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Abstract

Cell migration is a key cellular function involved in normal conditions such as embryonic
development and immune cell travelling and in diseases such as in cancer metastasis. Cell
migration is a tightly regulated process that requires the coordinated activity of different
cellular structures including cytoskeletal networks and focal adhesions. Focal adhesions
connect cells to the extracellular environments and are critical in cell migration by
transmitting the force generated by cytoskeletal networks to the extracellular matrix
allowing cells to move through these matrices. During cell migration, existing focal
adhesions are disassembled, and new focal adhesions are formed at new sites allowing cells
to detach from the matrix and continue migration. SUMOylation has been recently
suggested to be involved in the regulation of these adhesion structures. However, previous
studies lack the evidence of a direct role of SUMOylation at focal adhesion sites.

The aims of this project are to investigate the role of SUMQylation in the regulation of focal
adhesions and cancer cell migration. Treating MDA-MB-231 breast cancer cells with
SUMOylation inhibitors significantly reduced their migration. These inhibitors also increased
the size and turnover time of focal adhesions suggesting that SUMOylation is likely to
facilitate cancer cell migration by enhancing focal adhesion turnover. In addition,
bioinformatic analysis predicted the presence of SUMOylation consensus and SUMOylation
interacting motifs in various focal adhesion proteins indicating a possible role of this post-
translation modification in the regulation of focal adhesions. SUMO specific proteases
(SENPs) are critical in cancer metastasis by deSUMOylating associated proteins. Here, SENP2
was found to interact with major FA proteins including talin, vinculin, FAK and paxillin. This
interaction could indicate a possible role of this protease in the regulation of SUMOylation
levels of focal adhesion proteins. Knocking down SENP2 significantly reduced MDA-MB-231
cancer cell migration. It also increased the size and turnover time of focal adhesions
suggesting that the reduction in cell migration of these cells was caused by impairment in FA
dynamics.

In order to investigate the direct role of SUMOylation in the regulation of focal adhesion
dynamics, one of the main aims of this project is to investigate the effects of preventing
SUMOylation of vinculin on Focal dynamics and cancer cell migration. This was achieved by
replacing lysine residues with arginine in highly scored SUMOylation motifs in vinculin using
mutagenesis. This way of investigation provides the opportunity to investigate the
consequences of preventing SUMOylation of specific targets without influencing global
SUMOylation that may affect many important cellular mechanisms. Replacing lysine at
position 80 in the amino acid sequence in vinculin reduced its interaction with SUMO?2
indicating that this site is a major SUMOylation acceptor site in vinculin. Expressing the K80R
mutated vinculin in different cancer cells caused a significant increase in focal adhesion size
and turnover time and significantly reduced their migration speed. As one of the main
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functions of SUMOylation is mediating protein-protein interaction, the last aim of this
project is to investigate the consequences of K80R mutation on talin-vinculin interaction.
Talin is one of the early recruited focal adhesion proteins and its interaction with vinculin
enhances the stability of focal adhesions. Photobleaching FRET assay revealed that the K80R
mutation enhances talin-vinculin interaction. This finding indicates that SUMO2 attachment
to vinculin at K80 disassociates talin-vinculin interaction and mutating this site to prevent
SUMO2 attachment allowed their interaction to last longer.

Taken together, the finding in this project provides novel evidence that indicate a direct role
of SUMOylation in the regulation of focal adhesion dynamics and consequently cell
migration. It clearly suggests that SUMOylation regulates the disassembly of focal adhesions
by SUMO2 conjugation to vinculin at K80 to disassociate its interaction with talin. The
disassociation of talin-vinculin interaction induces the disassembly of existing focal
adhesions, a critical requirement during cell migration. The prediction of several potential
SUMO substrates in focal adhesions indicates a wider role of SUMOylation in the regulation
of different functions of focal adhesions. Small molecule inhibitors against specific SUMO
substrates could be promising therapeutic strategy for the development of anticancer drugs
for cancer intervention.
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1. Introduction

1.1 Introduction

1.1.1 Cancer Metastasis

Cancer is the second leading cause of human mortality, and according to the world health
organisation (WHO), 17.03 million new cancer cases (20.78% increase compared 2012) were
reported, and 9.6 million cancer-related deaths (17% increase) occurred in 2018 (Ferlay et
al., 2015; Bray et al., 2018). In this latest report, lung cancer has the highest occurrence
(2.09 million cases, 12.3% of all cancer new cases) followed by breast cancer (2.08 million
new cases, 12.3% off all cancer new cases). Colorectal and prostate cancers represent 10.9%
and 7.5% of new cancer cases, respectively. Furthermore, according to WHO, 18.6% (1.76
million) of cancer associated deaths occurring in 2018 were caused by lung cancer.
Colorectal and breast cancers represent 9.3% and 6.6% of cancer deaths respectively (WHO,
2018). Taken together, these reports indicate the major impact of cancer on human health
and economy and the requirement to identify potential therapeutic targets for cancer

intervention.

There are more than 100 types of cancer; it is a complex disease with cancers varying even
within the same organ. Thus, researchers have tried to identify the common features shared
by these different cancer types to gain a better understanding of its mechanisms. Six
features have been suggested by Hanahan and Weinberg (2000) as essential for the survival
and proliferation of all cancer types (Figure 1.1). Cancer cell proliferation is one of these

hallmarks and is characterised by the uncontrolled proliferation of cancer cells. They
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stimulate their proliferation by producing growth factor ligands that promote proliferation
or by sending signals to tumour microenvironment to produce growth factor signals (Cheng
et al., 2008). Alternatively, they could also sustain proliferation by altering structures of
growth factor ligand receptors to activate them without the requirement of growth factor
signalling ligands. The second feature common to all different cancer types is their ability to
circumvent growth suppressers. There are many growth suppressors that regulate the fate
of cells including RB protein, which integrates extracellular signals, and p53 protein that
integrate intracellular stress and abnormality signals. Both proteins functions like
gatekeepers that control cell proliferation and induce apoptosis upon damage and
abnormality (Burkhart and Sage, 2008). Cancer cells circumvent these antiproliferation
processes by inactivating these proteins through mutations or changes in their signalling
pathways. The tumour suppressor p53 is reported to be inactivated in different cancer types
by mutations (Feki and Irminger-Finger, 2004) or by interacting with oncoproteins that
attenuate its functions (Manfredi, 2010). In addition, TGF-B is a known cell proliferation
suppressor and cancer cells were reported to alter its function from antiproliferation effects
to enhancing the activation of epithelial-to-mesenchymal transition (EMT) that promote
tumour malignancy. Another hallmark of cancer cells is their ability to evade cell death,
which is a natural barrier to tumorigenesis (Lowe et al., 2004). Apoptosis is triggered by
external or internal signals that activate the proapoptotic proteins such as Bax and Bak,
which are located in the outer membrane of the mitochondria. Upon their activation, these
proteins induce the release more proapoptotic such as proteins cytochrome c, which in turn
activate proteolytic activity of caspases leading to the disassembly of cells and consumption

by its neighbouring cells or phagocytes. Cancer cells resist cell death by overexpressing
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antiapoptotic proteins such as Bcl-2 that binds to the proapoptotic proteins Bax and Bak and
supress their functions (Adams and Cory, 2007). Limitless replicative potential is another
common feature of cancer cells. It is mediated by maintaining the length of telomeres which
are located at the end of every chromosome. Normally, telomeres are shortened after each
cell cycle until they reach a length at which they could protect the 3’ end of chromosomes
and thus stop replicating. Cancer cells sustain limitless replication by maintaining the
telomere length by upregulating the telomerase enzyme (Blasco, 2005). Sustained
angiogenesis is another feature of cancer cells as it is important to supply them with oxygen
and nutrients, which is supported by the ability to induce the formation of new blood
vessels in tumours to maintain their supply with oxygen and nutrients and evacuate
metabolic waste and carbon dioxide (Baeriswyl and Christofori, 2009). In 2011, four more
hallmarks common to all cancer types were suggested by Hanahan and Weinberg including
avoiding immune system, genomic instability, tumour promoting and inflammation and

deregulation of cellular energies (Hanahan and Weinberg, 2011).
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Figure 1.1 Cancer hallmarks. The six hallmarks of cancer cells that facilitate their survival and
proliferation are in hexagon boxes (Hanahan and Weinberg, 2000). New emerged cancer hallmarks
suggested by Hanahan and Weinberg in 2011 are in square boxes. This diagram was adapted from
(Hanahan and Weinberg, 2011).

Metastasis is one of the main hallmarks of cancer cells and is the main cause of cancer
mortality as well as the main challenge in cancer treatment (Steeg, 2016). Metastasis is a
multistep process that requires the activity of multiple cellular functions (Figure 1.2) (Gupta
and Massagué, 2006). The initial step of metastasis is the local invasion of tumour into
surrounding tissue and this step requires changes in cytoskeleton and extracellular matrix
(ECM) dynamics and loss of adhesion (Friedl and Alexander, 2011). Following that cancer
cells detach from the original tumour site and enzymatically degrade the surrounding tissue
and the ECM before reaching the blood/lymph vessels, where they then penetrate
(intravasate) and circulate, spreading to potential metastatic sites. When these migrating

cancer cells arrive at their preferred sites, they adhere to the endothelial cells of the blood
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vessel and extravasate to these sites, where they proliferate and form colonies (Gémez-
Cuadrado et al., 2017). Matrix metalloproteases (MMPs) are essential in metastasis as they
degrade the ECM to facilitate blood vessel intravasation. Researchers have developed small
molecular compounds to inhibit the function of these proteases but failed clinically as
tumour cells evade MMPs inhibition by travelling through the ECM via protease-
independent mechanisms (Wolf et al., 2003, Wyckoff et al., 2006). Therefore, understanding
the different molecular pathways involved in metastasis will potentially identify promising

cancer therapeutic targets.

Primary Tumour Invasion of ECM Intravasation

Proliferation at Extravasation
Secondary sites

Figure 1.2 Different processes involved in cancer metastasis. Tumour cells de-attach from the
primary tissue and invade surrounding tissue. After intravasation to lymph/blood vessels, they
circulate through these systems until they reach secondary sites, where they extravasate from these
vessels and proliferate in these new sites. This diagram was adapted from (Fidler, 2003).
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1.1.2 Cell Migration

Cell migration processes facilitate cellular movement within the same tissue or between
various organs, which is essential in many cellular processes, including embryonic
development, immune cell trafficking and tissue repair (Keller, 2005, Friedl and Weigelin,
2008). However, cell migration is also involved in serious human illnesses such as cancer, in
which cancer cells detach from the original tumour site and migrate to different locations
within the body, thus initiating secondary tumours.

Cells use three different migratory strategies: proteolytic migration, a slow migration
characterised by proteases breaking down the ECM (Sabeh et al., 2004); non-proteolytic
integrin-dependent migration (Wolf et al., 2003), which has intermediate speed; and non-
proteolytic integrin-independent strategy, which has a higher speed than the
aforementioned two (Lammermann et al., 2008). The migration strategy adapted by cells
depends on extracellular and intracellular factors and is not entirely understood. When cells
migrate, they are exposed to various environments with dissimilar biochemical properties
and diverse ranges of topology (Wolf and Friedl, 2011). In addition, the intracellular
biochemical properties of the migrating cell itself, such as protein expression and the
activity of signalling pathways, also affects cell migration strategy. As cells vary in their
biochemical properties, they can migrate differently even within the same ECM. For
instance, the velocity of fibroblast cell movement on the collagen matrix is few microns per
hour, whereas the velocity of dendritic and T cells on the same matrix is more than 10
microns per minute (Madsen and Sahai, 2010). Although cells differ in migratory behaviours
and velocity properties, cell motility is derived from the force generated by the different

structures of the actin cytoskeletal filaments (such as blebs, filopodia and lamellipodia) and
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by actomyosin contraction. The force generated by the actomyosin contraction can change
the shape of the migrating cells (Keren et al., 2008), which allows these cells to have

directional polarity with a leading edge and cell rear.

Cell migration is divided into two main types: single and collective cell migration (Fried| et
al., 2001, Friedl and Wolf, 2010). Single cell migration is subdivided into two main
movement types with different features: amoeboid and mesenchymal. Amoeboid single cell
movement is characterised by rounded cells moving without the involvement of cell
adhesion to the ECM, and this type of movement is supported by the force generated by
bleb propulsion (Fackler and Grosse, 2008, Charras and Paluch, 2008). This is referred to as
blebby amoeboid movement and is seen in embryonic cells, leukocytes and cancer cells.
Amoeboid migration is also supported by the formation of the actin-cytoskeletal filopodia
with weak adhesion, which can be seen in dendritic cells, neutrophils and tumour cells

(Smith et al., 2007, Gadea et al., 2008).

Unlike the amoeboid single cell migration, mesenchymal migration is strongly dependent on
adhesion to substrates (Grinnell, 2003). This type of movement is seen in fibroblasts,
sarcoma cells and highly de-differentiated tumour cells that undergo epithelial to
mesenchymal transition (EMT) (Thiery, 2002), which is associated with increased malignancy
and intensified invasive potential of tumours (Morel et al., 2008). Collective migration is
characterised by the movement of a group of cells that are attached to each other (Vaughan

and Trinkaus, 1966) and have leading cells that move invasively through the ECM and
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following cells that follow in their tracks. This type of movement is seen in mammary glands

and cancer cell invasion (Alexander et al., 2008, Hegerfeldt et al., 2002).

Cell migration requires the organised regulation of many cellular components including
continuous formation and disassembly of cytoskeletal structures and focal adhesions,
protease-dependent remodelling of the ECM, contraction of the cell body and retraction of

the cell tail (Lauffenburger and Horwitz, 1996).
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Figure 1.3 Diagram shows different cell migration types. Single cell movement is divided into two
types. Mesenchymal, which requires strong adhesion to the ECM; and amoeboid cell migration,
which includes blebby adhesion that does not require adhesion to the ECM, and Filopodia cell
migration, which requires weak adhesion. Collective cell migration is the movement of groups of
cells with leading cells that move invasively through the ECM and following cells that follow their

tracks, adapted from (Schmidt and Friedl, 2009).
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1.1.3 Cytoskeleton

The cytoskeleton networks are composed of various protein fibres and are critical in
maintaining cell shape and structure, allowing cells to resist different types of force and in
transportation of cellular components. There are three major components of the
cytoskeleton network including actin filaments (also called microfilaments), intermediate
filaments and microtubules, and these various cytoskeletal protein fibres have different
roles in cells.

Actin filaments, the first type of these cytoskeletal structures, are composed of actin
polymers that extend towards the plasma membrane to create tension that maintains cell
shape and stability. These filaments are also one of the basic units alongside myosin, which
are involved in muscle contraction and are essential requirements of other processes,
including cell motility, transportation of cellular cargos within cells and cytokinesis in cell
division (Stossel, 1993, Mitchison and Cramer, 1996, Soldati and Schliwa, 2006). Three main
F-actin types are implicated in cell movement: filopodium, lamellipodium and contractile
bundles. Filopodium filaments are unbranched F-actin and are mainly used in sensing the
extracellular environment, such as the rigidity of the surrounding environments (Hoffmann
and Schafer, 2010). Lamellipodia filaments are branched F-actin found at the edges of
migrating cells, and the formation of these filaments at their edges promotes cell migration
by generating a force that pushes the membrane forward. Contractile bundles of F-actin and
myosin are found at a cell’s rear, and their contraction generates a contractile force that

pushes cells forward.
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Long chains of tubulin a and B proteins are organised into a hollow tube shape to form
microtubules (MT), which are the largest cytoskeletal components (Valiron et al., 2001). The
hollow shape of these filaments increases their force-resistance strength, which enables
cells to resist compression forces. Microtubules play an important role in cell division as
they facilitate chromosome separation by forming mitotic spindles and targeting these
filaments has prevented cell division (Jaspersen and Winey, 2004). In addition to their role in
maintaining cell shape, microtubules and F-actin are critical transportation systems within
cells that enable cells, via motor proteins, to move different cargo along these filaments to

their destinations (Conde and Caceres, 2009).

Unlike F-actin and microtubules, intermediate filaments are composed of various protein
subunits; they are less dynamic and are not involved in cellular transportation. Instead, they
contribute to maintaining cell shape by anchoring organelles, such as the nucleus, that do
not move. These filaments also provide structural support for tissues as they connect by
extending through cell junctions called desmosomes and join the intermediate filaments of
adjacent cells. Thus, intermediate filaments are cell type-specific and are classified into four
different groups depending on their protein subunits and their presence in different cell
types (Eriksson et al., 2009). For example, the protein subunits of intermediate filaments
found in epithelial cells are keratins (Fuchs, 1995); whereas the subunits of these filaments
in connective tissue are vimentin and vimentin-related proteins (Franke et al., 1978).
Laminin intermediate filaments are found in the nuclear envelope, giving it its rigidity, and

neurofilaments are found in nerve cells (Eriksson et al., 2009).
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1.1.4 Focal adhesions (FAs)

Many cellular functions including cell survival, morphology, migration and proliferation
require the cell adhesion to the ECM via integrins (Gumbiner, 1996, Geiger and Yamada,
2011). Through adhesive structures, cells can sense variable microenvironments and signals
can be sent towards the inside of cells to trigger the appropriate cellular response.
Deregulation of adhesion to the ECM has been implicated in human diseases including
cancer (Okegawa et al.,, 2004); therefore, understanding its mechanisms and effects on
cellular behaviour will increase our understanding of its roles in these diseases and
consequently increases the chances of improving their treatment. In recent years, many
studies have investigated this field and have identified key factors implicated in adhesion to

the ECM.

Integrins, heterodimers composed of a and B subunits, are the major transmembrane
receptors that mediate adhesion to the components of the ECM (Martin et al., 2002, Takada
et al.,, 2007). These transmembrane receptors contain two domains: a large extracellular
domain that binds to the components of the ECM and a cytoplasmic tail that recruits
multiple adaptor and signalling proteins to connect the ECM to the intracellular
cytoskeleton filaments (Parsons et al., 2010). There are more than 18 a subunits and 8
subunits that have been identified, and these form more than 24 types of integrins with
different specificity to the various ECM components (van der Flier and Sonnenberg, 2001).
Integrins are important in inside-out and outside-in signalling and they are activated by two
different ways. For the inside-out activation, FA proteins that contain the FERM domain

such as talin and kindlin bind to the intracellular domain of integrins leading to structural
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changes in this receptor and these changes activate integrins and induce their attachment
to extracellular ligands (Moser et al., 2009). For the outside-in activation, binding of the
extracellular domain of integrin to extracellular ligands including collagen, laminin,
vitronectin or fibronectin leads to the recruitment of various cytosolic proteins, forming
structures called focal adhesions (Figure 1.4). These recruited proteins provide a linkage
between the ECM and actin cytoskeleton (Liu et al., 2000) and are referred to collectively as
the adhesome (Whittaker et al., 2006). Beside their role in the formation of FAs, integrins
are critical in the development and maturation of FAs by transmitting the force generated
by the ECM to FA proteins leading to alterations in their conformation revealing binding
sites for various proteins. Therefore, additional adaptor and signalling proteins are recruited
to FAs to strengthen the ECM-cytoskeleton linkage (Moore et al., 2010). This linkage to the
ECM allows cells to generate and transduce tension and traction forces required for cells to
modify their morphology and movement during migration. In addition to transmitting these
forces, and after their recruitment to FAs, signalling proteins also transmit signals from the
extracellular microenvironment to many essential cellular pathways involved in cell survival,
proliferation and migration, and these signals control their functions (Mitra et al., 2005,

Geiger and Yamada, 2011).

1.1.5 Formation of focal adhesions

There are more than 200 FA proteins with various cellular functions making FAs important
signalling hubs for the regulation of diverse cellular mechanisms (Horton et al., 2015). Focal
adhesions components and structure have been reported in the literature. Although they

have many diverse proteins, FAs were found to be structurally organised and proteins were
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found localised at different nanoscale layers of FAs. Focal adhesions were found to be
organised into three different layers (Fig 1.4). The first layer is called integrin signalling layer
(ISL) and is located within <20 nm of the plasma membrane and contains integrin, paxillin,
FAK and talin head domain. On top of this layer is the force transduction layer (FTL), which is
located within 20-40 nm of the plasma membrane and contains proteins that provide
mechanical support for the ECM-actin linkage including talin and vinculin. The third layer is
actin regulatory layer (ARL) that is located within 50-60 nm of the plasma membrane and
contain proteins that regulate the dynamic of F-actin including vasodilator-stimulated

phosphoprotein (VASP), zyxin and a-actinin (Kanchanawong et al., 2010).

Focal adhesions are formed and developed through protein-protein interactions and talin,
paxillin, vinculin and FAK play key roles in the formation of nascent FAs. The early formed
focal adhesions are called nascent focal adhesions (also called focal complexes) and are
characterised by the small size, low protein composition and fast turnover (Nobes and Hall,
1995). Some of these nascent FAs are maturated into larger and more stable FAs by
recruitment of multiple adaptor and signalling proteins and mechanical force generated by
cytoskeleton network induces FAs maturation by promoting protein-protein interaction
(Pasapera et al., 2010). These later focal adhesion can develop into fibrillar adhesions that
are involved in ECM remodelling (Pankov et al., 2000; Geiger and Yamada, 2011). Talin plays
an important role in the formation of early focal adhesions by binding to the cytoplasmic
domain of integrins with its head domain, whereas its tail domain contains binding sites for
actin (Ziegler et al., 2008, Bois et al., 2006). By binding to integrins with its head domain and

to F-actin with its tail domain, talin links the ECM to the cytoskeleton network. Besides its
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binding to integrins and actin filaments, talin interacts with PIP2, a-actinin, paxillin and has
multiple binding sites for vinculin making it a critical adaptor protein for the recruitment of

important FA proteins (Atherton et al., 2019).

Paxillin is one of the early recruited proteins to FAs, where it functions as a critical adaptor
protein that recruits various proteins which have different functions at FA complexes
including signalling proteins such as kinases and phosphatases and structural proteins such
as vinculin (Laukaitis et al., 2001). The activity and localisation of paxillin at FAs was reported
to be regulated by its phosphorylation at different tyrosine residues (27, 39-41), which can
be triggered by the attachment of integrins to ECM (Bellis et al., 1995, Hu et al., 2014). One
of the main binding partners of paxillin at FAs is the tyrosine kinase FAK and preventing their
interaction was reported to decrease the localisation of this kinase to FAs, which in turn
reduces the phosphorylation of different FAs proteins leading to changes in cell migration
(Deramaudt et al., 2014). Tension force derived from actomyosin contraction was also
shown to induce the phosphorylation of paxillin at tyrosine residues 31 and 118 by FAK/Src
kinases. Its phosphorylation at these sites promotes its interaction with vinculin leading to
the recruitment of the latter protein to FAs. Expressing the mutated version of paxillin that
mimic its phosphorylation at these sites was found to be adequate for the localisation of

vinculin to these adhesion sites (Pasapera et al., 2010).

Another important FA protein is a-actinin, which is involved in re-organisation of F-actin via
cross-linking individual filaments, a crucial function that allow cells to modify their

morphology and to provide mechanical force that drive cell migration (Ciobanasu et al.,
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2014). This actin binding protein is a dimer composed of two identical monomers that have
anti-parallel organisation allowing the existence of the N-terminal actin binding domains at
each end of the dimer enabling its function (Borrego-Diaz et al., 2006). Beside its role in
cross-linking actin-filaments, a-actinin interacts with FAs proteins including integrins, talin

and vinculin indicating its importance in linking cytoskeleton to FAs (Sjoblom et al., 2008).

Vinculin is a 117-kDa cytosolic protein involved in anchoring FAs to actin filaments by
binding to talin and actin (Carisey et al., 2013). It contains an acidic N-terminus head (90-
kDa) domain and a basic C-terminus tail domain (30-kDa) separated by a proline-rich
segment. The vinculin head domain has binding sites for talin and a-actinin, whereas the tail
domain has binding sites for paxillin, actin and lipids (Wood et al., 1994, McGregor et al.,
1994). Cytoplasmic vinculin is in an auto-inhibitory state caused by the interaction between
its head and tail domains preventing its interaction with other proteins (Chorev et al., 2018).
Once nascent FAs are formed, vinculin is recruited to FAs, and paxillin was shown to be
required for the recruitment of vinculin to FAs, whereas talin was shown to be necessary for
its activation at FAs (Case et al., 2015). The loss of vinculin in cancer cells was shown to
reduce the strength of cell adhesion and cell spreading and to enhance cell migration (Coll

et al., 1995, Saunders et al., 2006).

Vinculin is important in transmission of force generated by cytoskeleton network to ECM to
facilitate cell movement. Vinculin binding to talin and actin increases the stability of FAs
allowing them to transmit traction force to the ECM (Case et al., 2015). Force traction was

significantly reduced in fibroblasts that lack vinculin (Diez et al., 2011) and vinculin
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interaction with actin was suggested to be required for force transmission from
cytoskeleton to the ECM (Dumbauld et al., 2010). Beside its role in FAs maturation, vinculin
also plays important role in sensing the rigidity of the ECM. Physical properties of the ECM
affect various cellular functions such as proliferation and migration and FAs play an
important role in sensing and interpreting the ECM physical cues into biochemical signalling,
a process called mechanotransduction, to trigger the appropriate cellular function (Geiger et
al., 2009; Hoffman et al., 2011; Humphrey et al., 2014). Vinculin was shown to be involved in
mechanotransduction by interaction with phosphorylated-paxillin (Pasapera et al., 2010). In
addition, rigidity of substrates was suggested to influence the number and size of FAs. Cells
on more rigid substrates form more FAs with increased size compared to cells on soft
substrates. Vinculin was found to be essential in sensing ECM rigidity by interaction with
vinexin-a and preventing their interaction affects the rigidity influences on cell movement
(Yamashita et al., 2014). Vinculin was also reported to regulate the dynamics of F-actins by
interacting with the actin binding protein a-actinin. Each monomer of this latter protein
contains a single vinculin binding site buried in its central rod domain, which contains 4
spectrin-like repeats (SR) (Bois et al., 2005), and subjecting this domain to mechanical force
leads to unfolding these repeats exposing vinculin binding sites in SR4. Unlike the rest of SRs
in this domain, once unfold, vinculin binds to these sites and prevents SR4 from refolding
again after releasing force. Vinculin enhances the a-actinin-actin linkage by binding to both

proteins enhancing the overall cross-linking of actin filaments (Le et al., 2017).
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Figure 1.4 Focal adhesion structure and protein components. The extracellular domain of
integrins binds to the ECM components, and this interaction stimulates integrins. When
activated, the cytoplasmic domain integrins recruit multiple proteins leading to the
formation of FAs (Kanchanawong et al., 2010).

For cells to migrate, they must be able to detach from the ECM regularly, but it remains
poorly understood how attachment and detachment of adhesion structures are controlled.
When cells are migrating, FAs are formed allowing the transmission of the traction force to
ECM enabling cells to move along matrices. The FAs must then disassemble to release
adhesion to the ECM to continue migration. Thus, assembly and disassembly of FAs must be
regulated continuously for efficient cell migration (Webb et al.,, 2002, Broussard et al.,

2008).
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1.1.6 Regulation of Focal adhesion dynamics

Understanding the dynamics of these adhesion structures will increase our understanding of
their cellular functions. Different mechanisms have been reported to regulate the dynamics
of these structures including the cytoskeleton networks, protease-mediated cleavage of
their associated proteins and phosphorylation. The Rho GTPase family member, Racl, which
can be activated by integrins, is a key player in initiating the assembly of nascent focal
complexes, although the molecular mechanism of its function in inducing this formation still
needs to be determined (Burridge and Wennerberg, 2004). Activated Racl can directly bind
and interact with different proteins, and these interactions promote membrane protrusions.
This enhances the formation of actin filaments, which generate the required force for the

formation of focal complexes.

1.1.6.1  Microtubules
Microtubules (MTs) are one of the major regulators of focal adhesion disassembly as
demonstrated by de-polymerizing MTs using nocodazole (Kaverina et al., 1999, Ezratty et al.,
2005). After nocodazole treatment, the disassembly of FAs was inhibited, and their stability
was increased, which enhanced adhesion to the extracellular environment. Treating cells
with nocodazole increased FA-associated protein phosphorylation, and there was a
reduction in this phosphorylation after its removal, suggesting that MTs might deliver
signals that de-phosphorylate these proteins to trigger FAs disassembly and promote

migration (Ezratty et al., 2005).
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Another FA disassembly effector is the motor protein kinesin-1, which is essential for
transporting multiple proteins along microtubules towards the plus end (Hirokawa et al.,
2009). Reduced expression of this motor protein prevented FA disassembly and increased
their size and stability in a manner similar to de-polymerizing MTs by nocodazole, although
it did not affect MT polymerisation, suggesting that the activity of this motor protein is

required for FAs turnover (Krylyshkina et al., 2002).

1.1.6.2 Proteases
Focal adhesion dynamics are also regulated by the protease calpain2, which proteolyses key
protein components in the focal adhesions including talin, FAK and paxillin (Cortesio et al.,
2011). In a previous study, the role of calpain-2-mediated proteolysis of paxillin in the
dynamics of focal adhesions and cell migration was investigated. This protease was found to
cleave paxillin, resulting in the production of a C-terminal fragment similar to paxillin delta,
which is an alternative splice of paxillin (Cortesio et al., 2011). In this study, they found that
this alternative calpain-mediated product of paxillin impaired focal adhesion disassembly
and cell migration, whereas non-cleaved paxillin enhanced them. By introducing a single
mutant in paxillin (S95G), which prevented calpain from cleaving it, focal adhesion turnover
and cell migration were enhanced, indicating the negative regulation of this protease in
focal adhesion dynamics and cell migration. On the other hand, calpain-mediated cleavage
of talin and FAK was shown to enhance the disassembly of these adhesion sites and
consequently cell migration. Calpain-2 was shown to cleave talin between its head and tail
domains promoting its disassembly from adhesion sites (Franco et al., 2004). In this study,

they introduced mutants into talin to prevent its calpain-mediated proteolysis, and found
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that these mutations impaired the turnover of other components in focal adhesion
structures, such as zyxin and vinculin, indicating the role of calpain-mediated proteolysis of
talin in the regulation of the dynamic of these adhesion structures. Like other focal adhesion
proteins, FAK is a known substrate of calpain, and calpain-mediated proteolysis of FAK
regulates the dynamics of talin thereby regulating the dynamics of talin-containing focal

adhesions (Chan et al., 2010).

1.1.6.3 Phosphorylation
Focal adhesions are rich in post-translational modifications such as phosphorylation, which
is a key regulator in the assembly and disassembly of these structures (Webb et al., 2004).
ECM-mediated activation of integrins leads to the phosphorylation at tyrosine residues of
key proteins involved in focal adhesions, including FAK, paxillin and p130Cas, etc. (Schaller
et al, 1999). Consequently, phosphorylation regulates these adhesion structures by
regulating the catalytic activity of target proteins. The phosphorylation and activation of
these proteins leads to the recruitment of further signalling proteins or to the initiation of
their downstream signalling pathways, such as the Ras and MAP kinase signalling pathways.
Knocking down FAK in the fibroblasts increased the number and size of focal adhesions and
decreased their migration indicating the importance of this kinase in focal adhesion
turnover in migrating cells (llic et al., 1995). To be activated sufficiently, FAK is
phosphorylated at six different tyrosine residues located at positions 397, 407, 576, 577,
861 and 925 (Calalb et al., 1995). Phosphorylating FAK at Tyr397 was believed to be a key
step in its activation, and phosphorylation of this site is induced upon integrin attachment to

components of the ECM (Kornberg et al., 1992). After its phosphorylation at this site, the
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binding affinity towards other proteins such as members of Src family kinases,
phosphatidylinositol 3-kinase (PI3K), Grb7 or phospholipase Cy is increased (Xing et al.,
1994). Src kinase binding to Tyr397- phosphorylated FAK promotes the phosphorylation of
FAK at other phospho-acceptor tyrosine residues, which in turn enhances FAK activity and is
shown to be required for Src kinases activation, thereby increasing their signalling (Leu and
Maa, 2002). Phosphorylation of these different sites in FAK has different effects on its
function as its phosphorylation at its kinase domain (tyrosine 576 and 577) is required for its
full activity, whereas phosphorylation at tyrosine 861 enhances its binding affinity towards
paxillin and talin (Mitra et al., 2005). In addition, Src-mediated phosphorylation of FAK of
the tyrosine residue at 925 within its FAT domain induced its interaction with Grb2, which is
required for recruiting dynamin to FAs. Dynamin has been implicated in the internalisation
of integrins and thereby promoting the turnover of focal adhesions (Ezratty et al., 2005).
However, it has been shown that when microtubules extend towards FAs, they result in the
de-phosphorylation of FAK at tyrosine 397, and this step is required for efficient disassembly
of FAs. Another study conducted by Hamadi et al., 2005 investigated the importance of FAK
in focal adhesion disassembly and found that its phosphorylation at Tyr397 and
subsequently at Tyr576 is required for their disassembly. Introducing a mutant in FAK that
prevented its phosphorylation at Tyr397 decreased its residency time at FAs and impaired
their disassembly. These findings indicate that FAK phosphorylation is required for
enhancing its existence at FAs, which in turn promotes their disassembly facilitating cell
migration (Hamadi et al.,, 2005). From these findings, it can be concluded that
phosphorylation is a key regulator of FA turnover by regulating critical proteins associated

with FAs.
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1.1.7 SUMOylation

1.1.7.1 SUMOylation history

Ubiquitin was first reported to covalently modify proteins by Avram Hershko and his student
Aaron Ciechanover in the late 1970s (Ciehanover et al., 1978). Modifying proteins by
ubiquitin was shown in following studies to target them to the proteasome for degradation
in the presence of ATP (Ciechanover et al., 1980). This new post-translational modification
opened the gate for a new field in cellular and biological research, as it was shown to be
implicated in most cellular functions. Researchers investigated this field for two decades to
reveal its mechanisms and impacts on cell functions before the discovery of small ubiquitin-
related modifiers (SUMO proteins) in 1995 by different research groups. Investigation of the
latter proteins was facilitated by applying strategies developed for studying ubiquitin. SUMO
proteins were found to modify proteins via a similar mechanism to that of ubiquitin, and
that SUMOylation is involved in many essential cellular functions reviewed in Geiss-
Friedlander and Melchior (2007). The identification of SUMO proteins was first revealed by
analysing the role of Mif2 protein in chromosome segregation in yeast (Meluh and
Koshland, 1995). It was demonstrated that Mif2 has a critical role in chromosome
segregation and was localised in the centromere. Several high-copy suppressors of Mif2
were revealed in this study, and one of them was the suppressor of Mif2, clone 3 (smt3),
which codes for the yeast ortholog in human SUMOL1. This study did not show if SUMO
modifies Mif2 or other centromere-related proteins or if it has a role in chromosome
segregation. However, in future studies, SUMO proteins were found to modify various

centromere-associated proteins, and this modification is critical in chromosome
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segregation(Eifler and Vertegaal, 2015). The human cDNA coding for SUMO1 was first
identified using yeast two-hybrid screening in 1996. SUMO1 was found to interact with the
promyelocytic leukaemia (PML) protein, and it was named PIC1 (PML-interacting clone 1)
(Boddy et al., 1996). Although SUMO1 was found to interact with PML, no evidence of
covalent modification of SUMO1 to PML was revealed in this study. However, it is now
recognised that SUMO1 is conjugated to PML, and this modification of PML is essential in
the formation of PML nuclear bodies (Sahin et al., 2014). In addition, early studies of
SUMOylation revealed the interaction between SUMO1 and Fas/APO-1 receptor (Okura et
al., 1996). Ligands targeting this receptor were found to induce apoptosis and
overexpressing SUMO1 inhibited this pathway, thereby protecting cells from apoptosis.
Given its importance in protecting cells from death, it was referred as Sentrin (after sentry).
DNA recombinase (RAD51), which is involved in DNA damage repair, was found to be the
third SUMO1-interacting protein in early SUMO studies (Shen et al., 1996). This finding was
the first to indicate the significance of SUMOylation in DNA damage repair alongside its role
in chromosome segregation. Later studies revealed that SUMOylation is a vital regulatory
mechanism for all aspects of DNA repair and its interaction with ubiquitination is required
for maintaining genome integrity (Jackson and Durocher, 2013). RAD51 was later identified
to interact with SUMO1 non-covalently, and this interaction is necessary for recruiting

RAD51 to DNA double-strand damages(Shima et al., 2013).

