. After three 5-min PBS washes, the cells were transferred into light-
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protected chambers and incubated for 30—60 min at room temperature with secondary antibodies
(Alexa fluor) diluted in PBS to 1:200. The coverslips were then washed and mounted on glass slides

with DAPI vectashield.

24.1  Focal adhesion and endosomes analysis:

Once the cells were seeded on cover slips, they were immunostained as described in section 2.2.5 and
subsequently cells were subjected to Nikon A1R confocal microscopy for focal adhesions and
endosomes count, size determination and co-localization analysis. To analyse number and size of focal
adhesions and endosomes, the fixed cells images were captured digitally using a 100X oil-immersion
objective lens and Nikon confocal system software. All confocal images were taken at a resolution of
1024 x 1024 pixels. The image was moved to the level until the endosomes and focal adhesion
appeared and the sequential imaging were used to prevent crosstalk between each channel. Images
were then analysed using ImageJ software to calculate the mean number and size of both focal
adhesions and endosomes. Firstly, Subtract Background was applied to the image with sliding
paraboloid option and rolling ball (50 pixels). Then, the CLAHE (Contrast Limited Adaptive
Histogram Equalization) command was run to enhance the local contrast of the image (values: block
size=19, Histogram bins=256, Maximum slope=6, no mask and fast). The mathematical exponential
(EXP) were applied to further minimize the background. After the brightness & contrast were
adjusted, threshold was then applied to a binary image with two pixel values, 255 (white) and 0
(black) to ensure only focal adhesion or endosomes ‘dots’ were selected. Finally, the analyse
particles command were applied to count and measure endosomes or focal adhesion according to these

parameters as follows: size = 0.5-infinity and circularity = 0.00-0.99.
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24.2  Co-localization analysis

To analyse co-localization, the fixed cells imaging were captured digitally using a 100X oil-immersion
objective lens and Nikon confocal system software. All confocal images were taken at a resolution of
1024 x 1024 pixels and 400Hz and with GALVANO mode. Using ImagelJ, the Alexa Fluor 488, 546
channels were split and the focal adhesion or endosomes ‘were manually selected with a ROI and

analysed with Coloc2 pluginas follow:

Image] Analyse Co-localization Coloc2

The sperman rank correlation value was recorded.

2.5 Transferrin or Dextran uptake:

Cell lines were plated in 6 well plates and allowed to attach to glass coverslips overnight.
Subsequently, when the plate became 70% confluent, full media was replaced with serum free media
and incubated for 3 hours at 37°C in 95% air and 5% CO.. Later, the media was replaced with DMSO
control or inhibitors at varying concentration and incubation time at 37°C in 95% air and 5% CO..
Upon completion of the incubation times, the media was replaced with serum free media containing
20mg/ml Transferrin conjugate or 500ug/ml of dextran conjugate for 30 minutes at 37°C in 95% air
and 5% CO:.. Later, the cells were washed twice with chilled PBS, incubated with PBS containing
0.5% Triton X-100 for 10 minutes. After three PBS washes, cells were fixed with 4%
paraformaldehyde in PBS and immunostained for focal adhesion Paxillin to be able to determine the
cell surfaces and edges. After the Confocal images were captured at a resolution of 1024 x 1024
pixels, Z stacks (multible slice) were scanned from the top to the bottom of the slide in order to

determine the uptake of transferrin. The brightness & contrast were then adjusted using ImageJ.
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Finally, 3D object counter was applied and the following values were used in the size filter space: 0.1

MIN and 200 Max.

In order to analyse the transferrin uptake via measuring the fluorescence intensity, the image was
moved to the level where both transferrin and paxillin focal adhesion appeared. Then, Alexa Fluor
546 channels and laser power were adjusted as the following values: HV: 64, Offset: 0 and Alexa
Fluor 546nm: 6.35 for all the experiments. Using ImageJ, the region of interest was selected around
the cell and the relative intensity of transferrin were quantified and subtracted from the average

background fluorescence (region where no fluorescence was detected).

In order to analyse the number and size of endosomes containing dextran, the image was moved to
the level until the dextran and paxillin focal adhesion appeared and the sequential imaging were used

to prevent crosstalk between each channel and analysed as described in section 2.2.5.1.
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26  Western blot:
2.6.1 Lysate preparation:

After incubation of the cell culture, the media was discarded from the T75 flask and the cells were
washed twice with 5 mL chilled PBS in order to remove any dead cells. Subsequently, cells were
scraped in PBS using a rubber policeman and centrifuged at 4° C at 1500 rcf for 15 minutes. The
pellets were then mixed with RIPA buffer (25 mM Tris HCI pH 7.6, 150 mM NacCl, 1% v/v NP-40,
1% v/v sodium deoxycholate, 0.1% v/v SDS, Thermo Fisher Scientific) containing protein inhibitor
cocktail (PIC: to release cell membrane) (1:100) and passed 21 times through 19 gauge needle to shear
DNA, then incubated on ice for 30 min. After 30 minute incubation, the cell lysate was transferred to
sterile 1.5 ml eppendorf tube and further centrifuged at 13,000 rcf for 15 minutes. Then, the

supernatants were transferred to a new eppendorf tube and kept at -20°C until required.

2.6.2 Bradford assay:

Bradford protein assay was performed to measure the concentration of total protein in cell lysates

based on an absorbance of the dye Coomassie Brilliant Blue G-250.

The Bradford assay was performed using 96 well plate format. In the first three columns, 195 uL of
blank Bradford reagent was added. Whereas, in column two and three 5 pL of a range of ascending
concentrations of bovine serum albumin in the following series :25 pg/ml, 125 pg/ml, 250 pg/ml, 500
pg/ml, 750 pg/ml, 1000 pg/ml, 1500 pg/ml and 2000 pg/ml were added to produce a standard curve.
In the remaining wells, 5 pl of cell lysate combined with 195 pL of Bradford reagent were added.
After the plate was shaken for a few minutes, the plate was placed on microplate reader to read

absorbance at a wavelength of 540 nm and to obtain the concentration of protein for each well in

pg/ml.
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2.6.3  Protein separations:

Once Bradford assay was performed, sample lysates were diluted in 5X SDS loading buffer: 312.5
mM Tris base, 10% v/v SDS, 50% v/v glycerol (25 uL per 100 uL cell lysate) and 3-mercaptoethanol
(5 pL per 100 pL cell lysate). This mixture was then boiled for 5 minutes at 95° C to denature proteins.
SDS and reducing agent (B-mercaptoethanol) are used to reduce disulphide bonds causing proteins
unfold into linear polypeptide chains. The protein and sample buffer mix were loaded into each well
of an SDS gel (5% stacking gel and 10 % or 12 % resolving gel) to separate the proteins based on

their molecular weight. The gel was run at a constant voltage of 150V for 1 h at room temperature.

2.6.4 Protein transfer and incubation:

Once the protein separation was complete, the SDS gel was transferred to transfer buffer for 20
minutes. An appropriate size of PVDF (polyvinylidene difluoride) membrane (transfer membrane was
activated by incubation in methanol for 30 seconds and then washed in destilled water), and six filter
papers, after been submerged in transfer buffer, and the gel were placed on the semi-dry transfer
machine as illustrated in the figure 2.1. Once all bubbles were removed from SDS- gel containing
filters and membrane, an electrical current was applied to transfer the SDS- gel at 250V, 0.05A for

1.5 hours.

‘_[ RED ( positive)

Three filter papers

I—[ Membrane

GEL

Three filter papers
‘—l BLACK (negative) I_l

Figure 2. 1 : lllustration of the gel-blotting sandwich procedure

LT
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After the transfer was completed, the PVDF membrane was incubated in blocking solution (5% of dry
milk dissolved in Tris-Buffered Saline Tween (TBST)) for one hour at room temperature. After
blocking nonspecific binding sites, the membranes were washed three times in TBST for 10 min (10
minute each time) and incubated with primary antibody diluted in 5% of dry milk or BSA dissolved
in TBST (1:1000) for overnight at 4°C with agitation. Then, the membranes were washed three times
in TBST for 10 min (10 minute each time) and incubated with HRP-conjugated antibody diluted in
1% of dry milk (1:2500) for 1 hour at room temperature with agitation. Once the secondary antibody
incubation was complete, membranes were washed three times with TBST (10 minute each time). An
ECL solution (western blotting detection reagents) was prepared, added to the membrane, and
incubated for 5 min. Finally, the membrane was exposed to X-ray films, and the films recorded in a

LAS 4000 mini machine and the image taken using Image Quant TL software.

2.6.5  Quantify western blot bands:

After bands were visualized on the membrane, the relative intensity of each protein band was
quantified and corrected with their relevant loading control (B-actin total) using Image Quant
LAS4000min (GE Healthcare). Finally, the results were expressed as mean = standard error (SE) from

at least three independent experiments.

2.7  Statistical analysis:

Data obtained by Image software were statistically analysed by GraphPad prism 5 software (GraphPad
software, San Diego, CA). Two-tailed unpaired student’s t test were used to test two variables and
one-way analysis of variance (ANOVA) for three or more variables. Tukey’s post hoc were conducted
to compare treatment with each other and Dunnett’s post-hoc test were used to compare each treatment
to a single control (DMSO). Two-way-ANOVA with Bonferroni post-hoc test were used in starvation

experiments where the cells subjected to two variances (time and distance). All results were obtained
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from at least three independent experiments in triplicate (n=3). A value of p-value < 0.05 was

considered statistically significant.
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Chapter 3: Identifying role(s) for endocytosis in cell migration

3.1 Introduction

In this chapter, three different cell lines originating from different tissues were used to establish a
better understanding of endocytosis in cell migration and also confirm the effect(s) of endocytosis

inhibitors in endocytosis and cell migration.

Inhibitors of endocytosis pathways including Dynamin pathways inhibitors (Dynasore), clathrin
pathways inhibitors (Pitstop2), caveolae pathways inhibitor (Filipin Il1l) and micropinocytosis
pathways inhibitor (Amiloride) have been the main focus in this chapter (Figure3.1). The first part of
this Chapter is focused on examining the effects of endocytosis inhibitors on ligand uptake.

Transferrin and Dextran were the two ligands used in these experiments.

The second part of this Chapter is focused on the effect of these inhibitors on the endocytosis

compartments.
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Figure 3.1 Schematic summary representing four endocytosis pathways and chemical inhibitors
used in this project.

The internalized cargo are transported from different endocytosis pathways (clathrin, caveolae,
micropinocytosis and others) into early endosomes to late endosomes or recycling endosomes. In
clathrin pathway, the clathrin coated vesicle are defined before the cargo transported to EE. Similarly,
caveosome and macropinsome are defined for caveolae pathways and micropinocytosis, respectively.
Dynasore inhibitors block the GTPase activity of Dynamin. Pitstop 2 inhibits the clathrin coat vesicle
formation by inhibiting the terminal domains. Amiloride 5-(N-ethyl-N-isopropyl) block the Na + /H+
exchange. Filipin I11 inhibitor inhibits caveolae by extracting cholesterol from cells. Finally, each
endocytotic compartments are defined by markers. Rab5, EEA1, APPL1 and clathrin Heavy chain
are constitute early endosomes markers, whereas LAMP1 and Rab7 are late endosomal compartments
markers. Finally, Rab4 and Rab11 are recycling endosomes markers.

The third part of this Chapter examines the effect of endocytosis on cell migration. Four different
models for investigating cell migration have been wound healing assay, cell tracking assays, cell
tracking assays on different cell surfaces and subcellular analysis of endosome localization. Wound

healing assays were used to study the role of endocytosis in collective cell migration and were carried
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out using two different cell lines, MDA-MB-231 breast cancer cell line and SK-MEL-28 melanoma
cell line. These two cell lines were chosen because they displayed invasive properties and different
styles of migration. The MDA-MB-231 cells migrate individually whereas SK-MEL-28 cell lines
remain as a group and migrate collectively. Cell tracking assays were used to study the effect of
endocytosis inhibition on individual cell migration and carried out in MDA-MB-231 breast cancer
cells and HT1080 fibrosarcoma cancer cells, due to the fact that these two cell line both display

invasive properties and have a similar style of migration.

Several studies have demonstrated that processes such as cell polarization, attachment to surfaces
and response to signals can be different on diverse ECM and that may influence cell motility (Kim
et al., 2011) (Doyle et al., 2013). More importantly, on extracellular surfaces, many cells use an
additional step to migrate via degradation of the extracellular matrix using structures such as
invadopodia. Thus, further analysing of this aspect of migration may help to identifying possible link

between endocytosis and cell migration.

The final model for investigating cell migration has been subcellular endosome localization. The
assessment of endosome localization was carried out by monitoring the endosome localization

between leading and trailing edges using fixed and live cell imaging of MDA-MB-231 cells.

After studying the effect of these inhibitors on endocytosis and cell migration, it was decided to
extend this study to other ways of targeting endocytosis rather than blocking endocytotic pathways.
These ways include prolonged starvation of cells by culturing them in low FBS and low glucose

media.

3.2 Hypothesis

Endocytosis pathways increase cell migration by regulating the early endosomal compartments

(EEA1 and Rabb).
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3.3 Results
3.3.1 Effect of inhibitors of endocytotic pathways on Ligand uptake:

To better understand the relationship between endocytosis pathways and cell migration, it is important
to validate the effect of each endocytotic pathway inhibitor on various endocytotic marker uptake.
Two ligand uptake markers, Transferrin and Dextran, markers of clathrin dependent endocytosis and

fluid marker of micropinocytosis respectively, were examined in MDA-MB-231 or HT1080 cells.

Each cell line was seeded in 6 well plate and allowed to attach to the bottom of the plate overnight.
Subsequently, when the plate became 70% confluent, full media was replaced with serum-free media
and incubated for 3 hours. Later, the media was replaced with four endocytosis inhibitors at varying
concentration and incubation times (Pitstop2 25uM for 15 minutes, Amiloride 50 uM for 30 minutes,
DMSO for 30 minutes and Dynasore either at 20 uM or 80 uM for 30 minutes. In the case of Filipin
I11, the cells were incubated with 16 uM for 24 hours and media replaced with serum-free media

containing the inhibitor.

Upon completion of the incubation times, the media replaced with serum-free media containing
20mg/ml Transferrin conjugated to Alexa Fluor 546 or 500pg/ml of dextran conjugated to fluorescein
for 30 minutes. Later, the cells were fixed with paraformaldehyde and immunostained for the focal
adhesion protein Paxillin to be able to determine the cell surfaces and edges. The effect of four
different endocytotic pathway inhibitors on transferrin uptake was measured by selecting the region
of interest (ROI) around the cell membrane of individual cells to measure the means of fluorescence

intensity. The background intensity was subtracted for each image.
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3.3.1.1 Effect of endocytic pathways inhibitors on Transferrin Uptake:

In these experiments, both clathrin dependent endocytosis pathway inhibitors (Dynasore and
Pitstop2) inhibited transferrin uptake. Dynasore at high concentration (80 pM) or even at lower
concentration (201M) inhibited the uptake of transferrin in both cell lines tasted. This is supported
by Figures 3.2 and 3.3 which showed the average intensity of Transferrin uptake in cells treated with
Dynasore 20 uM or 80 uM was 183+ 8.73 per/cell (* p<0.05) and 153.7 + 17.84 per/cell (** p<0.01),

respectively, Compared with 249 + 13.75 per/cell in control (Figure3.2 B).

Similarly, the Pitstop2 inhibitor at 25 uM for a period of 15 minutes was sufficient to obtain a
maximal inhibition of Transferrin uptake in MDA-MB-231 cells. As shown in Figure 3.2 and 3.3 the
average intensity of Transferrin in cells treated with Pitstop2 was 67.6 + 9.73 per/cell (*** p<0.001)
compared with 249 + 13.75 per/cell in the control. Interestingly, the micropinocytosis inhibitor
Amiloride also showed a significant effect on transferrin uptake with average intensity 108+ 19.82

per/cell (** p<0.01) compared to 249 + 13.75 per/cell in the control (Figure3.2 A and B).

To further confirm the effect of clathrin dependent endocytosis inhibitors in MDA-MB-231, the
number of transferrin containing endosomes was measured by quantifying the number of transferrin
obtained from 3D z-stake video images. The quantification analysis revealed that both inhibitors
significantly decreased the mean number of endosomes containing transferrin. As shown in Figure 3.
2 C the average number of endosome containing transferrin in cells treated with Dynasore 20 uM
were 66.07+ 3.12 per/cell (*** p<0.001), Dynasore 80 uM were 52.30 * 5.29 per/cell (*** p<0.001)
and Pitstop2 25 puM were 25.47+ 5.17 per/cell (*** p<0.001) compared with 105.5 + 2.143 per/cell

in untreated cells.

On the other hand, Filipin Il even with a long incubation period of 24 hours did not show any
significant effect on transferrin uptake and its average intensity were 444 + 50.68 per/cell p >0.05

compared with 402.9+ 75.38 per/cell in control in MDA-MB-231 (Figure3.2 D).
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Figure 3. 2 Effect of endocytic pathways inhibitors on endosome containing transferrin and
transferrin uptake in MDA-MB-231

MDA-MB-231 cells were serum starved for 3h, treated with vehicle (control) or different endocytic
pathways inhibitors at different times (Amiloride 50 uM for 30 minutes, Dynasore 20 uM or 80 uM
for 30 minutes, Pistop2 25 uM for 15 minutes and Filipin 111 16 pM for 24 hours) prior incubation
with 25 pg/ml conjugated transferrin for 30 minutes. Cells were subsequently fixed and subjected to
confocal imaging. A: Confocal images showing the effect of untreated cells (DMSO) and treated cells
(Pitstop2 25uM) on Transferrin uptake in MDA-MB-231. Yellow arrow indicates the amount of
transferrin uptake. Scale bar is 50um. B: the transferrin uptake measured by florescence intensity and
one way ANOVA with Dunnett’s Multiple Comparison were used to compare each treatment with
the control. C: the endosome containing transferrin was analysed by quantifying the number of
transferrin obtained from 3D z-stake video images and one way ANOVA with Dunnett’s Multiple
Comparison were used to compare each treatment with the control. D: Effect of Filipin Il inhibitor
on transferrin uptake measured by fluorescence intensity and T test was used. Each graph represents
the mean = standard error of three independent experiments, in each experiment at least 20 cells were
analysed for each treatment. Statistical significance differences were accepted at * p<0.05 ** p<0.01
*** n<0.001.
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To further study the effect of these inhibitors on transferrin uptake, HT1080 cell lines were examined.
Similarly to what was observed in MDA-MB-231 cells, Dynasore, Pitstop2 and Amiloride inhibitors
significantly decreased transferrin uptake. As shown in Figure 3.3 A and B, mean fluorescence
intensity of transferrin in cells treated with Amiloride 50 uM, Dynasore 20 uM, Dynasore 80 UM,
and Pitstop2 25 uM were 86.86 + 20.99 (* p<0.05), 66.33 + 10.45 (** p<0.01), 55.33+12.85 (**
p<0.01) and 58.28 + 1052 (** p<0.01) per/cell, respectively, was reduced compared with 181.8 £

27.17 in untreated cells.
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Figure 3. 3 Effect of endocytotic pathways inhibitors on transferrin uptake of HT1080.

HT1080 cells were serum starved for 3h , treated with vehicle (control) or different endocytic
pathways inhibitors at different times ( Amiloride 50 puM for 30 minute, Dynasore 20 uM or 80 uM
for 30minutes and Pistop2) and incubated with 25 pg/ml conjugated transferrin For 30 minutes. Cells
were then fixed and subjected to confocal imaging. A: Confocal images showing the effect of
untreated cells (Vehicle) and treated cells (Pitstop2 25uM) on Transferrin uptake in HT1080. Yellow
arrow indicates the amount of transferrin were uptake. Scale bar is 50um. B: the transferrin uptake
measured by florescence intensity and one way ANOVA with Dunnett’s Multiple Comparison were
used to compare each treatment with the control. Graph represents the mean + standard error of three
independent experiments, in each experiment at least 100 cells were analysed. Statistical significance
differences were accepted at * p<0.05 and ** p<0.01.
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3.3.1.2 Effect of endocytotic pathways inhibitors on dextran uptake:

In this experiment, dextran uptake was examined by analysing the number and size of endosomes
containing dextran per cell. Three inhibitors were involved and carried out only in HT1080. As shown
in Figure 3.4 , Amiloride (an inhibitor of fluid uptake), significantly reduces the average number of
endosomes containing dextran which was 13.06 * 3.30 per/cell (* p<0.05), compared to 24.52+ 2.81
per/cell in control cells. Interestingly, the Pitstop2 inhibitors strongly reduced the average number of
endosomes containing dextran to 6.65 * 2.82 per/cell (** p<0.01) compared to 24.52+ 2.81 per/cell
to control conditions, suggesting that pistop2 interferes with micropinocytosis. A surprising
observation was that Dynasore induced the uptake of dextran by almost two fold to 44.54 + 3.0
per/cell (* p<0.05) compared to control 24.52+ 2.81.Notably, the mean average size of endosomes
containing dextran were similar or not affected between treatment or none treatment conditions

(Figure 3.4C).
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Figure 3. 4 Effect of different endocytotic inhibitors pathways on endosomes containing
dextran number and size of HT1080

Cells were serum starved for 3h, treated with Vehicle (control) or different endocytotic pathway
inhibitors at incubation times (Amiloride 50 uM for 30 minutes, Dynasore 20 uM or 80 uM for 30
minutes and Pitstop2 25 uM for 15 minutes and incubated with 500 pug/ml Dextran, Fluorescein,
10,000 MW, Anionic, Lysine Fixable for 30 minutes. Cells were subsequently fixed and subjected to
confocal imaging. A: Confocal images showing the effect of untreated cells and different endocytotic
pathways inhibitors on endosomes containing dextran number and size of HT1080. Yellow arrow
indicates the amount of dextran uptake. Scale bar is 50um. B and C) graphs show the effect of
endocytotic inhibitors on endosomes containing dextran number and size. One way ANOVA with
Dunnett’s Multiple Comparison Test were used to compare each treatment with the control. Graphs
represent the mean * standard error of three independent experiments, in each experiment at least 80
cells were analysed. Statistical significance differences were accepted at * p<0.05 ** p<0.01.
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3.3.2 Effect of inhibitors of endocytotic pathways on Early Endosomal proteins

Early Endosomal proteins play an important role in fission, transport and maturation of vesicles that
contain plasma membrane receptors and sort them for transport (Gruenberg et al., 1989). In addition
to this, they regulate signalling pathways by recruiting endocytotic adaptors or kinases that have been
associated with endosome function (Macia et al., 2006). Although, many internalised pathways exist,

the early endosomal proteins are considered to be the centre point for most of these pathways.

The previous results of this chapter showed that treatment with Dynasore or Pitstop2 inhibits the
clathrin dependent endocytosis of transferrin. However, they also seemed to have an effect on the
micropinocytosis pathway by either stimulating or inhibiting it, respectively. It is possible that this
effect could be a result of the inhibitors impairing the function of the early endosomal proteins and
thus modulating transferrin trafficking into or from the early endosome. To test this possibility, the
expression of three early endosomal markers were examined by western blot analysis. These markers
are Early Endosome Antigen 1 (EEA1), Rab5, and APPL1 also with Clathrin Heavy Chain 1 (CHC1).
Thus, the MDA-MB-231 cells were grown in T75 flasks and allowed to attach to the bottom of the
flask overnight. Subsequently, when the flask became 70% confluent, cells were treated with 20 uM
Dynasore inhibitor for 30 minutes or 25 M Pitstop2 inhibitors for 15 minutes or DMSO as control.
Finally, cells were lysed at the end of the incubation time and subjected to western blot analysis. The
protein expression was performed by measuring the band intensity of protein normalised to -actin.

