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Abstract

The ubiquitously-expressed neural Wiskott-Aldrich syndrome protein (N-WASP)
regulates actin cytoskeleton remodelling. N-WASP messenger ribonucleic acid (mMRNA)
levels was found to be reduced in skin squamous cell carcinoma (SCC) samples
compared to matched perilesional samples of 33 patients, suggesting it plays a role in
skin carcinogenesis. The SCC cell line human skin squamous cell carcinoma 5 (HSC-5)
was used to generate control HSC-5 (HSC-5™) cells HSC-5 cells overexpressing N-
WASP (HSC-5""Ay cells. HSC-5""AF cells had increased epithelial cadherin (E-
cadherin) and vinculin localizations but reduced cell migration, paxillin localization, cell

proliferation and protein kinase B (AKT) signalling compared to HSC-5°™% cells.

Ingenuity Pathway Analysis (IPA) comparative analysis of proteomics, protein
microarray and RNA sequencing (RNA-Seq) data suggested that N-WASP probably
regulates Integrin-mediated signalling, forkhead box protein class O1 (FOXO1)-
mediated signalling to reduce cell proliferation in HSC-5 cells. Experimental validation
found altered Integrin-mediated signalling, whereby HSC-5""A%" cells had reduced
signalling of focal adhesion kinase (FAK), proto-oncogene tyrosine-protein kinase Src
(SRC) and growth factor receptor-bound protein 2 (GRB2), but increased signalling of

5¢TR cells. It was also found that

son of sevenless homolog 1 (SOS1) compared to HSC-
increased FOXO1 cytoplasmic translocation and degradation may be responsible for
reduced HSC-5NYASP cell proliferation. The activity of extracellular signal-regulated
kinase 2 (ERK2) may be responsible for FOXO1 cytoplasmic translocation and
degradation. Inhibition of ERK2 in HSC-5"""A5" cells restored cell proliferation rate, E-
cadherin, vinculin and paxillin localizations, and cell migration to that of HSC-5™

cells.

Thioredoxin-interacting protein (TXNIP) is a FOXO1 target gene that negatively
regulates the thioredoxin system and its ROS-scavenging activity. TXNIP levels were
increased in HSC-5"WAS" cells compared to HSC-5°™® cells, suggesting cell
proliferation is reduced due to increased reactive oxygen species (ROS) levels. TXNIP
knockdown in HSC-5""ASP cells restored cell proliferation rate, E-cadherin, vinculin
and paxillin localizations, and cell migration to that of HSC-5' cells. These results
suggest that in skin carcinogenesis, reduced N-WASP protein levels keep FOXOL in the

nucleus via reduced ERK2-dependent phosphorylation. TXNIP expression is repressed,
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allowing unhindered thioredoxin system-mediated ROS scavenging, increasing cell
migration and proliferation via altered Integrin-mediated FAK-SRC-GRB2-SOS1 and
AKT signalling pathways. These in vitro results could be translated into in vivo solutions

for skin cancer treatment and prevention.
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Chapter 1: Introduction
1.1 The skin
The skin is the largest organ of the human body; it protects the body and all constituent

organs from foreign particles, pathogens and harm in general [1]. The skin is divided into
two layers, separated by a layer of basement membrane: the epidermis and the dermis.
The epidermis is a layer of stratified squamous epithelial cells composed of
keratinocytes, melanocytes, Langerhans cells and Merkel cells [2], and also
subcategorized into five layers, which are the stratum basale, stratum spinosum, stratum

granulosum, stratum lucidum and stratum corneum [3] (Fig. 1).
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Figure 1: lllustration of the skin, consisting of the epidermis and dermis. Also
shown are the five strata of the epidermis of which keratinocytes are the majority cell
type. Adapted from Health, Medicine and Anatomy Reference Pictures [4].

Keratinocytes are the major cell types in the epidermis and protect the body against
foreign pathogens and particles [5]. The Langerhans cells participate in the immune
system via capture of antigens from pathogens and foreign particles and present them to
T cells for immune recognition and response [6]. The melanocytes are responsible for

production of melanin which gives the skin its hue and filters ultraviolet (UV) light [7].
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Merkel cells are situated in the deepest part of the epidermis and enable the registration

of the sensation of touch by the somatosensory system [8].

The stratum basale is the innermost layer of the epidermis, consisting of proliferating
and non-proliferating cells that maintain epidermis’ connection to the dermis [2]. The
next layer, stratum spinosum, consists of multi-layered keratinocytes that provide for the
skin’s strength, support and elasticity. The stratum granulosum secretes lamellar bodies
containing proteins and lipids that enable the skin’s biological sealant property [3]. The
stratum lucidum consists of several layers of dead keratinocytes that allow the skin to
resist friction, and the outermost layer the stratum corneum, which similarly consists of
layers of dead cells to be shed, is embedded in a mixture of ceramides, cholesterol and
fatty acids that serve as the skin’s protection against chemicals, infections and

dehydration [9].