Although the previous early studies linked SUMO1 to critical cellular functions by interacting
with different proteins, they lack the evidence that SUMO proteins covalently attach to their

substrates and therefore function as a post-translational modification system. It was not
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until the late 1990s when SUMO1 was identified to covalently attach to Ran GTPase-
activating protein, RanGAP1, and this modification was suggested to be reversible (Mahajan
et al.,, 1997, Matunis et al., 1996). In both studies, RanGAP1 antibodies detected the
presence of different forms of RanGAP1 with different molecular masses. A unique peptide
was found to be attached to the higher in molecular mass form of RanGAP1 and this peptide
was reported to have molecular weight of 11.5 kDa and share some sequence similarity with
ubiquitin. These two groups investigated the association between this unique peptide and
RanGAP1 differently. The Mahajan group recognised an ATP-dependent interconversion
between the different forms of RanGAP1 indicating the requirement of ATP in SUMOylation
(Mahajan et al.,, 1997). The other group showed that the larger form of RanGAP1 was
converted to the lower one when treating rat liver with DTT during the extraction of the
nuclear envelope. This conversion was inhibited when using N-ethylmaleimide (NEM), which
inhibits all cysteine peptidases, indicating the presence of cysteine-dependent SUMO
isopeptidases (Matunis et al., 1996). Both groups revealed that the SUMOylation of
RanGAP1 leads to its interaction with RanBP2 at these nuclear complexes. The finding from
these studies suggests that SUMOylation is a reversible post-translational modification that
modifies proteins by similar mechanisms to that of ubiquitination. In addition, it was shown
that SUMOylation alters protein interactions and was required for the formation of protein

complexes beside its roles in chromosome segregation and DNA damage repair.
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1.1.7.2 SUMOylation pathway

SUMOylation has since been recognised as a major post-translational modification
mechanism of proteins by the covalent attachment of the 12 kDa small ubiquitin-like
modifier (SUMO) proteins. The attachment of SUMO proteins results in alterations in the
function, localisation, activity or binding affinity of their substrates (Geiss-Friedlander and
Melchior, 2007). SUMO substrates were shown to be involved in different cellular processes
including nuclear-cytosolic transport, apoptosis, DNA damage response and transcription
(Tang et al., 2008, Bettermann et al., 2012) indicating the importance of this modification
system in the regulation of various cellular functions. While the yeast genome encodes a
single SUMO protein called suppressor of MIF2 mutation 3 (SMT3), which significantly
impaired growth when depleted (Tanaka et al., 1999), there are four SUMO genes in
humans encoding the four SUMO proteins (SUMO1-SUMOA4). The first member of this
family, SUMO1, shares less than 50% sequence identity with other members. In addition,
this SUMO isoform was reported to modify most of the identified SUMO substrates (Saitoh
and Hinchey, 2000). On the other hand, the SUMO-family protein isoforms, SUMO2 &
SUMO3, are referred collectively as SUMO2/3 as they share more than 97% sequence
similarity, differing only in three amino acid residues situated N-terminally. The last member
of this family, SUMOA4, shares more sequence similarity to SUMO2/3 (87%) than SUMO1

(Wei et al., 2008).
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Figure 1.5 The enzymatic cascade of SUMOylation. SENPs cleave the C-termini of SUMO proteins
revealing a di-glycine motif. Cleaved SUMO proteins are activated by SUMO E1 enzyme, SAE1/2, and
after their binding SUMOs are transferred to SUMO E2 conjugating enzyme, Ubc9. This enzyme
attaches SUMOs to their substrates. E3 SUMO ligases enhance the efficiency of this attachment by
binding to E2-SUMO complex and substrates. This diagram was adapted from (Alonso et al., 2015).

SUMO proteins form an isopeptide bond between their di-glycine motif located within the
C-terminal and the g-amino group of lysine residues in their substrate. This binding requires
the catalytic activity of an enzymatic cascade involving an activating enzyme E1, a
conjugating enzyme E2 and a ligase E3 (Gareau and Lima, 2010). As the precursor forms of

SUMO proteins are in their inactive state after being synthesised, and to become mature,
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SUMO-specific proteases (SENPs) cleave their C-termini exposing this motif (Guo et al.,
2014). The enzymatic cascade is initiated after the SENPs-cleaved ATP-binding SUMO
proteins are catalysed by their SUMO-activating enzymes (E1), which is a heterodimer of
two subunits: SAE1 (SUMO-activating enzyme E1) and SAE2 (Schulman and Harper, 2009).
This enzyme hydrolyses ATP and adenylates SUMO proteins at their C-termini. These
alterations promote the association between the Cys173 residue in this enzyme and the di-
glycine residues at the C-terminus of adenylated SUMO protein (Olsen et al., 2010). This
interaction induces the formation of a thioester bond between these sites, which results in
the transformation of these proteins to their E1 activating enzymes (Lu et al., 2010, Lois and
Lima, 2005). After transferring SUMO proteins to this activating enzyme, they are
transferred to their E2 conjugating enzyme, ubiquitin-conjugating 9 (Ubc9). A thioester bond
is formed between the same C-terminal glycine residues in SUMO proteins and the catalytic
cysteine residue (Cys 93) within this enzyme (Bernier-Villamor et al., 2002, Wilkinson and
Henley, 2010). Following the binding of SUMO proteins to this enzyme, it covalently
attaches them to the lysine residue of their substrates (Geiss-Friedlander and Melchior,
2007). The role of SUMO-E3 ligases in SUMOylation is to improve its efficiency by interacting

with both Ubc9-SUMO complexes and their substrates (Tozluoglu et al., 2010).

Knockout mice models of SUMO proteins and the enzymes involved in the SUMOylation
pathway revealed different effects upon silencing these proteins. For example, silencing
either SUMO1 or SUMO3 in mice has no effect on their development (Evdokimov et al.,
2008), whereas SUMO2 has a greater impact on the development of mice when knocked

out as it causes embryonic lethality (Wang et al., 2014). In addition, knocking out the SUMO
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E2 conjugating enzyme Ubc9 impaired the segregation of chromosomes that leads to the

death mice during embryonic development (Nacerddine et al., 2005).

1.1.7.3 SUMO E3 ligases

In ubiquitination, which targets proteins for degradation, the role of the E3 ligases is more
critical than that of the SUMO-E3 ligases. These ubiquitin-ligases are divided into two
groups: the first group members, which contain the HECT (homologous with E6-associated
protein C-terminus) domain, are able to form a thioester bond with ubiquitin after
interacting with ubiquitin-conjugating enzymes (E2). This interaction leads to the transfer of
ubiquitin to these ligases before targeting substrates. The other group contains proteins
that contain a RING domain and members of this group are not able to bind to ubiquitin
directly. Instead, they bind to ubiquitin-E2s complex and bind at the same time with
substrates to allow efficient ubiquitination (Pickart, 2001). Unlike ubiquitination, the SUMO-
E2 conjugating enzyme Ubc9 is able to attach SUMO proteins to their substrates containing
the SUMO consensus motif (Bernier-Villamor et al., 2002, Gareau and Lima, 2010). The role
of SUMO E3 ligases was suggested to improve the efficiency of SUMOylation as they can
bind to both Ubc9-SUMO complex and substrates, resembling the function of RING-domain-
containing ubiquitin ligases and for recognising substrates that do not contain this motif.
More than 600 human genes have been identified to encode proteins that possess E3 ligase
activity in the ubiquitination pathway, whereas few numbers of proteins that possess E3
ligase activity in the SUMOylation pathway have been reported (Deshaies and Joazeiro,

2009).
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The first proteins identified to have ligase activity in the SUMOylation system were the Siz
proteins in yeast and knocking down these proteins prevented SUMOylation in yeast
(Johnson and Gupta, 2001). The PIAS [protein inhibitor of activated STAT (signal transducer
and activator of transcription)] protein family, which contains five SUMO E3 ligases, is
analogous to the mammalian homologue of Siz proteins (Sachdev et al., 2001, Miiller et al.,
1998). This Siz/PIAS group contains the so-called SP (Siz/PIAS)-RING domain, which is a zinc
finger domain with a similar structure to that of the RING domain present in ubiquitin E3
ligases. As they contain this RING-domain like domain, their ligation activity is similar to that
of RING-domain-containing ubiquitin ligases by binding to both Ubc9-SUMO intermediate
and substrate, but they can also bind to SUMO proteins non-covalently. These Siz/PIAS
ligases have been implicated in the regulation of multiple cellular processes such as DNA
damage response and regulation of cell-cycle and transcription (Schmidt and Miller, 2002,

Flotho and Melchior, 2013).

A member of the Polycomb (Pc) protein family, Pc2, was identified as a SUMO E3 ligase
(Kagey et al., 2003) that lacks the SP-RING domain. Unlike the Siz/PIAS ligases, this ligase
binds directly to SUMO proteins, Ubc9, and to its substrate, CtBP (C-terminal-binding
protein) (Merrill et al., 2010). Other proteins have been reported to lack this RING-domain-
like domain and possess SUMO E3 ligase activity include histone deacetylase 4 and 7
(Grégoire and Yang, 2005, Gao et al., 2008) and tumour necrosis-factor-associated protein 7
(TRAF7) (Morita et al., 2005). The tumour suppressor pl14Arf (Zhao and Blobel, 2005) and
the G-protein Rhes (Subramaniam et al., 2009) have also been reported to possess SUMO E3

ligase activity, both of which also lack the RING-domain.
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Another type of SUMO E3 ligase is Ran-binding protein 2 (RanBP2) (Pichler et al., 2002). This
ligase has been implicated in the SUMOylation of many substrates including SP100,
topoisomerase lia, HDAC4 and promyelocytic leukaemia (PML) (Dawlaty et al., 2008). This
ligase has been shown to facilitate the SUMOylation of substrates by binding to the
SUMOylation moiety, Ubc9-SUMO. By binding to this complex, it promotes conformational
changes in this SUMO moiety to facilitate the transfer of SUMO proteins to their targets
without binding to these substrates itself, indicating that it functions differently from other
SUMO E3 ligases. In addition, this ligase was shown to be critical in nucleoplasmic
transportation by stabilising the SUMOylation complex (Ubc9- SUMO) of its binding partner
Ran GTPases-activating protein 1 (Ran GAP1) (Werner et al., 2012). This stabilisation of the
SUMOylation complex targeting RanGAP1, which regulates the activity of the central
regulator of nuclear transport, Ran GTPase, indicates the importance of both this ligase and
SUMOylation in the regulation of cytosolic-nuclear trafficking. The Fanconi anaemia protein
SLX4 is another SUMO ligating protein that has been identified recently. This ligase is
involved in the global replication stress response, and it was revealed that this ligase is
SUMOylated itself, and therefore promotes the SUMOylation of the DNA repair factor XPF
(Guervilly et al., 2015, Ouyang et al., 2015). Although it lacks the SUMO consensus motif,
SLX4 has a SUMO interaction motif (SIM) (Guervilly et al., 2015). This motif is characterised
by the presence of large hydrophobic residues flanked by unstructured regions and was
shown to enhance SUMOylation of proteins even in the absence of the SUMO consensus

region (Knipscheer et al., 2008). This motif has been reported in many SUMO-modification
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substrates, and bioinformatic analysis is being developed to detect both motifs (Zhao et al.,

2014).

1.1.7.4 SUMOylation motifs
The majority of SUMO substrates contain the consensus SUMOylation motif KxD/E (where

y is a large hydrophobic residue, D/E is an acidic residue) (Rodriguez et al., 2001, Yang et al.,
2017). However, it is worth mentioning that not all SUMO substrates contain this motif.
Additionally, the presence of this motif on proteins cannot confirm if a protein is a SUMO
substrate as some proteins containing this motif are not SUMOylated, whereas some lysine
residues lying outside this motif are SUMOylated (Xu et al., 2008). Following studies
described different residues surrounding this core motif and the described motifs were
shown to increase the probability of a protein to be SUMOylated. Phosphorylation-
dependent SUMOylation motif (PDSM) was identified in 2006 by Hietakeangas and
colleagues to be present in different SUMO substrates. This motif is composed of the core
SUMOylation motif and an adjacent phosphorylation site followed by a proline residue.
Phosphorylation of this motif was shown to enhance SUMOylation of PDSM-containing
targets (Hietakangas et al., 2006). Negatively charged amino acid-dependent SUMOylation
motif (NDSM) is another SUMO motif that was shown to compensate the absence of
phosphorylation site by a cluster of acidic amino acids located in the vicinity of the SUMO
core consensus motif (KxD/E-x-[2 out 6 must be acidic residues]). These acidic amino acids
were suggested to enhance the binding of substrates to the E2 SUMO conjugating enzyme
(Yang et al., 2006). Furthermore, a cluster of hydrophobic residues were found to proceed

the core SUMOylation sequence and this motif is called hydrophobic cluster SUMOylation
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motif (HCSM). The core SUMOylation consensus motif was also found to be inverted in

some SUMO targets (Matic et al., 2010).

Although they were described to covalently modify a broad range of substrates, SUMO
proteins were reported to interact non-covalently with many proteins that have SUMO-
interacting motifs (SIMs). This non-covalent interaction influences various cellular functions
and expands SUMOylation functions in various cellular mechanisms. Two-hybrid assays have
been used to distinguish between the covalent and non-covalent interactions of SUMO
proteins with their substrates. By utilising these assays, many proteins have been identified
to interact non-covalently with SUMO proteins via SIMs (Hannich et al., 2005, Hecker et al.,

2006).

The first SUMO-interacting motif was discovered by Minty and his colleagues in 2000 (Minty
et al.,, 2000). In this study, they demonstrated that SUMO-modified p73 interacts with
specific proteins that have a conserved SXS sequence with an adjacent hydrophobic core on
one side and acidic residues on the other. The SXS motif alongside the hydrophobic core
was found to be critical in this non-covalent interaction with SUMO proteins. However, a
further study performed by Song and his team in 2004 contradicted this finding. In this
study, the SXS sequence was not shown to be critical for this interaction. Instead, the
hydrophobic core consisting of the [V/I-X-V/I-V/I] motif was found to facilitate the
interaction of SIM-containing proteins with SUMOs. This hydrophobic sequence was later

reported to be present in many SUMO associated proteins including proteins involved in
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SUMO pathway, such as the SAE2 subunit of the SUMO activating enzyme E1 and SUMO E3

ligases PIASx and RanPB2 (Song et al., 2004).

In the structure of SUMO proteins, a SIM-binding groove is formed between the a-1 and the
B-2. Peptides containing SIMs were found to be embedded in this groove, which contain
critical hydrophobic residues involved in the interaction with SIMs. Although residues
forming the hydrophobic core are conserved among all SUMO isoforms, their positions
within the groove varied from one isoform to another. The hydrophobic core consists of
H35, F36, and V38 in SUMO1 or Q31, F32 and 134 in SUMO?2 (Baba et al., 2005, Hecker et al.,
2006). Introducing mutations in these sites prevented the interaction with SIMs (Zhu et al.,
2008). Negatively charged acidic amino acids, aspartic and glutamic acid, were shown to
cluster around this hydrophobic core and to be critical in effective interaction (Hecker et al.,
2006). In addition, serine and threonine residues that reside closed to SIMs can compensate
for the loss of acidic residues. Phosphorylation of these residues was indicated to alter their
charge to negative, thereby mimicking the acidic residues and inducing the interaction
between SIMs and SUMO molecules (Chang et al.,, 2011, Cappadocia et al., 2015). These
negatively charged residues within SIMs interact with positively charged basic residues in
the hydrophobic groove of SUMO. These basic residues are K37, K39 and K46 in SUMO1 or
K33, K35 and K42 in SUMO?2 (Husnjak et al., 2016, Chupreta et al., 2005). As the hydrophobic
and basic residues are found in different positions in the SIM-interacting groove in different
SUMO isoforms, they may contribute to the orientation of SIM domains and to the
preference of SUMO substrates towards interacting with a specific isoform of SUMO

(Husnjak et al., 2016).
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The influence of a non-covalent interaction of SUMO proteins with SIM-containing proteins
have been of research interest since the discovery of these motifs. One example to illustrate
the importance of this interaction is the regulation of thymine DNA glycosylase (TDG) by
SUMO proteins. TDG hydrolyses mismatched thymine, thereby creating an abasic site in
double-stranded DNA to prevent mutations. To release it from the abasic site to repair it,
TDG is covalently modified by SUMO proteins. TDG has both a SUMO consensus motif and a
SUMO-interacting motif, and both motifs are critical for its disassociation from DNA.
Introducing SUMO and TDG proteins to a DNA substrate was shown to induce
conformational changes in the latter protein, which in turn disrupts its binding to the DNA

substrate (Baba et al., 2005).

Both motifs within TDG are located adjacent to each other suggesting that both motifs are
necessary for altering its structure by SUMO interactions. The adjacent position of these
motifs to each other in this SUMO substrate indicates a possible interaction between the
covalently-bound SUMO proteins with the SIM. This interaction probably stabilises the
altered structure of TDG to release it from the DNA substrate. Covalent modification of TDG
by SUMOs was inhibited when deleting its SIM, although the SUMO consensus motif was
still present. In addition to releasing TDG from double-stranded DNA, SUMOylation was
implicated in its localisation to PML nuclear bodies. Deleting one of these motifs alone did
not affect its localisation to these complexes, but deleting both motifs prevented its
localisation (Takahashi et al., 2005). It can be concluded from these findings, that the
noncovalent interaction of SUMO with TDG is a prerequisite for its covalent modification

and both interactions are necessary for its recruitment to the PML nuclear complexes.

| Chapter 1 — Introduction



1.1.7.5 Function of SUMOylation

Proteins vary in their response to SUMOylation. The interaction of some substrates with
their binding partners could be altered by the attachment of SUMO proteins to their specific
binding sites. One of these proteins is the ubiquitin E2 conjugating enzyme, 25k. When
SUMOylated, this enzyme’s interaction with ubiquitin-activating enzymes is inhibited and
thus prevents the ubiquitination of its substrates (Pichler et al., 2005). On the other hand,
SUMOylation of other proteins enhances their binding affinity towards new partners, and
this interaction could lead to different functions including translocating these proteins
within cells and/or promoting their degradation. One example to demonstrate these subsets
of SUMO-modified proteins is the SUMO modification of RanGAP1, which leads to the
translocation of this protein from the cytosol to the nuclear pore by inducing its association
with RanBP2 (Mahajan et al., 1997). Another example is the poly-SUMOylation-mediated
degradation of PML by ubiquitination by promoting its association with the ubiquitin E3
ligase RNF4 (ring finger protein 4), which binds to the SUMO chains on PML and degrades
the whole complex (Lallemand-Breitenbach et al., 2008). In addition, SUMOylation could
regulate the function of its targets by altering their structures, which in turn regulates their
activity. For example, SUMOylation of the enzyme thymine-DNA glycosylase (TDG) induces
conformational changes that release it from DNA damaged sites (Baba et al., 2005). The
previous examples indicate that this post-translational modification is implicated in many

cellular processes and regulates an extensive range of proteins differently.
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Several studies demonstrated that certain SUMOylation substrates are modified by only a
single member of SUMO proteins while others are regulated by a combination of both
isoforms, SUMO1 and SUMO2/3. For instance, SUMO1 has been implicated in the
SUMOylation of RanGAP1 facilitating its transportation from the cytosol to the nuclear pore,
whereas SUMO2/3 was shown to modify sp100 (Saitoh and Hinchey, 2000). One example of
the substrates that can be SUMOylated by both isoforms, SUMO1 and SUMO2/3, is PML.
SUMOylation of PML by SUMO1 leads to its translocation within the nuclear domains PML
nuclear bodies (Muller et al., 1998), while modifying this protein by SUMO2/3 and the
consequent SUMO-chain formation promotes its degradation by ubiquitination (Lallemand-

Breitenbach et al., 2008).

Previous studies have reported that different cellular stress stimuli lead to a global increase
in SUMOylation. Under normal conditions, most SUMO1 isoforms were conjugated to their
substrates, whereas there is a considerable amount of unconjugated SUMO2/3 isoforms in
COS-7 cells (Saitoh and Hinchey, 2000). On the other hand, subjecting these cells to heat
shock, oxidative, ethanol and osmotic stresses resulted in a significant increase in
conjugated SUMO2/3 isoforms without affecting the level of conjugated SUMO1
(Golebiowski et al., 2009). This increase in the levels of conjugated SUMO2/3 proteins was
also observed in cells when challenged with deprivation in oxygen/glucose and hypothermia
in neurones (Yang et al., 2008, Loftus et al., 2009). These findings indicate the critical role of

SUMOylation in rapid adaption to different types of stress.
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Despite the fact that cellular stresses cause a rapid increase in global SUMOylation, various
SUMO substrates are modified differently. While the SUMO modification of some substrates
in response to cellular stress increases, the levels of SUMOylation of others were not
affected and/or decreased in other proteins. The stability of the SUMO-specific protease
SENP3, which is degraded by ubiquitination in resting conditions, is increased in response to
oxidative stress. Consequently, this protease deSUMOylates p300 leading to the activation
of HIFla (hypoxia-inducible factor 1a), which in turn induces the transcription of stress-

responsive genes (Huang et al., 2009).

SUMO2/3 are the major stress response-dependent SUMO proteins, to increase their
SUMOylation efficiency they are subjected to the attachment of SUMO proteins themselves.
These SUMO isoforms were shown to contain the SUMO consensus motif at their N-termini
(K11) facilitating the formation of SUMO chains (Tatham et al., 2001), like the poly-
SUMOylation of PML that leads to its degradation by ubiquitination. This motif is not
present in SUMO1, preventing it from forming chains, and it was suggested that the
interaction between it and SUMO2/3 formed chains results in the disassembly of these
chains (Matic et al., 2008). However, recent studies have identified lysine residues within
both SUMO1 and SUMO2/3 located outside the consensus motif that can be SUMOylated,
increasing the complexity of SUMO chain forming (Bruderer et al.,, 2011, Hendriks et al.,

2014).

| Chapter 1 — Introduction



1.1.7.6 SUMO-Targeted Ubiquitin Ligases (STUbLSs)

To maintain homoeostasis of SUMOylation levels on substrates, SUMO modified proteins
are either de-SUMOylated by SUMO proteases or targeted to the proteasome for
degradation (Prudden et al., 2007). SUMOylation and ubiquitination are thought to be
different modification systems and are thought to have a competitive relationship as they
compete for the same lysine residue on their targets (Ulrich, 2005). SUMOylation of some
substrates was shown to prevent their degradation by ubiquitination (Desterro et al., 1998).
Another type of relationship between these two types of modification has emerged, in
which SUMOylation of some substrates promotes ubiquitination of the same substrates
leading to their degradation (Huang and Reichardt, 2003). Ubiquitination of SUMOylated
proteins are facilitated by a set of enzymes called SUMO-targeted ubiquitin ligases (STUbLs)
(Uzunova et al., 2007, Sun et al., 2007). These enzymes have ubiquitin E3 ligase activity and
were identified to specifically recognise SUMOylated proteins and poly-ubiquitinate them
leading to their degradation. Three of these enzymes have been reported including Ulslp-
Nislp, SIx5pSIx8p/RNF4 and Rad18p (Yang et al., 2006). Several targets for the Ulslp
enzyme have been identified including Paclp, a microtubule-associated protein, and the

DNA-binding protein Raplp (Jain and Cooper, 2010, Alonso et al., 2012).

1.1.7.7 De-SUMOylation
SUMOylation can be rapidly reversed by a specific group of proteases called SUMO-specific

proteases (SENPs) (Hickey et al., 2012, Guo et al., 2014). In addition to their role in activating
the precursor form of SUMO proteins, SENPs have the ability to de-conjugate SUMO

proteins from their target proteins. They cleave the isopeptide bond formed between the C-
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terminal glycine motif on SUMO proteins and the g-amino group of lysine on their target

protein to release SUMO proteins (Mukhopadhyay and Dasso, 2007, Yeh, 2009).

In mammalians, the SENP protease family contains of six members that have a different
affinity towards cleaving and de-conjugating SUMO proteins. These members have been
divided into three sub-groups according to several factors, including sequence similarity,
their distribution within the cells and target specificity. The first subgroup members, SENP1
and SENP2, have a broad specificity towards SUMO isoforms as they are involved in the
maturation and de-conjugation of both SUMO1 and SUMO2/3 (Gong et al., 2000, Reverter
and Lima, 2006). The second subgroup members, SENP3 and SENP5, prefer processing and
de-conjugating monomer SUMO2/3 over SUMO1 (Di Bacco et al., 2006, Sharma et al., 2013).
The final subgroup proteases, SENP6 and SENP7, have been implicated in the disassembly of
SUMO chains formed by SUMO2/3, but not in the maturation of SUMO proteins or in the
de-conjugation of monomer SUMO2/3 from their substrates (Drag et al., 2008, Shen et al.,
2009). All different isoforms of SENPs contain at their C-termini a 250-amino acid long

conserved cysteine protease catalytic functioning domain (Hickey et al., 2012).

On the other hand, these isoforms have a large and non-conserved N-terminal domain. This
domain has minimal or no homology to that of other isoforms and was suggested to
contribute to their subcellular distribution and substrate specificity (Bailey and O'Hare,
2004). As they vary in their N-terminal domain, different SENP isoforms vary in their
subcellular localisation. SENP1 was shown to localise at the nucleoplasm(Gong et al., 2000),

SENP2 was found at the nuclear pore (Zhang et al., 2002), SENP3 and SENP5 were reported
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to be in the nucleolus (Nishida et al., 2000), whereas SENP6 was reported to localise in the
cytoplasm (Kim et al., 2000). In a different study, SENP2 was found to shuttle between the
nucleus and the cytoplasm as it contains a nuclear localisation signal (NLS) sequence and a
nuclear export signal (NES) sequence (Itahana et al., 2006). The NLS sequence presents at its
N-terminal domain and was shown to be essential for its recruitment to the nuclear pore
complex (Zhang et al., 2002). In addition, the NES sequence was reported to be in the
central domain of this protease. These signals presented in the non-conserved region of this
protease and were not found in other members of this family. Introducing mutations in the

NES prevented its shuttling between the nucleus and the cytoplasm (ltahana et al., 2006).

1.1.7.8 SUMOylation in cancer

Although it has been implicated in the regulation of critical cellular mechanisms in normal
cells, SUMOylation has been shown to be deregulated in serious human diseases including
cancer (Bawa-Khalfe and Yeh, 2010), heart failure and neurodegenerative diseases
(Droescher et al.,, 2013, Kho et al.,, 2011). SUMOylation has been reported to support
different aspects of cancer progression(Seeler and Dejean, 2017). SUMO1 conjugation to
p53 was shown to stabilise its activity and consequently induce apoptosis in human non-
small cell lung carcinoma (lvanschitz et al.,, 2015). In addition, Akt protein kinase is an
important regulator of several cellular mechanisms including cell proliferation, cell
migration and apoptosis and activation of this kinase has been reported to be deregulated
in cancer (Brazil et al.,, 2002). Different post-translational modifications including
phosphorylation, ubiquitination and acetylation have been suggested to regulate Akt

stability and activity (Manning and Cantley, 2007, Li and Yang, 2010). A recent study
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identified a critical role of SUMOylation in the kinase activity of Akt where residue K276 was
found to be the major SUMOylation acceptor. Introducing a mutation at this site completely
inhibited Akt SUMOylation and kinase activity, whereas overexpressing SUMO1 or the
SUMO E3 ligase PIAS1 increased its activity. SUMOylation of this kinase was shown to
enhance Akt-mediated tumorigenesis and cancer cell proliferation in different cancer cells

(Li et al., 2013b).

SUMOylation levels were reported to be increased in tumours compared to surrounding
tissues(Liang et al., 2017) indicating the importance of SUMOylation for cancer progression.
The expression of enzymes involved in the SUMOylation pathway has shown to be
deregulated in different cancer types. The SUMO E1 activating enzyme (SAE) is upregulated
in different cancer types including Hepatocellular carcinoma (Lee and Thorgeirsson, 2004),
breast cancer (Kessler et al., 2012) and small cell lung cancer (Inamura et al., 2007, Liu et al.,
2015). The overexpression of SAE in small cell lung cancer was shown to be associated with
tumorigenesis and reducing expression of this enzyme has led to a reduction in cell growth
and increased levels of apoptosis. In addition, migration of these cancer cells was prevented
and their sensitivity to chemotherapy was enhanced by knocking it down (Liu et al., 2015).
In addition, Myc is an oncogenic protein that is overexpressed in about 25% of breast cancer
cells and its overexpression is associated with increased malignancy (Adler et al., 2006). The
upregulation of SAE in these breast cancer subsets was shown to enhance Myc-dependent
tumour growth and inhibiting this enzyme supressed Myc activity (Kessler et al., 2012). In
the same study, the expression levels of SAE were found to contribute to the malignancy

stage and survival rate of patients with this subtype of breast cancer. The low expression
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levels of this SUMO enzyme were shown to be associated with improved survival rate low
occurrence of metastasis, whereas high levels are associated with increased malignancy and

high metastasis occurrence (Kessler et al., 2012).

The deregulation of the SUMO conjugating enzyme (Ubc9) was reported in various cancer
types and its overexpression was suggested to aid tumour growth and metastasis (Li et al.,
20134, Seeler and Dejean, 2017). This enzyme was shown to be upregulated in breast cancer
tumours compared to normal tissues and its overexpression is associated with tumour
growth and metastasis. In addition, the low expression levels of Ubc9 were associated with
enhanced survival rate and sensitivity to chemotherapy of patients with breast cancer (Chen
et al., 2011). In another study, Ubc9 expression was shown to be elevated in Hepatocellular
carcinoma (HCC) compared to surrounding tissues and its overexpression is associated with

tumour growth and resistance to chemotherapy (Fang et al., 2017).

SUMO-specific proteases (SENPs) are important in cellular physiology as they maintain the
balance between SUMO-modified and non-modified proteins. Deficiency of SENP1 and
SENP2 in mice resulted in death during embryonic development (Shen et al., 2006). The
expression of SENPs is deregulated in different types of cancer. These changes in the
expression of SENPs disrupt the balance between SUMOylated and un-SUMOylated levels of
proteins, thereby enhancing cancer malignancy and metastasis (Ma et al., 2014, Xu et al.,

2011).
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The androgen receptor (AR) is an essential protein in the tumorigenesis of prostate cancer.
It has been shown that both SENP1 and 2 de-SUMOylate this protein and that
overexpression of SENP1 increased its transcriptional activity (Kaikkonen et al., 2009, Cheng
et al., 2004). In 2013, Wang and colleagues reported that expression of SENP1 in prostate
cancer is associated with its malignancy and metastasis, whereas silencing this protease
impaired these metastatic properties (Wang et al., 2013). Furthermore, in more than 50% of
prostate cancer samples, SENP1 was overexpressed indicating its role in prostate
tumorigenesis (Cheng et al., 2006). In another study, SENP1 upregulation was shown to
induce colon cancer cell growth by inducing the expression of CDK inhibitors (Xu et al.,
2011). In a different 2014 study, Ma, Chenchao and colleagues demonstrated that SENP1
overexpression is associated with progress and metastasis of pancreatic cancer. In their
study, they found that in pancreatic ductal adenocarcinoma (PDAC), the expression of this
SUMO protease was higher than in surrounding tissues. In addition, knockdown studies in
these cells indicated that silencing SENP1 by siRNAs inhibited essential cellular functions
including proliferation, migration and invasion. In this study, knocking down SENP1 was
found to cause the downregulation of MMP-9, a member of metalloproteases involved in
cell migration by degrading the extracellular matrix (Ma et al., 2014). In prostate cancer,
hypoxia-inducible factor 1a (HIF-1a) regulates the expression of the many genes involved
angiogenesis (Semenza, 2003). Several groups have reported the importance of
SUMOylation on the activity of HIF 1-a (Bae et al., 2004, Berta et al., 2007). Polycomb
chromobox 4 (CBX4) and RWD-containing SUMOylation enhancer (RSUME) increased the
transcriptional activity of HIF-1a by accumulating its SUMOylation and stability (Carbia-

Nagashima et al., 2007, Li et al., 2014). In addition, in the absence of SENP1, HIF-1a was
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actively SUMOylated, and its SUMOylation resulted in its degradation by ubiquitination,
indicating the importance of SENP1 on the stability of this factor (Cheng et al., 2007). In a
2011 study, Xu and colleagues examined how SENP1 regulates colon cancer cell growth and
found that it was overexpressed in most sample tissues. Knocking down this protease
inhibited cancer growth in nude mice and colony formation in colon cancer cell lines DLD-1

(Xu et al., 2011).

Unlike most SENPs, SENP2 is downregulated in different cancer types including bladder
cancer (Tan et al., 2013) and Hepatocellular carcinoma (Shen et al., 2012). SENP2 was found
to be down regulated in bladder cancer tissues compared to surrounding tissue (Tan et al.,
2013). In this study, they found that overexpression of this protease significantly decreased
the migration and invasion of these cells by specifically down regulating the expression of
the metalloprotease MMP13, which normally enhances metastases when upregulated. In
bladder cancer, B-catenin was found to translocate to the nucleus and to target the
promoter of MMP13 in order to activate it, thereby promoting metastases. WNT signalling
promotes the SUMOylation of the complex TBL1/TBLR1, which when SUMOylated, forms a
complex with B-catenin facilitating its transport to the nucleus. To prevent the expression of
MMP13, SENP2 de-SUMOylates TBL1/TBLR1, thus, preventing TBL1/TBLR1 from binding to
B-catenin and consequently preventing its nuclear translocation and the activation of
MMP13 (Tan et al.,, 2015). In addition, SENP2 has been implicated in regulating the
SUMOylation levels of the oncoprotein MDM2. SUMOylation of this ligase was found to be
essential for its binding to tumour suppressor p53, which in turn reduces the activity of the

latter protein. Overexpression of SENP2 leads to deSUMOylation MDM2 and consequently
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disrupts MDM2-p53 interaction increasing the p53 tumour suppressor activity (Chiu et al.,
2008, Jiang et al., 2011).

Overexpression of SENP3 in gastric cancer cells is correlated with enhanced epithelial-to-
mesenchymal transition (EMT). EMT is a cellular process, in which an epithelial cell is
changed into a mesenchymal one, thereby losing its epithelial phenotype and acquiring a
mesenchymal one. In this transition, epithelial markers such as E-cadherin are reduced, and
mesenchymal markers such as N-cadherin, fibronectin and vimentin are increased. These
markers are used to determine whether an epithelial cell is in transit to a mesenchymal cell
or not. By changing their phenotype from epithelial to mesenchymal, EMT enhances the
ability of epithelial cancer cells to migrate, therefore promoting metastasis (Kalluri and
Weinberg, 2009). This phenotype alteration is the result of an alteration in gene expression,
and some transcription factors including Snail, Twist and Zeb protein families regulate these
genotype alterations. Some of these transcription factors repress the epithelial marker’s
expression, whereas others induce the expression of mesenchymal markers (Tam and
Weinberg, 2013). Cellular stresses have a great impact on EMT, and TGF-B was shown to
promote this transition (Gal et al., 2008). An increased amount of ROS is generated upon the
stimulation of TGF-B, and the growing amount of ROS induces EMT by activating the EMT-
involved signalling pathways (Giannoni et al., 2011). According to these findings, Ren and
colleagues (2014) suggested that redox regulates EMT; therefore, it is essential to identify
redox-sensitive proteins and one of these proteins was SENP3. The overexpression of this
protease was noticed in different types of cancer and was shown to promote cancer cell
malignancy, proliferation and metastasis (Han et al., 2010). In their study, Ren group tried to

identify the role of SENP3 in EMT in gastric cancer cells, and found that ROS stimulates the
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expression of SENP3. Activated SENP3 was found to deSUMOylate the transcription factor
FOXC2, which in turn induces the expression of mesenchymal genes, thereby facilitating
EMT and cancer metastasis (Ren et al., 2014). Increased transcriptional activity of FOXC2 is
correlated with the expression of mesenchymal markers and was highly upregulated in
invasive breast cancer (Hollier et al., 2013) and other cancers (Nishida et al., 2011, Yu et al.,

2013).

In 2014, Cashman and colleagues used gene expression datasets from 1363 patients to
determine the relationship between breast cancer patient survival and the expression of
SENP5. They found that high expression levels of this protease were associated with poor
prognosis and vice versa. Silencing this protease in breast cancer cell lines inhibited different
cellular functions including proliferation and cell migration. When this protease is silenced,
the SUMOylation levels of TGFBRI are enhanced leading to the down regulation of the

matrix metalloprotease-9 (MMP9) (Cashman et al., 2014).

1.1.7.9 SUMOylation in cell migration

SUMOylation has been implicated in cell migration as it regulates cytoskeletal networks by
targeting the basic subunits of actin filaments (F-actin) and microtubules (MT), actin and
tubulin, respectively (Panse et al., 2004). It also modifies cytoskeletal regulatory proteins
such as members of the Ras GTPase superfamily, including the Rho and Racl-GTPase
(Castillo-Lluva et al., 2010). The building block for F-actins, actin, was found to be
SUMOylated at lysine 68 and 284 by SUMO2/3, and its SUMOylation was found to regulate
its nuclear localisation (Hofmann et al., 2009). In addition, a proteomic study revealed that

tubulin a and B, which are the building blocks of microtubules, were found to be SUMO1
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and SUMO3 substrates and their SUMOylation was suggested to facilitate their assembly by

preventing their binding with other proteins (Rosas-Acosta et al., 2005).