The expression were expressed as percentage to the relevant loading control.
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3.3.2.1 Effect of inhibitors of endocytotic pathways on Early Endosome Antigen 1(EEAL).

Western blot experiments were employed on MDA-MB-231 cells to investigate the effect of

Dynasore or Pitstop2 on Early endosome antigen 1 protein expression.

The band density in Figure 3.5 A shows the expression of EEAL protein in treated MDA-MB-231
cells, with B Actin used as loading control. The analysed data showed that the MDA-MB-231 cells
that were treated with Dynasore inhibitors significantly decreased the expression of EEA1 from 92.68
+ 2.664 to 61.14 + 7.662 (* p<0.05) (EEAL/ B-actin) in comparison with untreated cells. Similarly,
pistop2 inhibitor significantly decreased the expression of EEA1 from 92.68 + 2.664 to 34.12 + 6.890
(*** p<0.001) compared with untreated control Figure 3.5 C. This observation is supported by Figure

3.5 A which shows the band intensity for each sample.

To further confirm and characterize the effect of these inhibitors on early endosome antigen,
immunocytochemistry for endosomes containing EEAL number and size was performed. The results
show that both inhibitors significantly decreased the number of endosomes containing EEAL:
Dynasore 24.77 + 4.05 (* p<0.05) and Pitstop2 14.17 + 1.58 (*** p<0.001), compared with 43.63 +
2.765 in control cells. Interestingly, in the presence of Dynasore or Pitstop2, the mean size of
endosomes containing EEAL was significantly increased to 1.09 £ 0.10 (* p<0.05) and 1.72 £ 0.2 (**
p<0.01), respectively, and produces large vesicles (illustrated by white arrow), compared with 0.46 +
0.08 in control cells (Figures 3.5 B and D). In summary, the results demonstrate that the number of
endosomes containing EEAL and the expression of EEA1 were down regulated after treatment with
dynasore or Pitstop2 and the down regulation correlates with morphological change in size. However,
both inhibitors significantly increase the size of endosomes containing EEAL. This suggest that the
depletion of EEAL is clathrin and dynamin dependent. Also, it may suggest that these inhibitors

impair the maturation of endosomes and thereby affecting internalization pathways.
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Figure 3. 5 Effect of endocytotic pathways inhibitors on EEA1 expression, number and size in
MDA-MB-231.

MDA-MB-231 cells were treated with Vehicle (control) or different endocytotic pathways inhibitors at
different times (20 uM Dynasore for 30 minutes and 25 uM Pistop2 for 15 minutes). Cells were then
lysed and subjected to Western blot analysis (A and B) or fixed and subjected to immunocytochemistry
stain (C and D). A: Western blot images showing the effect of untreated cells and different endocytotic
pathway inhibitors on EEA1 expression. B: Graph shows the expression of EEAL as band intensity
normalized to B-actin and expressed as percentage of the control. C: Confocal images showing the effect
of untreated cells and treated cells with pitstop2 on endosomes containing EEAL1 number and size. In
each experiment at least 60 cells were analysed. Yellow arrow illustrates the large-coated vesicle. Scale
bar is 50um. D: graphs show the effect of Dynasore and pitstop2 inhibitors on endosomes containing
EEAL number and size.

One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare each treatment with
the control. Graphs represent the mean + standard error of three independent experiments. Statistical
significance differences were accepted at * p<0.05, ** p<0.01 and ***p<0.001.
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3.3.2.2 Effect of inhibitors of endocytotic pathways on Rab5A.

Since the observed decrease in EEAL expression and number of EEA1 containing endosomes
inversely correlated with increased size, this suggested an effect on regulation of endosome
maturation. Rab5 is another early endosome marker that has been shown to be an essential protein in
controlling endosome maturation (Jovic et al., 2010). Therefore, it was thought to investigate the
effect of Dynasore or Pitstop2 on Rab5 protein expression. Thus, western blot experiments were

performed using the same cell line, MDA-MB-231.

The band density in Figure 3.6 A shows the expression of Rab5 protein in treated MDA-MB-231
cells, with B Actin used as loading control. The analysed data showed that Dynasore did not lead to a
decrease in expression of Rab5 42.82 + 4.3 p >0.05 compared with 51.07 £ 1.349 in untreated control.
However, Pitstop2 inhibitor significantly decreased the expression of Rab5 to 27.33 £3.94 (**
p<0.01) compared with 51.07 + 1.34 in untreated control Figure 3.6 B. This observation is supported

by Figure 3.6A which shows the band intensity for each sample.
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Figure 3. 6 Effect of endocytotic pathways inhibitors on Rab5 expression in MDA-MB-231.

MDA-MB-231 cells were treated with Vehicle (control) or different endocytotic pathways inhibitors
at different times (20 uM Dynasore for 30 minutes and 25 pM Pistop2 for 15 minutes). Cells were
then lysed and subjected to Western blot analysis. A: Western blot images showing the effect of
untreated cells and different endocytotic pathways inhibitors on Rab5 expression. B: Graph shows
the expression of Rab5 as band intensity normalized to B-actin and expressed as percentage of the
control. One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare each
treatment with the control. Graph represents the mean + standard error of three independent
experiments. Statistical significance differences were accepted at ** p<0.01.
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3.3.23 Effect of endocytotic pathways inhibitors on Adaptor protein phosphotyrosine
interacting with PH domain and Leucine Zipper 1 (APPL1):

Having established that both endocytotic inhibitors altered early endosomal markers (EEA1 and
Rabb), the question was raised whether these inhibitors alter other early endosome markers such as
APPL1. Therefore, Western blot experiments were carried out using MDA-MB-231 to investigate

the effect of Dynasore or Pitstop2 on APPLL1 protein expression.

The band density in Figure 3.7 A shows the expression of APPL1 protein in treated MDA-MB-231
cells, with B Actin used as loading control. The analysed data showed that both inhibitors did not
affect the expression of APPL1. Dynasore: 43.58 + 8.86 p >0.05, Pitstop2: 52.88 * 4.58 p >0.05and
control: 57.66 £ 10.96. This observation is supported by Figure 3.7 B which shows the band intensity

for each sample.
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Figure 3. 7 Effect of different endocytotic inhibitors on APPL1 expression of MDA-MB-231

MDA-MB-231 cells were treated with Vehicle (control) or different endocytotic pathways inhibitors
at different times (20 uM Dynasore for 30 minutes and 25 UM Pistop2 for 15 minutes). Cells were
then lysed and subjected to Western blot analysis. A: Western blot images showing the effect of
untreated cells and different endocytotic pathways inhibitors on APPL1 expression. B: Graph shows
the expression of APPL1 as band intensity normalized to B-actin and expressed as percentage of the
control. One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare each
treatment with the control. Graph represents the mean + standard error of three independent
experiments.
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3.3.3 Effect of inhibitors of endocytotic pathways on Clathrin Heavy Chain 1 (CHC1)

Having confirmed that inhibiting of endocytosis by Dynasore and Pitstop2 impaired the function of
early endosomal markers EEAL and Rab5, the question was raised whether these inhibitors alter

clathrin protein levels, thus CHCL1 protein expression was studied.

The band density in Figure 3.8 A shows the expression of CHCL1 protein in treated MDA-MB-231
cells, with B Actin used as loading control. The analysed data showed that the expression of CHC1
was not affected by both inhibitors. Dynasore: 60.48 £ 5.09 p >0.05, Pitstop2: 65.44 + 4.73 p >0.05
and control: 62.96 £ 7.72. This observation is supported by Figure 3.8 B which shows the band

quantification for each sample.
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Figure 3. 8 Effect of different endocytotic inhibitors on CHC expression of MDA-MB-231

MDA-MB-231 cells were treated with Vehicle (control) or different endocytotic pathways inhibitors
at different times (20 uM Dynasore for 30 minutes and 25 pM Pistop2 for 15 minutes). Cells were
then lysed and subjected to Western blot analysis. A: Western blot images showing the effect of
untreated cells and different endocytotic pathways inhibitors on CHC expression. B: Graph shows
the expression of CHC as band intensity normalized to B-actin and expressed as percentage of the
control. One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare each
treatment with the control. Graph represents the mean + standard error of three independent
experiments.
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3.3.4 Effect of inhibitors of endocytotic pathways on Lysosomal associated membrane protein
1 (LAMP1)

The previous data demonstrated that both Dynasore and Pitstop2 inhibitors impaired the function of
early endosome proteins and resulted in an enlargement of endosomes. The abnormality in endosome
size may indicate the possibility that these inhibitors impair the late endosome function that is
associated with lysosomal degradation. To test this possibility, the effect of Dynasore or Pitstop2 on
LAMP1 protein expression were examined. The analysed data showed that no significant effect of
either Dynasore or Pitstop2 on LAMPL1 expression Figure 3.9. Dynasore: 110 + 12.76 p >0.05,
Pitstop2: 106.7 + 5.88 p >0.05 and control: 94.02 £ 13.92. This observation is supported by Figure

3.9 A and B which shows the band intensity for each sample.
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Figure 3. 9 Effect of different endocytotic inhibitors on LAMP1 expression in MDA-MB-231

MDA-MB-231 cells were treated with Vehicle (control) or different endocytotic pathways inhibitors at
different times (20 uM Dynasore for 30 minutes and 25 pM Pistop2 for 15 minutes). Cells were then lysed
and subjected to Western blot analysis. A: Western blot images showing the effect of untreated cells and
different endocytotic pathways inhibitors on LAMP1 expression. B: Graph shows the expression of
LAMP1 as band intensity normalized to B-actin and expressed as percentage of the control. One way
ANOVA with Dunnett’s Multiple Comparison Test were used to compare each treatment with the control.
Graph represents the mean + standard error of three independent experiments.
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3.3.5 Role of endocytosis on Cell Migration

It was demonstrated that some endocytotic inhibitors were able to effectively block the endocytosis
uptake in both MDA-MB-231 and HT1080 cells lines. In addition, Dynasore or Pitstop2 are able to
reduce either the expression of rab5 or number and size of endosomes containing EEAL and thus
seem to affect the endosome trafficking. Therefore, the possible involvement of endocytosis in cell
migration was investigated. To test this possibility, various aspects of migration were examined. The
first aspect was to test the effect of endocytotic pathways inhibitors on cell motility using two
techniques. These techniques include collective migration using a wound healing assay and tracking
individual cell migration in plastic or different surfaces using time lapse microscopy. In each
technique, two different cancer cell types that originate from different histological organs were
examined to establish if this a conserved mechanism across different tissues. The second aspect was
to study the role of endocytosis in cell direction by visualization of endosomes on leading and trailing
edges using fixed and live cells. The final part was to hypothesize whether the prolonged starvation
can increase cell movement in order for the cells to find high nutrient areas and whether this increased

movement will increase endocytosis when consuming the nutrients.

3351 Effect of endocytotic inhibitors on collective or individual cell migration in MDA-
MB-231

To examine whether or not endocytotic pathways inhibitors are required for collective cell migration,
a wound-healing assay was performed. MDA-MB-231 cell line was plated on a 6-well-plate and
incubated for 48 hours. The confluent cell layers were then treated with DMSO or four endocytotic
inhibitors at varying concentrations and incubation times (Pitstop2 25uM for 15 minutes, Amiloride
50 pM for 30 minutes, Filipin IIT 16 uM for 24 hours, Dynasore 20 uM for 30 minutes with 20uM
DMSO for 30 minutes). After wounding the confluent cell layer, the wound closure was captured at

0 and 18 hours in MDA-MB-231. The results of post-scratch analysis show that inhibition of
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endocytosis significantly reduces the rate of epithelial cell migration during wound healing in cells
treated with either Dynasore or Pitstop2. As shown in Figure 3.10 A and B, the wound on treated
cells remained open, while in untreated cells the wound closed completely. In contrast, both
inhibitors, Amiloride or Filipin 1ll were unable to significantly reduce the cell migration.
Quantification of MDA-MB-231 indicated that 84.72 + 6.29% of the wound area was covered in
untreated cells, compared with 46.56 + 1.281 (***p<0.001) and 52.65 £+ 1.17% (***p<0.001) in
Dynasore and pistop2 treated cells, respectively (Figure 3.10 B). Quantification of MDA-MB-231
indicated that 84.72 + 6.29% of the wound area was covered in untreated cells, compared with 71.67
+ 2.02 p >0.05 and 80.32 + 3.77% p >0.05 in Amiloride and Filipin I1I treated cells, respectively

(Figure 3.10 B).

It was further tested if combinations of these inhibitors had an additive effect compared to individual
treatment. The results indicated that a combination of Dynasore and Pitstop2 acted synergistically,
significantly reducing collective cell migration (18.99 £ 3.08) compared to Dynasore (46.56 + 1.28 *
p<0.05) or pitstop2 (53.68 + 1.16 ** p<0.01) alone. Whereas a combination of Amiloride and Filipin
I11 had no effect on migration (71.09 £ 8.77) compared to Amiloride (71.67 + 2.02 p >0.05) or Filipin

111 (80.32 £ 3.77 p >0.05) alone (Figure 3.10 C).

Additionally, it was established if the inhibition of dynamin or clathrin could decrease the migration
when combined with other pathways inhibitors. It seems that Pitstop2 or Dynasore are potent
migration inhibitors on their own. However, Pitstop2 in combination with Amiloride (28.16 + 3.81)
or Filipin 111 (32.60 £ 1.38) is not able to further inhibit wound closure compared to pitstop2 (53.68
+1.16 p >0.05) (Figure 3.10 C).Whereas Dynasore in combination with Amiloride (87.60 + 5.58 ***
p<0.001) or Filipin 111 (82.77 + 8.26 ** p<0.01) has a much less inhibitory effect — almost close to

control compared to Dynasore (46.56 + 1.28 *** p<0.001) (Figure 3.10 C).
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Having confirmed that some endocytic pathways inhibitors effectively reduced the cell migration
measured by wound healing assay, the question was raised whether or not these inhibitors affect
individual cell migration. Thus, migratory speed of individual cells based on the total distance
travelling within 24 hours was measured using timelapse microscopy. MDA-MB-231 cells were
plated on plastic or different surfaces (0.2% gelatine or 2mg/ml collagen) and incubated overnight.
When the plate reached 30% confluence, cells were treated with DMSO or four endocytosis inhibitors
at varying concentrations and incubation times (Pistop2 25uM for 15 minutes , Amiloride 50 uM for
30 minutes, Dynasore 20 uM for 30 minutes with 20 pM DMSO for 30 minutes and Filipin III 16
MM at time point 0). Upon completion of the incubation times, the treated media were replaced with
fresh media. In case of Caveolae inhibitors, Filipin 111 16 uM were kept during the experiment. The
cells were then subjected to live imaging using time lapse microscopy. Images were captured every
15 minutes for a period of 24 hours and the speed were represented as the total distance divided by

24 hours (time of the experiment).

As presented in figure 3.10 D, inhibition of endocytosis significantly reduces the average speed
during time lapse experiments in cells treated with either Dynasore or Pitstop 2. Whereas, both
inhibitors Amiloride or Filipin I11 were unable to reduce migration speed. The quantification analysis
of MDA-MB-231 migration indicated that the average speed was 24.71 + 1.53 um/h in DMSO,
compared with 17.76 + 0.65 um/h ** p<0.01 and 20.24 + 0.34 um/h * p<0.05 in Dynasore and

pitstop2 treated cells, respectively.

Interestingly, similar trends were observed when the MDA-MB-231 cells migrated on either gelatine
or collagen substrates. Quantification analysis of MDA-MB-231 migration on gelatine indicated that
the average speed was 26.56 + 2.74 in DMSO, compared with 12.93 + 1.72 pm/h ** p<0.01 and
13.35 + 2.67 pum/h ** p<0.01 in Dynasore and pitstop2 treated cells, respectively (figure 3.10 E).
Similarly, Quantification analysis of cell migration on collagen showed that the average speed was

26.34 £ 2.02 pum/h in DMSO, compared with 14.60 = 1.80 um/h * p<0.05 and 15.18 * 3.04 um/h *
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p<0.05 in Dynasore and pitstop?2 treated cells, respectively (figure 3.10 F). However, Amiloride or

Filipin 111 were unable to reduce the migration either on gelatine or collagen (figure 3.10 E and F).
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Figure 3. 10 Effect of endocytic inhibitors on cell migration using wound healing and cell tracking
in MDA-MB-231

MDA-MB-231 cells were treated with Vehicle or different endocytotic pathways inhibitors for different
time periods and subjected to scratch assay using an inverted microscope or tracking individual cell using
a time lapse microscope. 50 uM Amiloride and 20 uM Dynasore incubated for 30 minutes. 25 uM Pistop2
and 16 pM Filipin Il incubated 15 minutes and 24 hours, respectively. A) Inverted microscope images
showing the wound closure of MDA-MB-231 cells in the control or dynasore treatment. Closure of the
wound was captured at 0 and 18hH. B) Effect of different endocytosis inhbitors on the percentage of wound
area covered after 18 hours of MDA-MB-231. C) Effect of combination of endocytotic inhibitors on the
percentage of wound area covered after 18 hours. MDA-MB-231 cells were treated with Vehicle or a
combination of indicated inhibitors for different time periods. Filipin 111 were incubated 24h and then
incubated with different endocytosis pathways inhibitors at different times (Amiloride 50 uM for 30
minute, Dynasore 20 uM for 30minutes and Pistop2 25 uM for 15 minutes). Other combination inhibitor
were incubated for 30 minutes and subjected to scratch assay. D) The mean migration speed of individual
cells in plastic surface. E) The mean migration speed of individual cells on gelatine. F) The mean migration
speed of individual cells on collagen.

One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare each treatment with
the control. Graphs represent the mean * standard error of three independent experiments. Statistical
significance differences were accepted at * p<0.05, ** p<0.01 and ***p<0.001.
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Having presented data that some endocytotic pathway inhibitors effectively reduce cell migration of
MDA-MB-231 as measured by wound healing assay and cell tracking, the question was raised
whether or not these inhibitors affect the migration of other cell lines. Thus, wound-healing assay
were performed in the melanoma cell line SK-MEL-28 and the migratory speed of individual cells

based on the total distance covered for 24 hours were measured in HT1080 cells.

Measurements of the closing wound showed that inhibition of endocytosis in SK-MEL-28
significantly reduces the rate of epithelial cell migration during wound healing in cells treated with
either Dynasore or Pitstop2. About 90.47 + 3.49 % of the wound area was closed in untreated cells,
compared with 44.47 £5.42 % * p<0.05 and 44.25 + 15.20 * p<0.05 in Dynasore and pitstop2 treated

cells, respectively (figure 3.11 A and B).

Consistent with this, the average speed during time lapse in HT1080 cells treated with either Dynasore
or Pitstop2 is significantly reduced. As presented in figure 3.11 C, the average speed was 25.52 +
0.91 pum/h in control conditions, compared with 21.27 + 0.53 um/h * p<0.05 and 19.68 + 0.83 um/h
** p<0.01 in Dynasore and pistop?2 treated cells, respectively. However, Amiloride was unable to

reduce migration.
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Figure 3. 11 Effect of endocytotic inhibitors on cell migration using wound healing and cell
tracking of different cell lines.

SK-MEL-28 and HT1080 cells were treated with VVehicle or different endocytotic pathway inhibitors
for different time periods and subjected to scratch assay using an inverted microscope or tracking
individual cell using time lapse microscopy. Cell were treated with either 50 uM Amiloride or 20 uM
Dynasore and incubated for 30 minutes. 25 pM Pistop2 and 16 pM Filipin 111 incubated 15 minutes
and 24 hours, respectively. A) Inverted microscope images showing the wound closure of SK-MEL-
28 cells in control and or dynasore treated conditions. Closure of the wound was captured at O and
24h. B) Effect of different endocytosis inhbitors on the percentage of wound area covered after 24
hours of SK-MEL-28. C) The mean migration speed of HT1080 in plastic surface.

One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare each treatment
with the control. Graphs represent the mean + standard error of three independent experiments.
Statistical significance differences were accepted at * p<0.05 and ** p<0.01.
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3.35.2 Visualization of Endosomes on leading and trailing edge in fixed and live cells

The specific localization of proteins in the leading and trailing edge of a cell may play an important
role in the direction of migration. Especially since the most important steps of cell migration are
occurring on the leading edge and involve attachment of adhesive proteins and stabilizing actin

protrusions and formation of lamellipodia.

The Rab5 GTPase has been reported to induce migration by facilitating lamellipodia formation
(Spaargaren and Bos, 1999). In addition to this, inhibition of endocytosis by Pitstop2 resulted in
reduced expression of both early endosomes markers, EEA1 and Rab5. Thus, it was important to
investigate the potential link between early endosomes and cell direction. To test this, MDA-MB-231
were seeded either in a 6 well plate or 1 well glass ibidi slides and allowed to attach to the bottom of
the well overnight. Subsequently, when the wells became 70% confluent, they were transfected with
GFP-Rab5 and incubated overnight. Later, the cells were fixed with paraformaldehyde,
immunostained for focal adhesion protein Paxillin and visualized by confocal laser scanning
microscopy. The focal adhesion Paxillin was used to identify the cell edge and speculate the
migrational direction of the MDA-MB-231. For live cell imaging, the MDA-MB-231 cells were
seeded in 1 well ibidi slides and immediately subjected to a time-lapse movie (1 image every 15

seconds for 10 minutes).

To quantitatively compare the endosomes containing number, size or rate of endosomes, the area of
50 um? from each edge to the nucleus were selected. In fixed cells, the quantification analysis of
each leading and trailing area of fixed MDA-MB-231 cells revealed that Rab5 containing endosomes
accumulates more at the leading edge ( 15.16 + 2.33* p<0.05 ) than at the trailing edge (6.07 £ 0.8
). Notably, the size of endosome containing Rab5 did not differ between the two edges (Figures 3.12

A and C).
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Live cell imaging used MDA-MB-231 cells that had been transfected with GFP-Rab5 and were
directly subjected to time lapse movie imaging to further confirm the localisation of GFP Rab5 in two
regions. The quantitative measurement of these movie was performed by taking 1 image every 15
seconds for 10 minutes. This was to illustrate the average number of endosome appearance (rate) at
either leading or trailing edges. The results showed that the rate of endosomes containing Rab5
increase at the cell’s leading edge 134.3 + 4.12 ** p<(0.01 compared to trailing edge 92.67 + 3.4
(Figure 3.12 B and D), suggesting that Rab5 localisation becomes polarised with directional

migration.