Rho-family GTPases are critical regulators implicated in many cellular processes, including
cell adhesion, cell migration and cell morphology as they promote the formation of different
types of actin filament structures (Paterson et al., 1990, Ridley and Hall, 1992). The
cytoskeletal actin is regulated by members of the Rho family GTPases, and some of these
small GTPases are modified by SUMO proteins. Racl and RhoA are critical regulators of actin
filaments as they induce the formation of different actin filament structures such as
lamellipodia, filopodia, stress fibres and membrane ruffles (Nobes and Hall, 1995). The
activity of Rho family GTPases is dependent on their binding to GTP to be active, or to GDP
to be inactive. Their binding to GTP, and thus their activity, is regulated by different sets of
proteins. GTPase-activating proteins (GAPs) inactivate the target GTPase by promoting
hydrolysis of GTP to GDP, while guanine-nucleotide exchange factors (GEFs) activate

GTPases by enhancing the exchange of GDP to GTP.

RhoGDIs (Rho GDP-dissociation inhibitor) are another group of proteins that have been
implicated in the regulation of subcellular localisation of Rho family GTPases. They bind to
their target GTPases and this binding releases these GTPases from the plasma membrane
and/or prevents their attachment to it (Dovas and Couchman, 2005). Post-translational
modifications have been linked to the regulation of RhoGDls. For example, phosphorylation
of these proteins causes their dissociation from their Rho GTPases (DerMardirossian et al.,

2006, Price et al., 2003). Recent studies revealed that SUMOylation is also involved in the
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regulation of RhoGDIs. The SUMO-maodified lysine residue in RhoGDlI is localised at position
138 and SUMOylation of this protein was found to activate it, thus inhibiting Rho-GTPase
activity (Liu et al., 2011, Yu et al., 2012). By inhibiting the activity of Rho-GTPases, the
formation of F-actin structures is reduced due to the impaired recruitment of the actin-
nucleating protein complex Arp2/3, which consequently reduces cell motility (Yu et al.,
2012). X-linked inhibitor of apoptosis protein (XIAP) was shown to regulate the SUMO
modification of RhoGDI, in which the RING domain of XIAP binds to RhoGDI, and this binding
blocks the SUMOylation site within RhoGDI. Thus, the activity of RhoGDI is inhibited and the
recruitment of Arp2/3 complex to the cytoplasm is enhanced, which in turn increases the

formation of F-actin structures that promote cell migration (Yu et al., 2012).

Arp2/3 complex is another critical regulator of actin, and it functions by binding to previous
actin filaments at the leading edge of the membrane and initiating new branches of these
filaments. These newly formed actin filaments push the plasma membrane forward,
facilitating cell motility. This complex is composed of Arp2 and Arp3 proteins and five
smaller proteins called Arcs (Goley and Welch, 2006). Proteomic studies identified that
some components of Arp2/3 complex, particularly Arc35p and Arc40p, can be SUMO

modified (Sung et al., 2013).

The Rho-family GTPase, Racl, is essential to cell migration as it regulates the
rearrangement of cytoskeletal protein fibres. In epithelial cells, hepatocyte growth factor
(HGF) stimulates cell migration as it promotes cell colony spreading by forming the

cytoskeletal structures, lamellipodia and membrane ruffles, and disrupting cell-cell
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adhesions. Racl GTPase was involved in both processes (Ridley and Hall, 1992).
SUMOylation was reported to be required for stabilising this GTPase in its active state, and
this stable active form is required for cell migration and invasion (Castillo-Lluva et al., 2010).
Hepatocyte growth factor, a ligand for the growth factor receptor c-Met and a migration
stimulus, promoted the interaction of Racl with the SUMO ligase PIAS3 and SUMOL1. This
interaction enhances the activity of this GTPase and consequently increases cell migration.
SUMOylating this GTPase was found to improve its binding affinity to GTP, which increased
its active levels and lead to the formation of cell motility-associated structures, lamellipodia
and membrane ruffles (Castillo-Lluva et al., 2010). Silencing the SUMO ligase, PIAS3, was
found in the same study to be associated with reduction in the formation of lamellipodia
and membrane ruffles and cell migration. Therefore, this group hypothesised that this ligase
causes these effects by regulating the levels of active Racl. To test this hypothesis, they
compared levels of Racl-GTP in PIAS3-deficient cells or control in response to HGF
treatment. There was no increase in Racl-GTP levels PIAS3-deficient cells compared to high
levels in control, suggesting that PIAS3 was required for its activation. In addition, the
phosphorylation and activation of the Rac-signalling mediator, p38, downstream of this
GTPase, was reduced in PIAS3- deficient cells. Furthermore, the epidermal growth factor
(EGF)-mediated activation of Racl was reduced when silencing this ligase, suggesting that
SUMOylation of this GTPase occurs in response to various stimuli and is not restricted to

HGF only (Castillo-Lluva et al., 2010).

On the other hand, overexpressing PIAS3 increased GTP-binding Racl levels compared to

control when treated with HGF. However, downregulation of PIAS3 did not affect the levels
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of other Rho family GTPases, including Cdc42-GTP, indicating that PIAS3 is a Racl-specific
ligase. Furthermore, PIAS3 efficiently interacted with Rac1-GTP or RaclV12 (constitutively
activated Racl) rather than GDP-binding Racl. In addition to regulation of cytoplasmic Racl
activity, this study also revealed that PIAS3 was co-localised with Racl at the leading edge of
cells in response to HGF treatment, indicating that this ligase is involved in both regulating
the activity of Racl in the cytoplasm and in membrane protrusions, revealing the
importance of SUMOylation in Racl-mediated cell migration. The expression of a
nonSUMOylatable active form of Racl in Racl-deficient mouse embryonic fibroblasts (MEFs)
rescued 45% of defects in lamellipodia and ruffles formation compared to wild type (WT)
which rescued up to 85%. However, defects in migration and invasiveness in Racl-deficient
MEFs were not rescued when expressing non-SUMOylated active Racl compared to WT.
Finally, membrane ruffling and cell migration were not rescued when expressing WT Racl in
Racl-deficient MEFs upon silencing PIAS3, indicating that PIAS3 is essential for WT Racl-
mediated rescue of cell migration and membrane ruffles in these cells (Castillo-Lluva et al.,

2010).

SUMOylation has been implicated in the regulation of focal adhesions by modifying key
proteins involved in their turnover. SUMOylation of FAK was shown to enhance its auto-
phosphorylation at Tyr397, which is a critical step in its activation (Kadaré et al., 2003). In a
different study, the SUMO E3 ligase PIAS1 was found to interact with FAK in non-small cell
lung cancer (NSCLC) cells in the nuclear periphery or within the nucleus. This interaction did
not affect the total level of FAK or p-FAK; instead, it changes its subcellular localisation

independently from its phosphorylation. Overexpression of PIAS1 and SUMO1 produce a
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lower molecular weight form (87 kDa) of FAK, a calpain-mediated cleavage of FAK
(Constanzo et al., 2016). Because of the negative regulation of this cleavage product at FAs,
they assumed that PIAS1 might be involved in regulating the dynamic of focal adhesions.
Reduced expression of PIAS1 decreased the turnover of FAs and increased the sensitivity of
cells to apoptosis by increasing pro-apoptosis proteins. In addition, silencing this ligase in
NSCLC cells reduced the polymerisation of actin filaments and decreased the localisation of
vinculin at focal adhesions. On the other hand, overexpressing PIAS1 induced the
localisation of FAK at the nucleus and rescued the loss of vinculin at focal adhesions and
polymerisation of F-actins (Constanzo et al., 2016). Additionally, Talin and Vinculin were
identified in a recent screening study for SUMO substrates during mouse spermatogenesis
to be targets of SUMOylation (Xiao et al., 2016). From these findings, it can be concluded
that SUMOylation is critical in cell migration by regulating cytoskeletal network dynamics

and FAs turnover. Both functions are necessary for efficient cancer cell migration.

Overall, SUMOylation has been implicated in the modification of proteins involved in both
normal and pathological cellular processes. SUMOylation has been associated with
regulation of cancer cell migration by regulating the dynamics of F-actin structures (Castillo-
Lluva et al., 2010) and the activity of MMPs (Lao et al., 2019). Overexpression of SUMO and
SUMO-associated proteins was shown to enhance the turnover of FAs and cell migration
(Constanzo et al., 2016). In addition, the SUMOylation of FAK indicates the involvement of
SUMOylation in the regulation of FA dynamics although the SUMOylation of this kinase was
found to take place in the nucleus (Constanzo et al., 2016). Furthermore, the FA proteins

talin and vinculin were identified in a proteomic study to be among SUMO substrates (Xiao
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et al., 2016). SUMOylation was also shown to regulate the activity of other FAs regulators
such as phosphorylation and protease-mediated cleavage of focal adhesion proteins (Kadaré
et al.,, 2003, Constanzo et al., 2016). However, the exact role of SUMOylation in the
regulation of FAs and cell migration remains poorly understood. Moreover, since
SUMOylation has been discovered, more and more SUMO substrates are being identified
consciously. More than 200 proteins with different functions have been identified in FAs
(Horton et al., 2015). Some of these proteins could be regulated by SUMOylation and
investigating the role of SUMOQylation in the regulation of these adhesion structures will
increase our understanding of the regulation of FAs adhesions in cancer cells. It could also
facilitate the identification of promising therapeutic targets, which can then be developed to

intervene with cancer metastasis.

1.2 Aims

The hypothesis of this project is that SUMOylation contributes to cancer metastasis by
regulating focal adhesions. To test this hypothesis several approaches were taken. The first
aim of this project is to accomplish in vitro investigations of the role of SUMOylation in the
regulation of FA dynamics and consequently cancer cell migration. SUMOylation inhibitors
were used to inhibit SUMOylation in MDA-MB-231 cells, and the effects of its inhibition on
their migration were assessed using the cell migration assays, wound healing and cell
tracking. These inhibitors were also used to evaluate the effects of inhibiting SUMOylation
on the dynamics of focal adhesions. The second aim of this project is to investigate the
involvement of SUMOylation in the regulation of FA dynamics and cell migration using a

different approach, down regulating the SUMO specific proteases SENP2 and SENP5. siRNA
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transfection was used to knockdown SENP2 or SENP5 and cell migration assays and confocal
microscopy were used to evaluate the effects of silencing these proteases on MDA-MB-231
cancer cell migration and FA dynamics. Another approach was to investigate the effects of
preventing SUMOylation of an individual FA protein on FA dynamics and cancer cell
migration without affecting global SUMOylation. Site-directed mutagenesis was used to
replace lysine residues in SUMOylation motifs in vinculin. Confocal microscopy was used to
monitor the dynamics of FAs and cell migration of cancer cells expressing the mutated
version of vinculin. The final aim of this project was to investigate the effects of these

mutations on  vinculin-talin  interaction using Co-IP and  FRET  assay.
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2. Materials and Methods

2.1 Materials

2.1.1 Tissue culture

Table 2-1 List of reagents used in tissue culture

Reagent Catalog No. Supplier
Dulbecco’s Modified Eagle’s Medium (DMEM) 11880-028 and A14430-01 Gibco
Dulbecco’s Phosphate Buffered Saline (PBS) 10010-023 Gibco
Eagle's Minimum Essential Medium (EMEM) 30-2003™ ATCC
Fetal Bovine Serum (FBS) 10500-064 Gibco
L-Glutamine 25030-081 Gibco
Penicillin /Streptomycin 15140-122 Gibco
Trypsin-EDTA 0.05% 25300-054 Gibco

2.1.2 SUMOylation effects on FA dynamics and cell migration

Table 2-2 List of reagents used for studying SUMOylation effects on FA dynamics and cell
migration

Reagent Catalog Supplier Usage
No.
Collagen type 1 2561888 Millipore Surface coating
DMSO (Dimethyl Sulphoxide) D8418-1L | Sigma Aldrich Vehicle control
Fibronectin FO162- Sigma Aldrich Surface coating
.5MG
Gelatine G-6650 Sigma Aldrich Surface coating
Ginkgolic acid C15:1 75741- Sigma Aldrich SUMOylation
5MG inhibitor
Gossypetin (3,5,7,8,3',4'- | G500 INDOFINE Chemical | SUMOylation
Hexahydroxyflavone) Company inhibitor
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2.13

Immunoprecipitation and western blot

Table 2-3 List of reagents used in protein lysis, immunoprecipitation and western blot (WB)

Reagent Catalog No. Supplier Usage

30% ProtoGel EC-890 National SDS-PAGE gel cast
diagnostics

Ammonium persulfate 17874 Thermo SDS-PAGE gel cast
Scientific

Bradford B6916-500 ml Sigma Aldrich Bradford assay

Clarity Western ECL | 1705060 BIO-RAD WB

Blotting Substrate

RIPA buffer 250 ml 89901 Thermo Total protein harvesting
Scientific

ReBlot Plus Mild Antibody | 2502 Millipore WB

Stripping Solution (10X)

Protease Inhibitor Cocktail | 539131 Millipore Total protein harvesting

Protein A/G Agarose sc-2003 Santa Cruz Immunoprecipitation

Phosphate Buffered Saline | 1282-1680 Fisher Scientific | WB

(PBS) Tablets

Glycine 10061073 Fisher Scientific | SDS-PAGE gel cast/ WB

Methanol 10653963 Fisher Scientific | WB/immunostaining

Polyvinylidene  Difluoride | 10600023 GE Healthcare WB

(PVDF) membrane Life Sciences

Precision Plus ProteinTM | 161-0374 BIO-RAD WB

Dual Colour Standards

Skimmed Milk Powder 70166-500G Sigma Aldrich WB

Sodium Dodecyl Sulphate | 10593335 Fisher Scientific | SDS-PAGE gel cast

(SDS)

Tris-base 10103203 Fisher Scientific | SDS-PAGE gel cast/ WB

Tetramethylenediamine T9281-25 ml Sigma Aldrich SDS-PAGE gel cast

(TEMED)
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Sodium Chloride (NacCl) 10428420 Fisher Scientific | SDS-PAGE gel cast/ WB

Tween 20 P1379-500ML Sigma Aldrich WB
Potassium Chloride (KCl) 10375810 Fisher Scientific | SDS-PAGE gel cast/ WB
Bovine Serum Albumin | 11413164 Fisher Scientific | WB

Powder (BSA)

2.1.4 Immunostaining

Table 2-4 List of reagents used in immunocytochemistry

Reagents Catalog No. Supplier

Goat Serum 16210-064 Gibco
Paraformaldehyde, 96%, ACROS Organics™ AC416785000 Fisher Scientific
Triton 100X T-8787 Sigma Aldrich
VECTASHIELD® Antifade Mounting Medium with | H-1200 Vector laboratories
DAPI

VECTASHIELD® Antifade Mounting Medium H-1000 Vector laboratories

Table 2-5 List of primary antibodies used in immunocytochemistry and WB

Primary Dilution Host species Catalog No. | Supplier

Antibody

Anti-Actin 1:2000 WB Mouse monoclonal Ab3280 Abcam
1:100 IHC

Anti-FAK 1:1000 WB Mouse monoclonal 611722 BD Bioscience
1:100 IP

Anti-GAPDH 1:1000 WB Mouse monoclonal Ab8245 Abcam

Anti-GFP 1:2000 WB Rabbit polyclonal A11122 Thermo
1:1001IP Scientific

Anti-Ha 1:5000 WB Mouse monoclonal 26183 Thermo
1:300 IP Scientific
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Rabbit IgG 1:100 IP Rabbit [-1000 Vectorlabs

Anti-Paxillin 1:1000 WB Mouse monoclonal Ab23510 Abcam
1:100 1P

Anti-SENP2 1:1000 WB Rabbit polyclonal Ab58418 Abcam
1:100 1P
1:100 IHC

Anti-SENP2 1:1000 WB Rabbit polyclonal Ab96865 Abcam
1:100 IP
1:100 IHC

Anti-SENP5 1:1000 WB Rabbit polyclonal Ab58420 Abcam
1:100 IHC

Anti- 25:1000 WB Mouse monoclonal Sc-393144 Santa Cruz

SUMO02/3 5:100 IP
1:100 IHC

Anti- 1:1000 WB Rabbit polyclonal Ab109005 Abcam

SUMO02/3 1: 100 IP
1:200 IHC

Anti-Ubc9 1:100 IHC Mouse monoclonal Sc-271057 Santa Cruz

Anti-Talin 20:1000 WB Rabbit polyclonal Sc-15336 Santa Cruz
5:100 IP

Anti-Talin 1:1000 WB Mouse monoclonal MAB1676 Millipore
1:100 1P

Anti-Vinculin | 1:100 IHC Mouse monoclonal Ab18085 Abcam
1:1000 WB
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Table 2-6 List of secondary antibodies used in WB and immunocytochemistry

Secondary antibody Catalog No. Supplier

Alexa FluorTM 488 Goat anti-mouse IgG A11001 Invitrogen

Alexa FluorTM 488 Goat anti-rabbit IgG A11034 Invitrogen

Alexa Fluor® 546 Goat anti-mouse IgG A11003 Life Technologies
Alexa Fluor® 546 Goat anti-rabbit IgG A11010 Life Technologies
Goat anti mouse HRP 7076S Cell signalling
Goat anti rabbit HRP 7074S Cell signalling
Cell lightTMTalin GFP C10611 Thermo Scientific

| Chapter 2 — Materials and Methods



2.1.5 Construction of pZsYellow1-vinculin and pAmCyan1-SUMO2 or SENP2

Table 2-7 List of reagents used in construction of plasmids

Reagent Catalog Supplier Usage
No.
2-Propanol (isopropanol) 19516 Sigma Aldrich | DNA Extraction
BamHI restriction enzyme R6021 Promega Digestion
EcoRl restriction enzyme R6011 Promega Digestion
EZ-10 Column and collection tube SD5005 Bio Basic DNA Extraction
FastAP  Thermosensitive  Alkaline | EFO651 Thermo Dephosphorylation
Phosphatase (1 U/uL) Scientific
FastDigest EcoRl restriction enzyme FD0274 Thermo Digestion
Scientific
FastDigest Sall restriction enzyme FD0644 Thermo Digestion
Scientific
GeneRuler 1 kb Plus DNA Ladder, | SM1333 Thermo Gel Electrophoresis
ready-to-use Scientific
Glycerol G7893 Sigma Aldrich | Glycerol stock
Hindlll restriction enzyme R6041 Promega Digestion
LB Broth (Miller) L3522 Sigma Aldrich | Growth Medium
LB Broth with agar (Miller) L3147 Sigma Aldrich | Growth Plates
pAmCyan1-C1 Vector 632441 Clontech Expression Vector
Phusion Green Hot Start Il High- | F566L Thermo PCR
Fidelity PCR Master Mix Scientific
pZsYellow1-C1 Vector 632444 Clontech Expression Vector
QlAprep Spin Miniprep Kit 27104 QIAGEN DNA Extraction
QlAquick Gel Extraction Kit 28115 QIAGEN DNA Extraction
QlAquick PCR Purification Kit 28104 QIAGEN DNA Extraction
RevertAid H Minus First Strand cDNA | K1631 Thermo cDNA Synthesis
Synthesis Kit Scientific
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RNeasy Mini Kit 74104 QIAGEN RNA Extraction

Smal restriction enzyme R6121 Promega Digestion

Sall restriction enzyme R6051 Promega Digestion

SYBR™ Safe DNA Gel Stain $33102 Thermo Gel Electrophoresis
Scientific

DNA Gel Loading Dye (6X) RO611 Thermo Gel Electrophoresis
Scientific

T4 DNA Ligase (1 U/uL) 15224017 | Thermo Ligation
Scientific

TAE Buffer (Tris-acetate-EDTA) (50X) B49 Thermo Gel Electrophoresis
Scientific

TurboFect plasmid Transfection | R0531 Thermo Transfection

Reagent Scientific Reagent

UltraPure™ Agarose 16500500 | Thermo Gel Electrophoresis
Scientific

2.2 Methods

2.2.1 Cell culture

2.2.1.1 Cell growth

In this project, three cell lines from the American Type Culture Collection (ATCC) were used.

Cell line Cancer type
MDA-MB-231 Human breast cancer
HT1080 Human fibrosarcoma
ACHN renal cell adenocarcinoma

| Chapter 2 — Materials and Methods



Reagents were prewarmed in a 37°C water bath before use and cell culturing was
performed in a sterilised culture hood. MDA-MB-231 or HT1080 cells were cultured in 75
cm? or 25 cm? flasks in Dulbecco's Modified Eagle Medium (DMEM), while ACHN cells were
cultured in Eagle's Minimum Essential Medium (EMEM). Both media were supplemented
with 1% streptomycin (100 IU/ml)/penicillin (100 pg/ml) and 10% Fetal Bovine Serum (FBS).
Cells were maintained in 37°C in 5% CO; and were allowed to grow until they reached ~90%
confluency (2-3 days). Then, media were discarded, and cells were washed with phosphate-
buffered Saline (PBS) before trypsinising them with 1-3 ml of 1x trypsin-EDTA 0.05% for 3-5
minutes to detach them from flasks. Next, cells were resuspended in a fresh medium (3-6
ml) to deactivate trypsin and 20% of cells were transferred to a new flask containing 20 ml

of fresh DMEM medium.

2.2.1.2 Freezing and thawing

In order to store cells for longer periods, media of 80-90% confluent flasks were discarded
before washing cells with PBS. Then, cells were detached from the flask by adding 1-3 ml of
0.05% trypsin-EDTA and incubating at 37°C in 5% CO; for 3-5 minutes. Following
deactivation of trypsin by resuspending cells in 3-6 ml fresh media, cells were transferred
into a 15 ml falcon tube and centrifuged at 1000 g for 5 minutes. The supernatant was
discarded and the pellet was washed with PBS and centrifuged again, and the supernatant
was discarded. Then, the pellet was resuspended in 5 ml FBS containing 10% DMSO and the
mixture was aliquoted into cryo vials (1 ml in each vial). Vials were placed in a Mr Frosty
container with 100% isopropy! alcohol and stored at -80°C overnight. The next day, vials

were transferred to liquid nitrogen.
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For culturing stored cells, cell vials were thawed in a 37°C water bath for 1-3 minutes. Then,
1 ml of cells was transferred into a 15 ml falcon tube containing 5 ml PBS and centrifuged at
1000 g for 5 minutes to remove DMSO. The supernatant was then discarded, and the pellet
was resuspended in 2 ml of fresh medium and the mixture was transferred to a 75 cm? or 25
cm? flask and incubated at 37°C in 5% CO;. The next day, the medium was removed and
replaced with fresh medium and cells were grown until they reach 80-90% confluency (2-3

days) before splitting.

2.2.1.3 Cell counting

Cell counting was performed using a haemocytometer slide and an inverted light
microscope (Leitz Labovert). After resuspending trypsinised cells in medium, cell suspension
was vortex briefly and 10 pl of it was loaded into the chambers in the space between the
slide and the coverslip. The haemocytometer was placed under a 10X objective lens and
cells in the 4 squares at slide corners were counted and the number of cells/ml was
calculated according to the following equation:

Number of cells/ml = (total number of cells counted/ number of squares) X 10* X dilution

factor

2.2.1.4 Preparation of ECM components’ coated surfaces

Collagen Type I, Rat Tail was purchased from Merck Millipore at a concentration of 3.9
mg/ml and stored at 4°C and kept on ice during preparation. Collagen mixture was prepared
using 100 pl of 10X DMEM (Gibco), 512 ul of collagen type | and 20 ul of 1 M of Sodium
Hydroxide (NaOH) to give pH 8; it was completed to 1 ml by normal media to give a final

concentration of 2mg/ml collagen. These components were mixed properly and were added
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to wells of tissue culture on 6, 12 or 24 well plates, incubated for 5 minutes at 37°C in 5%

CO; before seeding cells.

Fibronectin was purchased from Sigma, dissolved in sterile PBS to make a stock solution of
150 pg/ml and stored at -20°C and kept on ice during preparation. For fibronectin coating,
15 pg/ml of fibronectin was prepared, by diluting stock solution in PBS, and applied to each
well in the 6-well, 12-well or 24-well plates. Then, the plates were kept in the hood for 1
hour before discarding the solution and washing with PBS three times. Next, the cells were

seeded on wells and incubated at 37°C in 5% CO, until the next step.

Gelatin was purchased from Sigma and 0.1% gelatin in ddH,0 was prepared, autoclaved and
stored at 4°C. The solution was prewarmed at 37°C and coating was performed in a sterile
hood. For the 6-well or 12-well plate coating, 2 ml or 1 ml of 0.1% gelatin were added to
each well respectively and incubated for 30 minutes at room temperature. Following that,
gelatin was aspirated and plates were left to dry for 1 hour at room temperature or 30

minutes at 37°C before seeding cells.

2.2.2 Cell migration assays

2.2.2.1 Wound healing assay

After the cells were trypsinised and re-suspended in 4 ml of media to de-activate the
trypsin, the cells were counted using a haemocytometer. For 12-well plates, 2x10° cells
were seeded in each well and were allowed to grow at 37°C in 5% CO> until they reach 90-

100% confluency (2-3 days). Then, the cells were treated with different concentrations (10,
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25, 50 and 100 uM) of SUMOylation inhibitors, Ginkgolic acid or Gossypetin, or vehicle
control (DMSO, 1 ul/ml) for 2 hours. Next, the cells were wounded using 200 pl tips, a
medium containing either inhibitor or DMOS was aspirated, cells were washed with PBS and
1.5 ml of fresh medium was added to each well. Wounds were visualised using an inverted
microscope using a 10x objective lens. Three random wound spots for each well were
photographed at time points, 0 and 24 hours. Image J (Fiji) software was used to calculate
the percentage of wound closure area for each group. A polygon selection tool in image J
was used to select the wound area and an analysis/measuring tool was used to measure this
area at different time points. The wound closure was calculated according to the following
equation:

% wound closure = (wound area at 0 hours — wound area at 24 hours) / wound area at 0

hours X 100.

A GraphPad Prism was used to compare the % wound closure of the inhibitor treated cells
to those of the three independent experimental controls. One-way ANOVA with Tukey’s

Multiple comparison test was used to evaluate any significant differences between groups.

2.2.2.2 Single cell tracking

Cells were seeded in non-coated, 1% gelatin or 2 mg/ml collagen-coated wells in a 12-well
plate with a density of 1x10%/well and allowed to grow and adhere at 37°C in 5% CO,. After
incubating overnight, cells were treated with inhibitors, Ginkgolic acid (25 uM) or
Gossypetin (100 uM), or DMSO (1 pl/ml) and incubated for 2 hours before changing the
medium for fresh medium. A Nikon Eclipse TiE Time lapse microscope running NIS elements

AR4.10 software was used to capture images using a 10x objective lens for random spots of
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cells every 15 minutes for 24 hours. MtracklJ plugin tool in Image J (Fiji) software was used to
track single cells and measure their speed and travelled distance. At least forty cells were
tracked randomly for each group. GraphPad Prism was used to compare the mean speed
measurements of inhibitor treated cells to that of control in the three independent
experimental. One-way ANOVA with Tukey’s Multiple comparison test was used to evaluate

any significant differences between groups.

Figure 2.1 Representative images showing Manuel cell tracking using Mtrack) Image)
plugin. Each cell was tracked in a stepwise manner and denoted with a coloured number.
Track measurements were generated and saved in Excel format. Cell speed was calculated
by dividing the travelled distance by time.

2.2.3 Immunostaining

Sterilised cover slips were placed in a 6-well plate and 2 ml of 100% methanol was added to
each well for 20 minutes to further sterilise them. After that, methanol was aspirated and
wells were allowed to stand to dry for 30 minutes in a sterilised culture hood before coating
with 0.1% gelatin. Then, the gelatin was discarded and the wells were left to dry in the hood

for 1 hour and washed with PBS before seeding 2x10° cells in each well and growing them
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overnight. The next day, cells with 80-90% confluency were washed with PBS and fixed with
2 ml/well of 4% (w/v) paraformaldehyde (PFA) for 15 minutes. PFA was aspirated and cells
were washed three times with PBS, for 10 minutes each time. Two ml of 0.2% (v/v) Triton-
X100 - PBS was added to each well for 15 minutes before repeating the washing steps. The
cells were then blocked with 10% (v/v) goat serum — PBS for 1 hour and primary antibodies
were incubated with cells overnight at 4°C (1:100 v/v diluted in 2% goat serum - PBS). After
washing three times, fluorescent secondary antibodies were incubated with cells for 1 hour
in light protected champers (1:100 v/v in 2% goat serum - PBS). Cover slips were then
washed three times with PBS and mounted onto glass slides using VECTASHIELD Mounting
Medium with DAPI before sealing cover slip edges with nail polish. Slides were visualised
and imaged using confocal microscopy or stored at 4°C. Image J (Fiji) software was used to

analyse the distribution and localisation of proteins of interest within cells.

2.2.4 Immunoprecipitation and western blot

2.2.4.1 Preparation of cell lysate

Cells were grown in 25 cm? or 75 cm? flasks until they reach a confluency of more than 90%
to extract the total protein lysates. After washing the cells with chilled PBS, they were
collected by scraping into 3-5 ml PBS and transferred into 15 ml falcon tubes. Cells were
then centrifuged at 4°C at 1500 g for 15 minutes and supernatants were discarded. the
pellets were resuspended in 400 pl of lysis solution buffer composed of RIPA buffer (25 mM
Tris-HCI pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS) and 1%
protein inhibitor cocktail (Sigma) and passed through 21 gauge needles several times to

shear DNA. Later, the suspension was incubated on ice for 30 minutes before transferring to
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1.5 ml Eppendorf tubes and centrifuging at 13000 g for 15 minutes. Supernatants were

collected in a fresh tube and were used the same day or stored at -20°C.

2.2.4.2 Bradford assay

Bradford protein assay was used to measure the quantity of total protein concentration in
the cell lysates. Coomassie Brilliant Blue G-250, a component of the Bradford reagent,
interacts with proteins and consequently a blue solution is formed. The intensity of this
solution depends on the protein concentration in the samples; a higher protein

concentration increases the intensity of the blue solution.

A 96-well plate was used to perform this experiment. In the first column, 195 uL of Bradford
reagent was applied to each well (A-H). In the second and third columns, 195 L of Bradford
reagent and 5 uL of ascending concentrations of bovine serum albumin (25-2000 pg/ml)
were added to each well to produce a standard curve. The remaining wells were used to mix
5 uL of lysates with 195 pL of Bradford reagent, three replicates for each lysate. A plate
reader, the E max Molecular Device, was used to read the absorbance at 600 nm. This
reader determines the protein concentration of each well and calculates the mean of total

protein concentration (ug/ml) in each lysate.
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2.2.4.3 SDS-PAGE /western blot analysis

2.2.4.3.1 Preparation of SDS-PAGE
Two glass plates separated by a 1.5 mm spacer were used to cast SDS gels, which are
composed of two layers; 10% resolving gel and 5% stacking gel. Resolving and stacking gels

were prepared as described below:

Solution Components

Preparation of 25 ml of 10% Resolving gel 9.9 ml ddH20
8.3 ml of 30% Acrylamide mix
6.3 ml of 1.5 M Tris (pH 8.8)
0.25 ml of 10% SDS
0.25 ml of 10% ammonium persulfate
0.01 ml of TEMED

Preparation of 8 ml of 5% Stocking gel 5.5 ml ddH20
1.3 ml of 30% Acrylamide mix
1.0 ml of 1 M Tris (pH 6.8)
0.08 ml of 10% SDS
0.08 ml of 10% ammonium persulfate
0.008 ml of TEMED

The resolving gel was then added to the cassette and left to polymerise for 30 minutes
before adding the stacking gel on top of the resolving gel. A comb of 2.5 cm depth with 10
wells was placed into the stacking gel immediately after adding it. Gels were then left to
polymerise for 1-2 hours before being used or they can be stored at 4 °C for 2-4 days until

the next step.

2.2.4.3.2 SDS-PAGE buffers

Solution buffers used in WB were prepared as described below:

Solution Components

500 ml of 10X SDS 50g of SDS in 450 ml ddH20

| Chapter 2 — Materials and Methods m



1L of 5X Running buffer 15.1 g of Tris base, 72.1 g of glycine, 50 ml of

(Tris —Glycine electrophoresis) 10X SDS in 950 ml ddH20

1L of 1X Running buffer 200 ml of 5X Running buffer and 800 ml
ddH20

1L of 1X transfer buffer 2.8 g of Tris base, 2.9 g of Glycine, 200 ml of

methanol in 800 ml ddH20

1L of 10X Tris Buffer Saline (TBS) 30 g of Tris base, 80 g of NaCl, 2g of KCl in 800
ml ddH20. pH was adjusted to 7.4 using HCL
before completing to 1 L with ddH20

1L of 1X TBS Tween (TBST) 100 ml of 10 TBS, 900 ml ddH20 and 1 ml of
Tween 20

2.2.4.3.3 SDS-PAGE gel running/western blot
Cell lysates were prepared as previously described in 2.2.4.2 and SDS-PAGE was used to
separate proteins depending on their size. 25 ul of 5X (v/v) loading buffer was mixed with
100 pl of sample, boiled for 4-5 minutes at 95°C to denature proteins and stored at -20°C
until needed. To separate proteins depending on their size, 20-60 pg of protein
concentration from each lysate was loaded into 10% hand cast SDS-PAGE gel after filling it
with 1X running buffer. A molecular weight marker (Precision Plus Protein™ Prestained
Standard (Bio-Rad)) was used to gauge bands. Electrical current was applied to the running
tank (3 mA/180 V for one gel and 6 mA/180 V for two gels) for 1-1.30 hours depending on
the spreading of the molecular weight marker on the gel. After that, the gel was removed
from the running tank and incubated for 20 minutes in 1X transfer buffer. Three filtered
papers (8*8 cm) were submerged in 1X transfer buffer and put on the Trans-Blot® SD semi-
dry transfer cell (Bio-Rad). The Polyvinylidene difluoride (PVDF) Membrane (8*8 cm), which

has a 0.45 mm pore size, was submerged in methanol for 30 seconds and then washed in
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ddH;0 and put on top of these filter papers. The gel was then placed over the membrane
and three further filter papers were placed on top of the gel. Electrical current was applied
for 2 hours at 5 mA/250 V. Later, the membrane was blocked with 5% w/v low fat milk,
dissolved in Tris-buffered Saline Tween (TBST), for one hour with agitation. Then, the
membrane was washed three times with TBST before incubating with primary antibody
(1:1000 in 5% w/v low fat milk-TBST) overnight at 4°C on shaker. The next day, the
membrane was washed with TBST three times (10 minutes each) and incubated with
secondary antibody (1:3000 in 1% w/v low fat milk-TBST) for one hour at room temperature
with agitation and then washed three times with TBST. Clarity TM Western ECL Blotting
Substrate reagents A and B. One ml of ECL plus reagent A was mixed with 1 ml of reagent B
for 10 minutes and 1 ml of the mixture was added to each membrane before putting it in
the detection machine. The bands on the membrane were visualised using an Image Quant

LAS 4000 mini-GE Healthcare machine and quantified using Image Quant TL 8.1 software.

2.2.4.4 Co-immunoprecipitation (Co-IP)

A Co-IP approach was used to investigate protein-protein interaction using antibodies and
A/G PLUS-Agarose beads (Santa Cruz Biotechnology). It was used in this study to study the
interaction between SUMO and SUMO-associated proteins and FA proteins. After measuring
the total protein in extracted lysates, 250-500 pg of protein concentration from the cell
lysates was mixed with 2 ug of antibodies and incubated overnight at 4 °C with agitation.
Protein A/G PLUS-Agarose beads were used to precipitate the antibody-antigen complex (20
ul of beads for each IP sample). Beads were pelleted and washed three times with 300 pl of
RIPA buffer and centrifuged after each wash step at 2000 g for 1 minute. Next, the beads

pellet was re-suspended in 500 ul RIPA buffer and 100 pl of beads solution was added to
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each sample and incubated at 4°C for 2 hours with rotation. Following that, samples were
centrifuged at 2000 g for 1 minute and the supernatants were discarded. Bead pellets were
washed and centrifuged three times in the same conditions. Then, the pellets were
resuspended in 60 pl of 5X (v/v) loading buffer and mixtures were boiled at 95°C for 5
minutes to detach proteins from agarose beads. Finally, samples were centrifuged,
supernatants were collected and stored at -20°C until the next step and beads were
discarded. Samples were run on SDS-PAGE gel and WB was used to detect the presence of

protein of interest in IP samples.