The other quantitative measurement performed, was to illustrate the average life time of GFP-Rab5
in whole cells. This was accomplished by taking 1 image every 15 seconds for 20 minutes. The results
showed that the average life time of GFP-Rab5 containing endosomes revealed to be 3.66 = 0.94

minutes.
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Figure 3. 12 Detection of GFP-Rab5 at the leading and trailing edges of migrating MDA-MB231
cells

Cells were transfected with GFP-Rab5, fixed and visualized by confocal or directly subjected to live
confocal imaging where images captured every second for 20 minutes. A: Confocal images showing
the localization of GFP Rab5 at the leading edge and trailing edge of MDA-MB-231 cells. The
number of GFP-Rab5 endosome was measured through selection ROI (region of interest of an area
of 50um?) at the leading and trailing edge. Yellow circles indicate the leading and trailing area used
to calculate the number of endosomes. The Focal Adhesion molecule paxillin was stained to outline
the cell surfaces and the direction of cells. B) Confocal live imaging showing the direction and the
distance of GFP Rab5 of MDA-MB-231. The yellow lines indicate the distance that MDA-MB-231
cell move it in 20 minutes and the yellow arrow indicate the direction. C) Two graphs show number
and size of GFP Rab5 endosomes per 50um? within two regions (leading and trailing edges) in fixed
cells. D) The rate of GFP-Rab5 in leading and trailing edges of live MDA-MB-231 cell. The rate was
measured through selection ROI (50um?) at the leading and trailing edge. The values are the mean +
standard error of three independent experiments in which 6 cells were measured. T test used to
compare means Statistical significance differences were accepted at * p<0.05 and ** p<0.01.
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3.3.6 Effect of nutrient depletion and starvation on Rab5 and cell migration:

Previous results showed that blocking the Clathrin internalization pathway down regulates the early
endosomes proteins as a result and this leads to a reduced cell migration. These data led me to suggest
whether targeting endocytosis pathways by other mechanisms, rather than blocking the endocytotic
pathways using inhibitors, may regulate Rab5. It was suggested that glucose and nutrient depletion
can affect endocytosis (Lang et al., 2014). Therefore, it was tested if prolonged starvation affects
Rab5 containing endosomes number and size. Two cell lines were employed in this experiment,
MDA-MB-231 and HT1080 cells. Each cell line was plated on a 12-well-plate and incubated in low
glucose media (MEM) containing 10% FBS overnight. The next day, the media were replaced with
low glucose media containing either 10% or 0.5% FBS, transfected with GFP-Rab5 and incubated
for additional 24h. Upon completion of the incubation times, cells were fixed with paraformaldehyde
and immunostained for the focal adhesion protein Paxillin to be able to outline the cell surfaces and

edges.

The quantification analysis of Rab5 revealed that the starvation did not significantly decrease the
number of endosomes containing Rab5 in MDA-MB-231 cells but significantly decreased it in
HT1080 cells (10% FBS 42.92 £ 0.79 * p<0.05 compared with 36.93 £ 1.53 in 0.5% FBS ). However,
the size of endosome containing Rab5 between two conditions did not differ in both cell lines

figure3.13 A and B.
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Figure 3. 13 Effect of nutrition depletion on mean endosomes containing Rab5 number and size in
MDA-MB-231 and HT1080.

Cells were incubated with 10% FBS or 0.5%FBS continuing cell light GFP Rab5 for 24 hours. Cells were
then fixed and subjected to confocal microscope analysis. A) Effect of nutrition depletion on endosome
containing Rab5 number and size in MDA-MB-231 cells. B) Effect of nutrition depletion on endosomes
containing Rab5 number and size in HT1080 cells.

T Test were used to compare 10% FBS with 0.5% FBS indicate no significant differences. Graphs represent
the mean + standard error of three independent experiments, in each experiment at least 40 cells were analysed

for each cell lines.
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Next, it was determined whether the prolonged starvation may affect cell migration. Thus, the average
distance between two points of migrated cells were examined every 30 minutes during a 24 hour
period in order to observe and distinguish a migratory change in both FBS conditions: 10% and 0.5%
FBS However, the two way ANOVA analysis failed to confirm that these conditions were statistically

different (Figure 3.14).
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Figure 3. 14 Effect of nutrition depletion on cell tracking assay of MDA-MB-231 cells.

Graph shows the distance between two points of an individual cell over a 24 hour period. Cells were
incubated with 10% FBS or 0.5%FBS in low glucose (MEM) media and subjected to cell tracking
assay using time lapse microscopy. Two way ANOVA Test was used. Graph represents the mean +
standard error indicates no statistical significant differences. Three independent experiments, in each
experiment 40 cells were analysed for 0.5%FBS or 10% FBS.
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3.4 Discussion

The first aim of this chapter was to investigate the effectiveness of various endocytosis inhibitors
before they were being carried forward to examine their effect on cell migration, therefore initially
two different ligand uptakes were examined. Transferrin (clathrin marker) and dextran

(micropinocytosis fluid marker).

Transferrin is an iron binding plasma glycoprotein that controls iron uptake in cells (McClelland et
al., 1984). The iron uptake occurs when transferrin binds to its receptors and is internalized into cells
through Clathrin dependent pathways (Mayle et al., 2012). Dynamin plays an important role in
internalising the transferrin complex. Dynamin localizes at the neck of budding vesicles, forming a
helix, and acts as a GTPase switch (Shpetner and Vallee, 1989). This switch mediates “pinch”
activity, resulting in vesicle scission that contains the transferrin complex from the membrane into
the early endosomes (Le Roy and Wrana, 2005). Many inhibitors and tools have been identified to
target dynamin. The Dynasore inhibitor is able to inhibit dynamin and thus blocks the formation of
clathrin coated vesicles through modulating the GTP hydrolysis without affecting the GTP binding
affinity (Macia et al., 2006). In this chapter, fluorescence intensity assays have shown that the
Dynasore inhibitor even with short incubation times and low concentration, inhibits transferrin uptake
in both MDA-MB-231 and HT1080 cells. Similar results were obtained when the number of
endosomes containing transferrin were measured. These finding are consistent with a study which
was carried out in Hela cells, showing a similar effect of Dynasore inhibitors on transferrin uptake
(Macia et al., 2006). At a higher concentration (80uM) Dynasore also reduced transferrin uptake but
was not significant higher than low concentrations of Dynasore. Since the inhibition of endocytosis
can be achieved with low concentrations 20 uM and to avoid toxicity or off-target effects, this

concentration was used for the upcoming results.
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The effect of Dynasore on dextran uptake (a specific maker for micropinocytosis) was also analysed.
Many studies have demonstrated that inhibiting the function of dynamin by either using SIRNA or
chemical inhibitors on different cells can both inhibit or have no effect on dextran uptake depending
on the cell type (Cao et al., 2007) (Bonazzi et al., 2005). Here, it was shown that the dextran uptake
was not reduced but rather induced by almost two-fold to 44.54 + 3.0 compared to control conditions
24.52+ 2.81. According to Doherty, blocking one pathway of endocytosis may result in up regulation
of other endocytotic pathway and that may explain the increased uptake of micropinocytosis marker
(dextran) (Doherty and McMahon, 2009). Another possible explanation could be that a subset of
dextran was mediated by the clathrin dependent pathways, and blocking the clathrin pathway forced
this subset of dextran to use non clathrin pathway for uptake. This is supported by the study of Li and
colleagues, who reported that the size of dextran (10K) which was used in this study, can be
internalized through the Clathrin pathway (Li et al., 2015b). For example, they showed that inhibition
of micropinocytosis with Amiloride alone decrease the uptake of Dextran 10K to 40%, whereas a
combination of Amiloride and Dynasore resulted in up to 80% decrease. However, no significant
reduction was observed on Dextran 70K uptake by Amiloride alone or Amiloride with Dynasore (Li
etal., 2015b). Itis likely that these findings and results observed here could indicate that the Dynasore

inhibitor could be a good choice for inhibiting the clathrin dependent pathway.

Clathrin dependent pathways were also targeted by inhibiting clathrin proteins. Clathrin proteins play
an important role for sorting transferrin entry molecule from the plasma membrane into cells (Mayle
et al., 2012). This is initiated via adaptor proteins such as AP2 which recruits the clathrin proteins to
the plasma membrane (Edeling et al., 2006). The amino terminal domain of clathrin heavy
chain represents a major site for recruiting these adaptors. Pitstop2 has been shown to bind the amino-
terminal domain of clathrin and thus prevent various accessory proteins to bind clathrin which inhibits
clathrin mediated endocytosis (von Kleist et al., 2011). The result presented here, using two different

measurements assays: fluorescence intensity and number of endosomes containing transferrin, shows
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that Pitstop2 inhibitor at 25 puM for a period of 15 minutes was sufficient to obtain a maximal
inhibition of transferrin uptake in MDA-MB-231. This is consistent with the published results where
inhibiting Pitstop2 reduced the uptake of transferrin compared to the control (von Kleist et al., 2011).
Their study also monitored the uptake of non clathrin pathway using shiga toxin (a specific maker for
clathrin-independent endocytosis) and reported that pitstop2 failed to block shiga toxin
internalization, suggesting pitstop2 as a specific inhibitor of the clathrin pathway. A study by
Stahlschmidt further supports the specificity of pitstop2 on targeting the amino terminal domain of
clathrin heavy chain, and showed that pitstop2 inhibitor did not affect clathrin recruitment to the
membrane and clathrin was normally distributed in cells (Stahlschmidt et al., 2014). This is in line

with my result, where the inhibition of pitstop2 did not affect the expression of clathrin.

Failure in clathrin recruitment to ligand binding sites via pitstop2 did not only affect ligand uptake
but also reduced both dextran uptake and Rab5 expression. Rab5 protein, in addition to regulation of
endosomal dynamics and being localized in both clathrin vesicles and the plasma membrane
(Chavrier et al., 1990), is associated with macropinosome formation and micropinocytosis process
that required the enrichment of phosphoinositide in the plasma membrane (Meier et al., 2005). This
is supported by the fact that Rab5 recruits phosphatidylinositol-3 kinase to the plasma membrane
which in turn mediates the accumulation of phosphatidylinositol 3,4,5-triphosphate (P1(3,4,5)P3) and
results in membrane ruffling and micropinocytosis response (Porat-Shliom et al., 2008). It seems
reasonable to speculate that reduction of dextran uptake might be due to an indirect effect of Rab5
expression. This idea is supported by the result obtained here where inhibition of Dynasore did not

affect Rab5 expression and as a result the dextran uptake was not blocked.

Additional roles for dynamin and clathrin were also found in regulating expression of early
endosomes antigenl (EEA1). To our knowledge, this was the first study to investigate the effect of

endocytosis pathways inhibitors on expression of early endosome proteins. The result here showed
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that both inhibitors, Dynasore and pitstop2, decreased the expression of EEA1 and numbers of

endosomes containing EEA1, while leading to the enlargement of endosomes.

It has been shown that knock down of proteins located in the membranes of lysosome and late
endosomes such as LGP85 (LIMP II) results in morphological changes of both early and late
endosomes (Kuronita et al., 2002). Thus, the abnormality in the size of EEAL containing endosomes
observed in this chapter may rule out the possibility that these inhibitors impaired the function of late
endosomes that are associated with degradation of proteins. The result obtained here showed that
LAMP1 expression was not affected by these inhibitors. In addition, it also did not affect clathrin
heavy chain 1. Taken together, these findings suggest that both Dynasore and Pitstop2 appears to

regulate early endosomal proteins and likely affect early endocytosis or recycling processes.

In addition, this chapter examined APPL1, a Rab5 effector that directly binds Rab5 via a BAR and
a PH domain (Li et al., 2007). APPL1 acts as transporter in very early endosomes that mediates a
very early stage of endocytosis process of internalized molecules (close to the plasma membrane)
before maturing into EEAL positive endosomes (Diggins and Webb, 2017) (Zoncu et al., 2009). Here,
the results showed that inhibition of clathrin and dynamin did not reduce the expression of APPL1,
suggesting that clathrin pathway inhibitors did not affect the early stage of endocytosis. In addition,
the internalized transferrin receptor might not necessarily pass through APPL1 to EEAL. This idea is
supported by Danson et al who showed that epidermal growth factor receptor (EGFR) can directly
fuse to early endosomal compartments without passing through APPL1 (Danson etal., 2013). Taken
together, this suggests that clathrin pathway inhibitors appear to specifically regulate EEA1, and the

enlargement of endosomes may reduce the rate of recycling.

This project also further investigated other endocytosis pathways (micropinocytosis and caveolae
pathways). Micropinocytosis differs from other endocytosis pathways, and pH homeostasis plays an

important role in induction of micropinocytosis (West et al., 1989). This is illustrated by the example
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of EGF stimulated cells, in which cytosolic pH elevation and subsequent increase of Na* influx can
result in micropinocytosis activation (West et al., 1989). Amiloride (5-(N-ethyl-N-isopropyl)) was
shown to inhibit micropinocytosis as this inhibitor works as a blocker of NHE, a protein that localizes
within cell membranes and exchanges intracellular H* and extracellular Na* (West et al., 1989)
(Orlowski and Grinstein, 1997). A study by Koivusalo et al showed that Amiloride inhibits
micropinocytosis by lowering the submembranous pH without affecting either cytosolic
alkalinisation or Na* influx (Koivusalo et al., 2010). As a consequence, Amiloride has been widely
used as a micropinocytosis inhibitor. Our study found that Amiloride significantly reduces the uptake
of the micropinocytosis marker dextran. This is consistent with a previous result carried out in Human
Embryonic Kidney cells (HEK293) where Amiloride concentration of 1mM for 30 minutes decreased
the uptake of dextran (Wang et al., 2010). Interestingly, Amiloride also decreased the uptake of
transferrin (a specific maker for clathrin-mediated endocytosis) suggesting that Amiloride could

interfere with clathrin pathways as well as micropinocytosis.

We also examined the caveolae pathways. This pathway can be distinguished from other endocytosis
pathways by the fact that it requires cholesterol components (Hailstones et al., 1998). Removal of
cholesterol from the plasma membrane using methyl beta cyclodextrin (MBCD) or exposure to the
sterol-binding compound Filipin 111 can lead to disassembly of caveolae and prevent clustering of
receptors that are present in caveolae (Zidovetzki and Levitan, 2007). Here, the clathrin marker were
examined and it was found that inhibition of caveola by Filipin Il did not affect the uptake of
transferrin, indicating that clathrin mediated endocytosis was not affected and suggesting that

caveolae is not a route for transferrin uptake.

We confirmed that inhibition of some endocytotic pathways effectively blocked endocytosis uptake
and affected early endosome trafficking through either EEA1 or Rab5. This led to the hypothesis that

endocytosis may play important roles in cell migration.
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One model widely used in the migration field is the wound healing assay, which examines collective
directional cell migration. In this study, MDA-MB-231 cells inhibited with low concentrations of
dynasore (20uM), significantly reduced the rate of cell migration during wound healing. Our findings
are consistent with data published by Eppinga and colleagues, who showed that knockdown of
dynamin2 significantly reduced the migration of a highly metastatic pancreatic cancer cell line
(Eppingaetal., 2012). In line with this, a short incubation (15 min) with the Pitstop2 inhibitor showed
a significant effect on wound closure compared to the control. This is consistent with data obtained
on T cell migration, which highlighted a role for clathrin-mediated endocytosis in cell migration using
dominant negative mutants of clathrin (Samaniego et al., 2007). Notably, Dynasore and Pitstop2 when
combined showed a synergistic effect on wound closure compared to Dynasore or pitstop2 alone.
This further indicates a role of both Dynamin and clathrin pathways on cell migration assessed by

wound healing.

On the other hand, inhibition of both caveolae and micropinocytosis pathways using Filipin 11l and
Amiloride, respectively, showed no significant effect on wound closure. These inhibitors were further
examined when combined with each other or with clathrin inhibitors in order to verify their
involvement in directed cell migration. A combination of Amiloride and Filipin 111 had no additional
effect on wound closure, compared to Amiloride or Filipin Il alone. Similarly, dynasore in
combination with Amiloride or Filipin does not have any additional effect compared to dynasore
alone. In addition, when Amiloride was combined with Pitstop2 it had no effect in the migration of
MDA-MB-231 cells compared to Pitstop2 alone. Similarly, Filipin 111 when it combined with Pitstop2
did not decrease the migration of MDA-MB-231 compared to Pitstop2 alone. These observations may
suggest that micropinocytosis and caveolae pathways do not play a role in cell migration assessed by

a wound healing assay.

This study further examined the involvement of endocytotic pathways inhibitors in the melanoma cell

line SK-MEL-28. Similar to what was observed in MDA-MB-231 cells, inhibition of Dynamin and
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Clathrin resulted in a significant decrease in cell motility, whereas other pathways failed to
demonstrate a significant effect. This may further support the involvement of clathrin and dynamin
on cell migration even with cells that display a different style of migration as they remain in groups
during movement and there is a clear difference in migration speed between these cell lines. MDA-
MB-231 cells only needed 18 hours to close the wound whereas SK-MEL-28 required 24 hours. Fast
wound closure could be possibly due to rapid focal adhesion turnover that makes cells move faster
(Bijian et al., 2013). Alternatively, it may also be due to different expression levels of molecules such
as E-cadherin between these two cell lines, as cells that have collective migration behaviour express
high levels of E-cadherin and migrate slower than individual cells (Elisha et al., 2018). Tang and
colleagues showed that SK-MEL-28 are strongly positive for E-cadherin more than other forms of
melanomas cell lines (Tang et al., 1994), whereas MDA-MB-231 has been shown to be negative or

show lower expression for E-cadherin (Kirschmann et al., 1999).

Despite the fact that the wound healing assay is cost effective and is widely used in cell migration
studies, it has many disadvantages. The scratches or generated wounds of the cell monolayer can
damage neighbouring cells. In addition, they can potentially damage cell borders and especially any
ECM present, which in turn can lead to release of growth factors that may influence cell migration
activity (Hulkower and Herber, 2011). Size and spacing of the wound as well as varying cell densities
are factors which can lead to generation of experimental artefacts. Finally, the examination of
migration is only observed in one direction. To avoid these limitations, further analysis of the role of
endocytosis pathway inhibitors were carried out using time lapse imaging to track the motility of
individual cells in multiple directions. On plastic surfaces, the time lapse data showed a significant
decrease in cell migration in MDA-MB-231 cells treated with Dynasore or Pitstop 2. However,
Amiloride and Filipin 111 did not affect migration behaviour. In addition, time lapse data supported
the effect of clathrin and dynamin inhibitors dynasore or pitstop2 but not Amiloride in decreasing the

cell migration of HT1080 cells. This sarcoma cell line shares a similar style of migration and
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metastatic properties as the carcinoma MDA-MB-231 cells, with a similar average speed between

MDA-MB-231 (24.71 + 1.53 pm/h) and HT1080 (25.52 + 0.91) cells.

It is widely accepted that cell behaviour and responses to signals varies on different surfaces. In
extracellular matrix, cells require an extra step for migration, as they need to penetrate the ECM,
which is achieved by secretion of matrix metalloproteinase (MMPSs) proteins (Doyle et al., 2013).

However, the expression of MMPs can vary on different surfaces (Sakai et al., 2011).

In addition, cell attachment to plastic surfaces can be different from ECM surfaces (Davidenko et
al., 2016). For example, cell attachment to collagen is mediated via a.2R31 and a1R1 integrins (Heino,
2000). Whereas, in gelatine the attachment is mediated by integrins such as aVVR3 (Grover et al.,
2012). These differences can lead to changes in focal adhesions dynamics (assembly and
disassembly) as well as cell migration. Our results showed that both Dynasore and Pitstop2 clathrin
pathways inhibitors significantly reduced the average migration speed on both gelatine and collagen
treated surfaces, whereas non clathrin inhibitors Amiloride and Filipin Il were unable to reduce
migration speed. Taken together, these findings with regards to different types of attachments that
may be present in different surfaces, dynamin and clathrin pathways still play an important role in

cell migration.

The project also investigated endocytosis from the angle of nutrient deprivation. Starvation
conditions have been shown to regulate protein degradation, and the structure and functions of
endocytosis pathways (Krampe and Boles, 2002) (Lang et al., 2014). According to Smith, starved
cells caused a decrease in the rate of endocytosis (Smith et al., 2010). Therefore, it can be
hypothesized that if serum starvation reduces endocytosis, it should reduce cell migration. In this
chapter, early endosomes marker protein Rab5 was not affected in response to serum starvation in
MDA-MB-231. Unlike in HT1080, serum deprivation showed a slight decrease in the number of

Rab5 containing endosome but no change in endosome size, suggesting the change in early
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endosomes in response to starvation is influenced by cell type. This is supported by the study of Levin
et al who showed the proteins and phosphoprotein levels between 12 cell lines in response to serum
starvation were different (Levin et al., 2010). It seems that the starvation condition can be complex

and cell dependent (Pirkmajer and Chibalin, 2011).

Nevertheless, the analysis of migrated distance over time of serum-starved cells provides insight into
the migration pattern over the course of the assay. During the first 8 hours of starvation, starved and
non-starved cells demonstrated similar motility characteristics. After 8 hours, there was no difference
in cell migration of starved cells compared to cells in normal condition. Taken together, these
observations suggest that starvation did not affect cell migration, at least in the study conditions and

time frames.

Several studies have linked the process of endocytosis, especially clathrin and dynamin dependent
endocytosis, with cell migration, as they interfere with actin polymerization (Lee and De Camilli,
2002) (McNiven et al., 2000) (Schlunck et al., 2004) (Ménard et al., 2014). Based on the fact that
dynamin proteins can directly bind to actin associated protein cortactin, whereas clathrin protein is
involved in recruitment of actin regulator proteins HIP1R (huntingtin-interacting-protein-1 related)
which has binding sites for Cortactin, F-actin and clathrin (Wilbur et al., 2008). These findings
illustrated that Dynamin or clathrin depletion affects actin remodelling and leads to reduced
lamellipodia extension (Wilbur et al., 2008) (Schlunck et al., 2004). A similar conclusion has been
reached by Linares and colleagues who used knock down approaches of clathrin in T cells and found
that this prevented actin polymerization via inhibiting Arp2/3 protein which is required for actin-
polymerizing protein (Calabia-Linares et al., 2011). Although the link between dynamin and clathrin
with actin polymerization has been well established, there may be other effects of inhibiting dynamin

and clathrin in cells and endocytosis itself might be important in cell migration.
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Most of the evidence here suggests a link between decreased cell migration via clathrin pathways and
a change in early endosome expression and size. It is well known that early endosome marker
expression (Rab5 and EEA1) play a crucial role in primary cancer tissue and more aggressive cancer
cells (Johnson et al., 2015). Their expression has been found to be increased in aggressive cancer
cells compared to normal tissue and primary cancer tissue and can be used as a prognostic marker
for cancer progression (Johnson et al., 2015). This may lead to increased nutrient uptake, cell division
and altered signalling and all of these features are hall marks of cancer (Hanahan and Weinberg,
2011). Therefore, it is unsurprising that change of EEAL and Rab5 dynamics can play a role in cell

migration but the critical question still remains how they contribute to cell migration.

There are several possibilities which could explain the effect of early endosomes in cell migration.
One possibility is that the association of early endosomes and actin could modulate the cytoskeletal
organization. For example, dynamic F- actin has been previously shown to facilitate invagination and
removing of vesicles from plasma membranes (Welch and Mullins, 2002) (Merrifield et al., 1999).
This idea is supported by the association of dextran with the actin tail that removes the vesicles from
the plasma membrane (Gauthier et al., 2007). This study also showed that most actin tail structures
are associated with early endosomes but not late endosomes. Later on, Ohashi et al implicated the
presence of actin in early endosomes and that impaired intracellular trafficking (Ohashi et al., 2011).
In that study, inhibition of actin dynamics induced the formation of large endosomes and suggested
that this prevents endosomal transport from early endosomes to recycling endosomes (Ohashi et al.,
2011). Thus, it can be suggested that the enlarged endosomes observed in this study upon inhibition
of either Dynasore or Pitstop2, might disrupt the function of F-actin and that affects actin network

branching leading to a reduced migration.