2.2.5 Construction of pZsYellowl-tagged vinculin and pAmCyan1-Cl-tagged SUMO2 or
SENP2 plasmids

2.2.5.1 RNA extraction
RNA extraction was performed as described in the RNeasy Mini kit (Qiagen) Handbook.

MDA-MB-231 cells were grown in 75 cm? and incubated at 37°C at 5% CO until the
confluency became 80-90%. Then, the cells were washed with PBS and trypsinised and 3 ml
of fresh medium was added to cells before centrifuging at 300 g for 5 minutes. The pellet
was resuspended in 600 pl of Buffer RLT and the lysate was homogenised by passing it the
through a 20-gauge needle several times. After that, 600 ul of 70% ethanol was added to
the homogenised lysate and mixed by pipetting. 700 ul of this mixture was applied to the
RNeasy spin column before centrifuging for 15 sec at 8000 g. The flow-through was
discarded and the rest of the lysate was added to the column and centrifuged again in the
same conditions. Then, 350 pl of RW1 buffer was added to the column and centrifuged for

15 sec. 80 pl of DNase incubation mix (10 ul of DNase | stock solution + 70 ul of RDD buffer)

| Chapter 2 — Materials and Methods



was added to the column and incubated for 15 min at room temperature. 350 pl of RW1
buffer was added to the column before centrifuging again in the same conditions. 500 pl of
RPE buffer was added to the column to wash it and centrifuged for 15 sec. The same
amount of this buffer was applied to the column before centrifuging for 2 minutes. The
column was centrifuged again for 1 min to remove any remaining residual wash buffer.
Finally, the column was placed on a sterile Eppendorf collection tube and 40 ul of RNase-
free water was added to the column before centrifuging for 1 minute to elute RNA. A nano
drop device was used to measure the concentration of RNA in the lysate. Extracted RNA was

stored at -20°C until the following step or stored at -80°C for a longer period.

2.2.5.2 cDNA synthesis

First strand cDNA synthesis was carried out according to the handbook of Revert Aid H
minus standard cDNA synthesis kit protocols. One pg of total RNA was incubated with a 0.50
ug mixture of oligo (dT)1s primer (0.25 pg) and random hexamer primer (0.25 pg) and ddH,0
was added to a total volume of 12 ul. Then, the reagents described in the following table

were added to this mixture to a final volume of 20 pl.

Table 2.8 List of reagents used in cDNA synthesis

Reagent Volume

5X Reaction buffer (250 mM Tris-HCl (pH 8.3), 250 mM KCI, 20 mM MgCl,, 50 | 4 ul
mM DTT)

RiboLock RNase inhibitor (20 U/ul) 1l
10 mM dNTP Mix 2 ul
RevertAid H minus M-Mul V Reverse Transcriptase (200 U/pl) 1l
Total volume 20 ul
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The mixture was incubated for 5 minutes at room temperature before incubating at 42°C for
1 hour to synthesise the first strand of cDNA. Then, the reaction was incubated at 70°C for 5
minutes to inactivate the reverse transcriptase. Then, the synthesised cDNA was used as a
direct templet in a polymerase chain reaction (PCR) to amplify genes of interest or stored at

-20°C.

2.2.5.3 Polymerase chain reaction (PCR)

Primers were designed using Primer3Plus server (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi) and synthesised by the Sigma Aldrich company. Primers

were designed to include random buffering nucleotides proceeding restriction enzyme sites
at the 5’ of primers. Restriction enzymes were selected according to their presence in vector
plasmid and absence in genes of interest to avoid unwanted cuts in the gene sequence.

Several restriction enzymes have single cut sites in vector plasmids (Figure 2.2).
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Figure 2.2 Map of pAmCyan1-C1 expression vector. The diagram is showing the available restriction
enzyme sites in a multiple cloning site (MCS). A single site for each restriction enzyme was designed
(provided by Clontech).

A NEBcutter V2.0 tool (http://nc2.neb.com/NEBcutter2/) was used to screen gene

sequences for restriction sites of restriction enzymes that have sties in vectors. Two
different restriction enzymes that do not have sites in gene sequences were selected for

each gene. Cutting sites for those enzymes were added to the 5’ end of gene primers.
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Table 2.9 showing primers used in PCR to amplify SUMO2, SENP2 or vinculin. Gene primers are
highlighted with cyan; restriction enzyme sites are highlighted with green and buffering random
nucleotides are highlighted with yellow.

Gene Forward primer 5’-3’ Reverse primer 5’-3’ Product size
(bp)
SUMO2 TCTAGAATTCTACCTCTTTTGTGAA | TAGACCCGGGAGTCAGGATGTGGT | 400
GCGGC GGAACC
SENP2 GCGAAGCTTGGTGGTTAAGACGG | CGCGAATTCGCGTTTGTTCTTGTGT | 2000
CGAAG GGGT
Vinculin CGCGTCGACGTCGCTGCACAGTCT | GCGCCCGGGTTCAGCTCCCAGCAAC | 3400

GTCT

TCTG

The synthesised cDNA was used as a direct templet in a polymerase chain reaction (PCR) to

amplify SENP2, SUMO2 or vinculin genes with their specific primers (Table 2.9). The PCR

reaction was prepared according to the Phusion Hot Start Il High-Fidelity PCR Master Mix

manual (Thermo Scientific). Reaction components were prepared as described below.

2X Phusion HS Il HF Master Mix
Forward Primer (10 uM)
Reverse Primer (10 uM)

cDNA

Distilled Water

Total Volume

10 ul
1ul
1ul
2 ul
6 ul

20 ul
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Cycling instructions were programmed as described below:

Step Temp. °C Time Cycles
Initial Denaturation 98°C 1 minute 1
Denaturation 98°C 10 sec

39
Annealing 63°C 30 sec
Extension 72°C 30 sec/kb
Final extension 72°C 7-10 minutes 1
Hold 4°C Hold 1

PCR products were separated by size using gel electrophoresis. 1% agarose gel matrix was
prepared in a 1x TAE buffer and heated until it dissolved. After the solution cooled to -60°C,
SYBR® Safe DNA gel stain was added to the mixture (1 per 10 ml). DNA was loaded to the
gel and was subjected to electrophoresis at 60 V for 1 hour. DNA bands were visualised
using U:Genius3 (SYNGENE). Bands were gauged using the GeneRuler 1 kb Plus DNA Ladder,

ready-to-use (Thermo Scientific).

| Chapter 2 — Materials and Methods



2.2.5.4 Digestion

pAmCyan1-C1 and pZsYellow1-C1 expression vectors were purchased from Clontech. PCR
products of SUMO2, SENP2 and vinculin were extracted and purified from agarose gel.
Selected restriction enzymes were used to linearise vectors and cut the ends of genes
leaving sticky ends for insertion into vectors. Extracted PCR products were digested
alongside pZsYellow1l-C1 and pAmCyanl-C1l expression vectors with a single restriction

enzyme. The reaction was prepared as stated below:

Sterile H,O 10.3 ul
Restriction Enzyme 10X buffer 2 ul
Acetylated BSA, 10 pg/ ul 0.2 ul
DNA 100 ng/ pl 7 ul

This mixture was mixed well by pipetting and the following reagents were added
Restriction enzyme 10 U/ pl 0.5 ul

Total volume 20 ul

The reaction was mixed gently and incubated for 2 hours at 37°C. Then, digested DNA was
purified and digested with the other restriction enzyme following the same procedure. After
purification of digested PCR products or expression vectors with both enzymes, 4 pl of 6X
DNA loading buffer (Thermo Scientific) was added to one replicate to visualise in agarose gel
electrophoreses. The rest of the samples (4 replicates for each gene or vector) were purified

using a PCR purification kit (Qiagen) and used directly in ligation or stored at -20 °C.
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2.2.5.5 Ligation

Ligation of the expression vector and insert was performed using a 1:3 ratio per reaction.
For example, ligation of a 4.7 kb vector and 2 kb SENP2 1:3 ratio was calculated according to

the following equation:

20 ng of plasmid x 3.3 kb insert (vinculin) '3 _ ., <pnpo
4.7 kb vector ¥ 1 "

20 ng of plasmid x 0.4 kb insert (SUMO0O2) 3
x —=15.10ng SUMO2
4.7 kb vector 1

The ligation reaction was prepared as following:

Expression Vector 20 ng

Insert DNA 42.12 ng (vinculin) or 5.10 ng (SUMO?2)
Ligase 10X buffer 1l

T4 DNA ligase (5 U/ul) 1ul

Nuclease-free water To final volume of 10 ul

The reaction was incubated at 14°C for 18 hours and heated at 65°C for 5 minutes to stop
the ligase. Then, 5 pl of the reaction was visualised in 1% agarose gel to check the success of

the ligation and the rest of the reaction was stored at -20°C until transformation to E. coli.
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2.2.5.6 Transformation

Mach1™ T1R competent cells (kindly given by Dr. Andrew Bicknell’s lab) were thawed slowly
on ice and 3 ul of the ligation reaction was added to 50 ul of competent cells before
incubating on ice for 30 minutes. Then, the cells were incubated at 42°C in a water bath for
50 seconds and placed immediately on ice for one minute to achieve heat shock. After that,
400 pl of LB broth media was added to each sample and samples were incubated at 37°C
with shaking at 115 rpm for 1 hour. Then, 250 pul of culture was inoculated on LB medium
agar plates containing 50 ug/ml Kanamycin and incubated overnight at 37 °C. The next day,
colonies were screened using colony PCR and positive colonies were inoculated in 10 ml LB
broth media containing 50ug/ml kanamycin and incubated overnight at 37°C with shaking.
0.5 ml of the growth was mixed with 0.5 ml of 50% glycerol and stored at -80°C. The rest of

the culture growth was used to extract plasmids using a QlAprep® Miniprep kit (Qiagen).

2.2.5.7 Gel extraction

DNA extraction from agarose gel was performed using a QIAquick Gel Extraction Kit
(QIAGEN) according to the manufacturer’s procedure. DNA fragments were excised from
agarose gel using a sterilised scalpel. Then, fragments were weighed and 3 volumes of
buffer QG were added to 1 volume of gel fragments (e.g. for 100 mg weigh of gel fragments
= 100 pl volume and for adding three volumes of QG buffer add 300 ul buffer QG). The
mixture was then incubated at 50 °C for 10 minutes or until the gel slice was dissolved
completely with vortex every 2 minutes. Following that, 1 volume of isopropanol was added
to the mixture, mixed and applied to the QlAprep spin columns and centrifuged for 1 minute
at 17200 g. The flow-through was discarded and columns were washed by adding 750 pl of

Buffer PE, allowing it to stand for 2-4 minutes and centrifuging again in the same conditions.
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Columns were then centrifuged again to remove residual wash buffer and DNA was eluted
by adding 30-50 ul of buffer EB and allowing it to stand for 2-4 minutes before centrifuging

for 1 minute at 17200 g. DNA concentration was measured using a NANO-DROP device.

2.2.5.8 PCR purification
Purification of PCR products was performed using a QlIAquick PCR Purification Kit (QIAGEN)

according to the manufacturer’s procedure. Five volumes of buffer PB were added to PCR
samples, mixed thoroughly and applied to the QlAprep spin columns and centrifuged for 30-
60 seconds at 17200 g. The flow-through was discarded and columns were washed by
adding 750 ul of Buffer PE and centrifuging again in the same conditions. Columns were
then centrifuged again to remove residual wash buffer and DNA was eluted by adding 30-50
ul of buffer EB and allowing it to stand for 1-2 minutes before centrifuging for 1 minute at

17200 g. DNA concentration was measured using a NANO-DROP device.

2.2.5.9 Plasmid purification
Plasmid purification was performed using a QlAprep® Miniprep kit (QIAGEN) according to

the manufacturer’s procedure. Successful colonies were inoculated in a 10 ml LB broth
media containing 50ug/ml kanamycin and incubated for 12-16 hours at 37°C with 200 rpm
shaking. Then, bacteria were harvested by centrifuging at 8000 rpm (6800 g) for 3 minutes.
Each pellet was resuspended in 250 pl buffer P1 and 250 pl of buffer P2 was added to the
suspension and mixed gently by inverting several times. Following that, 350 ul of buffer N3
was added to each sample and mixed by inverting 4-6 times before centrifuging at 13000
rpm (17,200 g) for 10 minutes. The supernatants were collected and applied to the QlAprep

spin columns and centrifuged for 1 minute at 17200 g. The columns were then washed, by
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adding 500 ul of buffer PB, and centrifuged for 1 minute. Then, 750 pl of buffer PE was
added to the columns and centrifuged for 1 minute. Then, the columns were centrifuged
again to remove any remnant of the washing buffer. Finally, plasmids were eluted by adding
40 ul of buffer EB and allowing it to stand for 2-4 minutes before centrifuging for 1 minute

at 17200 g. DNA concentration was measured using a NANO-DROP device.

Plasmids were screened for successful inserts by repeating the PCR and digestion steps
using plasmids as templats. Positive colonies were sent for sequencing to further confirm

the correct insertion of genes to expression vectors.

2.2.5.10 Construction of pZsYellow1-tagged mutated vinculin

Mutagenic primers were used to create single mutations in predicted SUMO sites in
vinculin. Primers were designed using the PrimerX website

(https://www.bioinformatics.org/primerx/cgi-bin/DNA 1.cgi) and PCR was used to create

mutations. Two individual mutations were created, K80R and K496R, and a combined
mutation of both sites was created. Mutagenic primers where designed to replace lysine
with arginine by changing a single nucleotide in the lysine codon (AAG) to arginine codon
(AGG). Beside mutagenesis primers, vinculin full length primers containing restriction
enzyme sites for the amplification of full-length vinculin were used. pZsYellowl-tagged
vinculin plasmid at a concentration of 10 ng was used as a templet to amplify two products
of vinculin using these different sets of enzymes. In order to replace lysine at position 80
with arginine in vinculin, two steps were performed. The first step was the PCR amplification
of two products of vinculin using the original and mutagenic primers. The forward original

primer was used with the reverse mutagenic primer to amplify ~ 318 bp of vinculin starting
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from the start codon and ending at nucleotide 360. In addition, the forward mutagenic
primer was used with the reverse original primer to amplify ~ 3000 bp of vinculin starting
from nucleotide 345 and ending with the stop codon. The second step was to mix these
products and use them as a templet to amplify the full-length vinculin (~¥3300 bp). The same
procedure was followed to replace lysine at 496 with arginine. For the production of
combined mutation (K80R/K496R), pZsYellowl-tagged vinculin with K8OR mutation was
used as a templet and mutagenic primers were used alongside full length vinculin primers to

introduce the K496R mutation.

Reactions and cycling conditions of PCR were as used as described in 2.2.5.3 except for the
fact that cycles were reduced from 35 to 25 to avoid unwanted alternations in the vinculin
nucleotide sequence. Digestion, ligation, transformation and plasmid purification were used
as described previously. Plasmids were screened for successful inserts by repeating the PCR
and digestion steps using plasmids as templats. Positive colonies were sent for sequencing

to further confirm the correct insertion of genes to expression vectors.
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Table 2.10 showing original and mutagenic primers used in PCR to amplify vinculin. Gene primers
are highlighted in cyan; restriction enzyme sites are highlighted in green and buffering random
nucleotides are highlighted in yellow. Altered nucleotides in mutagenic primers are highlighted in

red.

product Forward primer 5’-3’ Reverse primer 5’-3’ Product
size (bp)

Start codon- | CGCGTCGACGTCGCTGCACAGTCTG CAAGCATTCTCAACCITAATAAATGC 318

360 (K80R) TCT TGGTGG

345 - Stop CCACCAGCATITATTAIGGTFGAGA GCGCCCGGGTTCAGCTCCCAGCAACT | 3000

codon ATGCTTG CTG

(K8OR)

Full length | CGCGTCGACGTCGCTGCACAGTCTG | GCGCCCGGGTTCAGCTCCCAGCAACT | 3400

(K8OR) TCT CTG

Start codon- | CGCGTCGACGTCGCTGCACAGTCTG CTGTGCTI'GCTCAATCCTGCCITCAAG 1650

1690 TCT GTGTAC

(K496R)

1680- Stop GTACACCTTGAIGGCAGGATTGAG GCGCCCGGGTTCAGCTCCCAGCAACT | 1820

codon CAAGCACAG CTG

Full length CGCGTCGACGTCGCTGCACAGTCTG | GCGCCCGGGTTCAGCTCCCAGCAACT | 3400
TCT CTG

2.2.5.11 Live cell imaging using a confocal microscope

Cells were grown in a p-Slide 8 Well (ibidi) until 70% confluency before transfection. The
cells were then incubated for 24-48 hours before imaging. A confocal microscope was used
to take live cell imaging timelapse movies using a 100x oil-immersion objective lens for 5-10
minutes at intervals of 10 seconds for the turnover of FAs. For monitoring FA dynamics, cells
were seeded in an p-Slide 8 Well (ibidi) and were grown until 70% before transfection with
pZsYellow1-vinculin. Then, 24-48 hours post-transfection, the plate was placed on the stage
of the confocal microscope. The stage of the microscope was heated to 37°C and supplied
with 5% CO; to maintain normal growth conditions. Image J (Fiji) software was used to

determine the turnover time of FAs. The turnover time was calculated from appearance to
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disappearance. The turnover of 40 FAs at least was calculated for each group in each

replicate.

For cell tracking, 12-well plates were used. After placing the plate on the confocal stage, a
10x objective lens was used to capture fluorescence images of spots of pZsYellow1-vinculin
transfected cells. Then, fluorescence was turned off to avoid bleaching and cells were
imaged every 15 minutes for 24 hours using optical light. MtracklJ plugin tool in Image J (Fiji)
software was used to track single cells and measure their speed and travelled distance. A
Graph Prism was used to compare the mean speed measurements of different groups of
three independent experiments. One-way ANOVA with Tukey’s Multiple comparison test

was used to evaluate any significant differences between groups.

2.2.5.12 Analysis of FA size and number

Transfected cells were fixed and a confocal microscope using a 100x oil-immersion objective
lens was used to take images of vinculin-containing FAs with a resolution of 1024 x 1024
pixels. Image J (Fiji) software was used to calculate the number and measure the size of FAs.
A subtract background image tool with sliding paraboloid option and rolling ball of 50 pixels
in Image J (Fiji) software was used to subtract the background in the images. Following that,
a CLAHE (Contrast Limited Adaptive Histogram Equalization) tool was used to enhance the
image’s local contrast with values: block size=19, Histogram bins=256, Maximum slope=6,
no mask and fast. To further reduce the background, an EXP tool was applied to the images.
Then, a threshold tool was applied to images with two-pixel values, 255 (white) and 0
(black). Following that, FAs were selected using a Polygon selection tool and the ‘analyse

particles’ command (parameters: size between 0.5-infinity and circularity between 0.00-
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0.99) was applied to the images to calculate the FA number and to measure their size. The
size and number of FAs in at least twenty cells were analysed for each group in each

replicate.

2.2.5.13 Co-localisation analysis

Transfected cells were fixed and a confocal microscope using a 100x oil-immersion objective
lens was used to take images of fluorescent-tagged proteins with a resolution of 1024 x
1024 pixels and 400Hz using GALVANO mode. To avoid crosstalk between different
channels, sequential imaging was used. Channels were split in Image J and a Polygon
selection tool was used to select an ROl in one channel. The Coloc2 analysis command was
used to calculate co-localisation between two proteins in ROI using the spearman rank

correlation value with 0 meaning no co-localisation, and 1 meaning high co-localisation.

2.2.5.14 Statistical analysis

Data observed by Image J (Fiji) software analysis was stored in Excel sheets and graphs were
generated using GraphPad Prism, where data were presented as mean + SEM of three
independent experiments. Different statistical tests were used to observe any significant
differences between groups (P < 0.05) including two-tailed unpaired student’s t-test, one-
way analysis of variance (ANOVA) with Tukey as the post-test or two-way ANOVA with

Bonferroni as a post-test. (*, ** and *** represent P <0.05, 0.01 and 0.001 respectively).
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3. SUMOylation is involved in the regulation of focal adhesions and cancer cell migration.

3.1 Introduction and Hypothesis

This chapter explores the effects of SUMOylation on cell migration and focal adhesion (FA)
dynamics in MDA-MB-231 cells. SUMOylation was reported in several studies to be
deregulated in different cancer types and the deregulation of SUMO and SUMO-related
proteins is associated with cancer progress and metastasis (Wang et al., 2013, Ma et al.,
2014). Since SUMOylation has been discovered, researchers have focused on its roles on
nuclear activities such as chromosome segregation, DNA damage repair, nuclear-cytosolic
transport, apoptosis and transcription (Tang et al., 2008, Eifler and Vertegaal, 2015). Recent
studies, however, have identified an essential role of this protein modification mechanism in
the regulation of a wide range of cytoplasmic proteins involved in critical cellular functions
such as cell migration (Hendriks and Vertegaal, 2016). SUMOylation has been suggested to
modulate cell migration by regulating the polymerisation of cytoskeleton structures
(Castillo-Lluva et al., 2010) and the activity of MMPs (Lao et al., 2019). However, its roles in
cell migration remain poorly understood due to the continued identification or prediction of
cell migration-associated SUMO targets. Focal adhesions play essential roles in cell
migration and SUMOylation was shown to be involved in the regulation of FA proteins. Focal
adhesion kinase (FAK), a critical focal adhesion protein, was found previously to be modified
by SUMO1 in the nucleus and its modification was shown to promote cancer progression
and cell migration (Kadaré et al., 2003). In addition, other important FA proteins have been
identified in a proteomic study as SUMO substrates including talin and vinculin (Xiao et al.,

2016). The impacts of SUMOylating FAK on cancer cell migration and the possibilities of
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targeting other FA proteins encourages investigating of the role of this protein regulatory
system on the dynamics of these adhesion complexes and cancer cell migration.

In addition, as key FA proteins were suggested to be SUMO substrates, DeSUMOylation by
SUMO specific proteases (SENPs) could be involved in their regulation. Due to the
importance of DeSUMOylation in cancer migration, investigating its roles in the dynamics of
these adhesion sites is important for understanding the whole picture of the role of

SUMOylation in the regulation of FAs.

Hypothesis

Previous studies suggest a possible role of SUMOylation in cancer metastasis and in the
regulation of FAK, therefore the hypothesis of this chapter is that SUMOylation modulates
cell migration by regulating FA dynamics. In order to test this hypothesis, different
approaches have been employed. Two different SUMOylation inhibitors, Ginkgolic acid
(Gka) and Gossypetin, were used to investigate the impact of SUMOylation on the migration
of MDA-MB-231 cancer cells using cell migration assays, wound healing and cell tracking.
These inhibitors were also used to study the effects of inhibiting SUMOylation on the

dynamics of FAs using a confocal microscope.

To investigate the involvement of SUMOylation in the regulation of FAs and cancer cell
migration using a different approach, siRNA transfection targeting the SUMO specific
proteases, SENP2 or SENP5, was applied to assess the effects of their silencing on FA
dynamics and cancer cell migration. As SENPs de-SUMOylate proteins, they could be

important regulators of FAs turnover and cancer cell migration.
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3.2 Material and Methods

3.2.1 Materials

Table 3.1 List of reagents used in siRNA transfection

Reagent Catalog No. Supplier

5X siRNA Buffer B-002000-UB-100 | Horizon
discovery

DharmaFECT 1 siRNA Transfection Reagent T-2001-01 Horizon
discovery

ON-TARGET plus Non-targeting control siRNA | D-001810-01-05 | Horizon
discovery

ON-TARGET plus SMART pool SENP2 siRNA L-006033-00- Horizon
0005 discovery

ON-TARGET plus SMART pool SENP5 siRNA L-005946-00- Horizon
0005 discovery

3.2.2 Methods

3.2.2.1 Gene Knockdown with siRNA

MDA-MB-231 cells were seeded in 12-well plate (1 X 10° cells/well) or 6-well plate (3 X 10°

cells/well) and were grown until 70% confluency. Subsequently, cells were transfected with

35 nM of Non-target siRNA, SENP2 siRNA or SENP5 siRNA. Transfection mixture was

prepared in a sterile hood according to the manufacturer’s protocol (DharmaFECT

Transfection protocol). DharmaFECT 1 transfection reagent and 35 nM of siRNA were

diluted in serum free medium in separate Eppendorf tubes (Table 3.2). Mixtures were

| Chapter 3 — SUMOylation is involved in the regulation of focal adhesions
and cancer cell migration



incubated at room temperature for 5 minutes before mixing them carefully by pipetting and
incubating for 20 minutes at room temperature. Then, antibiotic-free media containing 10%

FBS was used to complete the final volume of final siRNA concentration of 35 nM.

Table 3.2 procedure of siRNA transfection

Tube 1 Tube 2

Diluted siRNA Diluted DharmaFECT

Volume | Serum Volume of Serum Tld Con:jplete Total
Type of | (ul)of | free DharmaFECT | free _?_n 5 (r:; UM Transfection
siRNA SiRNA medium | Reagent (ul) | medium . G volume

() () mixed | antibiotic) (ul/well)
(1) (1)

Non-
E?F:ii\t 35uL | 96.6 1.5 ul 98.5 200 | 800 1000
(10uM)
SENP2
siRNA 3.5uL 96.5 1.5 ul 98.5 200 800 1000
(10uM)
SENP5
siRNA 3.5uL 96.5 1.5 ul 98.5 200 800 1000
(10uM)

Transfection solution was applied to cells depending on the surface area of dishes or flasks.
For 6-well plate, a total transfection volume of 1 ml was added to each well, for 12-well
plate, a total transfection volume of 500 pl was added to each well, or for 25 cm? flasks, a
total transfection volume of 4 ml was applied to each flask. Cells were incubated at 37 °Cin
5% CO2 for 24-96 hours. The transfection medium was replaced after 12 hours with

antibiotic-free fresh media.

For western blot analysis, 25 cm? flasks were used and after incubating cells for 24-96 hours,
cell lysates were collected and anti-SENP2 or anti-SENP5 antibodies were used to detect the

expression of these proteases in lysates of transfected cells at the different time points of
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24, 48 and 96 hours. For cell migration assays, 6-well or 12-well plates were used and for
monitoring FA dynamics, u-Slide 8 Well (ibidi) was used. For monitoring FA dynamics, 24
hours post siRNA transfection, cells were transfected with pZsYellowl-tagged vinculin,
incubated for 24 hours and confocal microscopy was used take short timelapse movies of

vinculin-containing FAs.

3.3 Effects of inhibiting SUMOylation on cell migration of MDA-MB-231 cancer cells.

To investigate the association between SUMOylation and cancer cell migration, two
different SUMOylation-inhibitors were utilized. The first inhibitor, Ginkgolic acid was
reported to disrupt the SUMOylation cycle by binding to the SUMO E1 activating enzyme,
therefore, preventing its binding to SUMO proteins (Fukuda et al., 2009). To evaluate the
effects of this inhibitor on cell migration, MDA-MB-231 cells were treated with vehicle
control (DMSO) or 10, 25, 50 or 100 uM of Ginkgolic acid and incubated for 2 hours at 37°C
in 5% CO; atmosphere before introducing a wound. An inverted microscope was used to
take photographs of the wounds at 0 and 24 hours (Figure 3.1 (A)). Imagel (Fiji) software
was used to calculate the wound closure for each group. Results revealed a significant
decrease in wound closure in 25, 50 or 100 uM Ginkgolic acid treated cells compared to
control (Figure 3.1 (B)). In control cells, the covered area of wound after 24 hours was 51 +
1.93% compared to 27.16 + 1.34% in 25 uM treated cells (p<0.01), 29.48 + 4.81% in 50 uM
treated cells (p<0.01) and 30.02 + 3.98% in 100 uM treated cells (p<0.01). There were no
significant changes in covered area between cells treated 25, 50 or 100 uM Ginkgolic acid.
On the other hand, there were no significance changes between control and 10 uM Gka

treated cells.
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To confirm this finding, another SUMOylation inhibitor, Gossypetin, was used to further
examine the influences of inhibiting SUMOylation on the migration of MDA-MB-231 cells.
Cells were treated with vehicle control or 10, 25, 50 or 100 uM of this inhibitor and
incubated for 2 hours at 37°C in 5% CO2 atmosphere before introducing a wound. Results
showed a significance reduction in wound coverage in 100 uM Gossypetin treated cells
compared to control (Figure 3.1 (C)). The covered area of the wound in control cells was
92.03 + 0.02%, while in 100 uM Gossypetin treated cells only 60.73 + 0.05% of the wound
was covered after 24 hours (p<0.01). No significant changes observed in cells treated with

10, 25 or 50 uM compared to control.
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Figure 3.1 Effect of inhibiting SUMOylation on the closure area of wound healing in MDA-MB-231
cells. Cells were incubated with DMSO (control) or different concentrations of Ginkgolic acid or
Gossypetin for 2 hours before introducing the wound. Photos of wound area in each group were
taken using an inverted microscope and analysed using Imagel (Fiji) software. A) Photographs
showing the wound area at 0 time point and after 24 hours in control cells compared to 100 uM
Ginkgolic acid treated cells. B) Quantification analysis showing the mean wound healing
measurements in control cells compared to 10, 25, 50, 100 uM Gka treated cells. C) Showing of the
guantification analysis of the mean closure area in control compared to 10, 25, 50 or 100 uM
Gossypetin treated cells. Data was presented as mean + SEM of three independent experiments.
One-way ANOVA with Tukey’s Multiple comparison test was used to evaluate any significance
differences between groups (*, ** and *** represent P <0.05, 0.01 and 0.001 respectively).
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To further confirm the previous finding from wound healing assays, time lapse cell tracking
was used to evaluate the influence of SUMOylation inhibitors on the migration of MDA-MB-
231 cells. Treating these cells with 25 uM of Ginkgolic acid was shown to reduce their speed
significantly. In the control, the average speed of cells was 22.43 + 1.57 um/h compared to
10.85 + 1.64 um/h in 25 pM Gka treated cells (p<0.001) and 7.333 = 1.155 pm/h in 100 pM

Gossypetin treated cells (p<0.001) (Figure 3.2).

Similar effects were shown when seeding cells on 1% gelatin or 2 mg/ml collagen coated
wells. The average speed of control cells on gelatin was 21.92 + 1.80 um/h compared to
12.48 + 1.70 um/h in cells treated with 25 uM Gka (p<0.01) and 7.7 + 1.64 um/h in cells
treated with 100 uM Gossypetin (p<0.001). This reduction in their speed was also observed
in cells seeded on collagen. In control cells, the average speed of cells was 23.34 £ 3.38
um/h compared to 13.74 + 1.33 um/h in cells treated with 25 uM Gka (p<0.01) and 9.49 *

1.66 um/h in cells treated with 100 uM Gossypetin (P<0.001) (Figure 3.2).
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Figure 3.2 Effect of inhibiting SUMOylation on the speed of MDA-MB-231 cells on different
surfaces. Cells were seeded on plastic (non-coated), Gelatin or collagen and grown over night. Then,
cells were treated with 1 pl/ml DMSO (control), 25 uM Ginkgolic acid or 100 pM Gossypetin for 2
hours. Timelapse microscopy was used to take images every 15 minutes for 24 hours. The graph
shows the quantification analysis of the mean speed measurements in control cells compared to 25
UM Ginkgolic acid or 100 uM Gossypetin treated cells migrating on different surface matrices. Data
was presented as mean + SEM of three independent experiments, in each experiment at least 45
cells were analysed for each group. Two-way ANOVA with Bonferroni’s Multiple comparison test was
used to evaluate any significance differences between groups (*, ** and *** represent P <0.05, 0.01
and 0.001 respectively).
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34 Inhibiting SUMOylation significantly increases the size and turnover time of focal
adhesions.
As focal adhesions are one of the main requirements of cell migration, this part of this
chapter focuses on the effects of SUMOylation inhibitors on their dynamics. MDA-MB-231
cells were transfected with YFP-vinculin and confocal microscopy was used to monitor the
turnover of FAs after treating cells for 2 hours with SUMOylation inhibitors, Gka or
Gossypetin. The results showed that the turnover of vinculin-containing FAs was
significantly slower in cells treated with 25 uM Gka (Figure 3.3 (B)) or 100 uM Gossypetin
compared to control (Figure 3.3 (A)). In control cells, the average turnover of FAs was 33.80
+ 1.10 seconds compared to 47.82 + 2.49 seconds in cells treated with 25 uM Gka (p<0.01)
and 55.14 + 2.63 seconds in cells treated with 100 uM Gossypetin (p<0.05). No significant
changes were observed between 25 uM Gka or 100 UM Gossypetin treated cells (Figure 3.3
(C).
The size of FAs was also affected by these inhibitors. Results in figure 3.4 show a significant
increase in the size of FAs from 0.94 + 0.02 um? in control cells to 1.46 + 0.07 um? in 25 uM
Gka treated cells (p<0.03) or 1.42 + 0.11 um? in 100 uM Gossypetin treated cells (p<0.03).
No significant changes in the size of FAs were observed between 25 uM Gka and 100 uM
Gossypetin treated cells (Figure 3.4 (B)).
However, there were no significant effects of SUMOylation inhibitors on the number of
vinculin-containing FAs in these cells. The average number of FAs in control cells was 38.5
19.53 compared to 42.79 + 7.44 in 25 uM Gka treated cells (p<0.847) and 39.88 + 4.63 in

100 uM Gossypetin treated cells (p<0.94) (Figure 3.4 (C)).
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Figure 3.3 Effects of inhibiting SUMOylation on the turnover of vinculin-containing FAs in MDA-
MB-231 cells. A) Representation of the turnover of vinculin-containing FAs in control cells and (B) 25
UM Ginkgolic acid treated cells. Cells were transfected with YFP-vinculin, treated with DMSO for 2
hours and live cells imaging were performed using confocal microscopy. Images were captured every
10 seconds for 5 minutes, scale bar = 5 um. The white circles demonstrate the turnover of a single
vinculin-containing FA starting from appearing to disappearing. C) Quantification analysis showing
the mean FA turnover measurements in control cells compared to 25 uM Ginkgolic acid or 100 uM
Gossypetin treated cells. Data was presented as mean + SEM of three independent experiments, in
each experiment a total number of 210 focal adhesions (24 cells) were analysed. One-way ANOVA
with Tukey’s Multiple comparison test was used to evaluate any significance differences between
groups (*, ** and *** represent P <0.05, 0.01 and 0.001 respectively).
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Figure 3.4 Effects of inhibiting SUMOylation on the size and number of FAs in MDA-MB-231 cells.
A) Representative images of vinculin containing FAs for control cells (treated with DMSQ), 25 uM
Ginkgolic acid or 100 pM Gossypetin treated cells. After 2 hours of treatment, cells were fixed, and
confocal microscopy was used to take images. Scale bar = 20 um. B) Quantification analysis showing
the mean FA size measurements (C) the mean FA number in control cells compared to 25 uM
Ginkgolic acid or 100 uM Gossypetin treated cells. Data was presented as mean + SEM of three
independent experiments, in each experiment a total number of 120 cells were analysed. One-way
ANOVA with Tukey’s Multiple comparison test was used to evaluate any significance differences
between groups (*, ** and *** represent P <0.05, 0.01 and 0.001 respectively).
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3.5 Silencing SENP2 or SENPS5 significantly reduces cell migration and the turnover of
FAs in MDA-MB-231 cells

In order to investigate the role of DeSUMOylation in cancer cell migration, siRNA assay was
used to silence the SUMO-associated proteases, SENP2 and SENP5. Wound healing and time
lapse cell tracking assays were used to assess the effects of silencing these proteases on the
migration of MDA-MB-231 cells. Cells were transfected with non-target siRNA (control),
SENP2 siRNA or SENP5 siRNA and 48 hours post-transfection, cells were subjected to wound
healing or cell tracking assay. The results from wound healing assay showed a significant
reduction in wound closure. The covered area of wound was reduced from 90.18 £ 2.8% in
non-target siRNA transfected cells to 54.14 + 2.66 % in SENP2 siRNA transfected cells
(p<0.001) or 58.64 + 1.82% in SENP5 siRNA transfected cells (p<0.001). No significant
changes in wound closure were observed between SENP2 siRNA and SENP5 siRNA

transfected cells (Figure 3.5 (D)).

Time lapse cell tracking was further used to evaluate the effects of silencing these proteases
on the migration of MDA-MB-231 cells. The results showed a significant reduction in the
speed of these cells when silencing either one of these proteases. The average speed of cells
was significantly reduced from 19.01 + 3.18 um/h in control cells to 7.5 + 1.28 um/h in
SENP2 siRNA transfected cells (p<0.001) or 5.62 + 1.16 um/h in SENP5 siRNA transfected

cells (p<0.001) (Figure 3.5 (C)).

| Chapter 3 — SUMOylation is involved in the regulation of focal adhesions
and cancer cell migration



Similar effects were shown when seeding cells on 1% gelatin or 2 mg/ml collagen coated
wells before siRNA treatment. The average speed of control cells on gelatin was 22.12 + 2.46
um/h compared to 8.75 + 0.68 um/h in SENP2 siRNA transfected cells (p<0.001) or 6.29 +
0.83 um/h in SENP5 siRNA transfected cells (p<0.001). This reduction in speed was also
observed in cells seeded on collagen. The average speed of MDA-MB-231 cells on collagen
was significantly reduced from 16.74 + 0.31 um/h in control cells to 7.47 + 0.75 um/h in
SENP2 siRNA transfected cells (p<0.001) or 9.49 + 1.66 um/h in SENP5 siRNA transfected

cells (p<0.001) (Figure 3.5 (C)).
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Figure 3.5 Effects of silencing the SUMO-specific proteases, SENP2 or SENP5, on the migration of
MDA-MB-231 cells. A) Western blot showing detection of SENP2 or actin in non-transfected cells,
Non-target siRNA or SENP2 siRNA transfected cells 24 hours or 48 hours post-transfection. SENP2
was shown to be silenced at 48 hours post-treatment. B) Western blot showing detection of SENP5
or actin in non-transfected cells, Non-target siRNA or SENP5 siRNA transfected cells 24 hours or 48
hours post-transfection. C) Quantification analysis depicting the mean speed measurements in non-
target siRNA (control), 35 nM SENP2 siRNA or 35 nM SENP5 siRNA transfected cells on different
surfaces. D) Quantification analysis showing the mean wound healing measurements in non-target
siRNA (control), 35 nM SENP2 siRNA or 35 nM SENP5 siRNA transfected cells. Data was presented as
mean = SEM of three independent experiments, in each experiment at least 45 cells for each group
was analysed. One-way ANOVA with Tukey’s Multiple comparison test was used to evaluate any
significance differences between groups (*, ** and *** represent P <0.05, 0.01 and 0.001,
respectively).
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Immunostaining studies were performed to visualise the distribution of SENP2 or SENP5
within cells using confocal microscopy. MDA-MB-231 cells were seeded on coverslips and
grown until 80-100% confluency before fixing and subjecting them to immunocytochemistry
with SENP2 or SENP5 antibodies. The results showed that SENP5 is mainly localised in the
nucleus (Figure 3.6 (B)), whereas SENP2 has a cytoplasmic localisation (Figure 3.6 (A)). The
cytoplasmic localisation of SENP2 increases its possibilities to interact with FA-associated
proteins, therefore, contributing to their regulation. This has led to the investigation of the
possible interaction between SENP2 and FA proteins and the consequences of its silencing

on their dynamics.
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Figure 3.6 Immunostaining of SENP2 with vinculin and SENP5 in MDA-MB-231 cells. Cells were
fixed and subjected to immunocytochemistry with SENP2 and vinculin or SENP5 antibodies. A)
Confocal microscope Images showing the cytoplasmic distribution of SENP2 and its localisation with
vinculin. DAPI was shown as blue. White arrows indicate the expression of SENP2 or vinculin within
the cell. Image on the right demonstrates the co-localisation of SENP2 with vinculin (orange arrows)
by merging them using Image j software (Scale bar = 20 um). B) Images showing the expression of
SENP5 and its distribution within the cell. DAPI was shown as blue and white arrows indicate the
expression of SENP5 within the cell. Image on the right represents a merged image of SENP5 and the
nucleus in the cell (green arrows show the localisation of SENP5 in the nucleus) (scale bar = 20 um).
SENP5 was shown to express in these cells and its distribution was mainly in the nucleus.

| Chapter 3 — SUMOylation is involved in the regulation of focal adhesions Rl
and cancer cell migration



Co-Immunoprecipitation was used to evaluate whether SENP2 interacts with FA proteins.
Anti-SENP2 antibody was mixed with MDA-MB-231 cell lysate over night before incubating
with agarose beads to immunoprecipitate SENP2. The interaction of SENP2 with FA proteins
was detected by Western Blot with anti-Vinculin, anti-Talin, anti-FAK or anti-paxillin
antibodies. All of these FA proteins were detected at their expected sizes in SENP2 Co-IPs
indicating a possible involvement of this protease in FAs. Talin was detected at the size of
260 KDa, Vinculin was detected at 130 KDa, FAK was detected at the size of 120 KDa and
Paxillin was detected at ~68 KDa (Figure 3.7 (A)). To further confirm this finding, positive and
negative controls were used alongside with SENP2 Co-IP. Whole lysate was used as a
positive control and nonspecific rabbit IgG Co-IP was used as a negative control. Anti-talin or
anti-paxillin antibodies were used in Western Blot to detect talin or paxillin in controls and
SENP2 Co-IPs. Bands at the expected size of these proteins were detected in both positive
control and SENP2 Co-IPs, while no bands at these sizes were present in the negative control
(Figure 3.7 (B)). These findings suggest a possible role of this protease in the regulation of

focal adhesion proteins.
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Figure 3.7 SENP2 Co-IP and Western blot showing the detection of different FA-associated proteins
in SENP2 Co-IPs in MDA-MB-231 cells. A) SENP2 Co-IP and WB showing that different FA-associated
proteins were detected in SENP2 Co-IP. Vinculin was detected at 130 kDa in SENP2 Co-IP, whereas
Talin, FAK and paxillin were detected at 250 kDa, 130 kDa and 75 kDa respectively. B) SENP2 Co-IP
and WB showing that paxillin and talin were detected in the positive control and SENP2 Co-IP at 75
kDa and 250 kDa respectively, but not in the negative control. In this experiment, cell lysate was
used as a positive control (input), while 1gG Co-IP was used as a negative control.
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To evaluate the effects of silencing SENP2 on the turnover, size and number of FAs, MDA-
MB-231 cells were transfected with non-target or SENP2 siRNA before transfection with
YFP-vinculin and confocal microscopy was used to monitor the turnover of FAs. The results
showed that silencing SENP2 leads to a significantly slower turnover of FAs compared to
control. In control cells, the average turnover time of FAs was 38.02 + 1.29 seconds

compared to 53.57 + 3.45 seconds in SENP2 siRNA transfected cells (p<0.05) (Figure 3.8 (B)).

The size of FAs was also affected by knocking down this SUMO-associated protease (Figure
3.8). Results in figure 3.8 (C) show a significant increase in the size of FAs from 0.89 + 0.05
um? in control cells to 1.33 + 0.06 um? in SENP2 siRNA transfected cells (p<0.01). However,
there were no significant effects of silencing SENP2 on the number of vinculin-containing
FAs in these cells. The number of FAs in control cells was 89.33+ 10.40 compared to 103.7 +

27.28 in SENP2 siRNA transfected cells (p<0.648) (Figure 3.8 (D)).
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Figure 3.8 Effects of silencing SENP2 on the turnover, size and number of vinculin-containing FAs in
MDA-MB-231 cells. Cells were transfected with non-target siRNA (control) or 35 nM SENP2 siRNA
and 24 hours post-transfection; cells were transfected with YFP-vinculin and grown for additional 24
hours. Short timelapse movies were generated using confocal microscopy. A) Representative images
of vinculin containing FAs for control cells (treated with 35 nM non-target siRNA) or 35 nM SENP2
siRNA treated cells. Scale bar = 20 um. B) Quantification analysis showing the mean FA turnover
measurements (C) the mean FA size (D) the mean FA number in control compared to 35 nM SENP2
siRNA transfected cells. Data was presented as mean + SEM of three independent experiments, in
each experiment a total number of 120 focal adhesions (16 cells) for turnover analyses and at least
total number of 60 cells for size and number analyses. T-test was used to evaluate any significance
differences between groups (*, ** and *** represent P <0.05, 0.01 and 0.001, respectively).
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3.6 Discussion

SUMOylation has been implicated in the regulation of proteins involved in both normal and
pathological cellular processes. The expression of SUMO and SUMO-associated proteins has
been found to be deregulated in various cancer types and this deregulation is thought to
enhance cancer progression and metastasis (Seeler and Dejean, 2017). SUMOQylation has
previously been reported to be involved in cell migration through modification of proteins
that have direct or regulatory roles in cell migration. Cytoskeletal networks provide the
tension forces required for cell migration and SUMOylation was shown to regulate their
formation by targeting the basic subunits of actin filaments (F-actin) and microtubules (MT),
actin and tubulin, respectively (Panse et al., 2004, Hofmann et al., 2009). In addition, it
modifies proteins that have a regulatory role in cell migration such as Racl GTPase that
induce the formation of different actin filament structures such as lamellipodia, filopodia,
stress fibres and membrane ruffles (Nobes and Hall, 1995, Castillo-Lluva et al., 2010).
Furthermore, SUMOylation has been implicated in the regulation of matrix
metalloproteases (MMP), which usually degrade extracellular matrices during cell invasion
(Cashman et al., 2014, Lao et al., 2019). However, its roles in cell migration remain poorly
appreciated due to the continuous identification of novel SUMO substrates with various
functions in cell migration. SUMOylation appears to have a wider role in cell migration, as
recent screening studies and SUMOylation prediction tools revealed new SUMOylation
targets that exhibit critical roles in cell migration. For example, focal adhesions play a critical
role in cell migration and SUMOylation has been reported previously to modify one of the
critical FA proteins, FAK, and its SUMOQylation was shown to be required for cancer cell

migration (Kadaré et al., 2003). Vinculin and talin have critical roles in the formation and
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stability of FAs and a recent screening study identified them among SUMO substrates (Xiao
et al., 2016). Therefore, investigating the association between SUMOylation and these
adhesion sites will expand the current body of knowledge in this field. It will increase our
understanding of its roles in cancer cell migration and it could also shed light on targets that

could be used to prevent cancer metastasis.

This chapter investigates the effects of inhibiting SUMOylation, using two different
SUMOylation inhibitors, or silencing SENP2 on cell migration and the dynamic activities of
FAs in MDA-MB-231 cells. Ginkgolic acid (Gka) has been identified as a global SUMOylation
inhibitor without affecting ubiquitination. This inhibitor is the most widely used and
commercially available SUMOylation inhibitor (Yang et al., 2018). The molecular mechanism
and specificity of this natural product compound has been characterised in the literature.
This compound was found to bind to the SUMO E1 activating enzyme (SAE) and prevent its
interaction with SUMO proteins, thereby disrupting the SUMOylation pathway (Fukuda et
al., 2009). The selective activity of this inhibitor as a SUMOylation inhibitor was investigated
previously. For instance, introducing a mutant in the SUMO substrate, Nephrin, to prevent
its SUMOylation or treating cells with Ginkgolic acid decreased its stability and expression in
the membrane (Tossidou et al., 2014). On the other hand, this molecule was found to affect
different cellular functions by altering the activity of proteins via mechanisms other than
SUMOylation. For example, Gka was found to activate phosphatase 2C (PP2C), which has
been implicated in the regulation of various cellular processes including cell growth,
apoptosis and stress responses (Ahlemeyer et al., 2001). However, to activate this

phosphatase, a high concentration of Gka (500 uM) is necessary, whereas inhibiting
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SUMOylation can be achieved using much lower concentrations (Fukuda et al., 2009). In
addition, Gka was found to inhibit the acetylation of histones in vitro at concentration of 10
UM (Balasubramanyam et al., 2003). Acetylation of histones is a critical regulatory
mechanism that modifies the chromatin structure to allow gene transcription and DNA
replication and repair (Roth et al., 2001). However, treating cells with 10-100 uM of
Ginkgolic acid has no inhibition effects on histone acetylation, whereas SUMOylation was
inhibited by this treatment (Fukuda et al., 2009). Taken together, these findings suggest that
Ginkgolic acid is more likely to inhibit SUMOQylation at the employed concentration, rather

than exhibit non-specific interference with other cellular processes.

In this current study, Gka was used to inhibit SUMOylation in MDA-MB-231 cells. Cell
migration assays revealed a significant reduction in the migration of these cells when
treated with concentrations 25 uM, 50 uM or 100 uM of this inhibitor. This could indicate
the important role of SUMOQylation in cancer cell migration. To confirm that this reduction in
migration is due to inhibiting SUMOylation and not interventions of Gka with other
pathways, another SUMOylation inhibitor, Gossypetin was used and the effects of this
inhibitor on the migration of MDA-MB-231 cells were assessed by cell migration assays.
Gossypetin (3,5,7,8,3',4'-Hexahydroxyflavone) is an oxygenated flavonoid derivative that has
recently been identified to have SUMOylation inhibitory activity (Kim et al., 2013). Treating
cells with 100 uM of this inhibitor decreased wound closure significantly. Although it
showed SUMOylation inhibitory activity, Gossypetin selective activity and effects on other
cellular mechanisms has not been reported yet. Therefore, the effects of this inhibitor on

cell migration cannot be linked to SUMOylation with high confidence as the effects of Gka.
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Reduction of cell migration in MDA-MB-231 cells when treated with either inhibitors
increases the possibility that these effects on their migration is due to inhibition of
SUMOylation, not intervention with other processes. The reduction in cell migration when
blocking SUMOylation can be explained in different ways. One of them is the involvement
of SUMOylation in the regulation of cytoskeletal networks. The driving force of cell motility,
actin filaments, are composed of actin polymers that extend toward the plasma membrane.
The formation of these cytoskeletal filaments at the edges of migrating cells promotes cell
migration by generating the required force to push the plasma membrane forward. Actin
has been shown to be a SUMOylation target indicating the involvement of this protein
modification system in the regulation of actin filaments and consequently cell migration
(Panse et al., 2004, Hofmann et al., 2009). In addition, SUMOylation has been reported to
modify critical cytoskeletal regulatory proteins including Racl GTPase. This GTPase is
involved in the regulation of cell migration by inducing the formation of different actin
filament structures such as lamellipodia, filopodia, stress fibres and membrane ruffles
(Nobes and Hall, 1995). SUMOylation was reported to be required for stabilising this GTPase
in its active state, and this stable active form is required for cell migration and invasion
(Castillo-Lluva et al., 2010). Furthermore, Arp2/3 complex is another critical regulator of
actin, and it functions by binding to previous actin filaments at the leading edge of the
membrane and initiating new branches of these filaments. These newly formed actin
filaments push the plasma membrane forward, facilitating cell motility. This complex is
composed of Arp2 and Arp3 proteins and five smaller proteins called Arcs (Goley and Welch,
2006). Proteomic studies identified that some components of Arp2/3 complex, particularly

Arc35p and Arc40p, can be SUMO modified (Sung et al., 2013). Therefore, the reduction in
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cell migration when inhibiting SUMOylation could be caused by the impairment in

cytoskeleton network.

The other explanation is the involvement of SUMOylation in the regulation of MMPs. In a
recent study, silencing SUMO1 was shown to reduce the migration of fibroblast-like
synoviocytes (FLSs) (Lao et al., 2019). The reduced migration of FLSs was linked to
impairment in the formation of lamellipodium and reduction in the activity of Racl. In the
same study, they found that knocking down SUMO1 caused a down regulation in the
expression of MMP1 and MMP3. In a different study, Ginkgolic acid was found to supress
wound healing in breast cancer cells (Hamdoun and Efferth, 2017). In this study it was found
that Gka treatment prevented the SUMOylation of NF-kB essential modulator (NEMO) and
consequently reduced the activity of the transcription factor NF-kB, which caused a down
regulation in metastasis-associated genes including C-X-C chemokine receptor type 4
(CXCR4) and MMP9 (Hamdoun and Efferth, 2017). Thus, the reduction in cell migration
when inhibiting SUMOylation could be caused by downregulating these proteases, which in

turn reduces cell’s ability to invade surrounding microenvironment.

The previous examples indicate a critical role of SUMOylation in different aspects of cell
migration. However, it appears that SUMOylation has a wider role in cell migration.
SUMOylation could possibly be involved in the regulation of cell migration by regulating FA
dynamics. Focal adhesion kinase (FAK) is critical regulator of FAs and cell migration (llic et
al., 1995). Its phosphorylation, which is induced by the attachment of talin to ECM, is

required for its activation (Mitra et al., 2005). SUMOylation was suggested previously to
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enhance its auto-phosphorylation (Kadaré et al., 2003). In addition, SUMOylation was found
to be involved in its nuclear localisation in non-small cell lung cancer (NSCLC) without
effecting its phosphorylation levels. Despite the important role of SUMOylation in its
activity, the SUMOylation of this kinase occurs in the nucleus indicating a different function
from its roles at FAs (Constanzo et al., 2016). Nevertheless, the implication of SUMOylation
in regulating its activity alongside with a proteomic study that identified other key FA
proteins, vinculin and talin, (Xiao et al., 2016) as SUMO targets encourages investigating the

role of SUMOylation in the regulation of FA dynamics and consequently cell migration.

In this project, two different SUMOylation inhibitors were used to block SUMOylation in
MDA-MB-231 cells and a confocal microscope was used to monitor the dynamics of FAs.
Treating cells with either inhibitors leads to a significant reduction in the turnover rate of
FAs compared to control. In addition, treating cells with Gka or Gossypetin resulted in a
significant increase in their size. The slower turnover and increased size of FAs when
inhibiting SUMOylation could suggest a critical role of this post-translational modification
mechanism in the regulation of FAs. This impairment in FA dynamics could be one of the
main causes that led to a reduction in the migration of MDA-MB-231 cells observed in cell
migration assays. This impairment could be caused by preventing the SUMO modification of
FA proteins. For example, a recent study indicated that the expression of the SUMO E3
ligase, PIASI, induced calpain-mediated cleavage of FAK leading to its disengagement from
FAs and translocation to the nucleus. After being translocated into the nucleus, FAK induces
the transcriptional activity of various genes involved in cell migration. Silencing this ligase

reduced the localisation of FAK into the nucleus and decreased the stability of F-actin fibres
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(Constanzo et al., 2016). FAK is important for the turnover of FAs as knocking it down caused
a significant increase in the number and size of FAs in fibroblasts and consequently reduced
their migration (llic et al., 1995). Taken together, these findings support the hypothesis that
SUMOylation enhances cell migration by regulating the turnover of FAs. It seems possible
that SUMOylation enhances FA turnover by regulating the activity of this kinase, which in
turn regulates the recruitment of additional proteins to FAs and the stability of F-actins, thus
enhancing cell migration. Calpain-mediated cleavage of FAK was reported previously to
enhance the turnover of FAs by inducing the disassembly of existed FAs (Chan et al., 2010)
and SUMOylation was found to induce the cleavage of FAK by calpain-2 (Constanzo et al.,
2016). Therefore, SUMOylation could enhance FA turnover by inducing the cleavage of FAK
and its nuclear translocation. In addition, SUMOQylation could target other FAs proteins to

regulate the turnover of these adhesion sites.

Protein modification by SUMO proteins is rapidly reversed by SUMO proteases (SENPs)
making it an ideal regulatory mechanism in cell migration, which requires rapid and
reversible regulation of its associated processes. DeSUMOylation is critical in cell migration
as silencing SENPs reduced cell migration in different cancer types (Wang et al., 2013, Ma et
al.,, 2014). The expression of these proteases was shown to be deregulated in different
cancer types, and their overexpression is associated with cancer progress and metastasis
(Ma et al.,, 2014, Xu et al., 2011). For instance, overexpression of SENP1 was shown to
increase androgen-receptor (AR) activity, and the activity of this receptor is associated with
prostate cancer tumorigenesis (Cheng et al., 2004, Kaikkonen et al., 2009). In addition,

silencing this protease in pancreatic ductal adenocarcinoma resulted in the disruption of
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different cellular functions including cell proliferation and migration (Ma et al., 2014).
Furthermore, silencing SENP5 in breast cancer cells reduced their migration and
proliferation ability (Cashman et al., 2014). Overexpression of SENP3 in gastric cancer cells
enhances their ability to undergo epithelial-to-mesenchymal transition (EMT), which in turn
increases their migration capability (Kalluri and Weinberg, 2009). Collectively, these findings
indicate the importance of SENPs overexpression in different cancer types. Their
overexpression is likely to be involved in the DeSUMOylation of regulatory proteins involved
in tumorigenesis and metastasis. However, the expression of a particular SUMO protease,
SENP2, has been reported to be reduced in metastatic cancers. The expression of SENP2
was found to be reduced in metastatic bladder cancer cells and re-expressing this protease
reduced their migration (Tan et al.,, 2013). This reduction in cell migration when re-
expressing SENP2 indicates that this protease possibly DeSUMOylate proteins associated
with cell migration, and DeSUMOylating these proteins reduced their functions. As several
FA proteins are possible SUMO substrates, SENP2 could be involved in their regulation. Due
to the importance of DeSUMOylation in cancer cell migration, investigating its roles in cell

migration and in FA dynamics is one of the main goals of this project.

SENP2 was chosen for this investigation as it has been reported to shuttle between the
nucleus and the cytoplasm (Itahana et al., 2006), while the rest of the SUMO proteases were
mostly located in the nucleus. In addition, unlike other SUMO specific proteases, the
expression of SENP2 was found to be downregulated in different cancer types suggesting a
distinct role in cancer progress and metastasis. For example, the expression of SENP2 in

bladder cancer samples was downregulated and re-expression of this protease in these cells
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was found to decrease cell migration by downregulating the expression of MMP13. This
protease was shown to inhibit the translocation of B-catenin to the nucleus, where the later
protein activates the transcriptional activity of MMP13, increasing cancer metastasis (Tan et
al., 2015). SENP2 could prevent the translocation of FAK to the nucleus via a similar
mechanism and consequently reduces cell migration. Taken together, investigating its roles
in FA dynamics and cancer cell migration is important. Since SUMOylation enhances FA
dynamics, DeSUMOylation by SENP2 could regulate their dynamic differently. Evaluating its
effects on FA turnover and cancer cell migration would increase our understanding of the
whole picture of SUMOylation roles in these processes. It could also shed light on potential

therapeutic target for cancer metastasis intervention.

In this project, the role of SENP2 in FA dynamics and cancer cell migration was investigated.
Cell migration assays revealed a significant reduction in the migration of MDA-MB-231 cells
when silencing SENP2 or SENP5 compared to control. This finding indicates the important
roles for these proteases in cell migration. The critical requirement of these SUMO
proteases in cell migration could be explained by two different possibilities. The first
explanation could be the requirement of these proteases in the activation of SUMO
proteins, therefore, knocking them down disrupted the SUMOylation pathway leading to
impairment in various cellular functions including cell migration. The other possibility could
be the involvement of these proteases in the De-SUMOylation of key proteins involved in
cell migration. Their expression could be required in cell migration to maintain the

SUMOylation levels of cell migration-associated proteins for efficient regulation.
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The data in this chapter revealed a significant increase in the size and turnover time of FAs
when treating cells with SUMOylation inhibitors. Silencing SENP2 was an alternative way to
further investigate the involvement of SUMOylation in the regulation of FAs. Western blot
revealed that SENP2 is expressed in MDA-MB-231 cells, and immunostaining showed that it
is located in the cytoplasm. As SUMOylation was suggested to be involved in the
modification of FA proteins, SUMO proteases must interact with these proteins to regulate
their SUMOylation levels. Being expressed in the cytoplasm of MDA-MB-231 cells, SENP2 is
more likely to interact with FA proteins. Immunostaining studies revealed a cytoplasmic
localisation of this protease with vinculin. The localisation of SENP2 with vinculin could
suggest a possible role of this protease in the regulation of FAs.

Immunoprecipitation was also used to further investigate whether SENP2 interacts with FA
proteins. The data showed an interaction between SENP2 and various FA proteins including
talin, vinculin, FAK and paxillin. To confirm this interaction, reversed immunoprecipitation of
these proteins was performed, and Western Blot detected the presence of SENP2 in these
immunoprecipitations. This interaction indicates that this protease is most likely involved in
the regulation of FAs via de-SUMOylating associated proteins. It could regulate the turnover
of FAs and cell migration by tightly controlling the level of SUMOylation of associated

proteins.

To investigate the possible regulatory role of SENP2 in the dynamic activities of FAs, SENP2
siRNA was used to silence it in MDA-MB-231 cells and a confocal microscope was used to
monitor the turnover of FAs. The results showed that silencing SENP2 leads to a significantly

slower turnover and an increased size of FAs compared to control. This finding could
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indicate that the reduction in cell migration observed in cell migration assays could be due
to impairment in FAs turnover. It could also indicate the critical role of this protease in the
regulation of FAs. It could be involved in the DeSUMOylation of key FA proteins. On the
other hand, it could be simply explained because of its importance in the activation of

SUMO proteins leading to SUMO modification of FA proteins.

Taken together, the findings in this chapter indicate a critical role of SUMOylation in the
regulation of FA dynamics to enhance cancer cell migration. The use of two different
SUMOylation inhibitors increases the possibilities that these effects are the consequences of
inhibiting SUMOylation. In addition, using siRNA against SENP2 is another way of evaluating
the impact of this post-translational modification system on the dynamics of FAs. Both
approaches suggest the requirement of SUMOylation to enhance the turnover of these
adhesion sites and consequently cell migration. However, the lack of more detailed
characterisation of the specificity and side effects of current SUMOylation inhibitors require
alternative ways to further confirm this finding. In addition, as SUMOylation plays important
roles in various cellular functions, inhibiting global SUMOylation is not the best way to
investigate its direct roles in specific functions such as the turnover of FAs. To overcome
these issues, mutagenesis is a powerful technique used to introduce mutations in a specific
protein target. Therefore, it can be used to mutate SUMOQylation sites in FA proteins to
prevent their SUMOylation. Thus, it allows investigating the effects of preventing

SUMOylation of specific proteins without effecting global SUMOylation.
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4. ldentification of a direct role for SUMOylation in FA dynamics through

SUMOylation of vinculin.

4.1 Introduction and Hypothesis

The previous chapter demonstrates the critical role of SUMOylation in the dynamics of FAs
and cancer cell migration. However, as SUMOylation is involved in a variety of critical
cellular processes, the effects of inhibiting SUMOylation on FA turnover and cell migration
mean that it could be argued that a disruption of various cellular functions has occurred by
inhibiting total SUMOylation. These effects account for the reduced cell migration. In
addition, the specificity of the current SUMOylation inhibitors could be doubted as they
have been reported to influence the activity of other regulatory mechanisms including the
acetylation of histones (Balasubramanyam et al., 2003) and activating phosphatase 2C
(PP2C) (Ahlemeyer et al., 2001). Therefore, one aim of this chapter is to be more confident
that the impairment in FA dynamics when inhibiting SUMOylation using inhibitors is due to
the direct effects on FA proteins rather than the general disruption of SUMOylation on the
proteins involved in other cellular processes. SUMQylation has previously been shown to
modify a key FA protein (FAK). Focal adhesion kinase (FAK) is one of the SUMO1 targets and
its SUMOQylation was found to be required for its activity and nuclear translocation (Kadaré
et al., 2003). The nuclear translocation of this kinase was suggested to be critical in cancer
progression and cell migration (Constanzo et al., 2016). However, the SUMOylation of FAK
was found to occur mainly in the nucleus, indicating a distinct function from its role within

FA sites (Kadaré et al., 2003).
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Nevertheless, the requirement of SUMOylation in FAK functions encourages investigating
the role of SUMOylation on other FA proteins within FA sites. Vinculin and talin, important
FA proteins, were identified as SUMO substrates in a recent proteomic study (Xiao et al.,
2016). Vinculin plays a critical role in anchoring FAs to actin filaments by binding to talin and
actin (Carisey et al., 2013). The loss of vinculin in cancer cells reduced the strength of cell
adhesion and cell spreading and enhanced cell migration (Coll et al., 1995, Saunders et al.,
2006). In addition, silencing the SUMO E3 ligase, PIASI, decreased the localisation of vinculin
to FA complexes (Constanzo et al., 2016). Overall, these findings in the literature suggest a
critical role of vinculin in the dynamics of FAs and cell migration and that SUMOylation could
be involved in the regulation of its activity.

Hypothesis

In this current study, SUMOylation of vinculin was hypothesised to be important for FA
dynamics. Additionally, the creation of nonSUMOylatable vinculin by replacing lysine with
arginine at SUMO motifs was hypothesised to increase FA turnover time. To test this
hypothesis, different steps were taken. Bioinformatic tools were used to predict FA proteins
that have SUMOylation motifs. Several FA proteins including vinculin, talin, VASP and FAK
were predicted to possess strong SUMOylation consensus motifs. Vinculin was selected to
evaluate the possible role of SUMOylation in the regulation of FA dynamics. Then, the
interaction between vinculin and SUMO or SUMO-associated enzymes has been
investigated using Co-IP and co-localisation studies. Site-directed mutagenesis has been
used to substitute the lysine residues with arginine in the SUMOylation consensus motifs

that have the highest scores in vinculin in order to prevent its SUMOylation.
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Co-immunoprecipitation has been used to assess the interaction between SUMO2/3 and WT
or mutated vinculin using anti-GFP and anti-SUMO2 antibodies. A confocal microscope was
used to investigate the effects of these mutations on the number, size and the turnover of
FAs. It has also been used to track WT or mutated vinculin transfected cells to study the
effects of these mutations on the migration of MDA-MB-231 breast cancer cells. Other

cancer cells have been used.

4.2 Several FA-associated proteins are shown to have strong SUMOylation consensus
motifs and SUMO-interacting motifs (SIMs).

In order to investigate the effects of SUMOQylation on FAs, bioinformatic tools including
JASSA, GPS-SUMO and SUMOplot were used to identify potential FA-associated
SUMOylation targets according to the presence of the SUMOylation consensus motifs
(Beauclair et al., 2015). Several FA proteins were predicted to have different SUMOylation
consensus motifs and/or SUMO-interacting motifs (SIMs) (Table 4.1). Talin and vinculin were
predicted to have a Phosphorylation-dependent SUMOylation motif (PDSM) and a
hydrophobic cluster SUMOylation motif (HCSM) respectively (Table 4.1 (A)). In addition, a
negatively charged amino acid dependent SUMOylation motif (NDSM) was predicted to be
present in FAK, VASP and integrin ay proteins. SUMOylation consensus motifs were not
found in other FA proteins such paxillin, zyxin or a-actinin-1. However, most of these
proteins were predicted to have SIMs (Table 4.1 (B)). These later motifs could facilitate their
non-covalent interaction with SUMOylated proteins indicating a possible role for

SUMOylation in the interaction between FA proteins.
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Table 4.1 List of SUMOylation motifs predicted by bioinformatic tools in FA proteins. A) Showing
the predicted sites of SUMOylation consensus motifs with high scores in FA proteins. B) Showing the
predicted sites of SUMO-interacting motifs (SIMs) in FA proteins.

A
FA protein Position Motif Consensus type JASSA GPS-
K Sequence Best S5UMO
Ps sSCcore
Talin K841 IKADAEGESDL Extended PDSI Loww 6.359
K2445 VKADQDS Extended PDSM High 4.358
Vinculin K80 AFIKVE HCSM High 2375
K496 EGKI Strong inverted™ | High 2.348
K768 AKREVENSEDP | NDSNM™ Loww 2.378
FAK K152 VESDYMLELAD MDSM High 4.273
K141 EDKP Inverted High 1.779
wVASP K252 PHAE ConsensusY High 9.513
K286 PKDESANCEEP | NDSM High 10.879
K348 VEQELLEEVEK MDSM High 12,978
K356 VKKELOKVKEE MNDSM High 12.462
Integrin o, K589 PEKLEVSVDSDCO | ND5M High 6.47

i Phosphorylation-dependent SUMOylation motif (PDSM), (W KXExxSP).

ii Hydrophobic cluster SUMOylation motif (HCSM), (W;KxE).

iii Inverted SUMOylation motif (axkW).

iv Negatively charged amino acid-dependent SUMOylation site (NDSM), (UJZKXOLXOLZ/G).

v SUMOylation consensus motif, (WKxa), where W is a hydrophobic, klysine, a is an acidic, x is any amino acid.

B
FA Position site SiIm SIM Type PSS
protein segquence

Talin AL 397-400 DliL SIMV Type 4 0.442
AL 557-560 WML SIM Type BV 0.573
AL 2078-2081 WL SIM Type B 2.169
Vinculin AN 134-137 ITRW S5IM Type B 0.272
AL 244-247 ITRW SIM Type B 0.272
FAK AL 267-270 11SY SIM Type B 0.272
AN FOA3-T96 WLDL SIM Type 11 4,404
AL 1047-1050 LLDW SIM Type 1 0.335
ac::.;‘in AN 129-132 TIHIL SIM Type 4 0.442
Zyxin AN 523-526 ATAV R S5IM Type B 0.573
Actin AN 102-105 PWLL S5IM Type 4 0.382
AN 24F-250 WITI S5IM Type B 2.256

i SUMO interacting motif 4 (xWWW), where W is hydrophobic and x is any amino acid.
ii SUMO interacting motif B ({I/L}- {I/L}-x-{I/L/V}).
iii SUMO interacting motif 1 ({I/L/V}-{l/L/V}-x-{I/L/V}).
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4.3 Vinculin interacts with SUMO2 and the SUMO-associated enzymes, Ubc9 and
SENP2.

Immunostaining studies were performed to investigate the interaction between SUMO02/3

and the FA protein, vinculin, using confocal microscopy. MDA-MB-231 cells were seeded on

coverslips and grown until 80-100% confluency before fixing and subjecting them to

immunocytochemistry with SUMO2/3 and vinculin antibodies. The results show a

cytoplasmic localisation of SUMO2/3 with vinculin (Figure 4.1).

Figure 4.1 Immunostaining of SUMO2/3 and vinculin in MDA-MB-231 cells. Cells were fixed and
subjected to immunocytochemistry for SUMO2/3 and vinculin antibodies. Images were taken using a
confocal microscope. Vinculin was shown (top left image), while SUMO2/3 was shown (bottom left
image) with arrows indicating the distribution of vinculin or SUMO2/3 within the cell. Image on the
right demonstrates the co-localisation of SUMO2/3 with vinculin (orange arrow) by merging them
using image J (scale bar = 20 um).
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To further support this co-localisation between SUMO2 and vinculin, co-transfection with
pAmCyanl1-SUMO2 and pZsYellowl-vinculin was used to investigate their possible
localisation. MDA-MB-231 cells were co-transfected with both pAmCyan1-SUMO2 and
pZsYellowl-vinculin, fixed and confocal microscopy was used to visualise their subcellular
distribution (Figure 4.2 (B)). The co-localisation value was analysed using Spearman’s (rho)
correlation coefficient analysis in Imagel (Fiji) software. The results show a co-localisation

value of 0.556 + 0.09 between SUMO2 and vinculin (Figure 4.5).

Co-immunoprecipitation was also used to evaluate whether SUMO2 interacts with vinculin.
MDA-MB-231 cells were co-transfected with both Ha-SUMO2 and pZsYellow1-vinculin,
grown for 24-48 hours before preparing cell lysate. Anti-Ha antibody was mixed with cell
lysate overnight before incubating with agarose beads to immunoprecipitate Ha-tagged
SUMO2. The interaction between SUMO2 and vinculin was analysed by western blot with
anti-GFP antibody. Whole cell lysate was used as a positive control and nonspecific rabbit
IgG Co-IP was used as a negative control. Vinculin was detected at 130 kDa in both positive
control and Ha Co-IPs, while no bands were present in the negative control (Figure 4.2 (A)).

This interaction supports the previous finding in co-localisation studies.
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Figure 4.2 SUMO2 interacts with vinculin in MDA-MB-231 cells. A) Ha-SUMO2 IP and Western
blotting showing that vinculin protein was detected in Ha-SUMO?2 IP at 130 kDa. Total cell lysate was
used as a positive control, whereas IgG IP was used as a negative control. B) Confocal microscope
images showing the expression of pZsYellowl-vinculin and pAmCyan1-SUMO2 in MDA-MB-231
cells. Cells were transfected with pZsYellowl-vinculin and pAmCyan1-SUMO?2, fixed and confocal
microscopy was used to take images. Vinculin was shown in top left image, while SUMO2 was shown
in bottom left image. Arrows indicate the distribution of vinculin or SUMO2 within the cell. Image on
the right demonstrates the co-localisation of SUMO2 with vinculin (white arrows) by merging them
using Image J (scale bar = 20 um).
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To further investigate the association between SUMOylation and vinculin, co-localisation
studies were performed to investigate the possible interaction between vinculin and the
SUMO-associated enzymes, Ubc9 and SENP2. MDA-MB-231 cells were seeded on coverslips
and grown until 70% before transfection with pZsYellow1-vinculin. Then, cells were fixed and
subjected to immunocytochemistry with Ubc9 antibody. To investigate the association
between SENP2 and vinculin, cells were co-transfected with both pAmCyan1-SENP2 and
pZsYellow1-vinculin, grown for 24-48 hours before fixing. A confocal microscope was used to
visualise the distribution of these proteins within cells and Imagel (Fiji) software was used to
analysis their co-localisation probabilities using Spearman’s (rho) correlation coefficient
analysis. The results show both a nucleic and cytoplasmic distribution of SENP2 and Ubc9.
They also show that Ubc9 is localised with vinculin in the cytoplasm and in the membrane at
FA sites (Figure 4.3). The Spearman’s (rho) correlation coefficient value of the co-localisation
between Ubc9 and vinculin was of 0.63 + 0.05 (Figure 4.5). In addition, the co-localisation
value between SENP2 and vinculin was 0.31 £ 0.03 (Figure 4.5). SENP2 was shown to be
localised with vinculin in the cytoplasm, but not at the membrane (Figure 4.4). This
localisation between these SUMO-associated proteins and vinculin could further support the

possibilities of vinculin as a SUMOylation substrate.
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Figure 4.3 Vinculin is localised with the SUMOylation-associated enzyme Ubc9 in MDA-MB-231
cells. Confocal microscope images showing the expression of pZsYellowl-vinculin and
immunostaining of Ubc9. Cells were transfected with pZsYellowl-vinculin, fixed and subjected to
immunocytochemistry for Ubc9 antibody. Ubc9 was shown as red, while vinculin was shown as
green. Arrows indicate the distribution of Ubc9 or vinculin within the cell. Image on the right
demonstrates the localisation of Ubc9 with vinculin (yellow arrows show their localisation) by
merging them using image J. Scale bar = 20 um.
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Figure 4.4 Vinculin is localised with the SUMOylation-associated enzyme SENP2 in MDA-MB-231
cells. A) Confocal microscope images showing the expression of pZsYellow1-vinculin and pAmCyan1-
SENP2. Cells were co-transfected with pZsYellow1-vinculin and pAmCyan1-SENP2, fixed and confocal
microscope was used to take images. SENP2 was shown as blue, while vinculin was shown as yellow.
Arrows indicate the distribution of SENP2 or vinculin within the cell. Image on the right
demonstrates the co-localisation of SENP2 with vinculin (white arrows show their co-localisation) by
merging them using image J. Scale bar = 20 um.
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Figure 4.5 Vinculin is colocalised with SUMO2 and SUMO associated enzyme. The graph represents
Quantification analysis showing mean spearman’s rank correlation values between vinculin (VCL)
and SUMO associated proteins, SUMO2, Ubc9 and SENP2. Co-localisation was calculated using
spearman rank correlation value with 0 means no co-localisation, whereas 1 means high localisation.
Data was presented as mean = SEM of three independent experiments.
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4.4 The lysine 80 (K80) in the amino acid sequence of human vinculin is a strong SUMO
site.