Another possibility is that the localization of endosomes might enhance lamellipodia protrusion.
Immunocytochemistry analysis revealed that more Rab5-positive early endosomes accumulated at

the leading edge, where new protrusions are formed, compared to the trailing edge. In addition, the
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rate of endocytosis using live cell imaging was higher at the cell’s leading edge. The accumulation of
Rab5 at areas for cell protrusion might induce the formation of lamellopodia and affect cell
morphology (Palamidessi et al., 2008). Simon and colleagues observed accumulation of clathrin
mediated endocytosis at the leading edge compared to the trailing edge (Rappoport and Simon, 2003).
Despite the differences between proteins used by Simon et al (Dynamin2, clathrin and transferrin)
and proteins used in this work (Rab5), their findings are consistent with ours. Thus, it can be
hypothesized that there is more happening than just the impact on actin polymerization. For example,
cells in order to move, do not only rely on the need to polymerize actin but they also need to form
attachments to surfaces. Therefore, we wanted to explore whether endosomes and endocytosis can
regulate these attachments (focal adhesions). There is evidence that integrins can be recycled by an
endosomes (Roberts et al., 2001a). Thus, we want to see whether other focal adhesion components

can be endocytosed.
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Chapter 4: Identifying role(s) for endocytosis in focal adhesion regulation

4.1 Introduction

The accumulation of the early endosome marker Rab5 at the leading edge of cells where polarization
and focal adhesion recycling takes place, and inhibition of dynamin and clathrin endocytosis pathways
down-regulating the early endosomal compartments, resulting in reduced cell migration, prompted
the question of how endocytosis contributes to cell migration. One of the key processes underlying

cell migration is the formation and turnover of focal adhesions.

Focal adhesions are necessary in many physiological and pathophysiological processes including cell
survival, morphology, proliferation and cell migration (Meighan and Schwarzbauer, 2008). They are
a complex of many proteins that connect the extracellular matrix to actin cytoskeleton (Wozniak et
al., 2004). Connection of these adhesions can allow cells to transmit mechanical cues, generate tension
force and promote protrusion by acting as molecular clutches (Giannone et al., 2009). Within the
molecular clutches, the stability and turnover of focal adhesion dynamics can control cell movement.
For example, the recruitments of many focal adhesion proteins (Vinculin, Paxillin, Talin, Zyxin, etc)
and Kinases (FAK, etc) can provide sufficient attachment to ECM (Burridge et al., 1988). The
majority of these adhesions can remain stable over minutes or undergo quick turn over which enables

cells to migrate forward (Webb et al., 2002).

It is known that focal adhesions are not only structural elements that provide the stability of the cells
through its connection to ECM, they also can regulate internal and external signalling to trigger
various cellular responses (Humphries et al., 2007). In order to regulate signalling, two major groups
of focal adhesion proteins have to be recruited to sites of focal adhesion during the phases of assembly
and disassembly. These are scaffolding proteins such as Paxilin, Kindlin, Talin and Vinculin and
regulator proteins such as FAK and ERK (Casar and Crespo, 2016). Each protein can be distinguished

by its localization between the extracellular matrix and cytoskeleton (van Zanten and Mayor, 2015).
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In terms of the possible link between endosomes and focal adhesions, several studies have
hypothesised that vesicles might interact with focal adhesions or are implicated in their turnover. One
study suggests the link between clathrin and paxillin based on genetic interaction (Brown and Turner,
2004a). For example, scaffolding proteins such as paxillin are comprised of many binding motifs.
These are LD motifs ( amino terminal ), LIM ( carboxy terminal ) and SH2 domains (Brown and
Turner, 2004a).The LD2 domain of Paxillin was demonstrated to bind clathrin heavy chain (Cote et
al., 1999). Another study identified the presence of early endosome marker Rab5 and EEA within

isolated integrin adhesion complexes based on proteomic analysis (Horton et al., 2015).

Furthermore, other scaffolding proteins such as vinculin was also shown to be associated with
intracellular vesicles by either analysing endosome vesicles or their co-localization with transferrin
which is taken up by clathrin dependent endocytosis (Marquez et al., 2014) (Macia et al., 2006). In
addition, many kinases that are associated with focal adhesion activity or are recruited to the site of
focal adhesions during their assembly and disassembly, such as FAK and SRC, have been shown to
be localized to the plasma membrane and to perinuclear compartments (Kaplan et al., 1992). FAK and
SRC were found to be regulated by endocytosis proteins that are involved in membrane fission and
trafficking, called SNARE proteins. Evidence indicates that inhibition of the activity of endocytosis
protein SNARE impaired the trafficking of Src and phosphorylation of FAK, and thus reduces the
turnover of focal adhesions (Skalski et al., 2011). These results may indicate a possible role for
endocytosis in regulating focal adhesion dynamics. However, little attention has been given to
investigate the possible link between early endosome compartments and focal adhesions. For
example, endocytosis of integrin mediates the disassembly of focal adhesion, whereas recycling
integrin can help the formation and reassembly of focal adhesions (Caswell and Norman, 2008). So,
whether endocytosis also contributes to the process of focal adhesion disassembly by internalizing
and recycling the whole focal adhesions. Therefore, the main aim of this chapter was to examine the

possible link between focal adhesions and the early endosomal compartment, including the influence
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of clathrin (Pitstop2) and Dynamin (Dynasore) pathway inhibitors on focal adhesion organisation

(size, number and turnover).

In order to determine whether the effect on migration by endocytosis pathways happened via effects
on focal adhesions, the effect of endocytosis inhibitors Dynasore or Pitstop2 on focal adhesion

number, size and turnover were examined in two cell lines (MDA-MB-231 and HT1080).

In order to study the interaction between the early endosomal compartments and focal adhesions,
several approaches were performed. First, quantification of the co-localization between focal adhesion
proteins and early endosomal compartments or clathrin markers (transferrin) was performed, using
either immunostaining of fixed cells or live cell imaging of plasmid co-transfected cell populations.
A second approach entailed isolation of endosomes using a cell fractionation assay with a Percoll
gradient, followed by identification of proteins found in the endosome fractions. These fractions were
then used to determine the presence of a variety of proteins that are specific to endosomal
compartments (Rab5, EEA1 and Lamp1l), focal adhesions (Vinculin, Zyxin, Paxillin and FAK) and
as control nuclear proteins (H2b). A third experimental approach was to develop a new strategy to
reduce or exclude contaminating organelles by precipitating endosomes from fractions and identifying
the presence of focal adhesion proteins. This was carried out by immunoblotting for EEA1, Rab5 or
Lamplproteins to identify fractions which are enriched for endosome compartments and then
incubating the positive one (Fraction 3) with magnetic Dynabeads to precipitate endosomes. Later,

vinculin (as a marker for focal adhesions) was determined using SDS PAGE.

123



4.2 Method

4.2.1 Cell fractionation:

4.2.1.1 Cell fractionation solutions:

- Homogenization buffer (HBA): 0.25 M sucrose/10 mM Hepes pH 7.2/1 mM EDTA.
- PBS containing 0.5x protease inhibitor cocktail (PBS+).

- Stock solution of 90% Percoll (VWr) : 8ml Percoll and 1ml HBA.

- 2.5 M sucrose.

4.2.1.2 Post-nuclear-supernatant (PNS) preparation

After incubation of the cell culture, media were discarded from T75 flasks and the cells were washed
twice with 5 mL chilled PBS in order to remove any dead cells. Subsequently, cells were scraped
using a rubber policeman with PBS+ and centrifuged at 4°C at 1500 rcf for 15 minutes. The pellets
were then re-suspended in 4 ml of chilled homogenization buffer (HBA) and homogenized with a
steel dounce homogenizer with plunger (10 times) on ice. Next the homogenization buffer was
centrifuged at 750 rcf for 10 minutes to remove unbroken cells, and the postnuclear supernatants were
mixed with 90 % percoll to a final concentration of 27% in a volume of 8.5ml. This mixture was
layered over 1ml 2.5M sucrose and centrifuged using an ultra-centrifuge at 29,000 rcf for 90 minutes
at 4°C. After completed centrifugation, two milky band could be detected (Figure 4.1), all fractions
(3 to 9) were collected manually starting from the top of the gradient (1 ml for each fraction). Finally,

the fractions were subjected to protein separation, transfer and incubation as discussed above.

124



—

Fraction 3

——)

Fraction 9

Figure 4. 1 Illustration of fractions

4.2.1.3 Co-Immunoprecipitation:

Once the protein concentrations of fraction 3 was measured using Bradford assay, fraction 3 was
transferred into Eppendorf tubes and incubated with primary antibody in the cold room at 4° C
overnight. Next day, 100 pL of RIPA buffer containing Protein A/G agarose ( 20-50 pL) were added
to the sample and incubated two hours on the rotating machine at 4° C. The sample was then
centrifuged at 2000 rcf for a minute and the pellet was washed with 300 pL with RIPA buffer (this
step was repeated 3 times ). After the pellet wash, 100 pL of 5X SDS loading buffer was added to the
pellet and boiled for 5 minutes at 95° C to denature proteins. Finally, the mixture was subjected to
Protein separation (SDS-PAGE), transfer, and antibody incubations and quantifications as illustrated

in section 2.4.
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4.3 Results:

4.3.1 Effect of endocytotic pathway inhibitors on size, number and turnover of focal adhesions

4.3.1.1 Effect of endocytotic pathways inhibitors on size and number of focal adhesions

The previous results of this project showed that inhibition with Dynasore or Pitstop2 reduced cell
migration. It is possible that these inhibitors may affect focal adhesion organization. To test this
possibility the effect of these inhibitors on focal adhesions using (Paxillin or Vinculin as markers of

focal adhesions), the size and number of focal adhesions were assessed using immunocytochemistry.

MDA-MB-231 cells were treated with two endocytotic inhibitors at varying concentrations and
incubation times (20 uM Dynasore for 30 minutes, Pitstop2 25uM for 15 minutes and DMSO for 30
minutes) and subsequently fixed and immunostained for either Paxillin or Vinculin. Images were taken

on a Nikon-AlIR confocal microscope and analysed in ImageJ for focal adhesion size and number.

Control cells (DMSO treated) showed that the mean size of the focal adhesions containing paxillin was
0.57 £ 0.028 pm?, while the mean number was 46.52 + 4.77 per/ cell (Figure 4.2 A and B). In Dynasore
treated cells, on the other hand, there was a significant increase in the size of focal-adhesions containing
Paxillin to 0.94 + 0.18 um? (* p<0.05). Importantly, the number of focal adhesions containing Paxillin

also increased significantly by 2 fold to 89.65 + 9.05 per cell (** p<0.01).

In the control cells (DMSO), the results showed that the mean size of the focal adhesions containing
Vinculin was 1.42 + 0.25 um?, while the mean number was 34.10 + 1.05 per cell Figure 4.3 A and B.
However, in Pitstop2 treated cells there was no significant increase in size of focal adhesions containing
Vinculin with a mean focal area of 1.74 + 0.35 um? (p>0.05). While the number of focal adhesions

containing Vinculin increased significantly to 43.23 + 2.22 per cell (* p<0.05).
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Figure 4. 2 Dynasore increased Paxillin containing focal adhesions number and size in MDA-
MB-231.

Cells were treated with control (DMSO) or 20 uM Dynasore for 30 minutes, fixed and subjected to
immunocytochemistry staining. A) Confocal images showing Paxillin containing focal adhesion in
control compared to Dynasore inhibitor. Yellow arrow illustrates the focal adhesions containing
Paxillin. Scale bar 50um. B) Graphs showing the mean number and size of Paxillin containing focal
adhesions. Graphs represent the mean * standard error of three independent experiments, in each
experiment at least 40 cells were analysed. T test used to compare the treatment with control. Statistical
significance differences were accepted at * p<0.05 ** p<0.01.
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Figure 4. 3 Pitstop2 increased Vinculin containing focal adhesions number but
not size in MDA-MB-231.

Cells were treated with control (DMSO) or 25 pM Pitstop2 for 15 minutes, fixed and
subjected to immunocytochemistry staining. A) Confocal images showing Vinculin
containing focal adhesion in control compared to Pitstop2 inhibitor. Yellow arrow
illustrates the focal adhesions containing Vinculin. Scale bar 50um. B) Graphs showing
the mean number and size of Vinculin containing focal adhesions. Graphs represent the
mean + standard error of three independent experiments, in each experiment at least 40
cells were analysed. T test used to compare the treatment with control. Statistical
significance differences were accepted at * p<0.05 ** p<0.01.
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To further confirm the effect of these inhibitors with respect to size and number of focal adhesions
containing vinculin, the HT1080 cell line was examined. The quantification analysis revealed that
both inhibitors significantly increased the mean number of focal adhesions containing Vinculin, as
shown in figure 4.4 A and B; the mean number was 36.45 £ 1.28 per cell in untreated cells, compared
with 52.64 + 4.47 per cell (* p<0.05) and 63.53 £ 3.42 per cell (** p<0.01) in Dynasore and Pitstop2
treated cells, respectively. Consistent to what was observed in MDA-MB-231, only the Dynasore
inhibitor significantly increased the size of focal adhesion containing Vinculin and was 1.314 + 0.095
um? (** p<0.01) compared to 0.831 + 0.043 um?and 0.789 + 0.0353 um? in DMSO and Pitstop2

treated cells, respectively.
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Figure 4. 4 Effect of Pitstop 2 and Dynasore on Vinculin containing focal
adhesions number and size in HT1080

Cells were treated with Vehicle (DMSO) or different endocytotic pathways inhibitors at
different times, fixed and subjected to immunocytochemistry staining. 20 uM Dynasore
and 25 uM Pistop2 were incubated 30 minutes and 15 minutes, respectively. A) Confocal
images showing Vinculin containing focal adhesion in control compared to Dynasore
inhibitor. Yellow arrow illustrates the focal adhesions containing Vinculin. Scale bar
50pum. B) Graphs showing the mean number and size of Vinculin containing focal
adhesions in control compared to Dynasore or Pitstop2. One-way ANOVA with
Dunnett’s Multiple Comparison Test were used to compare each treatment with the
control. Graphs represent the mean + standard error of three independent experiments, in
each experiment at least 60 cells were analysed. Statistical significance differences were
accepted at * p<0.05 ** p<0.01.
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4.3.1.2 Effect of endocytosis inhibitors pathways on zyxin containing focal adhesion turnover

To further characterise the effect of Dynasore and Pitstop2 on focal adhesions dynamics, live cell

transfection with mCherry-Zyxin for turnover analysis were performed.

MDA-MB-231 cells were seeded on ibidi 50 plastic surface and allowed to attach to the bottom of the
plate overnight. When the plate became 60% confluent, cells were transfected with mCherry-Zyxin
and then treated with Dynasore 20 uM for 30 minutes, or Pitstop2 25uM for 15 minutes or DMSO
for 30 minutes. Subsequently, after the incubation period, the media containing inhibitors was
replaced with fresh media containing 10%FBS. Finally, cells were directly subjected to confocal time
lapse analysis using excitation 568nm to visualize the mCherry-Zyxin. The live cell imaging of
mCherry-Zyxin turnover were monitored by taking images every 5 seconds for 10 minutes. The
average life time of Zyxin was determined by measuring the intensity of Zyxin cycle turnover in
imageJ. The quantification analysis revealed that both inhibitors significantly increased the turnover
time of mCherry-Zyxin (Figure 4.5A). As shown in figure 4.5B, the mean turnover time was 38.11 +
1.653s in untreated cells, compared with 63.71 + 4.139 (** p<0.01) and 90.85 + 3.694 (***p<0.001)

in Dynasore and Pitstop2 treated cells, respectively (Figure 4.4 A and B).

In addition, different cell surfaces (gelatine and collagen) were used to confirm the influence of
Dynasore and Pitstop2 on the turnover of focal adhesions containing Zyxin. In this case, the MDA-
MB-231 cells were seeded on the top of two different surfaces, 0.2% gelatine or 2mg/ml collagen,
and the mCherry-Zyxin turnover and treatment was carried out as described above. Similarly, to what
was observed on plastic surfaces the average turnover of mCherry-Zyxin containing focal adhesions
on 0.2% gelatine was 41.76 + 9.41s and 42.29 + 11.17s on 2mg/ml collagen in control compared to
95.94 + 5.029s (* p<0.05) and 129.9 + 19.56s (** p<0.01) on 0.2% gelatine or 83.80 *+ 4.658 (*

p<0.05) and 99.45 + 8.798s (** p<0.01) on collagen when treated with Dynasore and Pitstop2,
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respectively (Figure 4.5 C and D). To further confirm the effect of the influence of Dynasore and
Pitstop2 on the focal adhesions containing Zyxin turnover across cell lines, the HT1080 cell line in
plastic surface was included. Consistent to the observations in MDA-MB-231, Dynasore and Pitstop?2

inhibitors significantly increases the average turnover of mCherry -Zyxin (Figure 4.4 D).
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Figure 4. 5 Pitstop2 and Dynasore increased zyxin containing focal adhesions turnover in Live
MDA-MB-231 and HT1080 cells.

Cells were plated in different cell surfaces (plastic, gelatine and collagen), transfected with mCherry-
Zyxin, treated with Control (DMSO) or different endocytotic pathways inhibitors at different time
points (20 uM Dynasore 30 minutes or 25 uM Pistop2 15 minutes) and subjected to live cell imaging.
Images were captured every second for five minutes. A) Confocal images showing mCherry- Zyxin
containing focal adhesion turnover in control compared to Dynasore or Pitstop2 inhibitors in MDA-
MB-231 cells. White circle illustrates zyxin containing focal adhesion turnover. Scale bar 50um. B)
Graph showing the mean turnover time of zyxin containing focal adhesions in control compared to
Dynasore or pitstop2 inhibitors in plastic surfaces for MDA-MB-231. C) Graphs showing the mean
turnover time of zyxin containing focal adhesions in control compared to Dynasore or Pitstop2
inhibitors in gelatine or collagen surfaces for MDA-MB-231. D) Graph showing the mean turnover
time of zyxin containing focal adhesions in control compared to Dynasore or Pitstop2 inhibitors in
plastic surfaces for HT1080. One-way ANOV A with Dunnett’s Multiple Comparison Test were used
to compare each treatment with the control. Graph represents the mean + standard error of 24 cells
(100 focal adhesion) from three independent experiments. Statistical significance differences were
accepted at * p<0.05, ** p<0.01 and ***p<0.001.
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4.3.2 Association between endosomes and focal adhesions

In order to investigate the potential link between early endosomes and focal adhesions, it is important
to assess firstly the localizations of endosomes. To test this, the localisation of early endosome antigen
EEAL with Rab5 or LAMP1 were assessed using immunocytochemistry. The co-localization values
were analysed by Spearman’s (rho) correlation coefficient analysis, through a selection of the region

of interest using ImageJ.
4.3.2.1 Association between Early endosome antigen (EEAL) and Rab5

MDA-MB-231 cells that had been transfected with GFP-Rab5 were fixed and immunostained for
EEAL. The results show that 90.3% of EEA1 protein co-localised with GFP-Rab5, demonstrating a
high co-localisation value of 0.89 £+ 0.017. Similarly, the reverse co-localisation value between GFP-
Rab5 and EEAL scored a high co-localisation value 0.83 + 0.055 with 87% of EEA1 and GFP-Rab5
being co-located (Figures 4.6 and Table 4.1). The co-localisation suggests that Rab5 association with
early endosomes (EEAL) is not affected during cell migration. It also indicates that GFP-Rab5 is a

specific target of the early endocytosis pathway.
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Figure 4. 6 Co-localization between Early endosome (EEA1) and GFP-Rab5

Confocal images of co-localization between GFP-Rab5 and EEAL in MDA-MB-231 cells. Cells were
transfected with GFP-Rab5, fixed and subjected to immunocytochemistry for EEAL antibody. The
co-localisation of GFP Rab5 (green) with the early-endosome marker EEA1 (red) was measured
through selection ROI (region of interest) using Spearman’s (rho) correlation coefficient analysis.
The area highlighted in blue illustrates a magnification of the co-localization and is pointed out with
a white arrow. Scale bar 19um. Three independent experiments were performed.

Table 4. 1 Association between Early endosome antigen and GFP-Rab5

Table summarizing the mean number, percentage and colocalization values * standard
deviation (SD) between endosome markers

protein Number of % of co- Spearman (+/- S.D)
positive localization Correlation
endosomes between Coefficient
EEAL and Value
GFP-Rab5
EEAL 15 90.3% 0.89 +0.01747
Rab5 26.2 87% 0.83 + 0.05508
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4.3.2.2 Association between EEAL and late endosome marker (LAMP1)

The MDA-MB-231 cells were fixed and immunostained for EEA1 and LAMP1. The results show that
40% of EEAL was co-localised with LAMPL1, having a co-localisation value of 0.71 + 0.106. Similarly,
the reverse co-localisation value between LAMP1 and EEA scored a co-localisation value of 0.65 +

0.102 with 35% of endosomes co-localisations (Figures 4.7 and Table 4.2).
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Figure 4. 7 Co-localization between Early endosome (EEA1) and late endosome (LAMP1)
Markers

Confocal images of co-localization between EEA1 and LAMP1 in MDA-MB-231 cells. Cells
were fixed and subjected to immunocytochemistry for EEAL and LAMP1 antibodies. The co-
localisation of LAMP1 (green) with the early-endosome marker EEAL (red) was measured
through selection ROI (region of interest) using Spearman’s (rho) correlation coefficient
analysis. The area highlighted in blue illustrates a magnification of the co-localization and
pointed out with a white arrow. Scale bar 19um. Three independent experiments were
performed.

Table 4. 2 Association between Early endosome antigen and Late Endosome (LAMP1)

Table summarizing the mean number, percentage and colocalization values + standard
deviation (SD) between endosome markers

protein Number % of co- Spearman (+/- S.D)
of positive localization Correlation
endosomes between Coefficient
EEAL and Value
LAMP1
EEA1l 28 (11) 40% 0.71 +0.1068
LAMP1 32 (11) 35% 0.65 +0.102
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4.3.2.3 Association between Early-Endocytosis Markers and Paxillin containing focal adhesion

in fixed cells

To test the potential of early endosomes for targeting focal adhesion, immunocytochemistry was used
to assess whether or not early endosomal markers (EEAL or Rab5) associates with FA proteins. MDA -
MB-231 cells were fixed and immunostained for both paxillin and either Rab5 or EEA1. The co-
localization of EEAI1 revealed that 9% of the endosomes contained paxillin (Spearman’s (rho)
correlation coefficient: 0.42 + 0.078. The reverse approach showed that 6% of paxillin co-localized

with EEA1 (estimated Pearson correlation: 0.34 = 0.126; see Figures 4.8 and Table 4.3).
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Figure 4. 8 Co-localization of early endosome (EEAL) and Paxillin

Confocal images of co-localization between Paxilin containing focal adhesion and
EEALlin MDA-MB-231 cells. Cells were fixed and subjected to immunocytochemistry
for EEA1 and Paxilin antibodies. The co-localisation of paxillin (green) with the early-
endosome marker EEAL (red) was measured through selection ROI (region of interest)
using Spearman’s (rho) correlation coefficient analysis. The area highlighted in blue
illustrates a magnification of the co-localization and is pointed out with a white arrow.
Scale bar 19um. Three independent experiments were performed, in each experiment at
least 10 cells were analysed.

Table 4. 3 Association between early endosome (EEAL) and Paxillin

Table summarizing the mean number, percentage and co-localization values * standard
deviation (SD) between endosome and Paxillin.

protein Number % of co- Spearman (+/- S.D)
of positive localization Correlation
endosomes between Coefficient
and EEAL and Value
Paxillin Paxillin
EEAL 33 3 (9%) 0.42 +0.078
Paxillin 54 3 (6%) 0.34 +0.1263
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The percentage of Rab5 containing endosomes colocalising with Paxillin was higher than that of
EEAL with Paxillin (25% and 15 %, respectively). In addition, Co-localization of Rab5 with Paxillin
was higher than that of EEA1 with Paxillin (estimated Spearman’s (rho) correlation coefficient: 0.58
+0.179and 0.59 £ 0.173, respectively (Figures 4.9 and Table 4.4). Co-localization of early endosome
markers with Paxillin does not reach similar values as observed for the co-localization between Rab5

and EEAL, suggesting only partial co-localization is occurring.
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Figure 4. 9 Co-localization between Rab5 and Paxillin

Confocal images of co-localization between Paxillin containing focal adhesion and Rab5
in MDA-MB-231 cells. Cells were fixed and subjected to immunocytochemistry for
Paxillin and Rab5 antibodies. The co-localisation of Paxillin (green) with the early-
endosome marker Rab5 (red) was measured through selection ROI (region of interest)
using Spearman’s (rho) correlation coefficient analysis. The area highlighted in blue
illustrates a magnification of the co-localization and is pointed out with a white arrow.
Scale bar 19um. Three independent experiments were performed, in each experiment at
least 10 cells were analysed.

Table 4. 4 Association between Rab5 and Paxillin

Table summarizing the mean number, percentage and co-localization values * standard
deviation (SD) between Rab5 and Paxillin.

protein Number % of co- Spearman (+/- S.D)
of positive localization Correlation
endosomes between Coefficient
and Rab5 and Value
Paxillin Paxillin
Rab5 32.3 8 (25)% 0.59 +0.173
Paxillin 45 8 (15)% 0.58 +0.179
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Since the internalization of transferrin receptors is considered to be a well-established method for
visualizing endosome transport and recycling, it was sought to test whether transferrin can be enriched
around or within the focal adhesion and early endosome markers. Thus, the association between focal
adhesion proteins paxillin or vinculin and early endosomal markers (EEA1 or Rab5) within

internalized transferrin was examined.

MDA-MB-231 cells that had been incubated with 25mg/ml transferrin conjugated to Alex Fluor 546
were fixed and immunostained for focal adhesions (Paxillin or Vinculin) and either Rab5 or EEAL.
The results showed that the co-localization value of Paxillin with transferrin which co-localised with
EEAL were 0.6 £ 0.077 (Figures 4.10). Similarly, the co-localisation value of vinculin with transferrin

which co-localised with GFP- Rab5 was 0.57 + 0.09 (Figures 4.11).
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Figure 4. 10 Association of Paxillin containing focal adhesion with transferrin and EEAL

Confocal images of co-localization between Paxillin containing focal adhesion with transferrin
and EEAL in MDA-MB-231 cells. Cells were serum starved for 3h, incubated with 25 mg/ml
Alexa Fluor 546 -conjugated transferrin for 30 minutes, fixed and subjected to
immunocytochemistry for EEA1l and Paxilin antibodies. The triple co-localisation was
measured through selection of a ROI (region of interest) using Spearman’s (rho) correlation
coefficient analysis. The area highlighted in blue illustrates a magnification of the co-
localization and is pointed out with a white arrow. Scale bar 50um. Three independent
experiments were performed, in each experiment at least 10 cells were analysed.
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Figure 4. 10 Association of Vinculin containing focal adhesion with transferrin and EEA1

Confocal images of co-localization between Paxillin containing focal adhesion with GFP-Rab5 and
transferrin in MDA-MB-231 cells. Cells were transfected with GFP-Rab5, serum starved for 3h,
incubated with 25 mg/ml Alexa Fluor 546 -conjugated transferrin for 30 minutes, fixed and subjected
to immunocytochemistry for Paxillin antibody. The triple co-localisation was measured through
selection of a ROI (region of interest) using Spearman’s (rho) correlation coefficient analysis. The
area highlighted in blue illustrates a magnification of the co-localization area and is pointed out with
a white arrow. Scale bar 50pum. Three independent experiments were performed, in each experiment
at least 10 cells were analysed.
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4.3.2.4 Association between Rab5 and focal adhesion in live cell co transfection:

To provide further evidence that focal adhesions are partially localized in early endosomes, live cell
co-transfection was used to examine their co-localization with the early-endosome marker Rabb.
MDA-MB-231 cells were co-transfected with both mCherry-Rab5 and GFP-Paxillin, and the
subcellular localization was monitored by live confocal microscopy. Over 5 minutes, it was found that
35% of endosomes contained Paxillin (Spearman’s (rho) correlation coefficient: 0.42 + 0.038) and
23% of Paxillin was co-localized with Rab5 Spearman’s (rho) correlation coefficient: 0.47 + 0.059

(Figures 4.12 and Table 4.5).
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Figure 4. 11 Association between early-endocytosis markers and focal-adhesion molecules
in live cells.

Live confocal imaging of mCherry-Rab5 with GFP-Paxillin over 5 minutes in MDA-MB-231
cells. The co-localisation of Paxillin (green) with the early-endosome marker Rab5 (red) was
measured through selection of a ROI (region of interest) using Spearman’s (rho) correlation
coefficient analysis. The area highlighted in blue illustrates a magnification of the co-
localization and is pointed out with a white arrow. Scale bar 50um. Three independent
experiments were performed, in each experiment at least 3 cells were analysed.

Table 4. 5 Association between early-endocytosis markers and focal-adhesion Paxillin in
live cell

Table summarizing co-localization values + standard deviation (SD) between mCherry Rab5
with GFP-Paxillin.

protein Number of % of co- Spearman (+/- S.D)

positive localization Correlation

endosomes between Coefficient

and paxillin mCherry-Rab5 Value
and GFP-Paxillin
mCherry 41 13 (32%) 0.47 *

Rab5 0.05953
GFP Paxillin 57 13 (23%) 0.42 +0.038
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In addition, analysis of another focal-adhesion molecule mCherry-Zyxin, with GFP-Rab5 was
performed to further confirm the observed co-localization pattern. Over 5 minutes, it was found that
40% of endosomes contained Zyxin (Spearman’s (rho) correlation coefficient: 0.67 + 0.0754) and
32% of the Zyxin was co-localized with Rab5 Spearman’s (rho) correlation coefficient: 0.65 + 0.043

(Figures 4.13 and Table 4.6).

This observation was further confirmed through the analysis of Rab5 and Zyxin co-localization over
time. This was performed by taking 1 image every 5 seconds for 20 minutes. The results showed that
the average live time of the co-localization between GFP-Rab5 and mCherry-Zyxin revealed to be

3.394 + 0.985 minutes (Figures 4.13), suggest that focal adhesions are targeted by early endosomes.
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Figure 4. 12 Association between early-endocytosis markers GFP-Rab5 and focal-adhesion
protein Zyxin

Live confocal images of mCherry-Zyxin with GFP-Rab5 over 5 minutes in MDA-MB-231 cells. The
co-localisation of Zyxin (red) with the early-endosome marker Rab5 (green) was measured through
selection of a ROI (region of interest) using Spearman’s (rho) correlation coefficient analysis. The
highlighted area illustrates the co-localization and the average time that both adhesion and endosomes
interaction collapses, and pointed out with a white circle. Three independent experiments were
performed, in each experiment at least 3 cells were analysed. Scale bar 19um.

Table 4. 6 Association between early-endocytosis markers and focal-adhesion Zyxin in live cells.

Table summarizing co-localization values + standard deviation (SD) between GFP-Rab5 and mCherry-
Zyxin with GFP-Rab5.

protein Number % of co- Spearman (+/- S.D)
of positive localization Correlation
endosomes between Coefficient
and zyxin mCherry- Value
Zyxin and
GFP-Rab5
mCherry 37 15 (40%0) 0.67 +0.0745
Zyxin
GFP 47 15 (32%) 0.65 +0.043
Rab5
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4.3.2.5 Association between endosomes and focal adhesions using cell fractionation and

immuno-precipitation

Having provided evidence that endosome co-localise with focal adhesion proteins in fixed and live
cells, the association between endosome and focal adhesions were further investigated using cell

fractionation with Percoll gradients and immunoblotting.

4.3.25.1 Isolating endosomes by a cell fractionation assay using a Percoll gradient

In order to identify the early and late endosome organelles and determine the proteins that associated
with them, two cell lines MDA-MB-231 and HT1080 were centrifuged and homogenized to produce
the Post Nuclear Supernatant (PNS). Subsequently, the PNS were subjected to Percoll centrifugation,
followed by collecting nine fractions manually (1 ml for each fraction) starting from the top of the
gradient stepwise in 1 ml samples from top to bottom. The collected fractions were equally loaded
and analysed by SDS-PAGE / western blotting against the organelle markers, which included early
endosomal markers (EEA1 and Rab5), Late endosomal compartment markers (LAMP1), Focal
adhesion proteins (Vinculin, FAK, Talin, Zyxin and Paxilin), and nuclear proteins H2B (control). This
study was also designed to monitor other proteins that have been suggested to be associated with both

endosomes and focal adhesions and these proteins were AKT, Actin and GAPDH.

The western blot analysis of MDA-MB-231 revealed that all endosomal organelles were concentrated
only in the fractions 3 and 4 with less expression of LAMP1 and Rab5 in fraction 5, compared to the

control H2B which showed no band detected in these three fractions (Figure 4.14).

On the other hand, the focal adhesion protein vinculin was found in all fractions but the majority of it
was concentrated in fraction 3 and fraction 9. Proteins such as FAK, Zyxin, Talin were found in the
same fractions as endosomes as well as fraction 9. The expression of other proteins including Actin,

AKT and GAPDH were similar to what was observed with vinculin but with less expression for AKT

149



in the last three fractions. Finally, the negative control H2B was concentrated in the same fraction (9)

that most of the adhesions concentrated.

To further confirm the isolating of endosomal organelles and its association with other proteins, cell
fractions were performed on HT1080 cell lines (Figure 4.15). Similar to what has been observed in
MDA-MB-231 cells, EEA1 was concentrated in the first two fractions. Furthermore, focal adhesions
and other proteins were concentrated on all fractions but with less expression on fraction 9 compared
to MDA-MB-231. Finally, the concentration of nuclear proteins H2B was similar to what was

observed in MDA-MB-231 cells but with less intensity detected in fraction 9.
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Figure 4. 13 Distribution of proteins in Percoll fractions from MDA-MB-231 cell lysates

Western blot images showing the presence of proteins in cell fractions from a Percoll gradient of
MDA-MB-231 cell lysates. Equal volumes from each fraction of Post Nuclear Supernatant (PSN)
were subjected to immunoblotting against Early endosomal markers (EEA1l) and Rab5, Late
endosome marker (LAMP1), focal adhesions proteins (Vinculin, FAK, Talin and Zyxin), nuclear
protein (H2B) and other proteins (Actin, AKT and GAPDH). Yellow box highlights fraction three.
n= two independent experements.
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Figure 4. 14 distribution of proteins using continues Percoll in HT1080

Western blot images showing the presence of proteins in cell fractions from a Percoll gradient of
HT1080 cell lysates. Equal volumes from each fraction of Post Nuclear Supernatant (PSN) were
subjected to immunoblotting against Early endosomal markers (EEA1) and Rab5, Late endosome
marker (LAMP1), focal adhesions proteins (Vinculin, FAK, Talin and Zyxin), nuclear protein (H2B)
and other proteins (Actin, AKT and GAPDH). Yellow box highlights fraction three. L: Ladder. n=
two independent experements.
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4.3.2.5.2 Co-immunoprecipitation of endosomes fraction 3 of MDA-MB-231 or HT 1080 cells

Having demonstrated that endosomes and focal adhesion proteins are present in the same fractions,
this suggests a potential interaction between them. It could be argued that these proteins might have a
similar density and thereby would separate in the same fractions. Therefore, co-immunoprecipitation
assays were performed from fraction 3, obtained from a Percoll gradient, where endosomes were
isolated overnight using anti-rabbit monoclonal antibodies towards EEA1, Rab5, LAMP1 and 1gG as
control. After antibody — lysate incubation, the precipitated samples or PNS (fraction three control)
were loaded onto SDS-PAGE and western blot analysis was performed using an anti-vinculin mouse
antibody. In MDA-MB-231 cells, the result indicated that vinculin was found to co-
immunoprecipitate with Rab5 (Figure 4.16 A) but not with EEAL or Lamp1 (Figure 4.16 B and C).
Interestingly, in HT1080 cells, vinculin was found to co-immunoprecipitate with all tested endosome

markers (figure 4.17).
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Figure 4. 15 Co-immunoprecipitation of endosomes from MDA-MB-231 Percoll fraction 3

Fraction three, which has been obtained from a Percoll gradient of MDA-MB-231 cell lysate, was
incubated with primary antibodies or 1gG overnight and precipitated by agarose beads. Precipitated
proteins and lysate samples (fraction 3) were then subjected to SDS-PAGE, western blotted onto a
PVDF membrane and primary mouse anti-vinculin added. Following this, the secondary antibody
was used to detect anti-vinculin. A: Rab5 was precipitated from fraction 3 using anti-rabbit Rab5. B:
EEAL was precipitated from fraction 3 using anti-rabbit EEA1. C: LAMP1 was precipitated from
fraction 3 using anti-rabbit LAMPL. IgG was precipitated from fraction 3 using anti-rabbit IgG. Three
independent experiments were performed from fraction 3 PNS lysate.
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Figure 4. 16 Co-immunoprecipitation of endosomes from HT1080 Percoll fraction 3

Fraction three, which has been obtained from a Percoll gradient of HT1080 cell lysate, was incubated
with primary antibodies or IgG overnight and precipitated by agarose beads. Precipitated proteins and
lysate samples (fraction 3) were then subjected to SDS-PAGE, western blotted onto a PVDF
membrane and primary mouse anti-vinculin added. Following this, the secondary antibody was used
to detect anti-vinculin. Three independent experiments were performed from fraction 3 PNS lysate.
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4.4 Discussion:

In order to determine whether the effects on cell migration by endocytosis inhibitors seen in chapter
3 was via regulation of focal adhesions, it was important to examine the effect of Dynasore and
Pitstop2 on focal adhesion dynamics (number, size and turnover). Thus, immunocytochemistry
analysis was carried out to examine the number and size of both Paxillin and Vinculin containing
focal adhesions in two different cell lines. In addition, transfection of mCherry-Zyxin and live cell

imaging was carried out to examine the turnover of focal adhesion on different surfaces.

The immunocytochemistry-based results obtained showed that both inhibitors (Dynasore and
Pitstop2) significantly increase the number of paxillin and vinculin containing focal adhesions in two
different cell lines (MDA-MB-231 and HT1080). Previous studies were consistent with our results in
terms of effect of endocytosis and focal adhesion dynamics such as number. For example, inhibition
of clathrin-mediated endocytosis by the inhibitor monodansylcadaverine markedly increased the
number of focal adhesions formed by the human fibrosarcoma cell line HT1080. The authors further
observed that other endocytosis inhibitors, such as filipin, which blocks lipid-raft-dependent

endocytosis, had no effect on focal adhesion number (Chao and Kunz, 2009).

Other supporting evidence for the increase of focal adhesions number via clathrin dependent
endocytosis was published using a microtubule depolymerisation drug as such nocodazole (Ezratty et
al., 2009). Basically, once the drug was removed, microtubules grow and contact focal adhesions,
which in turn enhance focal adhesion disassembly (Kaverina et al., 1999). Using this method, Ezratty
and colleges found that knockdown of dynamin or clathrin heavy chain prevents the disassembly of
focal adhesions after drug wash out as the number of focal adhesions increased compared to the

control (Ezratty et al., 2009).

However, investigation of the effect of clathrin dependent endocytosis on focal adhesions turnover

has not been investigated previously. Here, we examined the effect of both inhibitors on the turnover
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of mCherry-Zyxin. To our knowledge, this was the first study that investigated the effect of Dyansore
and Pitstop2 on focal adhesions turnover. The results showed that both inhibitors Dynasore and
Pitstop2 in both cells lines (MDA-MB-231 and HT1080) significantly increased the turnover time of
mCherry-Zyxin, which might slow down the cell speed. Therefore, this provides evidence that
inhibition of endocytosis has an impact on focal adhesions dynamics, suggesting endocytosis may be

important for the regulation of focal adhesions.

Taken together, Pitstop2 which completely blocks the endocytosis of transferrin, has a greater effect
on both number and turnover of focal adhesions. It has been shown that clathrin and its adaptors
(Numb and Dab2) bind to focal adhesions at the site where the focal adhesion dissembles (Ezratty et
al., 2009). Indeed, both adaptors bind to integrin beta tail NPxY/NxxY motifs via its phosphotyrosine-
binding (PTB) domains (Calderwood et al., 2003). It seems that failure in clathrin and its adaptor
recruitment via Pitstop2 may lead to failed recruitment of focal adhesion complexes as well as proteins

that require to dissemble focal adhesion complexes and thus results in more stable adhesion.

Our results show a significant effect on focal adhesion size upon Dynasore mediated inhibition
suggesting Dynasore may delay focal adhesion maturation. This might be due to a dual role of GTPase
activity of dynamin on clathrin coated pit maturation and clathrin coat vesicle formation (early and
late stage of clathrin formation) (Mettlen et al., 2009). For example, the early stage of dynamin has
been suggested to be self-assembled around the coat pit and the late stage is to catalase the membrane
fission (Mettlen et al., 2009). The switch of dynamin from one function to another may affect the
speed of clathrin maturation and delay focal adhesion complex recruitment. This seems a reasonable
suggestion since the direct interaction of dynamin 2 and FAK has been reported in addition to the fact
that dynamin directly binds to N-terminal FERM domain of FAK (Wang et al., 2011), potentially

inducing focal adhesion maturation.
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Based on the fact that focal adhesion dynamics such as FAK phosphorylation, adhesion morphology
and composition can vary on different cell surfaces (Harunaga and Yamada, 2011) (Cukierman et al.,
2001) (Hakkinen etal., 2011) and that different types of focal adhesions can form on different surfaces
(Heino, 2000) (Grover et al., 2012). A further investigation was conducted to observe the potential
impact of both inhibitors on focal adhesion turnover on gelatine and collagen surfaces. To our
knowledge, this was the first study that has investigated the effect of Dynasore and Pitstop2 on focal
adhesions turnover on surfaces coated with gelatine or collagen. Our data demonstrated similar effects
to what was observed on plastic surfaces, mainly that both inhibitors increase the average turnover of
focal adhesion containing Zyxin proteins on both gelatine and collagen surfaces, indicating that even
with formation of different types of focal adhesions, these are still controlled by endocytosis. It also

suggests that at least some of the focal adhesions are probably regulated and controlled by endocytosis.

In addition to blocking clathrin and dynamin dependent endocytosis, reduction in early endosomes
could be another possible reason for increased focal adhesion number and turnover induced by both
inhibitors. This is prompted by the observation in the previous chapter where both inhibitors
(Dynasore and Pitstop2) reduced EEA1 expression, and Pitstop2 reduced Rab5 expression. There are
several reasons why EEA1 and Rab5 expression may play a role in focal adhesion number and
turnover. One possible reason could be the indirect effect of their expression on signalling molecules
that are found on these endosomes and are necessary for dynamics of focal adhesions. For example,
the non-receptor tyrosine kinase Src plays an important role in regulating a wide range of cellular
functions including cell migration and cell adhesion (Frame, 2004). In cell migration, increased
activity of Src kinase is believed to increase motility and proliferation in a number of human breast
tumour cell lines such as human MCF7 breast tumour (Gonzalez et al., 2006). Similarly, in cell
adhesion, Src and FAK are the two most important signalling proteins in regulating the focal adhesion
dynamics. For example, in response to integrin engagements, both Src and FAK are recruited to the

area where the focal adhesion complex is formed. This leads FAK to be autophosphorylated at tyrosine
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residue Y379 which is believed to be an initial step in focal adhesion activation (Schaller et al.,
1994a). Subsequently, autophosphorylation of FAK Y379 creates a high affinity to bind Src via its
SH2 domain, which in turn phosphorylates FAK on multiple residues, Y576, Y577 and Y861, which
recruits the focal adhesion complex (Calalb et al., 1995, Calalb et al., 1996, Schaller et al., 1994a). It
is known that localization of Src is controlled by endocytotic trafficking, which is one important
mechanism for regulating Src (Sandilands and Frame, 2008). For example, endocytic vesicles
containing the small GTPase RhoB translocate the Src in an actin-dependent manner to the cell
periphery (Sandilands et al., 2004). The inactive Src localizes to perinuclear endosomes, whereas
active Src localizes to focal adhesions (Kaplan et al., 1994). It is possible that decreased early
endosomes expression might impair endosome trafficking, and as result affect the translocation of Src
to the site of focal adhesion which in turn affect FAK and focal adhesion dynamics. However, another
study suggests that the trafficking of Src to focal adhesions requires the function of late endosomes
regulated by the ESCRT pathway (Tu et al., 2010). As LAMPL1 expression was not affected based on
the observation in the previous chapter, this might rule out the involvement of early endosomes on
Src localization at the site of focal adhesions. Therefore, future studies will be needed to dissect the

specific contribution of early endosomes and late endosomes to Src localization.

The second possible reason for increased number and turnover time of focal adhesion other than the
reduction of early endosome expression could be due to impairment of membrane trafficking. Using
biochemical techniques, Bretsche showed that integrin endocytosis occurred from the cell surface and
recycled back to plasma membrane (Bretscher, 1992). Later on, studies on neutrophils, lymphoid,
cervical tumour cells and fibroblasts demonstrated that integrin-containing vesicles were observed in
both cell rear and cell front and suggested that integrin is endocytosed from the rear of the cells and
recycled to the front (Pierini et al., 2000) (Vacca et al., 2001) (Martel et al., 2000) (Pellinen et al.,
2006). Rab5 interacts with these integrins and triggers its internalization as well as delivering it to the

perinuclear site of the recycling compartment (Pellinen et al., 2006). From the recycling compartment,
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integrin recycles via Rab4 from early endosome and back to plasma membrane near focal adhesion
complexes and is suggested to reassemble new focal adhesion (Roberts et al., 2001b). It is therefore
tempting to speculate that decreased expression of EEA1 or Rab5 inhibits integrin internalisation,
resulting in increased focal adhesion numbers, indicative for a role in focal adhesion disassembly. In
addition, the delay of focal adhesion turnover could be attributed to delayed integrin recycling and

reassembling of new focal adhesions.