As the data in this chapter increases the possibilities of vinculin as a SUMO target,
bioinformatic tools were used to identify possible SUMOylation sites in vinculin. Different
bioinformatic tools including JASSA, GPS SUMO and SUMOplot predicted the presence of
several possible SUMO sites in vinculin with different scores (Table 4.2). One site that has
the highest scores in all bioinformatic tools to be a SUMOQylation motif is lysine at position
80 (K80). This lysine at position 80 in the amino acid sequence of vinculin was predicted to
be in a hydrophobic cluster SUMOylation motif (HCSM). In addition, lysine at position 496
(K496) was shown to have a strong consensus inverted with high score in JASSA. Other
possible SUMOylation sites showed the presence of SUMOQylation consensus motifs with
lower scores than that of K80 and K496. In addition, these tools predicted the presence of
SIM interaction motifs at three different sites in this protein (aa 134-137, aa 244-247 and aa
995-998) (Table 4.1 (B)).

In order to identify the regions of K80 and K496 residues in the 3-D fold of vinculin, PyMOL
tool was used to visualise its 3-D structure. Unlike K496, lysine at 80 in the amino acid
sequence of vinculin is located in the surface of the 3-D structure making it accessible to
SUMO proteins binding (Figure 4.6 (B)). Furthermore, multisequence alignment was used to
compare the sequences of K80 and K496 SUMOylation consensus motifs in human vinculin
with the sequences of these sites in different species. The results show that the amino acid
sequence representing the SUMOylation consensus motif at K80 (IKVE) is conserved among

different mammalian species, but not the motif at K496 (Figure 4.6 (A)).
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Table 4.2 Showing the SUMOylation sites in vinculin. A) List of SUMOylation motifs in vinculin
predicted by three separate bioinformatic tools, JASSA, GPS-SUMO and SUMOplot. Direct motifs
were highlighted with red, while inverted motifs were highlighted with blue. Scores of predicted
sites were presented according to servers scoring systems. K80 showed the highest score in all
servers and K496 showed the highest score in inverted motifs in JASSA prediction tool.

Position | Motif Consensus type JASSA | GPS-SUMO | SUMOplot | DB
K Sequence Best score Score Hit
PS
K35 DGKA Consensus Low 1.424
inverted
K71 LKRD Strong Low 3.019 2
consensus’
K80 AFIKVE HCSM High 23.75 0.94 16
K276 DSKL Strong consensus | Low 1.216
invertedV
K366 AKVE Consensus Low 4,139 0.79
K496 EGKI Strong consensus | High 2.348 0.67
inverted
K544 AKCD Consensus Low 0.757 0.79
K731 IKKD Strong consensus | Low 3.532 0.94 1
K768 AKREVENSEDP | NDSMV Low 2.378 0.79 2
K778 DPKF Consensus Low 2.362 0.79
inverted

i Inverted SUMOylation motif (axkW).

ii Strong SUMOylation motif ({I/L/V}kxa).

i Hydrophobic cluster SUMOylation motif (HCSM), (W_KxE).

iv Strong inverted SUMOylation motif (axk{l/L/V}).

v SUMOylation consensus motif (Wkxa).

vi Negatively charged amino acid-dependent SUMOylation site (NDSM), (W,Kxaxa, ).

where W is a hydrophobic, k lysine, a is an acidic, x is any amino acid.
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Human KRDMPPAFIKVENACTKLVAQ.......... VHLEGKIEQA
Chimpanzee KRDMPPAFIKVENACTKLVQ...conns VHLEGKIEQA
Pig KRDMPPAFIKVENACTKLVQ....c...... VHLEGKIEQA®
Dog KRDMPPAFIKVENACTKLVAQ.......... VHLEGKIEQA
Mouse KRDMPPAFIKVENACTKLVAQ.......... VHLEGKIEQA
Chicken KRDMPPAFIKVENACTKLVR........... VHLEGKIEQA
Xenopus KRDMPPAFIKVENACAKLVAQ.......... VNMEGKVEQA
Zebrafish KRDMPSAFIKVENACAKLVE..........VTLEGKMEQA
Drosophila QDMPSALHRVEGASQLLEEA,........ LKQFTEAVLQ
C. elegans QDMPPALQRVEGSSKLLEES.......... VVDDFADITT
SUMO motif WwKxE

*=K497

K80 motif = isoleucine, lysine, valine, glutamic acid
K496 motif =glycine, lysine, isoleucine/valine/methionine, glutamic acid

Figure 4.6 Showing the K80 and K496 SUMOylation motifs sites in vinculin. A) Multisequence
alignment of the K80 and K496 SUMOylation motifs sequences in human vinculin with these sites in
vinculin in different species. Underlined amino acids show the SUMOylation motifs at K80 and K496
(*). Lysine residues (K) were shown as red. The amino acids at the predicted SUMOylation motif at
K80 (IKVE) were shown to be conserved among different mammalian species. The isoleucine amino
acid at the SUMOylation motif K496 in human vinculin (GKIE) was shown to be non-conserved
among different mammalian species. B) Showing the three-dimensional structure of vinculin. K80
(red) is in the surface of vinculin, but not K496.
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4.5 The K80R mutation in human vinculin reduces its interaction with SUMO2

Mutagenesis was used to create specific mutations in human vinculin. Individual mutations,
K8OR or K496R, or combined mutations, K80R/K496R, were created. Co-
immunoprecipitation was utilised to investigate the effect of these mutations on vinculin-
SUMO?2 interaction. MDA-MB-231 cells were co-transfected with both Ha-tagged SUMO?2
and WT or mutated vinculin, grown for 24-48 hours before preparing whole cell lysate. Anti-
Ha antibody was mixed with cell lysate overnight before incubating with agarose beads to
immunoprecipitate Ha-tagged SUMO2. The interaction between SUMO2 and vinculin was
analysed by western blot with anti-GFP antibody. Vinculin was detected at 130 kDa in both
Ha Co-IPs of WT and mutated vinculin-transfected cells. Interestingly, in Ha Co-IP samples
prepared from whole cell lysate of cells transfected with K80R vinculin, there was much less
SUMOylated vinculin compared to cells transfected with WT vinculin (Figure 4.7 (B)).
Reverse Co-IP was used to further confirm the effect of these mutations on the interaction
between SUMO?2 and vinculin. Anti-GFP antibody was mixed with cell lysate prepared from
cells co-transfected with both Ha-SUMO2 and WT or mutated vinculin. Anti-Ha antibody
detected the presence of SUMO2 in all Co-IP samples. Interestingly, there was much less
SUMOylated vinculin in samples prepared from cells transfected with either K80R or

K80R/K496R mutated vinculin compared to WT or K496R vinculin.
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Figure 4.7 Immunoprecipitation and Western blot showing that the K80OR mutation in vinculin
reduces its interaction with SUMO2. A) HA IP for Ha-SUMO2 and WB showing that less amounts of
K80R vinculin molecules was detected in Ha-SUMO2 IP compared to WT or K496R IPs. B)
Quantification of band intensity of GFP-vinculin in Ha IPs of cell lysates of WT or K80R transfected
cells. Data was presented as mean = SEM of three independent experiments. T-test with was used to
evaluate any significant differences between groups (*, ** and *** represent P <0.05, 0.01 and
0.001 respectively).
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4.6 The K80R mutated vinculin significantly increases the size of FAs and leads to a

slower turnover and reduces cell migration of MDA-MB-231 cells.

As vinculin was found earlier in this chapter to interact with SUMO and SUMO-associated
proteins, this part of this chapter focuses on the effects of this mutation on the dynamic
activities of FAs. MDA-MB-231 cells were transfected with WT or mutated vinculin, grown
for 24-48 hours and confocal microscopy was used to monitor the dynamics of FAs. The
results show that the turnover of vinculin-containing FAs was significantly slower in cells
transfected with K8OR (Figure 4.8 (C)) or K80R/K496R (Figure 4.8 (D)) mutated vinculin
compared to cells transfected with WT (Figure 4.8 (A)) or K496R mutated vinculin (Figure 4.8
(B)). In control cells, the average turnover of FAs was 36.3 + 1.3 seconds compared to 74.75
+ 6.5 seconds in cells transfected with K80R vinculin (p<0.001) and 61.9 + 0.85 seconds in
cells transfected with K80R/K496R vinculin (p<0.01) (Figure 4.8 (E)). No significant changes
were observed between WT and K496R vinculin transfected cells. No significant changes
were observed between K80R and K80R/K496R transfected cells.

The size of FAs was also affected by this mutation. Results in figure 4.9 show a significant
increase in the size of FAs from 1.12 + 0.03 um? in control cells (transfected with WT
vinculin) to 1.53 + 0.10 um? in K80R vinculin transfected cells (p<0.05) or 1.48 + 0.07 um? in
K80R/K496R transfected cells (p<0.05). No significant changes in the size of FAs were
observed between WT and K496R vinculin transfected cells or between K80R and

K80R/K496R transfected cells (Figure 4.9 (B)).
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However, there were no significant effects of these mutations on the number of vinculin-
containing FAs in these cells. The number of FAs in control cells (transfected with WT
vinculin) was 34.37 £ 3.05 FAs compared to 32.10 + 3.2 FAs in K496R vinculin transfected
cells, 40.53 + 7.87 FAs in K80OR vinculin transfected cells and 31.57 * 5.58 FAs in cells

transfected with KBOR/K496R transfected cells (Figure 4.9 (C)).

Similar effects were shown when seeding cells on 2 mg/ml collagen, 1% gelatin or
fibronectin coated wells. The average turnover of FAs in control cells (transfected with WT
vinculin) on collagen was 33.26 + 1.37 seconds compared to 48.26 t 2.46 seconds in K80OR
vinculin transfected cells (p<0.01) and 50.83 + 0.98 seconds in K80R/K496R transfected cells
(p<0.001) (Figure 4.10 (A)). This significantly slower turnover of FAs was also observed in
cells seeded on gelatin or fibronectin. The average turnover of FAs in control cells on gelatin
was 35 + 0.67 seconds compared to 47.68 £ 0.50 seconds in K80R vinculin transfected cells
(p<0.01) and 50.75 + 2.73 seconds in K80R/k496R transfected cells (p<0.001) (Figure 4.10
(B)). In addition, the average turnover of FAs in control cells seeded on fibronectin wells was
35.02 £ 1.5 seconds compared to 49.44 £ 2.42 seconds in K80R vinculin transfected cells
(p<0.01) and 48.03 * 0.03 seconds in K80R/K496R transfected cells (p<0.01) (Figure 4.10
(C)). No significant changes in the turnover of FAs were observed between WT and K496R
vinculin transfected cells or between K80R and K8OR/K496R transfected cells on these

different coating surfaces (Figure 4.10).
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Figure 4.8 The K80R mutation in human vinculin reduces the turnover of FAs in MDA-MB-231 cells.
A) Showing the turnover of vinculin-containing FAs in WT transfected cells. B) Showing the turnover
of WT vinculin-containing FAs (B) K496R (C) K80R (D) K496R/K80R. Cells were transfected with WT or
mutated vinculin, gown for 24-48 hours and live cell imaging was performed using confocal
microscope. Images were captured every 10 seconds for 5 minutes, scale bar = 5 um. White circles
demonstrate the dynamic turnover of a single FA starting from appearing to disappearing. D)
Quantification analysis shown the mean FA turnover measurements. Data was presented as mean *
SEM of three independent experiments, in each experiment a total number of 300 focal adhesions
(35 cells) were analysed. One-way ANOVA with Tukey’s Multiple comparison test was used to
evaluate any significant differences between groups (*, ** and *** represent P <0.05, 0.01 and
0.001 respectively).
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Figure 4.9 Effects of the K80R-vinculin on the size of FAs in MDA-MB-231 cells. A) Representative
images of vinculin containing FAs from confocal timelapse movies for control cells (transfected with
WT vinculin), K496R-vinculin, K80R-vinculin or K496R/K80R transfected cells. Scale bar = 20 um. B) A)
Quantification analysis shown the mean FA size measurements (C) the mean FA number in control
cells (transfected with WT vinculin) compared to K496R, K80R or K496R/K80R vinculin transfected
cells. Data was presented as mean + SEM of three independent experiments, in each experiment a
total number of 160 cells were analysed. One-way ANOVA with Tukey’s Multiple comparison test
was used to evaluate any significant differences between groups (*, ** and *** represent P <0.05,
0.01 and 0.001 respectively).
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Figure 4.10 Effects of the K80R vinculin mutation on the turnover of FAs in MDA-MB-231 cells on
different surfaces. Cells were seeded on collagen, gelatin or fibronectin and grown over night. Then,
cells were transfected with WT, K496R, K80R or K496R/K80R vinculin and grown for 24-48 hours.
Short timelapse movies were generated using confocal microscopy. A) Quantification analysis shown
the mean FA turnover measurements in collagen coated cells (B) gelatin (C) fibronectin in control
cells (transfected with WT vinculin) compared to K496R, K8OR or K496R/K80R vinculin transfected
cells. Data was presented as mean + SEM of three independent experiments, in each experiment a
total number 100 focal adhesions (20 cells) were analysed. One-way ANOVA with Tukey’s Multiple
comparison test was used to evaluate any significant differences between groups (*, ** and ***
represent P <0.05, 0.01 and 0.001 respectively).
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Time lapse cell tracking was used to evaluate the effects of KBOR mutation on the migration
of MDA-MB-231 cells. Cells were transfected with WT or mutated vinculin, grown for 24-48
hours and confocal microscopy was used to capture images of transfected cells every 15
minutes for 24 hours. The results show a significant reduction in the speed of these cells in
K80R vinculin transfected cells compared to control cells. The speed of cells was significantly
reduced from 16.23 + 0.82 um/h in control cells (transfected with WT vinculin) to 9.01 +
0.62 um/h in K80R vinculin transfected cells (p<0.01) (Figure 4.11 (A)). There were no
significant effects of this mutation in vinculin on cell movement directionality or cell
proliferation. The average directionality of control cells was 0.1277 + 0.01447 compared to
0.1259 + 0.004167 in K80R transfected cells (Figure 4.11 (B)). In addition, no significant
effects of the K80OR mutation on cell proliferation of MDA-MB-231 cells. The average
percentage of proliferated cells was 44.72 + 3.737 % in control cells compared to 36.25 +

2.602 % in K80R transfected cells in 8-hour period (p<0.13) (Figure 4.11 (C)).
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Figure 4.11 Effects of the K80R-vinculin mutation on the migration and proliferation of MDA-MB-
231 cells. Cells were transfected with WT or K80R vinculin and grown for 24-48 hours. Confocal
microscopy was used to take images of transfected cells every 15 minutes for 24 hours. A)
Quantification analysis shown the mean speed measurements (B) mean directionality (C) mean
percentage of cell proliferation during a period of 8 hours in WT compared to K80R vinculin
transfected cells. Data was presented as mean + SEM of three independent experiments, in each
experiment at least 20 cells were analysed for each group. T-test was used to evaluate any
significant differences between groups (*, ** and *** represent P <0.05, 0.01 and 0.001
respectively).

Similar effects were observed when seeding cells on fibronectin, collagen or gelatin coated
wells. The average speed of control cells on fibronectin was 25.32 + 0.56 um/h compared to
14.77 £ 1.49 um/h in K80R vinculin transfected cells (p<0.01) and 11.41 + 0.29 um/h in
K80R/K496R vinculin transfected cells (p<0.001) (Figure 4.12 (A)). This reduction was also
observed in cells seeded on collagen or gelatin coated wells. The average speed of MDA-
MB-231 cells on collagen was significantly reduced from 19.37 + 1.5 um/h in WT vinculin
transfected cells to 11.30 + 1.5 um/h in K80R vinculin transfected cells (p<0.01) and 9.63 +
0.55 um/h in K80R/K496R vinculin transfected cells (p<0.001) (Figure 4.12 (B)). In addition,

the average speed of these cells on gelatin was significantly reduced from 24.4 + 2.65 um/h
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in WT vinculin transfected cells to 10.79 + 0.36 um/h in K80R vinculin transfected cells
(p<0.01) and 11.84 + 1.28 um/h in K8OR/K496R vinculin transfected cells (p<0.001) (Figure
4.12 (C)). No significant changes in the speed of MDA-MB-231 cells were observed between
WT and K496R vinculin transfected cells or between K80OR and K8OR/K496R transfected cells

on the different coating surfaces (Figure 4.12).
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Figure 4.12 Effects of the K80R-vinculin mutation on the speed of MDA-MB-231 cells on different
surfaces. Cells were seeded on plastic (non-coated), fibronectin, collagen or gelatin and grown over
night. Then, cells were transfected with WT, K496R, K80R or K496R/K80R vinculin and grown for 24-
48 hours. Confocal microscopy was used to take images of transfected cells every 15 minutes for 24
hours. A) Quantification analysis shown the mean speed measurements in cells seeded on
fibronectin (B) collagen (D) gelatin in control cells (transfected with WT vinculin) compared to
mutated-vinculin transfected cells. Data was presented as mean * SEM of three independent
experiments, in each experiment at least 20 cells were analysed for each group. One-way ANOVA
with Tukey’s Multiple comparison test was used to evaluate any significant differences between
groups (*, ** and *** represent P <0.05, 0.01 and 0.001 respectively).
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There were no significant effects of the different mutations in vinculin on cell movement
directionality on different surfaces. In cells seeded on fibronectin, no significant effects of
these different mutations in vinculin on cell directionality were observed. The average
directionality of MDA-MB-231 cells on fibronectin was 0.1588 + 0.02 in WT vinculin
transfected cells compared to 0.1682 + 0.02 in K496R transfected cells, 0.2271 + 0.004 in
K80R vinculin transfected cells and 0.2207 + 0.018 in K8OR/K496R vinculin transfected cells
(Figure 4.13 (A)). In addition, the average directionality of control cells on collagen was
0.1815 + 0.03 compared to 0.1677 + 0.02 in K496R transfected cells, 0.1610 + 0.02 in K8OR
vinculin transfected cells and 0.157 + 0.02 in K80R/K496R vinculin transfected cells (Figure
4.13 (B)). Furthermore, there were no significant effects of the K8OR mutation on cell
directionality compared to WT. The average directionality of MDA-MB-231 cells on gelatin
was 0.1352 £ 0.01 in WT vinculin transfected cells compared 0.2131 + 0.01 in K80R vinculin
transfected cells and 0.1829 * 0.03 in K80R/K496R vinculin transfected cells (Figure 4.13
(C)). However, there was a significant increase in cell movement directionality from 0.1130

0.02 in K496R transfected cells to 0.2131 + 0.01 in K80R vinculin transfected cells on gelatin.
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Figure 4.13 Effects of the K80R-vinculin mutation on the directionality of MDA-MB-231 cells on
different surfaces. Cells were seeded on plastic collagen, gelatin or fibronectin and grown over
night. Then, cells were transfected with WT, K496R, K80R or K496R/K80R vinculin and grown for 24-
48 hours. Confocal microscopy was used to take images of transfected cells every 15 minutes for 24
hours. A) Quantification analysis shown the mean directionality measurements in cells seeded on
fibronectin (B) collagen (C) gelatin in control cells (transfected with WT vinculin) compared to
mutated-vinculin transfected cells. Data was presented as mean * SEM of three independent
experiments. One-way ANOVA with Tukey’s Multiple comparison test was used to evaluate any
significant differences between groups (*, ** and *** represent P <0.05, 0.01 and 0.001
respectively).
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4.7 The K80R mutation in human vinculin significantly increases the size of FAs and
leads to a slower FA turnover in different cancer cell lines.
The effects of KBOR mutation on the dynamics of FAs and cell migration was also evaluated
in different cancer cell lines. The fibrosarcoma cancer cells, HT1080, were transfected with
WT or mutated vinculin, grown for 24-48 hours and confocal microscopy was used to
monitor the dynamics of FAs. The results show that the turnover of vinculin-containing FAs
was significantly slower in cells transfected with K80OR vinculin compared to control. In
control cells (transfected with WT vinculin), the average turnover of FAs was 36.34 + 0.38
seconds compared to 52.02 + 0.93 seconds in cells transfected with K80R vinculin (p<0.001)
(Figure 4.14 (A)).
The size of FAs was also affected by this mutation. Results in figure 4.15 show a significant
increase in the size of FAs from 1.10 * 0.06 um? in control cells (transfected with WT
vinculin) to 1.39 #+ 0.03 um? in K80R vinculin transfected cells (p<0.05) (Figure 4.15 (B)).
However, there were no significant effects of these mutations on the number of vinculin-
containing FAs in these cells. The number of FAs in control cells was 87.56 + 7.73 FAs
compared to 100.4 + 13.33 FAs in K80R vinculin transfected cells (Figure 4.15 (C)).
Time lapse cell tracking was used to evaluate the effects of K8OR mutation in vinculin on the
migration of HT1080 cells. Cells were transfected with WT or mutated vinculin, grown for
24-48 hours and confocal microscopy was used to take images of transfected cells every 15
minutes for 24 hours. The results show a significant reduction in the speed of these cells
when transfected with K80R vinculin compared to WT. The speed of cells was significantly
reduced from 15.25 * 1.67 um/h in control cells to 8.30 + 0.79 um/h in K8OR vinculin

transfected cells (p<0.05) (Figure 4.14 (B)).
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Figure 4.14 Effects of the KBOR mutation in human vinculin on the turnover of FAs and cell speed
of HT1080 cells. Cells were transfected with WT or K80R vinculin and grown for 24-48 hours. Short
timelapse movies to monitor the dynamic activities of FAs were generated using confocal
microscopy. Confocal microscopy was also used to take images of transfected cells every 15 minutes
for 24 hours to monitor cell speed. A) Quantification analysis shown the mean FA turnover
measurements. B) Quantification analysis shown the mean speed measurements in control cells
(transfected with WT vinculin) compared to K80R vinculin transfected cells. Data was presented as
mean = SEM of three independent experiments, in each experiment a total number of 140 focal
adhesions (18 cells) for turnover were analysed and a total number of 50 for cell speed were
analysed. T-test with was used to evaluate any significant differences between groups (*, ** and ***
represent P <0.05, 0.01 and 0.001 respectively).
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Figure 4.15 Effects of the K80R-vinculin on the size of FAs in HT1080 cells. A) Representative images
of vinculin containing FAs in HT1080 cells for control cells (transfected with WT vinculin) or K80R-
vinculin transfected cells. Scale bar = 19 um. B) Quantification analysis shown the mean FA size
measurements (C) the mean FA number in control cells (transfected with WT vinculin) compared to
K80OR vinculin transfected cells. Data was presented as mean = SEM of three independent

experiments, in each experiment a total number of 80 cells were analysed. T-test with was used to

evaluate any significant differences between groups (*, ** and *** represent P <0.05, 0.01 and
0.001 respectively).
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Then, the effects of KBOR mutation on the turnover of FAs was also evaluated in the renal
cell adenocarcinoma cells, ACHN. These cells were transfected with WT or mutated vinculin,
grown for 24-48 hours and confocal microscopy was used to monitor the dynamics of FAs.
The results show that the turnover of vinculin-containing FAs was significantly slower in cells
transfected with K8OR mutated vinculin compared to control. In control cells (transfected
with WT vinculin), the average turnover of FAs was 34.69 + 0.48 seconds compared to 48.73

+ 0.88 seconds in cells transfected with K80R vinculin (p<0.001) (Figure 4.16).
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Figure 4.16 Effects of the K80R-vinculin on the turnover of FAs in ACHN cells. Cells were transfected
with WT or K80R vinculin and grown for 24-48 hours. Short timelapse movies were generated using
confocal microscopy. The graph shows the quantification analysis of the mean FA turnover
measurements in control cells (transfected with WT vinculin) compared to K80R vinculin transfected
cells. Data was presented as mean + SEM of three independent experiments, in each experiment a
total number of 70 focal adhesions (12 cells) were analysed. T test was used to evaluate any
significant differences between groups (*, ** and *** represent P <0.05, 0.01 and 0.001
respectively).
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4.8 Discussion

The purpose of this chapter was to investigate the role of SUMOylation on FA dynamics. The
findings in the previous chapter suggest an important role of SUMOylation in FA dynamics
and cancer cell migration. However, the limitations of using SUMOylation inhibitors to
investigate the role of SUMOylation in cellular pathways encourages finding a more specific
and alternative approach to support this finding. Although SUMOylation has previously been
linked to FAs in the literature, these studies do not reveal a direct role of SUMOylation in
the regulation of FA dynamics. For example, the SUMOylation of the FA protein FAK was
found to take place in the nucleus, suggesting a distinct role from its functions at the FA
complex (Kadaré et al., 2003). In addition, inhibiting general SUMOylation was found to
increase the size and turnover time of talin-containing FAs (Huang et al., 2018). However,
these effects could be indirect due to the involvement of SUMOylation in various cellular
processes and by inhibiting general SUMOylation, multiple processes are disrupted. This
leads indirectly to the impairment of FA dynamics. Furthermore, since SUMOylation as a
post-translational modification mechanism has been discovered in the last two decades,
more SUMO substrates are being identified. For example, vinculin and talin are critical
scaffolding FA proteins and they have been identified in a recent proteomic study to be
among SUMOylation substrates (Xiao et al., 2016). Therefore, the main aim of this chapter is
to investigate the direct effects of SUMOylation on FA dynamics. This was achieved by
evaluating the role of SUMOylation in the regulation of FA dynamics through the
mutagenesis of individual FA proteins, thus minimising unwanted effects.

In this current study, different approaches were used to investigate the direct effects of

SUMOylation in FA dynamics. ldentifying potential SUMOylation sites in possible SUMO
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targets is important as a part of understanding the impact of SUMOylation on various
cellular processes. Several computational tools have been developed to predict the
presence of the core SUMOylation motifs in the target protein sequence. These tools
facilitate the selection of potential SUMO targets and the best candidate sites for
experimental verification. The SUMOplot™ computational tool is one of earliest SUMO
prediction tools that predict SUMO conjugating sites in proteins of interest depending on
the presence of the SUMOylation core consensus motif in their sequence (Xue et al., 2006).
Following that, GPS-SUMO was developed and it is suggested to be one of the best available
prediction tools of SUMO sites. This tool has shown a greater prediction accuracy of SUMO
sites compared to the other available tools. Besides predicting SUMO conjugating sites, this
server also predicts SIM sites, thus increasing its application to predicting SUMO substrates
(Zhao et al., 2014). Furthermore, JASSA is another useful prediction tool of potential SUMO
sites in proteins and it scores them based on the alignment of more than 877 experimentally
validated sites (Beauclair et al., 2015). This server has shown a competitive prediction
performance compared to other available prediction tools (Beauclair et al.,, 2015). In
addition, a scoring system for the inverted SUMO consensus motif besides scoring the direct
motif is one of the distinct features of this server. The inverted SUMO motif has been
reported previously to be SUMOylated (Matic et al., 2010). The inverted motifs achieve
lower scores in scoring systems that were designed for the direct SUMO consensus motif
(Beauclair et al., 2015). The development of a scoring system that is specific for inverted
SUMO motifs could reveal the presence of essential SUMO sites for experimental validation.
Furthermore, this SUMO site prediction tool, alongside GPS-SUMO, is the only tool that can

predict the presence of SIM sites, which are important in the interaction with SUMOylated
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proteins (Zhao et al., 2014). Overall, SUMO prediction tools were shown to be useful in the
identification of SUMO sites to investigate the impact of SUMOylation on the target protein
functions. For example, FAK was predicted to be SUMOylated at K152 and this site was
experimentally verified (Kadaré et al., 2003). In addition, K51 and K195 of Flotillin-1 were
predicted to be SUMO conjugating sites and they were experimentally validated (Jang et al.,
2019). Furthermore, SUMOplot and JASSA tools predicted the SUMO conjugation to three
potential lysine residues in liver kinase B1 (LKB1). The experimental validation of these sites
using mutagenesis confirmed the SUMOylation of this kinase at one of these predicted sites,

K178 (Zubiete-Franco et al., 2019).

Here, various FA proteins were analysed using bioinformatic tools to identify possible SUMO
substrates according to the presence of SUMOylation consensus motifs. The bioinformatic
analysis revealed the presence of extended SUMOylation consensus motifs in several FA
proteins including vinculin, talin, FAK, VASP, a-actinin, filamin and actin. Some of these
motifs were experimentally validated in the literature. Talin was previously identified in our
lab to be a SUMO substrate. Talin was detected in SUMO2/3 IPs and Gka treatment reduced
SUMOylated talin levels (Huang et al., 2018). Another motif was experimentally validated in
FAK at K152 and it was shown to inhibit its SUMOylation and nuclear localisation (Kadaré et
al., 2003). Collectively, these extended motifs increase the probability of a protein to be
SUMOylated and this could be useful for the prediction of SUMO substrates (Hietakangas et
al., 2006). In addition, the presence of these motifs in a protein increases its probability to
be a SUMO substrate more than the core SUMOylation consensus alone, which was present

in some proteins and was not SUMOQylated (Xu et al., 2008). In addition, the presence of

| Chapter 4 — Identification of a direct role of SUMOylation in FA dynamics sEE)
through SUMOylation of vinculin



SUMO interacting motifs (SIMs) in various FA proteins could induce their non-covalent
interaction with SUMOylated proteins, indicating a possible role of SUMOylation in
mediating protein-protein interaction at FA complex. Overall, the presence of multiple
SUMO and SIM motifs in various FA proteins suggests the possible role of SUMOylation in
their regulation. By modifying them, SUMOylation could regulate their activation,

recruitment to FAs or interactions.

SUMOylation was suggested to target clusters of functionally-associated proteins that form
cellular structures through covalent and non-covalent interactions (Hendriks and Vertegaal,
2016). SUMOylation has been shown earlier to be involved in the formation of PML nuclear
bodies by facilitating the interaction of SUMOylated proteins with associated proteins
through SIM motifs. For example, PML is one of the first identified SUMO targets (Boddy et
al.,, 1996). Its SUMOylation was found to be essential for the formation of PML nuclear
bodies (Sahin et al., 2014). A previous study by Shen and their colleagues in 2006 identified
a SIM motif in this protein beside its SUMOylation motifs. They reported that this motif is
required for the formation of PML nuclear bodies (Shen et al., 2006). This could suggest a
similar mechanism in the protein modification system in the formation of other protein
complexes by modifying target proteins. This modification enhances their binding affinity
towards other proteins that possess SIM motifs. This will lead to the recruitment of the
required proteins to form complexes. As FAs are formed of multiple proteins and many of
these proteins have SUMO consensus motifs and/or SIM motifs, SUMOylation could

participate in their formation. The SUMOylation of FAK, talin and vinculin could enhance
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their binding affinity towards other proteins, facilitating recruitment of these proteins to

form and stabilise FAs.

Vinculin was selected to investigate the role of SUMOylation in the regulation of FAs.
Vinculin is a critical protein involved in the development of FAs by linking talin to F-actin
fibres (Carisey et al., 2013). After the formation of nascent FAs, vinculin is recruited to FAs
where it enhances their stability and maturation through its interaction with multiple FA
proteins including talin, a-actinin, paxillin and actin and consequently, it facilitates cell
movement (McGregor et al., 1994). The loss of vinculin in cancer cells was found to reduce
the strength of cell adhesion and cell spreading, and to enhance cell migration (Coll et al.,
1995, Saunders et al., 2006). Vinculin has previously been linked to SUMOylation in the
literature. It was identified alongside talin in a proteomic study to be among the SUMO
substrates (Xiao et al., 2016). In addition, silencing the SUMO E3 ligase, PIASI, was found to
decrease its localisation to FA complexes, thus suggesting a possible role of SUMOylation for
its activities at the FA sites (Constanzo et al.,, 2016). Therefore, the involvement of
SUMOylation in its regulation was investigated in this chapter.

Three separate bioinformatic tools predicted the presence of several SUMO motifs in
vinculin with different scores. Lysine 80 has the highest score and was predicted to be in an
extended SUMO consensus motif (HCSM), whereas lysine 496 was predicted to be in a
strong consensus inverted motif. All three tools, JASSA, SUMOplot and GPS SUMO,
predicted that the lysine 80 has the highest scores and thus the highest likelihood to be a

SUMO conjugating site among all of the FA proteins used in this analysis.
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Since conformational changes in vinculin folding are required to promote its interaction with
other FA proteins, SUMO attachment to vinculin could be involved in this process. The
presence of a K80 site at the surface of the 3-D structure in vinculin makes its accessible to
SUMO binding, which in turn may induce structural changes that could reveal binding sites
for its interaction partners, leading to the recruitment and activation of vinculin at the FA
sites. All of the features of this site increase the possibility that vinculin could be
SUMOylated at lysine 80 (K80). These bioinformatic findings suggest that vinculin is a
possible SUMO substrate. However, experimental validation is necessary to support this

finding and to understand the role of SUMOylation in the functions of this protein.

In order to investigate the association between SUMO and vinculin within the adhesion
sites, the interactions between SUMO2/3, which are mainly located in the cytoplasm (Wang
and Dasso, 2009), and vinculin has been evaluated using co-localisation and Co-IP studies.
Co-localisation studies revealed the localisation of SUMO2 with vinculin at the FA sites,
suggesting the presence of SUMO substrates at FA sites. Co-localisation studies also
revealed the localisation of two SUMO-associated enzymes, Ubc9 and SENP2, with vinculin.
In addition, Co-IP results suggest a possible interaction between SUMO2 and vinculin. These
findings could support the possibility that vinculin is a SUMO substrate. Since vinculin is
necessary for FA stability and maturation, the SUMQylation of vinculin could regulate their

dynamics.

Site directed mutagenesis was used to investigate the possibilities of vinculin as a SUMO

substrate and the consequence of inhibiting its SUMOylation on FA dynamics. This method
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of investigation is more specific than using SUMOylation inhibitors or silencing SUMO-
associated proteins to confirm the regulatory role of SUMOylation in FA dynamics. By
expressing the non-SUMOylatable version of vinculin, general SUMOylation is not disrupted,
thus allowing for a precise characterisation of SUMOylation’s impact on FA dynamics. The
interaction between SUMO2 and WT or mutated vinculin was assessed using a Co-IP and
FRET assay to validate if these sites are SUMO motifs. The co-immunoprecipitation results
revealed the presence of significantly less K80R vinculin molecules in Ha IPs compared to
WT or K496R. These findings indicate that lysine 80 in human vinculin is a binding site for
SUMO2, but not lysine 496. The K80R mutation in vinculin caused a significant reduction in
its interaction with SUMO2. Although there is a significant reduction in the presence of K80R
molecules in Ha IPs, there was a low level of K80OR mutated vinculin detected in Ha IPs. This
could suggest that vinculin could be SUMOylated at multiple sites. Lysine 80 is one of them
but not lysine 496. SUMO conjugation to multiple sites in the same substrate has been
reported before. For example, the transcription factor Gli-similar 3 (Glis3) has been
predicted to have two SUMOylation sites with a high score in the SUMOplot for K224 and
K430. Individual mutations showed a reduction in the SUMOylated levels of Glis3 and the
combined mutation of both sites abolished all detectable Glis3 SUMOylation (Hoard et al.,
2018). Taken together, these findings identify, for the first time, vinculin as a SUMO
substrate and that the HCSM motif surrounding lysine 80 is a SUMO2 binding site.
Introducing a mutation in this site (K80R) caused a significant loss of SUMQylated vinculin
levels in Ha IPs, suggesting that SUMOylating vinculin occurs mainly at this site. In addition,

these results could also indicate that SUMOQylation is involved in the regulation of vinculin
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functions. This non-SUMOylatable version of vinculin provides a great opportunity to

investigate the direct effects of SUMOylation on FA dynamics.

To further confirm the Co-IP results, a photo-bleaching FRET assay was used to examine the
effects of KBOR mutation on the SUMO2-vinculin interaction. Unfortunately, due to the
limitations of this approach, the experiment was not successful. The principle of this
technique relies on the loss of energy transfer from the donor after bleaching the acceptor,
leading to a measurable increase in donor intensity. Although the FRET assay is one of the
most common techniques used to study protein-protein interaction, there are several
challenges that could affect interpreting the FRET data. One of the main outcomes of this
experiment was the low expression of SUMO2. An essential challenge in an photobleaching
FRET assay is bleaching the donor during the bursting of the acceptor, leading to an overall
reduction in fluorescence intensity. The low expression of SUMO2 increases the
consequences of donor bleaching and increases the difficulty to correct the overall intensity
reduction. Another reason is the resistance of the acceptor (YFP-vinculin) to bleaching. Thus,
the exposure time is increased, which could have greater effects on the donor. In addition,
the delay in recording caused by the longer exposure time could cause the movement of the
ROIs to being out of focus. Taken together, these effects increase the difficulties of analysing

FRET data and this has led to odd values. Therefore, the FRET results were excluded.

To investigate the effects of these mutations on FA dynamics, MDA-MB-231 cells were
transfected with WT, K496R, K8OR or K8OR/K496R vinculin and a confocal microscope was

used to monitor their dynamics. Interestingly, the results showed a significant impairment in
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FA dynamics in the cells transfected with the non-SUMOylatable version of vinculin (K80R or
K80R/K496R) compared to that of WT or K496R transfected cells. The effects of these
mutations on the FA dynamics was also observed in different cancer cell lines, including
MDA-MB-231 breast cancer cells, HT1080 fibrosarcoma and ACHN renal cell
adenocarcinoma cells. Overall, these findings confirm, for the first time, the direct
regulatory role of SUMOylation in FA dynamics. By modifying vinculin, SUMOylation
regulates the turnover of FAs. The significant increase in FA size and the turnover time in
cells that express the non-SUMOylatable vinculin indicates the important role of
SUMOylation in the regulation of FA dynamics. The SUMOylation of vinculin could be
suggested by this finding to be necessary to enhance the turnover rate of FAs. To investigate
whether this impairment of the FA dynamic when expressing the non-SUMOylatable
vinculin could have consequences on cell migration, a cell tracking assay performed. The
results showed a significant reduction in the cell speed of K80R and the K80R/K496R
transfected cells compared to the control. This reduction in their speed was also observed
when seeding cells on fibronectin, collagen or gelatine-coated wells, suggesting that
SUMOylation regulates cancer cell migration independently of the extracellular matrices.
These results demonstrate the important role of SUMOylation in regulating FA dynamics
and cancer cell migration. Beside its implications in terms of regulating the different aspects
of cell migration, the findings in this chapter identify a novel role for SUMOylation in

regulating the turnover of FAs to enhance cancer cell migration.

Taken together, the findings in this chapter demonstrate a novel role for SUMOylation in the

regulation of FA dynamics and cancer cell migration. Vinculin was identified as a SUMO
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substrate and its SUMOylation at K80 is required for FA turnover and cell migration.
Introducing a mutation at this site to prevent its SUMOylation caused a significant reduction
in the turnover rate of FAs and cancer cell speed. However, the mechanisms by which the
SUMOylation of vinculin affects FA dynamics remain unknown. Since FAs are formed and
developed through protein-protein interaction, it can be speculated that SUMOylation could
alter protein binding to regulate FA dynamics. Vinculin interacts with different FA proteins
including talin, a-actinin, paxillin and actin. The SUMOylation of vinculin could alter its
interaction with these proteins. The larger and more stable FAs caused by expressing the
non-SUMOylatable vinculin could indicate a more stable interaction between K80R-mutated
vinculin and associated FA protein partners due to preventing its SUMOylation. Thus, it can
be suggested that SUMOylation enhances FA turnover by altering protein-protein
interaction. To evaluate the effects of KBOR mutation on its interaction with other FA
proteins, protein-protein interaction can be analysed using approaches such as Co-IP and
FRET. These approaches could reveal the effects of this mutation on its interaction with
other FA binding partners. Therefore, they could facilitate identifying the molecular

mechanism by which the SUMOylation of vinculin regulates the FA dynamics.
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5. SUMOylation disassociates talin-vinculin interaction to trigger FA disassembly

5.1 Introduction and hypothesis

The findings in the previous chapter clearly identify a novel and direct role for SUMOylation
in the regulation of FAs via modifying vinculin at K80 residue. Expressing the non-
SUMOylatable version of this protein led to an impairment of the FA dynamics. One of the
main functions of SUMOylation is mediating protein-protein interactions (Tatham et al.,
2008, Tan et al., 2015). Vinculin is normally localised in the cytoplasm in an auto-inhibitory
state caused by the interaction between its head and tail domains (Chorev et al., 2018).
Following the formation of early FAs, vinculin is recruited to the adhesion sites and its
recruitment to FAs requires conformational changes in its structure that disassociate its
head-tail interaction. Its interaction with different FAs proteins including talin, paxillin and
a-actinin was reported to be necessary for its activation and localisation to the FA sites

(Izard et al., 2004, Ziegler et al., 2006).

The binding of vinculin to a-actinin enhances the binding of the later protein to F-actins,
enhancing the overall cross-linking of the actin filaments. This is an important cellular
function that enables cells to modify their morphology and to drive cell migration
(Ciobanasu et al., 2013). The recruitment of vinculin to FAs was suggested to be induced by
its interaction with paxillin. The attachment of integrins to the ECM induces the
phosphorylation of paxillin at tyrosine 31 and 118 by FAK/Src kinases, which in turn
promotes its interaction with vinculin leading to the recruitment of the later protein to FAs

(Pasapera et al., 2010).
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Although vinculin was found to interact with phospho-paxillin, vinculin was found to be in
an inactive form and their interaction was shown to target vinculin to lower layers of FAs,
and consequently prevents vinculin targeting to actin filaments (Case et al., 2015). Its
interaction with talin, however, was found to activate and target vinculin to the higher FA
layers, thus allowing its engagement with the actin filaments (Case et al., 2015). More
importantly, talin’s full activation by engagement with the actin-filaments was found in the
same study to require the presence of vinculin. Taken together, vinculin interaction with
paxillin could target vinculin to FAs, but its interaction with talin is important to activate and
engage either proteins to force tractions generated by the actin filaments leading to FAs
maturation. This could be supported by the finding that although introducing the A50I
mutation in vinculin, which prevents its binding to talin (Cohen et al., 2006), has no effect on
its localisation to FAs, expressing this mutated version of vinculin was found to cause a

significant reduction in the number and stability of FAs (Diez et al., 2011).

SUMOylation could be involved in the regulation of FAs by mediating its interaction with the
FA proteins. The increased size and turnover time of FAs when preventing its SUMOylation
could suggest that SUMOylating vinculin at K80 is required to disassociate its interaction
with other FA proteins in order to trigger the disassembly of FAs. The K80 in vinculin is
located in the D1 domain of the vinculin head (Vh) and is approximate to binding sites for
talin and a-actinin (Figure 5.1). Given the fact that vinculin interaction with talin is necessary
for FA maturation and given the large size of vinculin-containing FAs in cells expressing the
non-SUMOylatable version of vinculin (K80R), SUMOylation could disassociate their

interaction to regulate the FA dynamic.
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Figure 5.1 Map of vinculin domains and binding sites for its interacting FA partners. Vinculin
contains head domain (Vh), which is composed of 4 domains (D1-D4), proline-rich region and tail
domain (Vt). The binding sites for several FA proteins are shown. K80 is located in D1 domain, which
has binding sites for talin and a-actinin. This diagram is adapted from (Bakolitsa et al., 2004).
Hypothesis

This chapter focuses on identifying the mechanism by which the SUMOylation of vinculin
regulates the turnover of FAs. The hypothesis of this chapter is that SUMOylating vinculin
alters the protein binding in FAs. One aim of this chapter was to knockout the endogenous
vinculin in MDA-MB-231 or HT1080 cells using CRISPR and to re-express WT or mutated
vinculin. This technique provides the opportunity to evaluate the precise effects of mutated
vinculin on FA dynamics and cell migration without the competition of endogenous vinculin.
Another aim of this chapter was to investigate whether SUMOylation could target other FA
proteins to regulate the FA dynamic. Ginkgolic acid (Gka) was used to inhibit SUMOylation in
K80R vinculin transfected cells to evaluate whether blocking global SUMOylation could have
any further effect on the turnover of FAs. The last and main aim of this chapter was to
evaluate the effects of the K8OR mutation in vinculin on its interaction with talin. The talin-
vinculin interaction is important to activate and engage the proteins to force the tractions
generated by the actin filaments, leading to FAs maturation (Atherton et al., 2019). Given

the importance of their interaction in the development of the adhesion sites, the

SUMOylation of vinculin could alter their interaction to regulate the FA dynamics. In order
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to investigate the effects of the K80OR mutation on their interaction, Co-IP and

photobleaching FRET assays were performed. In addition, template based 3D models of

vinculin-talin or vinculin-SUMO?2 interface were generated by the Reading University

bioinformatic server (https://www.reading.ac.uk/bioinf) to demonstrate whether K80 in

vinculin is located in the talin binding region in the folding state of vinculin.

5.2 Materials and Methods

5.2.1 Materials

Table 5.1 List of reagents used in Construction of pmCherry-tagged vinculin and CRISPR

Component

Description (catalog No.)

FastDigest Nhel restriction enzyme

Restriction enzyme (FD0974), Thermo Scientific

Plasmid Transfection Medium

Transfection medium (sc-108062), Sant Cruz

pmCherry-N1 Vector

Expression Vector (632523), Clontech

Puromycin dihydrochloride, 25 mg

Puromycin Selection (sc-108071), Santa Cruz

UltraCruz® Transfection Reagent

Transfection Reagent (sc-395739), Sant Cruz

Vinculin CRISPR/Cas9 KO Plasmid
(h2)

Consists of a pool of three plasmids each encoding the Cas9
nuclease and a vinculin-specific 20 nt guide RNA (gRNA)
designed for maximum knockout efficiency (sc-400227-KO-2),
Santa Cruz

Vinculin HDR Plasmid (h2)

Consists of a pool of 2-3 plasmids, each containing a
homology-directed DNA repair (HDR) template corresponding
to the cut sites generated by the vinculin CRISPR/Cas9 KO
Plasmid (h2). Each HDR Plasmid inserts a puromycin
resistance gene to enable selection of stable knockout (KO)
cells and an RFP (Red Fluorescent Protein) gene to visually
verify transfection (sc-400227-HDR-2), Santa Cruz
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5.2.2 Methods

5.2.2.1 Vinculin knockout with CRISPR
MDA-MB-231 or HT108 cells were seeded in a 6-well plate (3 X 10°/well) and grown to 40-

80% confluency. Cells were maintained in 3 ml of antibiotic-free medium 24 hours before
transfection. The transfection mixture was prepared in a sterile hood according to the
manufacturer’s protocol (Santa Cruz). UltraCruz® Transfection Reagent (10 pl) and a 2 pg of
a mixture of vinculin CRISPR/Cas9 KO Plasmid and vinculin HDR Plasmid (h2) were diluted in
the transfection medium in separate Eppendorf tubes as described in the following table
(table 5.2).

Table 5.2 Procedure of CRISPR preparation

Tube 1 Tube 2
Diluted plasmids Diluted UltraCruz® Transfection
Reagent
Volume of
Vinculin CRISPR/Cas9 KO
mcu.m . /Cas . Vqumg of Transfection UltraCruz® Reagent | Transfection
and vinculin HDR plasmid Plasmids . .
() medium (ul) (ul) medium (ul)
Ell?smlds mixture (200 ng/ 10 ul 140 i 10 ul 140 il

Plasmid and transfection reagent solutions were incubated at room temperature for 5
minutes. Then, the Plasmid solution was added gently to the transfection reagent solution
and the mixture (total volume = 300 ul) was vortexed immediately before incubating for 20
minutes at room temperature. A fresh antibiotic-free growth medium (3 ml/well) was added
to the cells and the entire transfection solution was added dropwise to a well (300 pl/well).
Cells were incubated under normal conditions for 24-72 hours. The transfection medium

was replaced with normal growth medium 24 hours post-transfection. Successful co-
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transfection of vinculin CRISPR/Cas9 KO plasmid and vinculin HDR plasmid is visually

confirmed by the detection of RFP via fluorescent microscopy and/or western blot analysis.

Transfected cells were selected with media containing Puromycin. The transfection medium
was discarded and a selective medium containing 10 pg/ml Puromycin was added to the
cells 48 hours post-transfection. Cells were grown in selective media for 3-5 days before
western blot analysis. Successful cell clones were transfected with WT or mutated vinculin
to investigate the effects of these mutations on the turnover of FAs and cell migration of

MDA-MB-231 or HT1080 cancer cells.

5.2.2.2 Construction of pmCherry-tagged vinculin

In order to construct pmCherry-tagged vinculin, the expression vector pmCherry-N1 was
used as a templet in PCR to amplify mCherry. Primers were designed using the Primer3Plus

server (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and synthesised

by the Sigma Aldrich company. Primers were designed to include a Nhel restriction site in
the forward primer and Sall in the reverse primer.
Forward primer: (GCGGCTAGCATGGTGAGCAAGGGCGAG), Nhel restriction site is highlighted

with green.

Reverse primer: (CGCGTCGACCTTGTACAGCTCGTCCATGC), Sall restriction site is highlighted

with green.
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Reactions and cycling conditions of PCR were as used as described in 2.2.5.3 except the fact
that cycles were reduced from 35 to 25 to avoid unwanted mutations in vinculin nucleotide
sequence. Then, these same restriction enzymes were used to cut ZsYellow1l in pZsYellow1-
tagged vinculin (WT or mutated). After digesting both mCherry PCR products and
pZsYellowl-tagged vinculin, products were separated by size using 1% agarose gel
electrophoresis. A gel extraction kit (QIAGEN) was used to extract DNA and mCherry was
ligated to vinculin plasmids and transformed to E. coli as described in 2.2.5.5 and 2.2.5.6
respectively. Colonies were screened using colony PCR and successful colonies were
inoculated in a 10 ml LB broth medium containing 50ug/ml kanamycin. Plasmids were
extracted using QlAprep® Miniprep kit (QIAGEN) as described in 2.2.5.7. and confirmed

using digestion and transfection before being sent for sequencing.

5.2.2.3 CellLight® Talin-GFP transfection

Cells were seeded in a 12-well plate at a density of 1x10° and allowed to adhere overnight.
The desired concentration of Cell Light® Talin-GFP (BacMam 2.0) was calculated to label

40,000 cells with 30 particles per cell (PPC) according to the following equation:

Volume of Cell Light® Reagent (mL) = Number of cells x desired PPC/Cell Light® particles/

ml

For labelling 40,000 cells with 30 PPC = 40,000 * 30 / 1 x 108 = 0.012 ml = 12 pl.
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After calculating the desired concentration, the reagent was mixed gently several times and
added directly to cells in the complete growth medium. Cells were then incubated overnight

at 37°Cin 5% CO..

5.2.2.4 Photobleaching of the accepter FRET assay

Sterilised cover slips were placed in a 12-well plate and 1 ml of 100% methanol was added
to each well for 20 minutes to further sterilise them. After that, methanol was aspirated,
and wells were allowed to stand to dry for 30 minutes in a sterilised culture hood before
coating with 0.1% gelatin. Then, the gelatin was discarded and the wells were left to dry in
the hood for 1 hour and washed with PBS before seeding 2x10° cells in each well and
growing them till 40-50% confluency. Following that, the cells were transfected with Cell
Light® Talin-GFP (BacMam 2.0) and left in the transfection medium overnight. The next day,
the cells were transfected with m-cherry vinculin (WT or mutated) and grown for 24-48
hours. The cells were then washed with PBS and fixed with 1 ml/well of 4% (w/v)
paraformaldehyde (PFA) for 15 minutes. PFA was aspirated and cells were washed three
times with PBS, 10 minutes each time. Cover slips were then mounted onto glass slides
using VECTASHIELD Mounting Medium before sealing the cover slip edges with nail polish
and storing at 4°C until the next step. Photo-bleaching FRET assay was performed using
confocal microscopy using a 100x oil-immersion objective lens and Nikon confocal system
software. Laser channels 488 and 546 were used to take sequential images of GFP-talin
(donor) and mCherry-vinculin (acceptor) respectively. Following that, the bleaching area was
selected using Polygon selection in the ROI tool and the 488 laser channel was turned off

and the 546 laser channel intensity was increased to 100% and was used to burst the
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acceptor (mCherry-vinculin) protein (20-30 seconds). Then, the laser settings were returned
to their previous settings and sequential images of GFP-talin and mCherry-vinculin were
taken again. Image J (Fiji) software was used to calculate the FRET efficiency according to

the following equation:

FRET efficiency % = (Dpost — Dpre) / Dpost X 100
where Dpost is the donor fluorescence intensity after bleaching, and Dpre is the donor

fluorescence intensity before bleaching.

The intensity of the regions outside the cell were measured before and after bleaching and

used to correct the overall reduction in fluorescence intensity.

5.3 The K80R mutation in human vinculin significantly increases the turnover time of
FAs and reduces the cell migration in vinculin-knocked out cells.

This part of this chapter focuses on assessing the precise effects of the K80R mutated
vinculin on FA dynamic with interruption of endogenous vinculin. CRISPR was used to knock
out endogenous vinculin in HT1080 and MDA-MB-231 cancer cells before transfection with
K80R vinculin to overcome competition of endogenous vinculin. Cells were transfected with
vinculin CRISPR/Cas9 Knockout (KO) Plasmid (h2) and vinculin HDR Plasmid (h2), grown for
48-72 hours before cell selection using puromycin.

Successful vinculin-knockout cell clones were identified using Western blot analysis (Figure

5.2). Successful clones were selected to investigate the effects of the K80R on the turnover
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of FAs. Cells were transfected with WT or K80R vinculin, grown for 24-48 hours and short
timelapse movies were generated using confocal microscopy. The results show that the
turnover of vinculin-containing FAs was significantly slower in vinculin-knockout K80R
transfected cells (Figure 5.3 (B)) compared to control (Figure 5.3 (A)) or K80R transfected
cells that have endogenous vinculin. In control cells (transfected with WT vinculin), the
mean turnover of FAs was 34.70 + 0.50 seconds compared to 52.02 + 0.93 seconds in K80R
transfected non-CRISPR cells (p<0.05) or 59.09 + 0.95 in K80R transfected vinculin CRISPR-
knockout cells (p<0.01). A significant increase in the FA turnover time was observed in
vinculin CRISPR-knockout K80R transfected cells compared to non-CRISPR K80R transfected

cells (p<0.05) (Figure 5.3 (C)).

Differentclones of HT1080 CRISPR cells

kDa control 1 2 3 4 6 7 9 10

10
75

Vinculin

Figure 5.2 Western blot analysis of vinculin knockout using CRISPR in HT1080 cells. Cells were
transfected with vinculin CRISPR/Cas9 Knockout (KO) Plasmid (h2) and vinculin HDR Plasmid (h2),
grown for 48-72 hours before cell selection using puromycin. Western blotting analysis shown
detection of the expression of vinculin or GAPDH in control cells or different clones of vinculin
CRISPR/Cas9 Knockout (KO) Plasmid (h2) and vinculin HDR Plasmid (h2) transfected cells. Clones 1-4
are successful knockouts, whereas 6-10 are unsuccessful knockouts.
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Figure 5.3 Effects of the K80R mutation in human vinculin on the turnover of FAs of vinculin
CRISPR-knockout HT1080 cells. A) Representative images taken from timelapse movies of the
turnover of WT vinculin containing FAs B) Representative images taken from timelapse movies of the
turnover of K80R vinculin containing FAs in vinculin CRISPR-knockout HT1080 cells. Cells were
transfected with WT or K80R vinculin, gown for 24-48 hours and live imaging was performed using
confocal microscopy. Images were captured every 10 seconds for 5 minutes, scale bar = 5 um. White
circles demonstrate the turnover of a single FA starting from appearing to disappearing. C)
Quantification analysis of the mean FA turnover measurements in endogenous vinculin CRISPR-
knockout control cells (transfected with WT vinculin) compared to K80R vinculin transfected cells.
Data was presented as mean + SEM of three independent experiments, in each experiment a total
number of 150 focal adhesions (27 cells) were analysed. One-way ANOVA with Tukey’s Multiple
comparison test was used to evaluate any significant differences between groups (*, ** and ***
represent P <0.05, 0.01 and 0.001 respectively).
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Timelapse cell tracking was used to evaluate the effects of the K80R vinculin on the
migration of vinculin CRISPR-knockout HT1080 cells. Cells were transfected with WT or
mutated vinculin, grown for 24-48 hours and a confocal microscope was used to take
images of transfected cells every 15 minutes for 24 hours. The results show a significant
reduction in the speed of K80R vinculin transfected cells compared to control. The speed of
cells was significantly reduced from 21.81 + 2.03 um/h in WT transfected cells to 13.97 + 1.5
um/h in K8OR transfected cells. (p<0.01) (Figure 5.4 (A)). There were no significant effects of
the K8OR mutation on cell movement directionality. Cell directionality in control cells was
0.16 + 0.029 compared to 0.20 + 0.022 in K80R transfected cells (Figure 5.4 (B)). In addition,
there were no significant effects of the K8OR mutation on cell proliferation. About 45.09 +
4.58 % of cells proliferated in WT transfected cells compared to 43.47 + 1.92 % in a period of

8 hours (Figure 5.4 (C)).
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Figure 5.4 Effects of the KBOR mutation in human vinculin on the cell migration and proliferation of
vinculin CRISPR-knockout HT1080 cells. Cells were transfected with vinculin CRISPR/Cas9 Knockout
(KO) Plasmid (h2) and vinculin HDR Plasmid (h2), grown for 48-72 hours before cell selection using
puromycin. Cells were then transfected with WT or K80R vinculin and a confocal microscope has
been used to track transfected cells every 15 minutes for 24 hours to monitor cell speed. A)
Quantification analysis showing the mean speed measurements in vinculin CRISPR-knockout control
cells (transfected with WT vinculin) compared to K80R vinculin transfected cells. B) Quantification
analysis showing the mean cell movement directionality measurements in vinculin CRISPR-knockout
control cells (transfected with WT vinculin) compared to K80R vinculin transfected cells. C)
Quantification analysis showing the mean percentage of cell proliferation in 8 hours. Data was
presented as mean + SEM of three independent experiments, in each experiment a total number of
50 cells were analysed. T-test was used to evaluate any significant differences between groups (*, **
and *** represent P <0.05, 0.01 and 0.001 respectively).
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5.4 Blocking global SUMOylation has no further effects on the turnover of FAs in
vinculin-knockout cells that express the K80R vinculin.

The previous chapters indicate a direct role of SUMOylation in FA dynamics. The results in
these chapters showed that either inhibiting global SUMOylation or expressing the non-
SUMOylatable vinculin (K80R) caused a significant impairment in their dynamic activities. In
addition, different bioinformatic tools predicted the presence of strong SUMO motifs in
several FA proteins suggesting a wider role of SUMOylation in their regulation. Therefore,
this part of this chapter focusses on the effects of blocking total SUMOylation alongside the
K80R vinculin on the turnover of FAs. Vinculin-knocked out MDA-MB-231 cells were
transfected with WT or K80R vinculin, grown for 24-48 hours and a confocal microscope was
used to monitor the turnover of FAs after treating K80R transfected cells with 25 uM Gka.
The results show that the turnover of vinculin-containing FAs was significantly slower in cells
transfected with K80OR compared to WT vinculin. In control cells (transfected with WT
vinculin), the average turnover of FAs was 34.76 + 0.62 seconds compared to 58.99 + 2.44
seconds in K80R vinculin transfected cells (p<0.001) and 59.4 + 0.68 seconds in K80R
transfected-Gka treated cells (p<0.001). However, no significant changes were observed in
the turnover of FAs between non-treated and Gka-treated K80R transfected cells (Figure

5.5).
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Figure 5.5 Effects of inhibiting SUMOylation on the turnover of FAs in K80R vinculin transfected
cells in vinculin CRISPR-knockout MDA-MB-231 cells. Cells were transfected with WT or K80R
vinculin and grown for 24-48 hours. Then, cells were treated with DMSO (control) or 25 uM Ginkgolic
acid for 2 hours and short timelapse movies were generated using confocal microscopy. The graph
shows the quantification analysis of the mean FA turnover measurements in control cells
(transfected with WT or K80R vinculin) compared to K80R vinculin transfected Gka treated cells.
Data was presented as mean + SEM of three independent experiments, in each experiment a total
number of 150 focal adhesions (24 cells) were analysed. One-way ANOVA with Tukey’s Multiple
comparison test was used to evaluate any significant differences between groups (*, ** and ***
represent P <0.05, 0.01 and 0.001 respectively).
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5.5  The K80R mutation in human vinculin enhances its interaction with Talin.

The increase in size and in turnover time of FAs in K8OR transfected cells indicates that
inhibiting SUMOylation of vinculin at this site enhanced its interaction with other FAs
proteins. Since talin is required for the activation of vinculin at FAs, the aims of this part in
this chapter was to investigate the effect of this mutation on its interaction with talin.
Co-immunoprecipitation was used to investigate the effects of the KBOR mutation in vinculin
on its interaction with talin. HT1080 cells were transfected with WT or mutated vinculin and
grown for 24-48 hours before preparing whole cell lysate. Anti-GFP antibody was mixed with
cell lysates overnight before incubating with agarose beads to immunoprecipitate WT or
K80R vinculin. Western blot analysis detected the presence of talin in both GFP Co-IPs
prepared from cell lysates of either WT or K80R transfected cells (Figure 5.6 (A)). There were
no significant differences in band intensity of talin in K80R vinculin samples compared to WT
(Figure 5.6 (B)). Talin band intensity in GFP Co-IPs of K80R transfected cells was 29990 +
9651 compared to 27550 + 8438 in GFP Co-IPs of WT transfected cells. Due to the
limitations of co-immunoprecipitation, further tests to investigate the effects of K80R

mutation on the interaction between vinculin and talin were performed.
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Figure 5.6 Immunoprecipitation and Western blotting showing the K80R-mutated vinculin
interaction with talin. A) GFP Co-IP and WB showing talin molecules in GFP Co-IP prepared from
lysate of cells transfected with WT or K80R vinculin. B) Quantification of band intensity of talin in
GFP Co-IPs of cell lysates of WT or K80R transfected cells.

To further investigate the effects of this mutation on the interaction between vinculin and
talin, photo-bleaching FRET assay was performed. MDA-MB-231 cells were transfected with
both GFP-talin and m-cherry WT, K496R or K80R vinculin, grown for 48-72 hours before
fixing and subjecting them to Photo-bleaching FRET assay using confocal microscopy. Photos
of GFP-talin and m-cherry-vinculin were taken before and after bleaching m-cherry-vinculin.
Image) (Fiji) software was used calculate FRET efficiency of the interaction between vinculin
and talin. The results revealed a significant increase in the FRET efficiency of vinculin-talin
interaction in K80R transfected cells compared to WT or K496R transfected cells (Figure 5.7).
The FRET efficiency increased from 2.97 + 0.32 % in WT transfected cells to 4.52 + 0.23 % in
K80R transfected cells. This significant increase in FRET efficiency was observed between
K496R and K80R transfected cells. In K496R transfected cells, the FRET efficiency was 3.10 +
0.34 % compared to 4.52 + 0.23 % in K80R transfected cells (p<0.02). No significant changes

in FRET efficiency were observed between WT and K496R transfected cells (Figure 5.7 (B)).
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Figure 5.7 Effects of the K8OR mutation in vinculin on the interaction between vinculin and talin in
MDA-MB-231 cells. Cells were transfected with both GFP-talin and WT, K496R or K80R vinculin,
grown for 48-72 hours. Then, cells were fixed and subjected to FRET assay using confocal
microscope. A) Representative cells shown GFP-talin and m-cherry-vinculin before and after
bleaching. B) Quantification analysis of the mean FRET efficiency measurements in control cells
(transfected with WT vinculin) compared to K496R or K80R vinculin transfected cells. Data was
presented as mean + SEM of three independent experiments. One-way ANOVA with Tukey’s
Multiple comparison test was used to evaluate any significant differences between groups (*, ** and
*** represent P <0.05, 0.01 and 0.001 respectively).
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To evaluate the importance of the K80 in the interaction between talin and vinculin, IntFOLD
server, Reading University, was used to predict the 3D structure of WT or K80R mutated
vinculin (with the help of Dr. Liam McGuffin). The predicted models of vinculin showed that
the K8OR mutation has not caused any structural changes in the folding of this protein. In
addition, the K80 residue was found to be located in vinculin N-terminal head domain,
which has binding sites for talin. Docking models of talin-vinculin and SUMO2-vinculin
interface were generated using this server to investigate whether K80 residue is essential
for their interaction. These models showed that talin binding region in vinculin spans
residues from 6 to 60, but not K80. However, all the five top ranked models showed that
talin binding to vinculin is across K80. SUMO2 binding to this site was shown by these
models to interfere with talin binding to vinculin as SUMO2 attachment to K80 was

predicted to block talin-vinculin binding pocket (Figure 5.8).
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Figure 5.8 Template based models of vinculin-talin and vinculin-SUMO2 interface showing that
talin and SUMO2 binding to vinculin is across K80. A) A cartoon representation of vinculin (green)-
talin (cyan) interface with K80 residue highlighted in blue. B) A cartoon representation of vinculin
(green)-talin (cyan) interface with the replaced lysine with arginine residue at position 80 highlighted
in blue. C) A cartoon representation of vinculin (green)-SUMO?2 (red) interface with K80 residue
highlighted in red. D) A cartoon representation of vinculin (green)-talin (cyan)-SUMO2 (red) interface
with K80 residue highlighted in red (Produced using IntFOLD server by Dr. Liam McGuffin).
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5.6 Discussion

This chapter focuses on the mechanisms by which the SUMOylation of vinculin regulates the
dynamic activities of FAs through modifying vinculin. The CRISPR/Cas9 system occurs
naturally in bacteria and archaea as an RNA-based adaptive immune system and it is proven
to be useful in editing eukaryotic genomes (Cong et al., 2013). It is a very powerful
technique used in research to knockout, insert or edit DNA sequences. Therefore, it
facilitates investigating the biological functions of different genes in normal and pathological
processes (Jiang et al.,, 2019). The Cas9 nuclease is guided to its target by about 20
nucleotides that are complementary to the target DNA. In addition, the activity of this
nuclease depends on the presence of a protospacer adjacent motif (PAM) sequence in the
genome adjacent to the target sequence in the genome (Sternberg et al., 2014, Anders et
al.,, 2014). Although the guide RNA directs Cas9 towards its target, off-target effects are
possible and studies have shown that the guide RNA is critical in on-target and off-target
effects (Hsu et al., 2013). In addition, off-target effects are suggested to be dependent on
the integrity of the double-stranded breaks’ (DSBs) repair pathways and they are cell type
specific (Duan et al., 2014). Despite its off-target effects, the CRISPR/Cas9 system has
proven to be useful in understanding the roles of genes of interest in cellular processes in
both normal and pathological conditions. The CRISPR/Cas9 system has been successfully
used previously to edit the FA protein, FAK, in order to investigate its role in the DNA

damage response in Non-small cell lung cancer (NSCLC) (Tang et al., 2016).

In this project, the CRISPR/Cas9 system was used to knockout the endogenous vinculin in

the HT1080 and MDA-MB-231 cells. To increase the specificity of Cas9 towards vinculin, a
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smart pool of 3 plasmids, each encoding the Cas9 nuclease and a distinct vinculin-specific 20
nt, guided the RNA. In addition, there was a smart pool of 2-3 plasmids each containing a
HDR template corresponding to the cut sites generated by vinculin CRISPR/Cas9 plasmids.
Each HDR plasmid inserted a puromycin resistance gene, therefore allowing for the
selection of successful knockout cells. The use of the three different vinculin-specific RNA
guides and the insertion of puromycin resistance genes in the cut sites increased the
efficiency of the vinculin knockout and minimise the defects of endogenous homology-
directed DNA repair. The use of smart pools is more efficient and have less off-target effects
than using single guide RNA (Hannus et al., 2014). In addition, as off-target effects are
suggested to be cell type specific, two different cell lines were used to knockout vinculin. In
the vinculin-knockout cells, WT or mutated vinculin was re-expressed to study the effects of
mutated vinculin without the interruption of the endogenous vinculin, thus allowing for the
investigation of the precise effects of the K8OR mutation in vinculin on the turnover of FAs
and cell migration. The results showed that expressing the K80R in vinculin-knockout cells
caused a minor but a significant reduction in the turnover rate of vinculin-containing FAs in
the HT1080 cells compared to K80R vinculin transfected cells that have the endogenous
vinculin. On the other hand, in the MDA-MB-231 cells, there were no significant differences
in the FA turnover in the vinculin-knockout cells compared to cells that have the
endogenous vinculin when expressing the KBOR mutated vinculin. This could mean that the
competition between the endogenous and K80R mutated vinculin is weak or insufficient to
influence FA turnover in these cells. This weak competition may be caused by the
overexpression of mutated vinculin. The overexpression of the mutated vinculin could lead

to more mutated vinculin molecules in the FA complex than due to the endogenous vinculin.
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This finding, alongside the finding in the previous chapter, markedly links vinculin as one of
the main targets of SUMOylation for regulating FA dynamic activities. However, several
guestions remained unanswered, including what the impact of SUMOylating vinculin on its
activity at the FAs is and whether SUMOylation has other FA protein targets to regulate
their dynamic. Answering these questions will increase our understanding of the role of
SUMOylation in regulating FAs. Therefore, one of the main aims of this chapter was to
investigate whether SUMOylation could have a wider role in regulating FAs by targeting FA
proteins other than vinculin. The finding in the previous chapters indicates that
SUMOylation may have multiple targets in FA complexes. Inhibiting global SUMOylation
using inhibitors caused a significant impairment in the FA dynamics. Similar effects were
observed when expressing the K80R mutated vinculin. In addition, the FA protein, FAK, has
been identified as a SUMO target, although its SUMOylation was reported to occur in the
nucleus (Constanzo et al., 2016). Furthermore, talin was identified as a SUMO substrate and
the turnover of talin-containing FAs was found be significantly reduced by Gka treatment
(Huang et al., 2018). Different bioinformatic tools also predicted the presence of extended
SUMO and SIM motifs in several FA proteins, thus indicating the wider role of SUMOylation
in FAs. Taken together, it was hypothesised that blocking global SUMOylation in cells that
express the non-SUMOylatable version of vinculin (K80R) will have further impairment in
the turnover of FAs than expressing the mutated vinculin alone. To directly test this
hypothesis, Ginkgolic acid (25 uM) was used to inhibit SUMOylation in MDA-MB-231 cells
that express the K80R mutated vinculin. Unexpectedly, the results showed that inhibiting
the total SUMOylation in K80R vinculin transfected cells has a similar effect on the turnover

of vinculin-containing FAs to that of expressing K80R vinculin alone. The similar effects of
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Gka treatment on the FA dynamics to that observed when the expressing the K80R mutated
vinculin could suggest that vinculin is the main target of SUMOylation at the FAs sites to
regulate FA dynamics. This could explain the defects in the FA dynamics upon the treatment
of the SUMOylation inhibitors. These inhibitors could inhibit the SUMOylation of vinculin,
which in turn leads to impairments in their dynamics. Through modifying vinculin,
SUMOylation is most likely to be involved in the regulation of FA turnover to facilitate cell
migration. The presence of other potential SUMO targets at the FA sites could conflict with
this finding. However, FAs perform multiple functions including sensing the extracellular
environment, transmitting traction forces or functioning as signalling hubs for different
cellular processes. The SUMOylation of other potential targets at these sites could regulate
the different functions. In addition, expressing the non-SUMOylatable vinculin (K80R)
resulted in larger and more stable FAs, thus indicating that SUMOylation could be involved
in the disassembly of FAs. The SUMOylation of other targets at FAs could be involved in the

assembly of FAs by facilitating their recruitment and interaction.

The last aim of this chapter was to examine the consequences of SUMOylating vinculin at
K80 on its activity at FAs. Although vinculin interacts with different FA proteins, its
interaction with talin was found to be required to activate and target vinculin to higher
layers, thus allowing its engagement with actin filaments (Case et al.,, 2015). The
engagement of talin and vinculin to the actin filament enhances the stability and maturation
of FAs (Carisey et al., 2013). This could be supported by the finding where expressing the

A50l mutated version of vinculin, which prevents its binding to talin (Cohen et al., 2006),
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was found to cause a significant reduction in the number and stability of FAs (Diez et al.,

2011).