The third possible reason could be the direct effect of endosomes on focal adhesions and that might
affect its dynamic. Therefore, we attempted to demonstrate firstly whether early endosome proteins
co-localize with its markers (Rab5) or with late endosomes marker LAMP1. The results obtained here
showed that 90% of EEAL and 87% Rab5 co-localized, indicating that the GFP-conjugated Rab5
interacts with its correct tethering factor and can be classified as early endosomes (Merithew et al.,
2003). Interestingly, 40% of EEA1 and 35% LAMPL1 co-localized suggesting that LAMP1 can be
found in both early endosomes and late endosomes. One possible explanation for the localization of
LAMP1 with EEAL, is that a subset of LAMP1 might found in a later stage of early endosomes. For
example, late endosomal markers (Rab7) regulates the trafficking between early and late endosomes.
A study by Humphries et al quantified the co-localization of LAMP1 with Rab7 and found the
majority (70 %) of LAMP1 co-localized with Rab7 (Humphries et al., 2011). Thus, it can be proposed

that Rab7 may recruit some of the LAMPL1 to the later stage of early endosomes.

Yet, the question remains whether endosomes interact with focal adhesion proteins and that may
regulate focal adhesion turnover. Considering the accumulation of Rab5- early endosomes at the
leading edge of migrating cells, it can be expected that early endosomes may interact with focal
adhesions. Therefore, we attempted to demonstrate whether early endosome proteins co-localize with
focal adhesion proteins. Our immunocytochemistry data showed low co-localisation correlation co-

localization and that 9% of EEAL co-localized with Paxillin. Similarly, the reverse co-localization
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showed 6% of Paxilin co-localized with EEA1. Similar findings were observed in co-localization

between EEAL and o5 Intgerin and found a small percent of co-localization (Lobert et al., 2010).

In contrast, subcellular localization analysis of Rab5 with Paxillin showed a slightly higher co-
localisation probability than seen between EEA1 and Paxillin. For example, we observed that 25%
Rab5 and 15% Paxilin co-localized. One possible explanation for this difference is that EEAL can be
limited to early endosomes (Wilson et al., 2000), whereas, Rab5 can be found in both early endosomes
and in the plasma membrane as it has been shown to be required for budding of vesicles from the
plasma membrane (McLauchlan et al., 1998). Therefore, the localization of Rab5 with Paxillin was
not as restricted to early endosomes as EEAL, and it can be localized on the cell surfaces (adhesion
area). This is supported by the co-localization between focal adhesions (vinculin and FAK) and
clathrin adaptors (Dab2, AP-1 and numb), which are believed to be found on both the cell surface
and early endosomes (Ezratty et al., 2009). This might be a possible explanation for the increase in
localization percentage between Rab5 and Paxillin.

The co-localization data was further supported by live-cell imaging between Rab5 and focal
adhesions, and we found that over a period of five minutes 35% of Rab5 contained Paxillin, with a
co-localization correlation value of 0.42. Similarly, live co-localization between Rab5 and other focal
adhesions like Zyxin were found (0.67). Taken together, these observations indicate that focal
adhesion proteins co-localized with early endosomes markers (Rab5 and EEAL), suggesting that
Paxillin, vinculin and zyxin in focal adhesions are targeted by early endosomes

Although, not all endosomes have been found to be co-localized with FA but still they were found to
be closely located to them. This observation of indirect contact but close proximity could be
considered by three possibilities. One possibility is that focal adhesions interact with molecules that
bind early endosomes. One of these molecules is the phospholipid phosphatidylinositol-4,5-
bisphosphate (PtdIns[4,5]P2). PtdIns[4,5]P2 has been shown to be involved in focal adhesion

formation, turnover and directly binds FAK at the FERM domain (Goiii et al., 2014). In addition, it
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has been proposed to bind vinculin and controls its dynamics (Thompson et al., 2017). EEAL, in
addition to being an effector for Rab5 (Christoforidis et al., 1999), has a region for interacting with
phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2) (Simonsen et al., 1998). Interaction of PIP2
with EEA1 has been shown to be required for both clathrin endocytosis and endosome maturation
(Simonsen et al., 1998) (Stenmark et al., 1996). Nevertheless, binding of EEA1 and Rab5 controls the
production of PtdIns(4,5)P2 by stimulating the activity of PI3K, which in turn affect focal adhesion
disassembly (Simonsen et al., 1998) (Goni et al., 2014). Therefore, it can be proposed that the close
association between endosomes and focal adhesions might be dependent on PtdIns(4,5)P2 interaction

due to the fact that PtdIns(4,5)P2 level is elevated at cell adhesion sites (Chandrasekar et al., 2005).

The second possibility might be that focal adhesions interact with proteins that bind early endosomes
such as Zinc Finger FYVE-Type Containing 21 (ZFYVE21). ZFYVE21 is found within cytoplasmic
vesicles and shares the FYVE domain that binds EEAL (Stenmark et al., 1996). In addition to its
binding ability to endosomes, this protein is found to directly bind focal adhesions and bind factors
involved in focal adhesion dynamins ( m-calpain and SHP-2) as well as carrying them via
microtubules to the site where focal adhesion disassembly occurs (Nagano et al., 2011). Because
ZFYVE21 associates with endosomes, it can be proposed that the close association between

endosomes and focal adhesions might be ZFYVE21 dependent.

The third possibility could be that focal adhesions can be found inside the vesicles. Thus, the link
between endosomes and focal adhesion were further examined using transferrin uptake studies which
can be considered to be a good method for visualizing endosome transport and recycling through the
clathrin pathway. Our immunocytochemistry data showed moderate co-localization correlation of
paxillin or vinculin with transferrin, which is co-localised with EEA1 or GFP- Rab5. This observation

may suggest that focal adhesions may be found with endosomes that required clathrin endocytosis.
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This was further supported by recording the time interaction between Rab5 and Zyxin during co-
localization. Notably, Zyxin turnover is on average between 30 to 60 (seconds). We found that the
average co-localization time between Zyxin and endosomes was 3.3 minutes. Considering the fact
that the total life time for clathrin coated pits is between 40 to 330 seconds (Yoshida et al., 2018).
Also, the average lifetime (track duration) of GFP-Rab5 was 3.66 minutes and this was in agreement
with previous studies (Rink et al., 2005). It can be suggested that focal adhesions need 3 to 5 minutes
to be delivered from the plasma membrane to early endosomes compartments or to recycling
compartments. However, further analysis is needed such as Z-stacking-timelapse to record the entire

co-localization between these proteins in a more three dimensional manner.

The third possibility was further supported by separating endosome using a Percoll gradient of post-
nuclear supernatant. The western blot results revealed that two early endosome markers concentrated
at the third and fourth fraction and suggested there is in fact separation of early endosomes proteins
using this technique. Also, this is supported by the absence of nuclear marker proteins suggesting a
contamination free fraction of these endosomes with nuclear proteins/organelles and evidence that
this Percoll fraction contains early endosomes. Similarly, late endosomal markers were found in the
same fractions in which both early endosomes were present. This was expected, since late endosomes
were shown earlier to be found localized with early endosomes. Also, many studies report an
overlapping of early endosomes and late endosomes in endosome fractions (Balbis et al., 2007) (Tjelle

et al., 1996).

This study also aimed to monitor involvement of other proteins such as AKT. The AKT pathway plays
an important role in many cellular functions including cell proliferation, survival and migration
(Altomare and Testa, 2005). In addition, it has been found to be upregulated in many human cancers
including breast, prostate, ovarian and brain (Sun et al., 2001). In regard to cell migration, there is
cross talk between AKT and FAK activation. For example, AKT directly interacts with FAK and
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phosphorylates it at different residue sites including S517, S601 and S69 (Wang and Basson, 2011).
Following phosphorylation of these site leads subsequently to FAK autophosphorylation at Y397,
which is important for FAK activation (Wang and Basson, 2011). This binding promotes cell motility,
and is found to regulate focal adhesion disassembly (Wang and Basson, 2011). In our study, the
western blot results revealed that both AKT and FAK were found in early endosomes. This finding
raises the possibilities that AKT activation and binding to FAK might occur in the endosomes and
blocking endocytosis or inhibition of intracellular trafficking may prevent AKT activation. These
possibilities were supported by Morisco who showed that Dynamin knock down prevented AKT
activation (Morisco et al., 2008). In addition, depletion of early endosome marker APPL inhibits AKT
activation/ phosphorylation (Tan et al., 2010). It seems that at a very early stage of endocytosis, AKT
binds to the PTB domain of APPL1 (Mitsuuchi et al., 1999). This binding enhances AKT to move to
early endosomes where EEAL is found. EEAL then facilitates the phosphorylation of AKT at both
T308 and S473 (Nazarewicz et al., 2011). This in turn has been suggested to stimulate FAK and induce
focal adhesion dynamics. It is worth mentioning that AKT activation can also require FAK activation.
For example, inhibition of FAK activity negatively impacts both phosphorylation sites in AKT at
S473 and FAK at Y397. Thus, the overall contribution of AKT and FAK on endosomes and that

regulate focal adhesion should be investigated further in future studies.

The presence of FAK in endosome fractions was further supported by published data which show that
FAK can directly bind endosomes and does not require integrin signalling (Alanko et al., 2015). This
seems a reasonable result, as FAK does not directly bind to integrin tails but binds to Talin (Bachir et
al., 2014). This binding facilitates the recruitment of focal adhesion complex including kindlin-2 ,
paxillin and vinculin, which is suggested to control cell motility (Theodosiou et al., 2016) (Lawson
et al., 2012). In line with this, our result here showed that focal adhesions containing Vinculin,
Paxillin, Zyxin and Talin were found in same fractions that endosomes were found in as well as FAK,

indicating that signalling and scaffolding proteins i.e. (focal adhesions complex) are found in
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endosomes. So, it can be suggested that endosomes transport non active forms of FAK near to the site
where the focal adhesions are attached to cells (Choi et al., 2011). This leads to the activation of FAK
on endosomes either via molecules that are found on early endosomes such as Src or via direct
interactions between the FERM domain of FAK and vesicle membrane (type | phosphatidylinositol
phosphate kinase) (Wang et al., 2011) (Chao et al., 2010). Subsequently, FAK recruits dynamin
which is required for vesicle scission (Ezratty et al., 2005). Also, it binds to talin which facilities the
recruitment of focal adhesion proteins including paxillin, vinculin and zyxine (Hu et al., 2014). This
recruitment would suggest binding to endosomes. To verify this, co-immunoprecipitation data from
endosome fractions indicated that vinculin was found to co-immunoprecipitate with Rab5 in both cell
lines. Whereas, little co-immunoprecipitation of EEA1 or Lamp1 with vinculin in MDA-MB-231 and
HT1080, respectively was observed. There is one possible explanation for the difference between cell
lines. There could be varying amounts of EEA1 endosomes present during the subcellular fractions
of both cell lines, as large amounts of EEA1 were observed in fraction three of HT1080 compared to
MDA-MB-231. This idea is also supported by an increased co-immunoprecipitation band detected
between Rab5 and vinculin in HT1080 compared to MDA-MB-231. Therefore, it is possible that
amounts of EEAL proteins in early endosomes of MDA-MB-231 were too low to be detected by co-
immunoprecipitation, but sufficient to be detected in HT1080. In addition, this amount might also
contain a subset of LAMP1 marker protein that is involved on a late stage of early endosomes as
discussed earlier in this chapter and this may explain the observed co- immunoprecipitation of LAMP1
and vinculin. Since we noticed a large quantity of LAMP1 in the early endosomes fraction of MDA-

MB-231 but this failed to co-immunoprecipitate with vinculin.

Internalization of integrins may modulate the focal adhesion complexes and lead to disassembly of
focal adhesions (Paul et al., 2015). As long as the focal adhesions dissemble, the FAK and Talin

scenario could occur at the recycling endosomes as FAK has been found to accumulate at the
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perinuclear of recycling endosomes and is co-localized with Rab11 (a marker of recycling endosome)
(Nader et al., 2016). From these results, it can be suggested that decreased expression of early
endosome markers may impair trafficking of FAK. This in turn may lead to inhibition of FAK
activation, and as a result prevents the recruitment of dynamin as well as focal adhesions paxillin,
vinculin, zyxin and Talin. These findings could possibly indicate that early endosomes regulate focal
adhesions turnover- possibly by delivering FAK to focal adhesions sites as well as recycling
endosomes.

Another possible suggestion, independent of FAK trafficking, could be endocytosis of focal adhesions
complexes. From our results, it can be hypothesized that the focal adhesions complex can be
endocytosed. The invagination of the plasma membrane could surround the focal adhesions complex.
This is based on the interactions between focal adhesions, dynamin and clathrin, which suggested that
dynamin clustered around focal adhesions (Ezratty et al., 2009). In addition, clathrin coated pits have
been reported to occur near focal adhesion areas (Cleghorn et al., 2014). These complexes may then
be delivered to early endosomal compartments. This is consistent with our results that focal adhesions
co-localise with early endosomes markers as well as with transported transferrin. Further, focal
adhesion containing vesicles were detected with focal adhesion proteins appearing in both early
endosomes and late endosomes fractions. Bioinformatics analysis supported this finding and indicates
the presence of early endosomes markers EEA1 and Rab5 in isolated focal adhesion complexes
(Horton et al., 2015). Taken together, these findings add to the growing body of evidence that focal
adhesions complexes could be endocytosed and delivered to early endosomes. This scenario is
possible, as paxillin has been reported to be targeted by late endosomes (Schiefermeier et al., 2014)
and degraded via autophagy (Sharifi et al., 2016). Loss of function of autophagy causes enlargement
of focal adhesions and leads to a reduction in cell migration, suggesting that there is a role for
autophagy in focal-adhesion disassembly through the targeted degradation of paxillin (Sharifi et al.,

2016). The same study also illustrates that the LC3-interacting region (LIR) of the autophagy marker
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LC3 interacts with the LIR motif of paxillin, and both paxillin and LC3 co-localised on the cytosolic

and at focal adhesions.
Early endosomes contribute to autophagosomes (Tooze et al.), and this may provide evidence that
the early endosome might be involved in focal adhesion transport. However, some questions remain

to be addressed, such as the mechanisms that regulate both early endosomes and focal adhesion

turnover.
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Chapter 5: Identifying signalling pathways affecting endocytic regulation of

cell migration and focal adhesion turnover
5.1 Introduction:

Having confirmed that endocytosis, specifically the dynamin and clathrin pathways, regulate cell
migration through regulating focal adhesion dynamics, the molecular signalling mechanisms that
transduce this effect are still unknown. One mechanism that recently has been associated with

endocytosis is nitric oxide.

Nitric oxide plays an important role in mediating a number of biological and physiological processes
and these include controlling blood flow or blood pressure through control of vasodilation, regulation
of cell growth, angiogenesis and platelet aggregation (Hermann et al., 2006). In addition to its
physiological roles, nitric oxide has also been implicated in several nervous system diseases
(Parkinson's disease and Alzheimer’s disease) (Knott and Bossy-Wetzel, 2009) and cancer (Xu et al.,
2002). Its production was shown to play an important role in cell migration, either by mediating
angiogenesis in vivo or modulating endothelial cells growth and migration in vitro (Morbidelli et al.,

1996) (Bove et al., 2007).

Nitric oxide is colourless, highly lipophilic and a diffusible gas, composed of an oxygen atom bound
to a nitrogen atom. It is produced in most mammalian tissues and is synthesized by an enzyme known
as nitric oxide synthase (NOS). There are three isoforms of NOS enzymes present: neural NOS
(nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS), which control the production and

release of nitric oxide (Figure5.1).
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Figure 5. 1 Biosynthesis of nitric oxide.

[llustration of nitric oxide production. The nitric oxide enzyme (iNOS, eNOS and nNOS) and
co-factor NADPH and oxygen convert Arginine to Citrulline with release of gaseous Nitric
oxide.

Although Nitric oxide can be regulated in a number of ways, its subcellular localization is considered
to have a major influence on NO synthesis biology. Subcellular localization of eNOS that is found in
the plasma membrane, regulates its activity by determining the proteins that the nitric oxide isoform
interacts with (Hecker et al., 1994). Endocytosis pathways such as caveolae were found to play an
important role in nitric oxide activity (Figure 5.2 A) (Rath et al., 2009). eNOS directly binds to
caveolae and interacts with many signalling molecules that concentrate on the caveolae coat (Feron
and Balligand, 2006). Using a subcellular fractionation assay approach employing endothelial cells,
eNOS was found particularly in the caveolae fraction (Shaul, 2003). Furthermore,
immunofluorescence microscope results demonstrated that eNOS co-localizes with caveolae (Shaul,

2003).
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Similarly, the dynamin protein that plays an important role in pinching off vesicles was also shown
to bind to eNOS (Cao et al., 2001b). Studies using immunoblotting of eNOS or double labelled
confocal immunofluorescence of dynamin 2 and eNOS provided more evidence of the direct
interaction of both proteins (Cao et al., 2001b). Interestingly, it was shown that loss of dynamin
function by inhibition of GTP hydrolysis through overexpression of a dominant negative construct,

K44A, impaired the trafficking of eNOS and its production (Chatterjee et al., 2003).

Nitric oxide mediates many cellular functions through two common processes namely cyclic
guanosine monophosphate (cGMP) production and S-nitrosylation of particular proteins. In a process
of regulating cyclic guanosine monophosphate (cGMP), nitric oxide interacts with a haem group that
is attached to the soluble guanylate cyclase enzyme at His-150 beta subunit. This interaction
stimulates the production of cyclic guanosine monophosphate which in turn activates many signalling
pathways including phosphodiesterase and protein kinases resulting in functional changes in cells

such as muscle relaxation and platelet inhibition (Seth et al., 2018).

The second regulation process is S-nitrosylation of particular proteins. S-nitrosylations occurs when
a nitric oxide group is attached to the thiol side of a cysteine in proteins (S-NO) (Smith and Marletta,
2012). On the other hand, denitrosylation is a process of decomposition of S-NO groups, which is
mediated by  multiple  enzymatic  systems including:  thioredoxin and = S-

nitrosoglutathione reductase (GSNOR), or ADH5 (Barnett and Buxton, 2017).

Protein S-nitrosylation is an important mechanism that can alter the structure and function of proteins
and protein —protein interactions. (Foster et al., 2009). A growing body of evidence suggests that S-
nitrosylation is implicated in many cellular functions including: apoptosis (Lee et al., 2005), cell
growth (Oliveira et al., 2008), endocytosis (Wang et al., 2006) and membrane trafficking (Matsushita
et al., 2003). Apoptosis, which is also known as programmed cell death, plays an important role in

removing unwanted cells including damaged or infected cells. Dysregulation of this process is
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implicated in diseases such as cancer, where cells are able to evade cell death (Letai, 2017). S-
nitrosylation was identified to regulate a number of proteins which carry out functions during
signalling in apoptosis (Figure 5.2 B). Caspase 8, a cysteine proteases, which are located in the
cytoplasm plays an important role in executing the apoptotic programme or cytokine processing (Shi,
2002). In resting cells, caspase 8 is expressed as a zymogen and is activated by two major pathways -
the intrinsic (mitochondria) or extrinsic (death receptors) one (Shi, 2004). In the intrinsic pathway,
mitochondria play the central part of apoptosis activation by releasing pro-apoptotic molecules
(cytochrome C), which in turn cleaves zymogens to form active tetrameric proteins and trigger other
caspase effectors (caspase 3) resulting in cell death (Kim et al., 2000). Considering that caspases is
key mediators of apoptosis, S-nitrosylation of caspase 8 was shown to decrease its enzymatic activity
(Kim et al., 1997). Similarly, in extrinsic pathways, S-nitrosylation is associated with a key anti-
apoptotic death receptors protein Fas - a transmembrane protein that belongs to tumour necrosis factor

receptors (TNF) (Leon-Bollotte et al., 2011).

Nitric oxide is known to accelerate receptor mediated endocytosis by S- nitrosylation of dynamin
proteins, as nitrosylation of dynamin leads to increase of GTP hydrolysis and thus enhances the
cleavage of vesicles (Wang et al., 2006). A good example is the internalization of 2 adrenergic
receptors which is mediated via clathrin coated pits (Liang et al., 2004). A mutation in either the site
where dynamin is nitrosylated or GTP hydrolysed, decreased the internalization of B2 adrenergic
receptor compared to wild type (Wang et al., 2006). In addition to their function on internalization, S-
nitrosylation of dynamin was shown to promote cell survival (Figure 5.2 C) (Kang-Decker et al.,

2007).
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Figure 5. 2 Model summarizing the role of nitric oxide in mediating cellular functions.

A) Subcellular localization of eNOS regulated by Caveolae pathways. B) Mechanism of nitric oxide
in apoptosis. Once the apoptosis pathway is induced via death receptors protein Fas, it recruits the
Fas-associated death domain (FADD) to its cytosolic death domain which then recruit procaspase-8
causing activation of caspase-8. Activated caspase-8 stimulates apoptosis through the activation of
effector caspase-3 or caspase-7. S-nitrosylation of procaspase8 can inhibit the apoptosis through
suppression of caspase activity. C) Nitric oxide accelerates receptor mediated endocytosis by S-
nitrosylation of dynamin proteins and promotes cell growth.
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In addition, S-nitrosylation has been linked to membrane trafficking events between Golgi apparatus
and plasma membrane protein transportation through regulation of plasma membrane fusion proteins.
SNARE proteins belong to this class and perform fusion of two lipid bilayers. S-nitrosylation of
SNARE proteins have been demonstrated to impair membrane trafficking, resulting in inhibition of

exocytosis of Weibel-Palade Bodies that mediate vascular inflammation (Matsushita et al., 2003).

Aside from its function in mediating endocytosis, S-nitrosylation has been implicated in focal
adhesion disassembly in a process that requires the calcium-dependent protease calpain. Calpain plays
an important role in regulating focal adhesion disassembly by proteolytic cleavage of Talin, a focal
adhesion protein required for the stability of actin and integrin assembly (Franco et al., 2004).
Calpain2 was also found to mediate the proteolysis of other focal adhesions including Paxillin and
FAK, which in turn affects the disassembly of focal adhesions and cell motility (Cortesio et al., 2011).
Although calpain can be activated in a number of ways including calcium, nitric oxide was shown to

be a key regulator of calpain activity (Youn et al., 2009).

Taken together, accumulation of nitric oxide synthase in the endosome compartments and co-
localization with dynamin, which was recently shown to promote the cell migration by enhancing
focal adhesion turnover, led me to hypothesise that nitric oxide activity stimulates endosome
trafficking leading to enhanced focal adhesion turnover. In order to investigate this idea, this chapter
will firstly investigate the role of nitric oxide in cell migration using cell tracking assays. This chapter
was further extended to investigate the effect of nitric oxide inhibitors on focal adhesion turnover. To
do so, two nitric oxide inhibitors N -Nitro-L-arginine methyl ester hydrochloride (L-NAME) (a
general NOS inhibitors) and 1400W (an iNOS specific inhibitor) were used in order to distinguish
between nitric oxide isoforms. Also, the nitric oxide donor: PAPA NONOate (3-(2-Hydroxy-2-
nitroso-1-propylhydrazino)-1-propanamine) was used in order to assess whether stimulation of nitric

oxide activity had an opposing role on cell migration
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After studying the association between nitric oxide and cell migration, this chapter will examine
whether inhibition of nitric oxide production will affect the internalization pathways (transferrin and

dextran) or early endosomes proteins (EEA1 or Rab5).