As discussed previously, focal adhesions are formed and progressed through protein-protein
interaction. In addition, one of the main functions of SUMOylation is altering the target
protein’s binding affinity towards its binding partners (Tatham et al., 2008, Tan et al., 2015).
The finding in the previous chapter showed that expressing KBOR mutated vinculin has led
to larger and more stable FAs. Taken together with the fact that the talin-vinculin
interaction is necessary for the development and maturation of FAs, SUMOQylating vinculin
at K80 was hypothesised to trigger the disassembly of maturated FAs by disassociating the
talin-vinculin interaction and allowing cells to move. To directly test this hypothesis, the
talin-K80R vinculin interaction was assessed using different assays including Co-IP and FRET.
Co-IP is one of the most widely used approaches to study protein-protein interactions. The
principle of this technique relies on using target protein-specific antibodies to indirectly
capture proteins that are bound to the protein of interest. The antigen-antibody complex is
precipitated using protein A/G-coated agarose beads (Kaboord and Perr, 2008). The protein
of interest interacting candidates can be detected using Western blot analysis, ELISA or
mass spectrometry (MS) (Monti et al., 2005). One of the main advantages of Co-IP is the
presence of proteins in their native conformation. In addition, it is a relatively inexpensive
and straightforward approach that does not require special skills or advanced tools.
Different techniques including Western blotting, ELISA or MS can be used following Co-IP to
analyse interacting candidates, thus making it a versatile approach for studying protein-

protein interaction. It has been previously used to evaluate the effects of SUMOylation
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inhibitor treatment on the interaction between talin and SUMO2 (Huang et al., 2018).
Although Co-IP is a common approach to studying protein-protein interaction, there are
several challenges that could affect identifying protein-protein interaction using this
technique. For example, the weak or transient interactions of proteins in dynamic structures
such as FAs and actin cytoskeletons can be hard to detect using Co-IP (Lee et al., 2013, Avila
et al., 2015). In addition, interacting candidates that can be detected in Co-IP could be
caused by the presence of a protein complex of multiple proteins. Therefore, the interacting
candidate could be linked to the protein of interest through a modulator protein.
Alternatively, a member of a complex may interact with the protein of the interest and lead
to the precipitation of the whole complex (Hall, 2005). Other limitations of Co-IP include the
availability of primary antibodies, the non-specific binding of IP components and antibody

contamination that could reduce the detection efficiency.

In this project, Co-IP was used to evaluate the effects of KBOR mutation in human vinculin
and its interaction with talin. Although the interaction between talin and vinculin is
transient, the K80OR mutation was thought to enhance their interaction and therefore, more
mutated vinculin molecules would precipitate with talin than WT vinculin. However, the
results showed that there were no significant differences in talin band intensity between
GFP IPs of either the WT or K80R samples. This could be due to different reasons including
the fact that the vinculin-talin interaction is transient, thus making it difficult to quantify
their interaction using IP. Another reason could be the loss of protein interaction during the

sample preparation and Western blot process. In addition, since talin interacts with both WT
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and K80R vinculin, it is difficult to quantify their interaction using Co-IP. Therefore, an

alternative way of measuring protein-protein interaction was used in this project.

Fluorescent proteins facilitate the visualisation of the protein’s distribution within the cells
and this aids in the investigation of protein-protein interaction (Day and Davidson, 2009).
One of the ways to study protein-protein interaction is the co-localisation of fluorescent-
tagged proteins using high-resolution microscopes such as confocal. The co-localisation
between two proteins could indicate their interaction. However, the spatial resolution of
these microscopes is around 200 nm due to its dependence on the diffraction limit of light
microscopy (Shaw and Ehrhardt, 2013). This could mean that although the two co-localised
proteins may appear in the same spot, these proteins could be separated by several
proteins. They could be in the same complex or separated by a modulator protein, thus
their interaction is not proven by co-localisation. This limitation of the spatial resolution of
these microscopes encourages finding another way of studying the protein-protein
interaction. One of these ways is using a FRET assay, which depends on the transfer of
energy from a fluorescent-tagged donor protein to a fluorescent-tagged acceptor protein. In
order for FRET to occur, three main factors are required; the spectral overlap of donor
emission and acceptor absorption, the two proteins must be in a very close proximity (<9
nm) and the alignment of the dipole orientation of the proteins. The FRET assay is more
specific and highly sensitive compared to Co-IP as it can detect protein interactions where
the distance is within 10 nm. It can also visualise the subcellular location of the interaction.
However, there are several issues that should be considered when using this approach to

study protein-protein interaction. Although the FRET assay is a more common and efficient
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way of studying protein-protein interactions than co-localisation and Co-IP studies, several
challenges could affect interpreting the FRET data. One of the limitations of FRET is the
requirement of conjugating a fluorophore to target protein. These tags could alter the
activity or conformation of the proteins of interest. In addition, FRET requires the
overexpression of the protein of interest. The overexpression of individual proteins in
dynamic structures such as FAs could change the balance of the protein components in the
complexes, leading to artificial effects. Another limitation of FRET is the spectral bleed or
cross talk between the donor and acceptor fluorescent proteins. This cross talk comes from
the fact that all fluorescent proteins absorb and emit photons when subjected to a range of
wavelengths rather than at a specific wavelength. This spectral bleed could occur during the
excitation of the donor. The acceptor is excited at the same time, thus causing the emission
of the acceptor that is not occurring due to FRET. The other type of spectral bleed could
occur from the donor emission in the spectrum of the acceptor. These leaks could affect the
interpretation of the FRET data analysis (Mdller et al.,, 2013). Adjusting the amount of
fluorescent proteins through controlling the gene dosage and using the correct controls was
suggested to reduce this bleed (Hecker et al., 2015). One way to detect FRET and to avoid
spectral bleed is through measuring the changes in the intensity of the donor before and
after the photobleaching of the acceptor. The principle of this technique relies on the loss of
energy transfer from the donor after bleaching the acceptor, leading to an increase in donor
intensity. One of the challenges in photobleaching is bleaching the donor during the
bursting of the acceptor, leading to an overall reduction in fluorescence intensity (Ishikawa-
Ankerhold et al., 2012). A correction of this reduction can be achieved by measuring the

changes in intensity in the background regions. Another issue that could affect interpreting

| Chapter 5 - SUMOylation disassociates talin-vinculin interaction to trigger ks
FA disassembly



the photobleaching FRET data is the movement of ROIs in or out of the focal plane caused
by a delay during recording. As photobleaching the acceptor protein may require 20-120
seconds, the longer the time of bursting, the more possible it is for the ROIs to move in or
out of the focal plane. Therefore, changes in donor intensity could be caused by this
movement instead of the absence of the acceptor protein (JOOSEN et al., 2014). To avoid

this, rapid and efficient recording and bleaching is necessary for more accurate results.

Despite the limitations of this approach, FRET provides the opportunity to study the protein-
protein interaction at specific cellular compartments. It is one of the highly used approaches
to investigate the interactions between FA proteins. For example, it has been used alongside
IP to study the interaction between the FA proteins paxillin, vinculin, FAK and Crk-associated
substrate (CAS) (Ballestrem et al., 2006). Using these techniques, the authors concluded that
FAK, paxillin and CAS were tyrosine phosphorylated at the early FAs and that FAK was found
in FRET proximity to CAS and paxillin. In addition, the FRET assay was also used to evaluate
the interaction between talin, actin and vinculin in order to investigate the role of surface
stiffness on talin tension at FAs (Kumar et al., 2016). In this project, to further confirm the
Co-IP results, a photobleaching FRET assay was used to examine the effects of K8OR
mutation on the talin-vinculin interaction. The results showed that either WT or mutated
vinculin were in FRET proximity to talin. Interestingly, a significant increase in the FRET
efficiency of talin-K80R vinculin interaction was found compared to that of talin-WT vinculin.
This increase in the FRET efficiency clearly indicates that the talin interaction with K80R-
mutated vinculin is more stable than its interaction with WT vinculin. The stability of their

interaction was due to preventing the SUMO modification of vinculin at K80. The enhanced
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stability of the talin-K80R vinculin interaction is probably the main cause of the impairments

in the turnover of FAs as seen in cells that express the mutated version of vinculin.

Upon these findings, it can be suggested that SUMOylation regulates the turnover of FAs by
disassociating the talin-vinculin interaction. The use of two different techniques increases
the confidence of this finding and it clearly indicates SUMOQylation as a key regulator of FA
dynamics. Preventing vinculin SUMOylation allows the talin-vinculin interaction to last
longer, which is responsible for the larger size and slower turnover of FAs in K80R vinculin
transfected cells. Although their interaction is critical for the maturation of FAs, talin-
vinculin disassociation is required to trigger the disassembly of FAs. During migration
through ECM, cells require the continuous disassembly of existing FAs and the assembly of
new FAs at new sites. Defects in either of these processes would have a significant influence
on the ability of the cell to migrate. A significant question arises from this finding, since K80
in vinculin is not in the talin interaction region, which is how the SUMOylation of vinculin at
this site disassociates their interaction. The talin binding region in vinculin was reported
previously to span residues 6-63 (Bois et al., 2005). The location of the K80 site outside the
talin binding sites in vinculin makes it difficult to understand how the SUMO attachment to
vinculin regulates its interaction with talin. The 3-D structure of vinculin could answer this
qguestion and explain the involvement of SUMO in controlling their interaction. Although
K80 is not in the talin binding region at the sequence level, the folding of vinculin could bring
it closer to this region. To test that, the 3-D modelling of the talin-vinculin and SUMO2-

vinculin interfaces was performed.
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Photobleaching FRET assay and Co-IP experiments are very well-known techniques in
determining protein-protein interaction and in this project, FRET revealed an enhanced
interaction between K80R mutated vinculin and talin. Structural-based characterisation of
the 3D protein structures is equally important for studying protein-protein interactions. It
allows researchers to structurally visualise the folding and different functioning domains of
proteins. It also facilitates identifying specific regions in protein structures that are critical in
their interaction with their binding partners, therefore allowing for the identification of the
possible regulatory mechanisms behind the protein interactions. Even though identifying
protein 3D structures and interactions experimentally has been established before, the huge
advancement in genome sequencing encourages researchers to establish alternative and
time saving ways to determine protein structures of the enormously available new
sequences (McGuffin et al., 2019). Computational tools provide a cheaper and robust way of
predicting protein structures directly from their sequence, facilitating the building of 3D
models and investigating their interactions. The development of different computational
methods encourages researchers to introduce a unified blind test of the available protein
structure prediction methods called the community experiment “Critical Assessment of
Techniques in Structure Prediction” (CASP). This experiment takes place every 2 years and it
aims to compare the performance of available approaches based on their prediction of
almost 100 protein structures (Moult et al., 2016). Following this evaluation, a community
meeting of the developers took place, allowing them to discuss the performance of the
current tools and the latest advancements in this field. The Continuous Automated Model
EvaluatiOn (CAMEO) platform provides another and more frequent independent test that

evaluates the performance of these methods based on the prediction of known but
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unpublished protein structures (Rose et al., 2013, Haas et al., 2018). By providing developers
with the accuracy and quality of predicted structures and the possible limitations of their
approaches, these experiments have led to a significant advancement in protein structure
prediction. The advancement in computational methods that can evaluate the accuracy of
the predicted 3D protein models increases the researcher’s confidence in structure

prediction (Elofsson et al., 2018).

The IntFOLD server at Reading University has gained the attention of being one of the best
available computational tools for predicting protein structures, creating 3D models and
estimating their quality and predicting protein-protein interactions (McGuffin et al., 2019).
Based on the CASP and CAMEO blind assessments, this server has shown competitive
performance and it was ranked among the highest available servers for protein structure
prediction (Haas et al., 2018). By using this server, Dunwell and their colleagues in 2013
predicted the 3D protein structure of new protein sequences identified in Drosophila
melanogaster (Dunwell et al., 2013). In addition, Fuller and their colleagues in 2012 used
this server to determine the regulatory mechanisms of some mammalian GCKIII (germinal
centre kinase Ill) kinases through structurally predicting the protein-protein interaction

(Fuller et al., 2012, Sugden et al., 2013).

Here, this server was used to predict the 3D structure of WT or mutated vinculin, and the
obtained models were compared to the published structure of vinculin in the protein data
bank (PDB). The predicted models of vinculin showed that the K80R mutation has not

caused any structural changes in the folding of this protein. In addition, the K80 residue in
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this protein is in the N-terminal head domain, which has binding sites for talin. In order to
evaluate the importance of this residue in the talin-vinculin interaction and the
consequences of SUMO2 binding, docking models of these interactions based on their
structures were generated using this server (with the help of Dr. LiamMcGuffin). The
template-based docking models showed that the talin binding region in vinculin spans
residues from 6 to 60, but not K80. However, structurally, all of the top five ranked docking
models revealed that talin binding to vinculin is across K80. In addition, the docking models
of the SUMO2-vinculin interface showed that the attachment of SUMO2 to vinculin at K80
was at the same approximate site as where talin binds. It thus blocks the talin-vinculin
binding pocket. Based on these models, SUMO2 attachment to K80 in vinculin disrupts the
interaction of the latter protein with talin. By binding to vinculin, SUMO2 blocks the
vinculin-conserved region from interacting with talin, causing the disassociation. These
structural-based interaction models clearly support the Co-IP and FRET assay results by
indicating the importance of SUMO2 binding to vinculin at K80 to disassociate from the

talin-vinculin interaction.

Taken together, the finding of this project provides novel evidence that indicates a direct
and critical role of SUMOylation in the regulation of FAs and cell migration. Taking
advantage of mutagenesis, the FRET assay and the structure prediction of protein-protein
interaction, for the first time, the precise mechanism of SUMOylation in the regulation of
FAs has been defined. This finding clearly suggests that SUMOylation regulates the
disassembly of FAs by the covalent-attachment of SUMO2 to vinculin at K80 to disassociate

the talin-vinculin interaction. Talin and vinculin play important roles in the formation and
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maturation of FAs. Talin is recruited to early FAs, where it initiates the formation of a linkage
between ECM and actin filaments by binding to integrin and actin. This linkage is stabilised
by the recruitment of vinculin to the adhesion sites, where it supports the maturation of FAs
by binding to talin via its head domains (D1), and to actin through its tail domain (D5) (Bois
et al., 2005). This stabilised linkage enables the FAs to bear and transmit higher traction
forces between the cytoskeletal fibres and ECM, thus allowing the cells to move through
matrices (Carisey et al., 2013). According to the finding of this project, SUMOylation plays a
critical role in the regulation of cell migration by triggering the disassembly of existing FAs
facilitating cell movement. It triggers the disassembly of maturated FAs by disassociating the
talin-vinculin interaction. Talin binds to vinculin in an approximate site to K80 and SUMO?2.
Binding to this residue disassociates the talin-vinculin interaction and blocks their binding
pocket. Introducing a mutation in this site by replacing lysine with arginine to prevent
SUMO2 attachment enhances the talin-vinculin interaction. This leads to a larger size and a
slower turnover of FAs, in addition to a consequent reduction in cancer cell migration.
SUMOylation has shown to be an ideal regulatory mechanism for cell migration, which
requires a rapid and reversible regulation of its components. SUMOylation triggers the
disassembly of existing FAs by disassociating the talin-vinculin interaction through modifying
vinculin. De-SUMOylation could induce the maturation of newly formed early FAs by

removing SUMO2 from vinculin, thus allowing for its interaction with talin.
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The presence of SUMO motifs in other FA proteins could indicate a distinct and a wider role
of SUMOylation in the regulation of FAs apart from its role to trigger the disassembly of the
adhesion sites by targeting vinculin. It could be involved in their activation and/or
recruitment to FAs by mediating their interactions in the assembly phase of the FAs.
However, more studies are required to evaluate the consequences of SUMOylating these

proteins on the dynamic activities of FAs.
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6. General Discussion

6.1 Future work and perspective

The findings in this project support the hypothesis that SUMOylation promotes cancer cell
migration via regulating the turnover of FAs. The SUMO attachment to vinculin is likely to
lead to the disassociation of talin-vinculin interaction thus triggering the disassembly of FAs.
Since migrating cells require the continuous disassembly of existing mature FAs and
assembly of new FAs at new sites to facilitate their movement through the ECM, the
involvement of SUMOylation as a regulatory system in this process indicates its potentially
critical role in supporting cancer invasiveness and metastasis. Given its important role in
cancer cell migration, SUMOylation could be a potential target for therapeutic metastasis
intervention. As a regulatory mechanism of various proteins with diverse cellular functions,
investigating the possibilities of targeting the SUMO pathway or its substrates for the
development of anticancer molecules could lead to the identification of alternative ways to
treat cancer or the improvement of current medication. However, more studies are
required to determine the applications of targeting this post-translational modification

system for developing such treatment.

SUMOylation has gained the attention of been a crucial regulatory mechanism that support
cancer growth and metastasis (Seeler and Dejean, 2017). The expression of SUMO and
SUMO-associated enzymes have been reported in several studies to be deregulated in
various cancers and their deregulation was suggested to drive tumorigenesis and

invasiveness (Chen et al., 2011).
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Blocking SUMOylation by knocking down the SUMO E1 activating enzyme (SAE) or E2
conjugating enzyme (Ubc9) has resulted in preventing tumour growth in mouse models (Liu
et al., 2015). Several studies have reported the implications of SUMOylation in regulating
multiple functions in cancer cells including apoptosis, cell proliferation, angiogenesis and
metastasis. For example, SUMOylation was suggested to induce cellular senescence and
apoptosis by stabilising the tumour suppresser protein, p53 (lvanschitz et al.,, 2015). In
addition, SUMOylation was shown to regulate Akt-mediated tumorigenesis via regulating
Akt activity. The covalent attachment of SUMOL1 to this kinase increases its activity, which in
turn promotes tumorigenesis, whereas its deSUMOylation by SENP1 reduces its activity (Li
et al.,, 2013). Furthermore, SUMOylation was found to promote cell proliferation of
leukemia cell lines by modifying Insulin-like growth factor-1 receptor (IGF-1R) (Zhang et al.,
2015). SUMOylation of this receptor leads to its translocation to the nucleus to mediate
expression of target genes, some of which induce cell proliferation (Packham et al., 2015).
SUMOylation was also identified to support cancer metastasis and protect malignant cancer
cells from chemotherapy-induced apoptosis. The higher expression levels of its E2

conjugating enzyme, Ubc9, were shown to drive these processes (Moschos et al., 2007).

The conflicting roles of SUMOylation in cancer cells increase the challenges of its
applications in cancer therapy. In addition, the regulatory mechanisms behind its
involvement in regulating various functions in cancer cells remain poorly understood. As the
further identification of SUMO substrates, some of which may have critical roles in cancer
progression and metastasis, addressing the regulatory roles of SUMOylating these proteins

could reveal promising therapeutic targets. Although exhibiting conflicting roles in cancer
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cells, in most cases, SUMOylation was suggested to enhance cancer progression and
metastasis. Although the expression of SUMO and SUMO associated enzymes vary in
different cancer types, their expression is upregulated in the majority of cancers (Bellail et
al., 2014, Seeler and Dejean, 2017). In addition, the SUMOylation levels were found to be
higher in tumours than in surrounding normal tissues (Tomasi et al., 2012). The increased
levels of SUMOylation in tumours indicate its importance to aid tumorigenesis. Therefore,
investigating its roles in cancer malignancy and metastasis, which is responsible for most
cancer-related deaths (Gupta and Massagué, 2006), could lead to the identification of

cancer therapeutic targets.

Given its crucial roles in cancer growth and metastasis, targeting SUMOylation for the
development of anticancer therapies could be promising. Different steps of the
SUMOylation pathway can be targeted. One possible target in this pathway that could be a
useful indicator of tumour malignancy and a potential therapeutic target is the SUMO E1
activating enzyme (SAE). The higher expression levels of this enzyme were suggested to
enhance cancer malignancy. The malignancy of small lung cancer cells was inhibited and
their sensitivity to chemotherapy was enhanced by knocking down this enzyme (Liu et al.,
2015). In addition, the expression levels of SAE in Myc-overexpressed breast cancer patients
were found to contribute to malignancy stage and survival rate. The low expression levels of
this enzyme were described to be associated with improved survival rate and reduced
metastasis compared to higher expression levels (Kessler et al., 2012). Myc (c-Myc) is a
transcriptional factor that regulates the activity of several genes including genes involved in

cell proliferation.
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In some cancers, the gene encoding Myc possess a mutation that increase the expression of
its encoded protein, which results in upregulation in the expression of target genes leading
to cancer progression. Although its overexpression derives carcinogenesis, the activity of
this protein was dependent on the enzymatic activity of SAE and knocking down this SUMO-
activating enzyme caused synthetic lethality in these cancers (Amente et al., 2012). As SAE is
required to activate the SUMO pathway, this finding indicates the importance of enhanced
SUMOylation activity in c-Myc-dependent tumorigenesis. In addition, the expression levels
of this enzyme could be a useful indicator of malignancy stage in patients with Myc
overexpression. Furthermore, SAE could be a potential target for the development of

molecular therapy that induce synthetic lethality with mutated Myc in these cancer types.

Small molecules that target this enzyme have been developed including Ginkgolic acid
(Fukuda et al., 2009a), kerriamycin B (Fukuda et al., 2009b), and davidiin (Takemoto et al.,
2014). These molecules were found to inhibit its interaction with SUMO proteins, thus
blocking general SUMOylation. Ginkgolic acid is the most widely used as a total
SUMOylation inhibitor and it was found in this project to significantly reduce cancer cell
migration. However, due to non-specific side effects and unclear characterisation of these
inhibitors, researchers are continuingly screening for natural products or chemically
synthesised compounds for more specific targeting. In this regard, three SAE inhibitors were
identified recently including tannic acid (Suzawa et al., 2015), compound 21 (Kumar et al.,
2013) and ML-792 (He et al., 2017). Among these inhibitors, ML-792 was shown to inhibit
the SUMO-SAE intermediate formation by covalently binding to the SAE binding sites in

SUMO proteins. This compound was found to inhibit the enzymatic activity of SAE with good
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selectivity in Myc-overexpressed cells (He et al., 2017). This inhibitor could have a promising
potential for being used or developed as an anticancer drug for Myc-upregulated tumours
treatment. However, more characterisation of its specificity and side effects is necessary

before testing in clinical trials.

Another potential therapeutic target in the SUMOylation pathway is the SUMO E2
conjugating enzyme (Ubc9), which covalently attaches SUMO proteins to their substrates
(Gareau and Lima, 2010). Ubc9 overexpression was reported in different cancer types and
its expression is associated with cancer development (Seeler and Dejean, 2017). The
expression of this enzyme was shown to increase during the transformation of normal
colonic epithelial cells to colon cancer cells. Its expression was also shown to be higher in
late-stage melanoma and in tumour breast tissue compared surrounding tissue (Tomasi et
al., 2012). The higher expression levels of this enzyme were suggested to increase
malignancy and metastasis of melanoma cells and to enhance their resistance to
chemotherapy treatment (Moschos et al., 2007). Given its importance in the SUMOylation
pathway and its overexpression in most cancers, developing molecule inhibitors targeting
this enzyme could be an alternative approach to explore the roles of SUMOylation in cell
functions and/or to identify useful compounds with anticancer activity. Several compounds
have been reported to inhibit the activity of this enzyme and global SUMOylation including
GSK145A (Brandt et al., 2013), 2-D08 (29,39,49-trihydroxyflavone) (Kim et al., 2013) and the
gram-positive antibiotic spectomycin B1 (Hirohama et al., 2013). Spectomycin B1 inhibitor
was confirmed to have inhibitory effects against SUMOylation by interacting with this

enzyme and was reported to inhibit estrogen receptor-mediated cell proliferation in breast
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cancer indicating its potential use in treating these tumours (Hirohama et al., 2013).
However, characterising current inhibitors against this enzyme stills in early stages and

ongoing studies continue to screen for new compounds (Zlotkowski et al., 2017).

The SUMO E3 ligases enhances conjugation of SUMO proteins to their substrates and could
be also potential therapeutic targets (Martin et al., 2007). Unlike the sole E1 or E2 enzymes
in the SUMOylation pathway, there are several E3 ligases with different substrate specificity.
The overexpression of one of these ligases, Ran binding protein 2 (RanBP2), was reported in
myeloma (Felix et al., 2009) and small cell lung cancer (Horio et al., 2010). Targeting these
enzymes could have a great potential in screening for molecules with anticancer activity.
Unlike targeting the E1 or E2 enzymes, which blocks global SUMOylation, targeting an
individual E3 ligase will only inhibit the SUMOylation of its specific substrates. This will allow
investigating the impact of SUMO modification on the functions of specific targets. In
addition, since SUMOylation regulates multiple cellular functions, targeting these enzymes
could facilitate evaluating the role of SUMOylation in a specific function without affecting
the SUMOylation of proteins involved in other processes. This could indicate that targeting
these ligases could be useful for the identification of potential therapeutic targets for the
development of anticancer compounds that inhibit the SUMOylation of specific substrates
without affecting global SUMOylation. However, no compounds with inhibitory effects

against these ligases have been described (Yang et al., 2018).

SUMO-specific proteases (SENPs) represent another potential target for cancer intervention.

These proteases have two distinct functions in the SUMO pathway; they cleave the c-termini
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in SUMO proteins allowing them to interact with SAE and they deconjugate SUMOs from
their targets. DeSUMOylation is important to maintain the SUMOylation levels and the
overexpression of SENPs was reported in different cancer types (Xu et al.,, 2011). The
expression of SENP1 was noticed to be upregulated in prostate (Wang et al., 2013) and
pancreatic cancers (Ma et al.,, 2014) and its upregulation enhances their progression and
metastasis. Silencing this protease impaired proliferation and migration of these cancer
cells. It is expression was also shown to induce androgen receptor (AR)-mediated
tumorigenesis in prostate cancer (Kaikkonen et al., 2009) and to upregulate MMP9, which
enhances their migration, via de-SUMOylating them (Ma et al., 2014). Unlike SENP1, the
expression of SENP2 was observed to be downregulated in bladder tumour tissues (Tan et
al., 2013) and in hepatocellular carcinoma (HCC) (Shen et al., 2012), but upregulated in
multiple myeloma (Xu et al., 2015). SUMOylation was shown in the first two cancer cells to
increase their migration by upregulating MMP13 and overexpression of SENP2 inhibits their
migration and invasion by downregulating MMP13. Overexpression of SENP3 and SENP5
was reported in different cancers including gastric cancer (Ren et al., 2014) and breast
cancer (Cashman et al., 2014) and their high expression is associated with enhanced
malignancy and metastasis. Thus, these proteases could be useful tools for predicting
tumour malignancy and survival rate and could be potential targets for cancer therapy.
Several SENP1-inhibitors were developed including Triptolide (Huang et al., 2012),
Momordin Ic (Wu et al., 2016) and compound 13m (Zhao et al., 2016). These inhibitors were
shown to prevent prostate cancer cell growth by downregulating this protease. However,
more characterisation of their selective activity and side effects is necessary before testing

them in clinical trials for tumour treatment. In addition, novel compounds that target SENP2
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have been developed including compound 1, 2, 5-oxadiazole (Kumar et al., 2014),
compound 117 and Ebselen (Bernstock et al., 2018). More screening of novel compounds
that could have inhibitory effects on SENPs is essential for examining the possibilities of

targeting these proteases for cancer treatment.

Taken together, the crucial regulatory role of SUMOylation in various cellular processes in
cancer cells makes it an ideal drug discovery target for cancer therapy. The upregulation of
SUMO-associated enzymes in tumours can be used to predict the malignancy stage and
survival rate of various cancer types. Multiple candidates in the SUMOylation pathway could
be used as promising potential therapeutic targets for anticancer drug development. Several
molecule inhibitors derived from natural products or synthetic chemicals have been
developed to target different steps in the SUMOylation pathway. Some of these inhibitors
were reported to have anticancer activities by blocking SUMOylation and were shown to
inhibit cancer cell proliferation and cell migration and to induce cell apoptosis. However, the
specificity and the molecular mechanisms of these compounds remain poorly understood.
In addition, these inhibitors showed a weak or inefficient anticancer activity in multiple
cancers and suggested to cause novel side effects in the large scale (Yang et al., 2018). More
screening studies are necessary to identify novel SUMOylation inhibitors with good selective
activities and detailed characterisation of their molecular mechanisms to evaluate the
therapeutic potential of targeting the different SUMO-associated enzymes in cancer

intervention.
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Although targeting enzymes in the SUMO pathway could be a promising therapeutic
strategy for cancer treatment, the main challenge in this regard is the involvement of
SUMOylation in various cellular processes in normal and cancer cells. Despite the fact that
SUMOylation levels are elevated in tumour cells compared to surrounding tissues, targeting
global SUMOylation could lead to severe side effects on signalling pathways in normal cells.
Therefore, the development of drugs that could target global SUMOylation could be
inefficient for cancer treatment. To overcome this issue, a more specific targeting of
SUMOylation components is necessary. One possible way is the development of anticancer
drugs that prevent the conjugation of specific isoforms of SUMO proteins. For example,
SUMO2/3 isoforms are mainly located in the cytoplasm, where they conjugated to essential
proteins involved in cell migration (Wang and Dasso, 2009). Designing drugs that could
target these isoforms without affecting SUMO1 protein that regulate nuclear activities could

be more specific than targeting general SUMOylation.

Another and more specific SUMO-associated approach that could be used in cancer
treatment is targeting specific SUMO substrates. By targeting individual SUMO substrates,
general SUMOylation is not affected, and therefore, it could a promising therapeutic
strategy for cancer intervention. Identifying essential proteins in cancer progression and
metastasis and the development of drugs that could specifically target them to stop their
SUMOylation could be more effective with fewer side effects than blocking global
SUMOylation. For example, in this project vinculin was identified as a SUMO target and its
SUMOylation was found to be important for cell migration. Exploring the effects on

inhibiting SUMOylation of other proteins could shed the light on more important proteins
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that could be targeted for cancer treatment. For example, various FA proteins have been
predicted to be SUMO substrates. By investigating the regulatory roles of SUMOylation in
their functions, potential therapeutic targets could be identified. SUMOylation was also
reported to regulate different aspects of cancer cell migration by modifying key proteins
involved in F-actin cytoskeleton and in matrix degradation. These proteins could be

promising therapeutic targets for the development of anticancer drugs.

A promising strategy for the development of anticancer drugs is the development of small
molecule inhibitors that could target SUMO substrates and block their SUMOylation. As
SUMO proteins conjugate to small regions in their targets, it is more possible to design small
molecules that could disrupt their interaction. Identifying specific sites in SUMO substrates
facilitates structural based development of small molecules to prevent their interaction with
SUMO proteins. Once SUMO binding amino acids in the substrates are identified, databases
of small molecules could be screened for compounds that could mimic SUMO binding to this
region. The development of small molecules that could have high affinity towards specific
targets represent an attractive approach in cancer therapy. This strategy has been used
previously to disrupt murine double minute2 (MDMZ2)-p53 interaction in cancer treatment.
The tumour suppresser gene p53 is reported to be inactivated in different cancer types by
gene mutations (Feki and Irminger-Finger, 2004) or interaction with the oncoprotein MDM2
(Oliner et al., 1993). The important amino acids in their interaction has been identified using
X-ray crystallography and these crystal structures were used to screen for small molecules
that could disrupt their interaction (Kussie et al., 1996). One of the identified small molecule

inhibitors, MI-219, was shown to mimic the four amino acids (Phe 19, Leu 22, Trp 23 and Leu
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26), which represents the MDM2 interacting region in p53 (Kussie et al.,, 1996). This
compound was found to bind to MDM2 with high affinity and prevent its interaction with
p53 and was shown to inhibit cancer cell growth in cancer cells that express the WT p53
(Shangary et al.,, 2008, Ding et al., 2006). This strategy could be implicated in the
development of small molecules that could prevent SUMO attachment to specific proteins

that are essential in cancer growth and metastasis.

6.2 Future work

Several research lines rise from the findings in this project. The prediction of several
potential SUMO substrates at FAs indicate a wider role of SUMOylation in the regulation of
different functions of FAs. Mutagenesis could be used to evaluate the effects of their SUMO
modification on their recruitment and/or activity in FAs. Since FAs perform multiple cellular
functions including sensing the ECM, transmitting tension force and signalling, SUMOylation
could involve in the regulation of these functions and determining its roles in these different

functions would increase our understanding of its roles in FAs functions.

A future research line could follow this project is investigating the effect of the K80OR
mutation on metastatic capacity of these cancer cells in animal models. The finding in this
project suggests an important role of SUMOylating vinculin at K80 in cancer cell migration in
vitro. An important question arises from this finding, which is whether this non-
SUMOylatable version of vinculin could have consequences on cell’s ability to colonise
different organs. Mouse models of metastasis are very important tools that can be used to

investigate deferent steps of metastasis. It also provides the opportunity to investigate the
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interaction between tumour cells and surrounding microenvironment (Gémez-Cuadrado et
al.,, 2017). There are two different ways of introducing metastatic cancer cells (e.g. MDA-
MB-231 cells) expressing the non-SUMOylatable vinculin (K80R) into transplantation mouse
models of metastasis. The first way is the intravascular injection of cancer cells in mouse
experimental models of metastasis. Injecting cancer cells into different veins leads to the
formation of different metastasis. For example, injecting cancer cells into the tail vein leads
to the development of lung metastasis, whereas injecting cells into intra-carotid site leads to
the formation of brain and bone metastasis (Khanna and Hunter, 2005). These experimental
mouse models provide the opportunity to study the effects of KBOR mutation in vinculin on
different steps of metastasis including cancer cell arrest, extravasation and colonisation of
different cancer lines at different regions. Although these models could be useful in
determining the impact of vinculin SUMOylation at different steps of metastasis, they do
not provide the opportunity to study the initial steps of metastatic cascade including
detachment of cells from tumour site, invading surrounding tissues and intravasating
circulatory systems. Loss of adhesion is one of the main requirements to initiate metastatic
cascade (Friedl and Alexander, 2011) and using these models could not be useful to
investigate the impact of this mutation (K80R) on initiation of cancer metastatic. The other
way is introducing cancer cells into their primary sites in spontaneous mouse models. These
models allow the investigation of all metastatic cascade starting from primary tumour sites
to colonisation at secondary sites. Those different mouse models represent great tools to
study metastasis of different human cancers. However, a limitation of these models is the
lack of adaptive immune system, which was found to contribute to cancer growth and

metastasis (Hanahan and Weinberg, 2011). Genetically engineered mouse models could be
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useful to overcome the loss of immune system in these models. These models are
genetically engineered to overexpress oncogenes and inhibit the expression of tumour
suppresser genes to aid tumour growth (Donehower et al., 1992). However, the occurrence
of metastasis in these models was reported to be low and does not mimic cancer spread in
human (Kabeer et al., 2016, Kersten et al., 2017). Another limitation is the long latency of
some cancer types before the formation of metastatic lesions. The resection of primary
tumour was suggested to overcome this issue and to initiate cancer metastasis to secondary
sites (Doornebal et al., 2013).

Zebrafish models provide the opportunity to overcome the limitations in mouse models and
represent an alternative way for studying cancer metastasis of human cancers (Marques et
al., 2009, Stoletov and Klemke, 2008, Santhakumar et al., 2012). These models allow
investigating metastasis in short period, 48-120 hours, compared to mice models which
require six months (Teng et al., 2013). The smaller size of zebrafish and cost-effectiveness
allows investigating the effects on metastasis in large cohorts of fish in short period of time,
therefore, allowing the robust statistical analysis of these effects. Furthermore, the lack of
adaptive immune system in zebrafish larvae as they do not develop adaptive immune
system until 14 days post-fertilisation allow the growth and survival of human cancer cells in
these larvae without the requirement to supress their immune system that could cause side

effects in hosts (Traver et al., 2003).

Another possible research line that could follow the finding in this project is evaluating the
effects of K8OR mutated vinculin on different functions of FAs. Since FAs transmit traction

forces between cytoskeleton and ECM (Tan et al., 2003), the impact of the K8OR mutation in
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vinculin on the ability of FAs to transmit traction force could be investigated.
Polyacrylamide-Traction Force Microscopy (PA-TFM) is common approach to study traction
force that can be generated upon adhesion attachment to a substrate (Au - Jerrell and Au -
Parekh, 2015). Three-Dimensional Traction Force Quantification (3D-TFM) is another
technique that uses 3D matrixes such as agarose, collagen or Matrigel to study cell
contractility during migration (Legant et al., 2010). In addition, there are techniques that can
measure cell’s adhesion strength, which refers to the required force to detach cells from
matrixes, including cytodetachment and micropipette aspiration. Single cell force
spectroscopy (SCFS) technique could be used to measure the required force for breaking
molecular bonds to understand cell adhesion kinetics. Centrifugation Assay is one of the
widely used approaches to measure cell adhesion strength. Cells are plated in multiwell
plate and centrifuging is used to detach cells. To evaluate adhesion strength, the number of
cells before and after centrifuging is quantified by using automated fluorescence analysis
(Giacomello et al., 1999). These techniques could be used to evaluate the effects of the

K80R mutated vinculin on attachment and detachment of FAs to different matrixes.

Investigating these future research suggestions together with the suggested future works in
general discussion is of great importance to further demonstrate the involvement of
SUMOylation in cancer progression and metastasis. It will also provide a far more complete
understanding of the detailed regulatory roles of SUMOylation in deriving these processes.
This could also lead to the identification of promising therapeutic targets and/or the

development of anticancer molecules.
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