This chapter was further extended with two approaches to observe whether there is an interaction
between nitric oxide synthases and the early endosome markers. Firstly, quantifying the co-
localization between nitric oxide synthases (iINOS or eNOS) and early endosomal compartments using
immunostaining of fixed MDA-MB-231 cells. The second approach was to assess whether early
endosomes compartment proteins were S-nitrosylated, thus S-nitrosylated cysteine residues of
endosome markers were detected by means of a biotin switch assay. The biotin switch assay was
developed by Jaffery et al and allows selective conversion of S-nitrosylated moieties to biotinalyted
thiols (Jaffrey and Snyder, 2001). It involves three main steps: blocking, reduction and labelling

(figure 5.3).
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Figure 5. 3 Steps involved in the Biotin Switch Assay

In the first step, free thiols in the protein are blocked with MMTS (S-methyl
methanethiosulphonate). After blocking, an ascorbate reduction dissolves the nitrsothiol bond to
reduce nitrosothiols to free thiols. Next, the biotinylating reagent (Biotin HPDP ((N-[6-
(Biotinamido) hexyl]-3'-(2'-pyridyldithio) propionamide) is labelled to the free thiol. Finally,
biotinylated proteins can now be isolated, enriched and detected by western blot.
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5.2 Methods:

5.2.1 S-nitrosylation Protein Detection (Biotin Switch):

S-nitrosylation Protein Detection kit (Cayman Chemical) were used to detect S-nitrosylatedcystein

residues, according to manufacturer’s instructions.

After incubation of the cell culture, media was discarded from T75 flasks and the cells were washed
twice with 5 mL cold wash buffer. Subsequently, cells were scraped using a rubber policeman with
wash buffer and centrifuged at 500 g for 5 minutes at 4° C. The pellets were then re-suspend with 0.5
ml Buffer A containing blocking reagent and incubated for 30 minutes at 4°C on a shaker. Next,
supernatants were mixed with 2 ml of ice-cold acetone and incubated at -20° C for one hour. Later,
samples were centrifuged at 3000 rcf for 10 minutes at 4° C and the pellet was mixed with Buffer B
containing Reducing and Labelling reagents and incubated for one hour at room temperature. After,
2 ml of ice-cold acetone were added to the sample and incubated at -20° C for one hour, and a pellet
was generated by centrifugation at 3000 rcf for 10 minutes at 4° C. The pellet was then mixed with a
100 pL of cold wash buffer and incubated with 100 uL of RIPA buffer containing Streptavidin-
agarose bead (20uL) overnight at 4° C on the rotating machine. The sample was then centrifuged at
14000 rcf for 30 seconds and the pellet was washed with 300 uL with RIPA buffer (this step was
repeated 3 times). Post-streptavidin pull down, samples were subjected to Protein separation (SDS-

PAGE), transfer, and antibody incubations and quantifications as illustrated in section 2.4.
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5.3 Results:

5.3.1 Effect of nitric oxide on cell migration as measured by tracking individual cells:

MDA-MB-231 breast-cancer cells were plated on a 6-well-plate and incubated overnight. When the
plate reached 30% confluence, cells were treated with either vehicle (PBS), nitric oxide inhibitors (L-
NAME or 1400W) or nitric oxide donors (PAPA NONOate) at varying concentrations (L-NAME 5
mM, 1400W 2 mM and PAPA NONOate 50 uM) for a 24 hour incubation. Upon completion of the
incubation times, cells were directly subjected to live imaging using time lapse microscopy. Images
were captured every 15 minutes for a period of 24 hours and the speed was calculated as the total

distance moved divided by 24 hours.

As illustrated in figure 5.4, inhibition of nitric oxide production via iNOS (1400W) and inhibition of
the three isoforms of NOS (L-NAME) significantly reduces the average speed of cell migration with
a higher effect for L-NAME compared to control. Whereas nitric oxide donors (PAPA NONOate) had

no effect on the migration speed.

Quantification analysis of MDA-MB-231 migration indicated that the average speed was 23.49 *
0.832 pum/h in vehicle and 22.95 + 0.858 p<0.05 in PAPA NONOate, compared to 14.78 + 1.05 pm/h
** p<0.01 and 18.37 £ 1.288 um/h * p<0.05 in L-NAME and 1400W treated cells, respectively

(Figure 5.3).
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Figure 5. 4 Effect of nitric oxide inhibitors or donors on cell migration using cell tracking of
MDA-MB-231 cells.

Mean migration speed of individual cells in 24 hours. MDA-MB-231 cells were treated with Vehicle,
different nitric oxide inhibitors (L-NAME 5 mM or 1400W 2 mM) or NO Donors (PAPA NONOate
50 uM ) for 24 hours and subjected to a cell tracking assay using time lapse microscopy. One way
ANOVA with Tukey Multiple Comparison Test were used to compare each treatment with the
control. Graph represents the mean + standard error of three independent experiments, in each

experiment 40 cells were analysed for vehicle or each inhibitor. Statistical significance differences
were accepted at * p<0.05 ** p<0.01.
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5.3.2 Effect of nitric oxide on focal adhesion turnover:

As shown in previous results, inhibition of nitric oxide reduces cell migration. The question was raised
whether the inhibition of nitric oxide (L-NAME or 1400W) could also affect focal adhesion turnover.

Therefore, live cell transfection with mCherry- Zyxin were performed.

The MDA-MB-231 cells were seeded on ibidi 50 plastic surface and allowed to attach to the bottom
of the plate overnight. When the plate became 60% confluent, cells were transfected with mCherry -
Zyxin and then treated with 5mM L-NAME or 2mM 1400W or Vehicle for 24 hours. Subsequently,
after completion of the incubation time, cells were directly subjected to confocal time lapse
microscopy at a wave length of 568nm to visualize mCherry -Zyxin turnover. The mCherry -Zyxin
turnover was monitored by taking 1 image every 5 seconds for the duration of 10 minutes and the

average life time of Zyxin concluded by measuring the intensity of Zyxin in focal adhesions overtime.

The quantification measurements revealed that both nitric oxide inhibitors significantly increased the
turnover time of mCherry -Zyxin compared to control. As shown in figure 5.5, the mean turnover time
was 36.03 + 3.8s in vehicle, compared with 74.57 £ 2.667s (** p<0.01) and 58.79 + 7.69s (* p<0.05)

in L-NAME and 1400W treated cells, respectively.
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Figure 5. 5 L-NAME and 1400W increased zyxin containing focal adhesions turnover in live
MDA-MB-231 cells.

Mean turnover time of zyxin containing focal adhesions in control compared to L-NAME or 1400W
inhibitors of MDA-MB-231 cells. MDA-MB-231 cells were transfected with mCherry-Zyxin, treated
with vehicle, different nitric oxide inhibitors (L-NAME or 1400W) or Donors for 24 hours and
subjected to live cell imaging. Images were captured every seconds for five minutes. One way
ANOVA with Tukey Multiple Comparison Test were used to compare each treatment with the
control. Graph represents the mean + standard error of 24 cells (100 focal adhesion) from three
independent experiments. Statistical significance differences were accepted at * p<0.05 and **
p<0.01.
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5.3.3 Effect of nitric oxide on endocytosis:

5.3.3.1 Effect of nitric oxide inhibitors on transferrin and dextran internalization:

This approach was used to demonstrate whether inhibition of nitric oxide interferes with endocytosis
in terms of clathrin or non clathrin internalization pathways. Therefore, the effect on ligand uptake in

the presence of nitric oxide inhibitors on two ligands, transferrin and dextran, was examined.

In each experiment of dextran or transferrin internalization, MDA-MB-231cells were allowed to
attach to the bottom of the plate overnight. Next day, cells were treated with 5mM L-NAME or 2mM
1400W or vehicle for 48 hours. Subsequently, the media was replaced with 0% FBS containing
500ug/ml of dextran conjugated to Fluorescein or 20mg/ml transferrin conjugated to Alex Fluor 546
for 30 minutes. Finally, cells were fixed with paraformaldehyde, subjected to confocal microscopy
and fluorescence intensity measured for transferrin uptake or the number and size of endosomes

containing dextran.

The quantification analysis of transferrin uptake indicated that both nitric oxide inhibitors failed to
inhibit transferrin uptake (figure 5.6). Similarly, these inhibitors also did not show any significant

effect on number or size of dextran containing vesicles (figure 5.7).
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Figure 5. 6 L-NAME and 1400W did not affect transferrin uptake in MDA-MB-231 cells

MDA-MB-231 cells were treated with vehicle, different nitric oxide inhibitors (L-NAME or 1400w)
for 48 hours, serum starved for 3h and incubated with 25 pg/ml Alexa Fluor 546 -conjugated
transferrin for 30 minutes. Cells were then fixed and subjected to confocal imaging. A: Confocal
images representing the effect of untreated cells (vehicle) and treated cells (L-NAME 5 mM or
1400W 2mM) on Transferrin uptake in MDA-MB-231. Yellow arrows indicate the amount of
transferrin uptake. Scale bar is 50um. B: the transferrin uptake measured by fluorescence intensity
and one way ANOVA with Dunnett’s Multiple Comparison were used to compare each treatment
with the control.
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Figure 5. 7 L-NAME and 1400W did not affect dextran uptake or size in MDA-MB-
231 cells

MDA-MB-231 cells were treated with vehicle or different nitric oxide inhibitors (L-
NAME or 1400w) for 48 hours, serum starved for 3h and incubated with 500 pg/ml
Dextran, Fluorescein, 10,000 MW, Anionic, Lysine Fixable for 30 minutes. Cells were
then fixed and subjected to confocal imaging. A: Confocal images showing the effect of
untreated cells (vehicle) and treated cells (L-NAME or 1400W) on dextran number and
size in MDA-MB-231 cells. Yellow arrows indicate the amount of dextran uptake. Scale
bar is 50um. B and C) graphs show the effect of nitric oxide inhibitors on dextran number
and size. One way ANOVA with Dunnett’s Multiple Comparison were used to compare
each treatment with the control.
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5.3.3.2 Effect of nitric oxide inhibitors on early endosome markers:

To examine whether nitric oxide is involved in endocytosis regulation through early endosomal
compartments, the effect of nitric oxide inhibition or donors on Rab5 or EEA1 markers was examined.
Thus, MDA-MB-231 cells were treated with nitric oxide inhibitors (L-NAME or 1400W) or donor

(PAPA NONOate) and then immunostained for either Rab5 or EEAL.

The results show that both inhibitors and donors had no significant effect on number or size of Rab5
containing endosomes compared to control (Figure 5.8). However, L-NAME and 1400W but not PAPA
NONOate significantly reduced the number of EEAL containing endosomes and increased their size
compared to control cells. As shown in figure 5.9, the mean average number of EEAL in cells treated
with L-NAME or 1400W were 23.7 £ 2.00 (* p<0.05) and 20.1 + 6.87 (* p<0.05), respectively,
compared with 43.5 £ 3.20 in control and 40.9 + 1.37 in PAPA NONOate. Similarly, the mean average
size of EEAL1 containing endosomes in cells treated with L-NAME or 1400W were 0.99 + 0.068 um?

(** p<0.01) and 1.11 + 0.09 pm? (** p<0.01) respectively, compared with 0.47 + 0.066 um? in control

and 0.80 + 0.092 pm? in PAPA NONOate.
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Figure 5. 8 Nitric oxide inhibitors do not effect number and size of Rab5 containing endosomes
in MDA-MB-231 cells.

MDA-MB-231 cells were treated with vehicle or different nitric oxide inhibitors (L-NAME or
1400w) for 48 hours, fixed and subjected to immunocytochemistry staining of anti-Rab5. A)
Confocal images showing the effect of untreated cells and treated cells with L-NAME or 1400W on
Rab5 number and size. Yellow arrows illustrate Rab5. Scale bar is 50um. B and C) graphs show the
effect of L-NAME and 1400W inhibitors on Rab5 number and size. One way ANOVA with
Dunnett’s Multiple Comparison Test were used to compare each treatment with the control. Graphs
represent the mean = standard error of three independent experiments, in each experiment at least 60
cells were analysed.
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Figure 5. 9 Effect nitric oxide inhibitors or donors on number and size of EEAL containing
endosomes in MDA-MB-231 cells.

MDA-MB-231 cells were treated with vehicle or different nitric oxide inhibitors (L-NAME or
1400w) for 48 hours, fixed and subjected to immunocytochemistry staining of anti-EEAL. A)
Confocal images representing the effect of untreated cells and treated cells with 1400W on EEALl
number and size. Yellow arrows illustrate EEAL. Red arrow illustrates the large-coated vesicle. Scale
bar is 50um. B and C) graphs show the effect of L-NAME and 1400W inhibitors or donors on EEA1
number and size. One way ANOVA with Dunnett’s Multiple Comparison Test were used to compare
each treatment with the control. Graphs represent the mean + standard error of three independent
experiments, in each experiment at least 80 cells were analysed. Statistical significance differences
were accepted at * p<0.05 and ** p<0.01.
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5.3.4 Association between nitric oxide and endosomes:

Since the previous results demonstrated that inhibition of nitric oxide regulates number and size of
EEAL containing endosomes, it was thought to investigate the potential link between early endosomes
and nitric oxide. Therefore, two methods were applied. The first method was immunocytochemistry
to assess the co-localization between early endosomes and nitric oxide synthase. The second method

was the biotin switch assay to detect whether early endosomes antigens are S-nitrosylated.

5.3.4.1 Association between Early endosome antigen and eNOS or iINOS using

immunocytochemistry:

MDA-MB-231 cells were fixed and immunostained for EEA1 and eNOS or iNOS. The results show
that the co-localisation value between EEA1 and eNOS was 0.64 + 0.17 (Figures 5.10). Similarly, the

co-localisation value between EEAL and iNOS were 0.63 + 0.11 (Figure 5.11).
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Figure 5. 10 Co-localization between eNOS and Early Endosome Antigen (EEAL).

Confocal images of co-localization between eNOS and EEA1 antibodies in MDA-MB-231 cells.
Cells were fixed and subjected to immunocytochemistry for eNOS and EEAL antibodies. The co-
localisation of eNOS (green) with the early-endosome marker EEA1 (red) was measured through
selection of a ROI (region of interest) using Spearman’s (rho) correlation coefficient analysis. Scale
bar is 50um. The highlighted area illustrates a magnification of the co-localization and is pointed out
with a white arrow. Three independent experiments were performed.
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Figure 5. 11 Co-localization between iNOS and Early Endosome Antigen (EEAL).

Confocal images of co-localization between iINOS and EEA1 antibodies in MDA-MB-231 cells. Cells
were fixed and subjected to immunocytochemistry for eNOS and EEAL antibodies. The co-
localisation of iNOS (green) with the early-endosome marker EEAL (red) was measured through
selection of a ROI (region of interest) using Spearman’s (rho) correlation coefficient analysis. Scale
bar is 50um. The highlighted area illustrates a magnification of the co-localization and is pointed out
with a white arrow. Three independent experiments were performed.
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5.3.4.2 Association between endocytosis and nitric oxide through detection of S-nitrosylation:

Once it was ascertained that an early endosomes antigen is affected by nitric oxide inhibitors and co-
localized with both INOS and eNOS, it was decided to investigate whether early endosome proteins
or proteins associated with early endosomes are S-nitrosylated. Thus, a biotin switch assay was

conducted as described in materials and methods.

Western blot analysis revealed that several early endosomal markers (APPL1, EEA1 and Rabb),
associated proteins (CHC1) and late endosomal markers (LAMP1) were all found to be S-nitrosylated.
There was a lower signal for S-nitrosylated Rab5 than the other endosomal markers and no signal was
detected with H2B proteins or Ubiquitin which were used a control as they do not contain S-
nitrosylation. To ensure the accurate detection of S-nitrosothiols, samples were treated with mercury
chloride (HgCI2) to cleave S-NO bonds as a negative assay control prior the biotin switch assay,

which showed no detected bands in all proteins tested (figure 5.12A).

Once it was ascertained that these endosome markers were S-nitrosylated, the GPS-SNO S-
nitrosylation site prediction algorithm was used (Xue et al., 2010) to predict the specific cysteine
residue that is likely to be S-nitrosylated. The prediction algorithm was applied to APPL1, Clathrin

Heavy Chain 1, EEA1, LAMP1, Rab5 and others proteins including H2B and ubiquitin (figure 5.12B).

189



A B
Protein  [Ladder fe“t Biotin Ip | Mercuric || Site prediction Positions of cysteine
ysate Chloride :
100uM residue and score
T - VIDELSSCHAVLSTQ Position 99 ( 2.4)
- ESNLSSVCYIFESN Position 603 (20.7)
Appll . i
== ' - RHSSLAGCQIINYRT - LKEDKLECSEELGD Position 151 (21) , Position 459 (5)
u - VPNKVIQCFAETGQV - SVEDSLECLRAMLSA Position 491 (3.1), Position 666 (3.2)
Clathrin — - GGLLDVDCSEDVIKN - EARIHEGCEEPATHN Position 824 (3.3), Position 870 (2.3)
. - DLELINVCNENSLFK - EFRLAQMCGLHIVVH Position 934 (2.4), Position 1272 (21)
Heavy Chain
- EGFICPQCMKSLGSA Position 46 (2.4)
EEA1 - SEKLKDECKKLQSQY Position 255 (2.0)
- ILDLEKTCKELKHQL o
- EQQLQERCKALQDIQ Position 894 (1.6)
Position 1102 (2.2)
LAMP1 - LLLGLMHCASAAMFM Position 25 (2.7)
- TQPTRNQCCSN Position 212 (3.3)
Rab5
No site predicted None
H2B
.Q
Ubiquitin No site predicted None
- —— -

Figure 5. 12 Detection of S-nitrosylation proteins on western blot

Western blots images showing the S-nitrosylation proteins detected using the biotin switch assay.
MDA-MB-231 cell lysate was either left untreated or treated with 100uM Mercuric chloride before
performing the biotin switch assay. Biotinylated proteins were then precipitated by streptavidin-
agarose, subjected to western blot against early endosomal markers (EEA1, Rab5 and APPL1), late
endosome marker (LAMP1), Clathrin Heavy Chain (CHCL1), nuclear proteins (H2B) and Ubiquitin.
Three independent experiments were performed and a representative image shown. B) List of
predicted S-nitrosylation for endosomes. Predicted S-nitrosylated cysteine residue in the amino acid
sequences are highlighted in red
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5.34.3 Bioinformatics analysis of endosome proteins S-nitrosylation:

The predicted three-dimensional structures of early endosome proteins were generated using IntFOLD
software (McGuffin et al., 2015) (McGuffin et al., 2018). This tool was used to identify the buried
and exposed cysteines to determine which are most likely to be S-nitrosylated. The structure of EEA1
indicates that two cysteines, at position 255 and 1102, are buried and not likely to be a site of S-
nitrosylation (Figure 5.13 B and D). However, other two cysteines, at positions 46 and at position 894,

are both exposed and are possible sites of S-nitrosylation (Figure 5.13 C).

A three dimensional model of clathrin heavy chain 1 was also generated. From the structure in Figure
5.13 B, C and D, it can be seen from the surface render image that Cys-151, Cys-491, Cys-666, Cys-
934 and Cys-1272 are buried, and thus would be unlikely to be potentially S-nitrosylated. However,
Cy459, Cys824, Cys 934 and Cys 870 are exposed and are all possible targets for S-nitrosylation

(Figure 5.14 B, C and D).

The three dimensional model was also generated for the other endosome proteins. From the structures
in Figure 5.15 and 5.16, it can be seen that only one cysteine was detected for both Rab5 and LAMP1
and is likely to be S-nitrosylated as both were exposed. However, a three dimensional model for
APLL1 indicated that the location of both cysteines was buried and thus would be unlikely to be a

target for S-nitrosylation (Figure 5.17).
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Cys 255

Figure 5. 13 The human EEAL structure

A cartoon representation of EEA1 with cysteine residues highlighted in red. A) All potential
cysteine residues identified from GPS-SNO analysis. B) Cys 1102. C) Cys 894 and Cys 46. D)
Cys255.
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Cys 934

Figure 5. 14 The human Clathrin Heavy Chain structure

A cartoon representation of CHC with cysteine residues highlighted in red. A) All potential cysteine
residues identified from GPS-SNO analysis. B) Cys 824, Cys 870, Cys 934 and Cys 1272. C) Cys
151, Cys 459 and Cys 491. D) Cys 491 and Cys 666.
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Figure 5. 15 The human Rab5a structure

A cartoon representation of EEAL with cysteine residues highlighted in red. A) Potential cysteine
residue identified from GPS-SNO analysis. B) Cys 212.
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Figure 5. 16 The human LAMP1 structure

A cartoon representation of LAMP1 with cysteine residues highlighted in red. A) Potential cysteine
residue identified from GPS-SNO analysis. B) Cys 25.
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Figure 5. 17 The human APPL1 structure

A cartoon representation of APPL1 with cysteine residues highlighted in red. A) Potential cysteine
residue identified from GPS-SNO analysis. B) Cys 99 and Cys 603.
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5.4 Discussion:

The gas nitric oxide (NO) plays an important role in many physiological and pathological processes
including smooth-muscle relaxation, the cardiovascular system (Bian et al., 2008) and cancer
(Choudhari et al., 2013). Three different isoforms of nitric oxide synthase (NOS): endothelial (eNOS),
neuronal (nNOS) and inducible (iNOS) which produce nitric oxide, have been detected in a wide
range of human cell lines. The expression of these isoforms has been reported to be increased in breast
cancer (Thomsen et al., 1995) and other cancers such as colon cancer cells (Cianchi et al., 2003), lung
cancer (Okayama et al., 2013), lymphoma (Barreiro Arcos et al., 2003), and melanoma (Massi et

al., 2001).

A number of studies have demonstrated a relationship between nitric oxide expression and cell
migration. For example, in wound healing assays high levels of nitric oxide promote wound healing
and proliferation of human keratinocyte cells (Zhan et al., 2015). Whereas, low levels of nitric oxide
leads to delayed wound healing (Schaffer et al., 1996). Expression of nitric oxide in wound healing

is therefore an important component and might play a role in breast cancer metastasis.

In this chapter, L-NAME and 14000W have been used to inhibit total NO synthesis and inducible NO
synthase (iNOS), respectively in MDA-MB-231 cells. Cell tracking was employed to identify its
effect on migration. Cell tracking assays revealed a significant decrease in migration speed in MDA-
MB-231 cells when treated with L-NAME (5 mM) or 1400W (2 mM) compared to control conditions.
The migration speed for both inhibitors combined was not significantly altered, suggesting a role for
INOS. This is supported by the data obtained from invasive tumours, benign and normal tissue

highlighting the role of iNOS protein levels (Thomsen et al., 1995).

It has been demonstrated that NO donors play a role in endothelial cell migration by increasing its
ability to migrate and proliferate during wound healing of endothelial cells and human keratinocyte

cells, suggesting the release of nitric oxide at the leading edge of the wound (Noiri et al., 1997) (Zhan
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et al., 2015). However, cells treated with NO donor (PAPA NONOate) at 50 uM showed no
significant effect on migration speed compared to the control. It is possible that the lack of an effect
with the NO donor may indicate that the cells already produce enough NO to have a maximal effect
on cell migration or that the NO needs to be produced locally (e.g. in endosomes or near the plasma
membrane) in order to stimulate cell migration. Another possibility is that the NO is released too
quickly and needs more sustained production of NO. This would suggest that future work could look

at other NO donors.

Focal adhesion dynamics and turnover is considered to be an essential component of cell motility
(Broussard et al., 2008). Previous studies indicate that nitric oxide is involved in the maintenance and
attachment of adhesions to extracellular matrix in various cell types including endothelial cells,
vascular smooth muscle cells and renal meningeal cells (Fang et al., 1997, Yao et al., 1998). In
addition, the production of nitric oxide was shown to stimulate cell migration of intestinal
epithelial cell line through FAK activation (Rhoads et al., 2004). However, the role of nitric oxide
on focal adhesion turnover of cancer cell has not been well studied. Here, live cell imaging of
mCherry -Zyxin revealed a significant increase in focal adhesion turnover time in cells treated with
5 mM L-NAME or 2 mM 1400W compared to control. The turnover rate for these cells was
approximately 36.03 + 3.8s in vehicle, compared with 74.57 + 2.66s and 58.79 £ 7.69s in L-NAME
and 1400W treated cells, respectively. This reduction supports the data obtained in cell tracking
assays, suggesting that nitric oxide may regulate the migration of cells through regulating focal
adhesion turnover. Another possibility is the inhibiting NO production stops migration through some

other mechanism and once the cells stop migrating they also stop the turnover of FAs.

As L-NAME and 1400W regulate both cell migration and focal adhesion turnover, it was decided to
investigate the mechanisms by which nitric oxide regulate focal adhesions turnover. One possible
mechanism, as hypothesized in this chapter, could be via a direct effect of nitric oxide on proteins

through the mechanism of S-nitrosylation. Nitric oxide has been reported to S-nitrosylate dynamin
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and this in turn promotes cell survival and endocytosis (Kang-Decker et al., 2007). Nitric oxide
nitrosylates dynamin within its pleckstrin homology (PH) domain on C607 (Wang et al., 2006). S-
nitrosylation of dynamin Cys-607 induces GTPase activity and dynamin oligomerization, which in
turn leads to increased receptor mediated endocytosis (Wang et al., 2006). For example, endothelial
HEK cells expressing eNOS, increases B2adrenergic receptor internalization. Here however, we
demonstrate that MDA-MB-231 cells inhibited with L-NAME and 1400W showed no significant
effect on both dynamin dependent endocytosis marker (transferrin) and micropinocytosis (dextran),
compared to control. One possible reason for these contradictory findings could be variation in
experimental designs. For example, Wang et al used endothelial HEK cells expressing eNOS
(cotransfected with expression plasmids encoding eNOS) and compered to non-transfected HEK cells
(Wang et al., 2006). Also, Kang-Decker et al measured the uptake of transferrin, with the NO donor
GSNO (Kang-Decker et al., 2007). While the transferrin uptake of this work was carried out in non-
modified cells and via inhibition rather than inducing the nitric oxide. HEK cells also express little
nitric oxide synthase isoforms (Gui et al., 2018). So, adding nitric oxide to these cells can increase
the level of nitric oxide which in turn have a strong impact on cellular signalling events. Whereas,
MDA-MB-231 cells already have high endogenous levels of nitric oxide synthase and further addition
of nitric oxide might not be able to further increase any response. Therefore, such differences in cell

types and experiments might explain these contradictory findings.

Another possible reason could be that S- nitrosylation of Dynamin may not occur at the plasma
membrane where endocytosis uptake takes place. This is supported by an existing study highlighting
a role of eNOS and Dynamin interactions in endothelial cells which found that endogenous eNOS
and dynamin localize and interact within Golgi membranes (Cao et al., 2001a). They suggest that
eNOS protein interactions occur in other membrane compartments within which eNOS resides (Cao
etal., 2001a). Taken together, these observations with our findings may suggest that the inhibition of

nitric oxide synthase did not affect internalization but might be involved in trafficking.
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No change in transferrin uptake following NOS inhibition led us to hypothesise that nitric oxide might
disrupt trafficking and fusion with lysosomes or recycling vesicles rather than internalization. This
hypothesis was supported by a study which examined the role of nitric oxide in regulating membrane
fusion by acting on a SNARE complex, resulting in induction of the exocytosis of Weibel-Palade
Bodies (Matsushita et al., 2003). These findings imply the mode of action for nitric oxide is in the
regulation of vesicle trafficking. Here, treatments with general NOS inhibitors such as L-NAME and
the selective iINOS inhibitor 1400W resulted in a significant increase in the size of endosomes
containing EEA1 and simultaneously decreased the number of these endosomes. This observation
was further confirmed by immunocytochemistry results where EEA1 was found to moderately co-
localize with eNOS and iNOS. Therefore, a significant reduction in the number and an increase in the
size of endosomes containing EEA1 in addition to the co-localization of EEA1 with nitric oxide
isoforms, suggests that nitric oxide may act on EEAL. These results encouraged us to employ the
biotin switch assay to determine if these effects were due to S-nitrosylation of EEAL. Western blot
analysis revealed that EEA1 was indeed S-nitrosylated compared to non-modified control proteins
like H2B or ubiquitin. This result was further confirmed by bioinformatics analysis using GPS-SNO
algorithm where EEA1 was predicted to be S-nitrosylated at four cysteine residues - Cys-46, Cys-
255, Cys-894 and Cys-1102, with a high confidence score. Although, the score for these four site is
high, the three-dimensional structure indicated that only two sites are exposed: Cys-46 and Cys-894,
while the remaining two were buried: Cys-255 and Cys-1102. The two exposed cysteines are
therefore more likely to be S-nitrosylated. Cys 894 is proposed to be located within the N-terminal
C2H2 zinc finger (ZF) (Callaghan et al., 1999). EEA1 C2H2 ZF were shown to be highly selective
to bind Rab5 switch regions as well as influence the active switch conformation (Mishra et al., 2010).
The localization of Cys-894 in EEAL suggests a mechanism of action for nitric oxide on EEA1
activity, specifically affecting the dimerization of EEA1, which is thought to be essential for the

tethering function (Dumas et al., 2001) as cysteine residues form disulphide bonds and serve a
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principal structural function during protein folding (Berndt et al., 2008). It may be that nitric oxide
activity leads EEA1 to dimerize into a large protein complex that contains multiple Rab5 effectors
such as Rab5a, Rabex-5 and Rabaptin as well as other endosome markers such as Syntaxin-13 and
SNARE, and this results in the fusion and trafficking of endosomes (McBride et al., 1999). Therefore,
S-nitrosylation of EEAL at Cys-894 may induce the dimerization and thus promotes docking and

fusion of endosomes.

As EEAL is S-nitrosylated, it would seem reasonable to assume that other proteins that were found to
interact with it or with early endosomes may also be S-nitrosylated. Clathrin heavy chain 1 was shown
here to be S-nitrosylated in the MDA-MB-231 cell line, and was also analysed by a bioinformatics
approach using the aforementioned GPS-SNO algorithm. Although seven cysteine residues are
present in clathrin heavy chain 1 with a high confidence score, four cysteines: Cys-459, Cys-827,
Cys-870 and Cys-934 are exposed and the remaining three are buried. Note that clathrin heavy chain
consists of several domains including terminal domains, Linker domains, Ankle domains, distal
segment domains and Knee domains (Xing et al., 2010). Cys 459 is located near the terminal domain
that is critical for several accessory proteins bindings. These accessory proteins include Epsin
(Rosenthal et al., 1999), B-subunits of adaptor complexes (Musacchio et al., 1999), AP-180 (Murphy
etal., 1991) and Amphiphysin were reported to bind the NH2-terminal domain of clathrin (Slepnev
et al., 2000). The location of Cys 459 at this region may allow nitric oxide to promote, via S-
nitrosylation, modulation of the interaction between clathrin and these accessory proteins and thereby
mediate vesicle trafficking. This concept is supported by Ozawa et al who found that S-nitrosylation
of B-arrestin2 influences its interaction with clathrin and thereby regulates the receptor trafficking
(Ozawa et al., 2008). Whereas, the localization of cys-827, cys-870 and cys-934 are located at distal
segments (Xing et al., 2010). This region was shown to be important for clathrin heavy chain and
vinculin interactions as well as interaction with a-actinin that mediates vesicle formation in muscle

cells (Vassilopoulos et al., 2014) (Fausser et al., 1993). It may be possible that S-nitrosylations of
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these cysteine residues in clathrin heavy chain may affect these interactions and thus result in
enlargement of vesicles as previously seen in EEA1 containing vesicles following inhibition of NO

synthesis.

On the other hand, two cysteines residues were found in APPL1. Although, the prediction score was
quite high, especially for Cys-603 (score 20), both predicted were buried in the three-dimensional
structure making them unlikely targets for S-nitrosylation. Similarly, there was only one cysteine
residue predicted as a nitrosylation target in Rab5. Although, the score was high the cysteine was
located outside of all obvious functional domains. This is plausible since, in this study, | found that
treatments with general NOS inhibitors L-NAME and iNOS inhibitor 1400W did not affect the

number or size of Rab5 containing endosomes.

In the case of LAMP1, this protein has a large N-terminal glycosylated luminal domain in the
lysosomal lumen followed by a short C-terminal cytosolic tail (10-11 amino acids) and a lysosomal
targeting signal (Eskelinen et al., 2003). It was shown that the main role of the luminal domain of
LAMP1 was to maintain the structural integrity of the lysosome membrane and to protect it from
degradation (Fukuda, 1991) due to heavy glycosylation of these proteins (Fukuda, 1991). Whereas,
the cytosolic tail is necessary for the lysosomal targeting signal i.e. sorting this protein to late
endosomes and lysosome (Cherqui et al., 2001). In regards to S-nitrosylation, the biotin switch assay
showed that LAMP1 is S-nitrosylated in MDA-MB-231 cells and the GPS-SNO software predicted
nitrosylation only on Cys-25 site. This cysteine is exposed and is located on the luminal domain near
the cytosolic tail. At this site, the adaptor protein AP-2, which mediates the trafficking from the
plasma membrane into the lysosome, was shown to directly bind (Bonifacino and Dell'Angelica,
1999). Thus, it is tempting to speculate that S-nitrosylation on Cys-25 may regulate AP2 binding and

thereby promote the movement of endosome’s fusion with lysosomes.
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Taken together, nitric oxide is a crucial signalling molecule that regulates several processes and
modulates a wide range of cell functions (lwakiri, 2011) including endosome trafficking. In this
chapter we identified that nitric oxide may be as positive regulator of cell migration and focal
adhesion turnover and that relies on early endosomes trafficking. Therefore, mutagenesis approaches
and the introduction of mutations of cysteine residues within EEA1 in dimerization sites or Rab5
binding regions should be introduced to enable S-nitrosylation inhibition and further clarify the role
of nitric oxide in the regulation of endosome trafficking. Similar approaches should be used with
other endosome proteins such as CHC1 and LAMPL. This will increase our knowledge how nitric
oxide regulates their activity in cell migration and focal adhesion dynamics. It may also represent a

new mechanism for cell migration and focal adhesion turnover, which could be targeted in the future.
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Chapter 6 General discussion:
6.1 Future work and perspective:

The results in this thesis support the hypothesis that endocytosis modulates cell migration via
regulating trafficking of focal adhesion, and nitric oxide accelerates this trafficking. One vital
question is whether targeting endocytosis can be useful for development of molecular therapies to

inhibit metastasis.

There is growing interest in clinical trials that target endocytosis in the delivery of anti-cancer drugs
(Kim et al., 2013). Endocytosis has also gained high interest as a target for delivering and escaping
the degradation of siRNA-based therapeutics. These siRNA-based therapeutics are being evaluated
in preclinical trials to be used to target specific types of genes including anti-protein kinase N3
(PKN3) for pancreatic cancer (Aleku et al., 2008), vascular endothelial growth factor (VEGF) to
modulate tumour angiogenesis (Forooghian and Das, 2007) and kinesin spindle protein (KSP1) for
mitotic spindle formation (Zhang and Xu, 2008). Endocytosis of these siRNA is one of the main
concerns that has prompted research to explore solutions that would enhance drug uptake into cancer
cells in order to achieve a gene silencing effect by siRNA therapeutics. The specific drug needs to be
able to cross the cellular membrane and gain access into the cytoplasm. However, sSiRNA molecules
are not able to cross the plasma membrane on its own but need guides such as ligands which are
highly expressed on cancer cells with lower expression on non-cancer cells (Teesalu et al., 2013)

(Leng et al., 2017)

Clathrin mediated endocytosis receptors on the surface of cancer cells have been widely explored for
targeted therapy and other literature reported examples are Epidermal Growth Factor Receptor
(EGFR), Transforming Growth Factor Beta Receptor (TGFBR), Folate receptor (FR) and transferrin
receptor (Daniels et al., 2012). Levels of transferrin are higher in high-grade ductal carcinoma in

comparison with normal and benign tumours. Moreover, transforming growth factor beta (TGFp)
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expression has been found to increase in the late stages of tumour progression (Singh et al., 2011)
(Jakowlew, 2006).Therefore, enhancing endocytosis pathways especially clathrin mediated
endocytosis could lead to a higher take up of anti-cancer drugs (Alshehri et al., 2018). However, it
may have possible side effects. For example excessive transferrin can be linked to iron requirements,
which seem to impair the function of RNA and DNA resulting in rapidly dividing cells (Daniels et
al., 2006). It also has been observed that this generates free radicals in cells resulting in damage of
proteins, lipids and nucleic acids (Tarangelo and Dixon, 2016). In addition, it induces tumorigenesis
and cancer growth (Schoenfeld et al., 2017). Our investigation shows that enhancing the endocytosis
rate through clathrin pathways can enhance the turnover of focal adhesion and increase cancer cell
migration. This finding may explains the reason for the progression of cancer among endocytosis
which is characterized by excessive receptors such as transferrin (Jung et al., 2017). However,
enhancing endocytosis through other pathways such as caveola and micropinocytosis can be targeted
for delivering the drug as both micropinocytosis and caveola pathways had no effect with regards to

cancer migration.

Endosomal escape is another challenge during cancer treatment. SIRNA molecules need to be
released from endosomal vesicles into the cytoplasm avoiding the degradation system (late
endosomes/lysosomes) to achieve arrival at its target destination. Several chemical compounds in
combination with anti-cancer therapy have been used to facilitate endosomal escape such as
chloroquine (CQ) (Cook et al., 2014) (Chude and Amaravadi, 2017) (Pellegrini et al., 2014). This
compound has the ability to increase the time of SiIRNAs in early endosomes to escape the degradation
through prevention of acidification of the endosomes and enhancement of the formation of
large vesicles (Mauthe et al., 2018). Although chloroquine is very promising for cancer therapy, side
effects have been reported during short term administration as well as severe side effects such as
retinal toxicity and bone suppression during long term exposure (Costedoat-Chalumeau et al., 2015)

(Verbaanderd et al., 2017).
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Wittrup et al. 2015 showed that the release of siRNA, which presumably resulted from a damaged
endosomal membrane, occurs from early endosomes (Wittrup et al., 2015). In addition, knocking
down of endosomal sorting complexes required for transport (ESCRT) members has also been shown
to improve in vitro and in vivo efficacy of anti-miRNA compounds (miRNA inhibitors). Our results
showed that impairment of the site of EEA1 protein where endosomes need to polymerise showed no
effect on the uptake of transferrin and prevented the fusion of endosomes by increasing the size of
vesicle containing EEAL. This may indicates that knock down of endosomal EEA1 may enhance the
uptake of siRNA and its release and could be a good choice for siRNA delivery. However, future
work is needed to investigate whether knock down of endosome proteins involved in cell

internalization is sufficient to overcome issues of delivering sSiRNA.

Besides its delivery, targeting endosomes can be a good choice for treatment of cancer and metastases.
In real tumours, Rab5 and EEAL expression has been found to be increased in aggressive cancer cells
compared to normal and primary cancer tissue. Indicating that these proteins are over expressed in
cancer cells compared to normal tissue. This can be employed as a prognostic marker for cancer
progression especially on triple negative breast cancers as these cells lack receptors that can be
targeted for cancer treatments such as Estrogenic Receptors, progesterone-receptors and HER2

(Sorlie et al., 2003) (Brenton et al., 2005).

In metastatic studies, through the examination of migration and invasiveness activity, endosomes
have been shown to be involved in regulation of many aspects of cell migration. The action of these
proteins has been shown to traffic c-Met to activate Racl which is implicated in polarized protrusion
of lamellipodia and directed migration (Ménard et al., 2014) They also have been reported in
recycling metalloproteases and integrins to the plasma membrane, thus promoting invasive properties

of cancer cells (Schiefermeier et al., 2011).
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Since delivery of these factors like integrin and metalloproteases to the plasma membrane is very
common in metastatic phenotypes, our results support this concept by addressing a new role for
endosomes in metastatic cells, as focal adhesions (Paxillin, Vinculin, and Zyxin ) can be internalized
and delivered to early endosomes. Internalization of these adhesions mediate focal adhesion
disassembly, turnover and spread of cell migration. In this regard, endosomes - because of their ability
to regulate polarity, motility, and endocytosis of integrin and focal adhesions, appear to be a good

choice for metastatic intervention.

However, endosome treatment in combination with nitric oxide can pose a major challenge. Nitric
oxide synthase expression has been shown to be associated with cancer development (Xu et al., 2002).
For example the endothelial nitric oxide synthase was shown to be over expressed in
cholangiocarcinoma cell lines and tissues (Suksawat et al., 2018). In addition, the expression of
eNOS were found to be involved in proliferation of oral squamous cancer cell lines (Shang et al.,
2006), enhanced the invasion of mammary cancer cells (Tu et al., 2006), tumor angiogenesis in
gastric cancer (Wang et al., 2005), human breast cancer (Thomsen et al., 1995) and protected prostate

cancer cells from induced apoptosis (Tong and Li, 2004).

Besides eNOS expression, NOS expression was shown to support tumour progression of melanoma
by inducing chronic inflammation (Tanese et al., 2012). It elevates the caveolin-1 expression to
increase the migration of breast cancer (Sanuphan et al., 2013). High NOS expression was found in
colon cancer patients, and induced tumour growth in mice and increased incidences of lymph node

metastasis (Erdman et al., 2009) (de Oliveira et al., 2017) (Salimian Rizi et al., 2017).

In contrast, several studies demonstrated that the expression of nitric oxide exhibited tumour-
suppressive functions, suggesting that conflicting observations might depend on the type of tumour

and stage of cancer progression. In this regard, the employed metastatic cell line MDA-MB-231
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showed that inhibition of nitric oxide decreased the migration speed and the focal adhesion turnover,

suggesting the expression of nitric oxide is associated with breast metastases migration.

Although nitric oxide is intrinsic to cancer metastases, there are still several challenges regarding
therapeutically inhibiting it. One of the most common adverse effects of inhibiting NOS is
hypertension. Hypertension can increase the risk of development of the cancer and increase the risk
of metastasis (Han et al., 2017). Inhibition of nitric oxide increases blood pressure and this may also
elevate the risk of developing cancer. In addition, inhibitor concentrations and the duration of nitric
oxide exposure poses another challenge (Burke et al., 2013). Emerging evidence suggested that the
posttranslational protein modification S-nitrosylation might represent a potentially viable therapeutic
target (Nakamura and Lipton, 2016). In this regard, early endosomal marker EEA1 which co-
localized with eNOS was found to be s-nitrosylated and inhibition of nitric oxide resulted in a
significant increase in size of endosomes containing EEA1 and simultaneously decreased their
number. This suggested that the dimerization of EEA1 and thus impaired docking and fusion of
endosomes resulted in inhibition of cell migration and focal adhesion turnover. Therefore,
mutagenesis approaches and introduction of mutations of cysteine residues within EEA1 in
dimerization sites could be considered as a therapeutic target especially when combined with other

cancer therapy as these inhibitors had no effect on the uptake of transferrin.

Endocytosis and recycling of integrin from the plasma membrane at the site of cell protrusions is an
important step in cell migration and participates in tumour growth, invasion, and metastasis
(Mosesson et al., 2008). It is estimated that integrins are recycled by the endosomal system every 30
minutes (Roberts et al., 2001a). In addition, it has been shown that endocytosis of integrins mediates
the disassembly of focal adhesion, whereas recycling integrins can help the formation and reassembly
of focal adhesions (Caswell and Norman, 2008). In this regard, the results of this project provided
new evidence that focal adhesions also can be endocytosed and offered a link between focal adhesions
(Paxillin, Vinculin and Zyxine) and the early endosome markers Rab5 and EEAL. These adhesions
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were demonstrated to be internalised and that the early endosome compartment is involved in their
transport. In addition, clatherin mediated pathways and early endosomes may contribute to the
process of focal adhesion disassembly by internalizing these focal adhesions (Paxillin, Vinculin and
Zyxin). Therefore, this prompted the question whether the whole FA complex is internalized. In this
work it was shown that Zyxine, which is located up to 80nm from integrin and the plasma membrane
(Kanchanawong et al., 2010), could be internalized (Figure 4.13). Therefore, a-actinin - which is
located much further away from Zyxin — could be used to elucidate whether the whole complex
internalized or just some focal adhesions. In addition, visualizing integrins, Rab5, and focal adhesions
(Paxillin, Zyxin, Vinculin, a-actinin etc) with a triple immunostaining approach or isolating early
endosomes and analysis with mass spectrometry will elucidate whether the whole complex is located
in the same endosome meaning endocytosed as a whole. Super-resolution fluorescence microscopy
STORM is a very effective method for studying co-localization, and could be used to examine
endosomes that contain focal adhesions. Moreover, this technique could be used to acquire three-
dimensional images that provide more precise information about whole cell layers (Huang et al.,

2009).

Having demonstrated that focal adhesions are delivered to the early endosome compartment, the
critical question became whether the internalized focal adhesion are delivered to late endosomes
(Schiefermeier et al., 2014) to be degraded via autophagy (Sharifi et al., 2016) or recycled back to
plasma membrane. Thus, the importance of other endosome proteins such a marker of endosome
recycling, must also be considered. Immunostaining of these specific compartment markers will help

to dissect the trafficking routes of focal adhesion proteins.
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6.2 Future work:

There are several future research lines arising from this project that would complement the idea and
could be tested in the future. For example, sSiRNA knock down of Rab5 or EEA1 to understand the
complex process involved in cell internalization and to overcome issues of non-specificity of several
pharmacological inhibitors. Further investigations that could be carried out here would be asking
which endocytosis pathways or endosomes have the most effect on cell migration and focal adhesion

turnover.

Further research would include mutagenesis approaches by introduction of mutations of cysteine
residues within EEAL in dimerization sites or Rab5 binding regions. This will increase our knowledge
of how nitric oxide regulates their activity in cell migration and focal adhesion dynamics. It may also
represent a new mechanism for cell migration and focal adhesion turnover, which could be targeted

in the future.

Together with all future works that has been suggested above and in the general discussion will
provide a far more complete understanding of the role of endocytosis in cell migration, focal adhesion
endocytosis and its implication on focal adhesion disassembly. By understanding in detail the role of
endocytosis in these main processes, we will lay the foundation in understanding the role of

endocytosis in cancer cell migration.
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