1.2 SKkin cancer

Normal cells accumulate genetic changes that dysregulate metabolic and self-protection
mechanisms over a long time, causing cancerous development. These changes occur at
many levels, from loss and gain of entire chromosomes to single mutations anywhere in
the chromosome, causing aberrant protein expression and dysregulation of factors
regulating gene expression [10]. Cancer cells are capable of self-sufficient growth
signalling, uncontrolled cell division, apoptotic evasion and insensitivity to anti-growth
signals [11]. Cancer of the skin is divided into two types: melanoma and non-melanoma

skin cancer, which in turn is divided to basal cell carcinoma (BCC) and SCC.

1.2.1 Melanoma

Melanoma is a highly prevalent skin cancer, caused mainly by high exposure to UV
radiation [12] and mainly in countries such as Australia, New Zealand and those in
Europe and North America due to low levels of melanin in the resident populations there
[13]. It is fatal if undetected in early stages, and it is responsible for over 75% of reported
deaths from skin cancer [14]. Melanoma is caused by UV-radiation-induced
deoxyribonucleic acid (DNA) nucleotide dimerization and its incidence is increasing
[15]. Other causes include mutations in cyclin-dependent kinase 4 (CDK4) and cyclin-
dependent kinase inhibitor 2A (CDKNZ2A) which regulate cell cycle progression [16],
mutations of any genes for involved pathways that regulate or promote cell proliferation
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such as the transforming protein 21 (Ras) (RAS)-RAF proto-oncogene serine/threonine
protein kinase (RAF)-ERK and phosphoinositide 3-kinase/phosphatase and tensin
homolog (PISK/PTEN) pathways, or abnormal expressions of genes that induce
proliferation signalling such as AKT [17].

1.2.2 Non-melanoma skin cancer

More than 70% of reported cases of non-melanoma skin cancer are due to BCCs, with
the remainder less than 30% due to SCCs. However, BCCs are rarely metastatic and are
thus rarely fatal compared to SCCs [18]. This is because SCCs have the ability to
develop multiple tumour foci with eventual highly metastatic ability, coupled with
increased proliferative ability [19]. Similar to melanoma, excessive exposure to UV
radiation is the main cause of both BCCs and SCCs [12]. BCCs are caused by mutations
in tumour suppressor genes such as tumour protein 53 (TP53) [20], and mutations in the
protein patched homolog 1 (PCTH1) and Smoothened (SMO) genes of the hedgehog
pathway which regulate gene transcription and expression [21]. Mutations in the DNA
repair gene X-ray repair complementing defective repair in Chinese hamster cells 3
(XRCC3) appears to be characteristic of BCCs as well [20]. In SCCs, mutations in TP53
and genes of the PIBK/AKT pathway are also a cause, while increased protein levels in
integrins a5B1 and avp6 as well as the loss of other integrins [22], and increased protein
levels of cellular homolog of retroviral v-Myc oncogene (cMyc), Src-family tyrosine
kinases (SFK) and epidermal growth factor receptor (EGFR)-induced signalling are all
implicated in SCC development [23].

1.3 Cytoskeleton

The cytoskeleton is an intracellular network of polymerized protein filaments that
maintain a cell’s form, shape and polarity, and to detect and respond to external stimuli.
This makes the cytoskeleton crucial for activities such as embryogenesis, cell division,
cell extensions, organelle transport and positioning, cell movement and migration and
wound healing [24]. The three constituents of the cytoskeleton are actin filaments,
intermediate filaments and microtubules, which interact intensively with each other and
the numerous cellular components throughout the body of the cell and the plasma

membrane. These interactions, as well as the recycling and reassembly of cytoskeletal
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constituents throughout the cellular body, are responsible for normal cellular function
and growth [25].

1.4 Actin cytoskeleton

Actin filaments constitute a major component of the cytoskeleton network. It consists of
the globular G-actin form and the filamentous F-actin form [26], and its recycling and
reassembly are what drives the formation of actin-based protrusive structures such as
lamellipodia, filopodia and invadopodia [27]. Actin has also been shown to be present in
the nucleus, suggesting a possible role for chromatin remodelling, gene transcription and

expression [28].

Actin reorganization is mediated by actin-binding proteins that are classified based on
functions such as capping, severing, nucleating, sequestering, cross-linking and
monomer-binding proteins [29]. Thymosin-p4 sequesters G-actin and prevents G-actin
polymerization to F-actin [30]; cofilin severes and disassembles existing F-actin
branches for redistribution elsewhere in the cell [31]. The Actin-related protein (Arp) 2/3
complex is composed of Arp2, Arp3 and five subunit proteins; they provide the actin
nucleus for the formation of F-actin from G-actin [32], with G-actin being recruited by
nucleation promoting factors [33]. Nucleation promoting factors of interest to this
dissertation belong to the Wiskott-Aldrich syndrome protein (WASP) family of proteins
[34]. The process of actin cytoskeleton remodelling is summarized visually (Fig. 2).
Given the actin cytoskeleton’s importance in cell division and proliferation, coordination
of actin recycling, reassembly and cellular processes such as cell-cell adhesion and cell
motility is required.
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Figure 2: The Arp2/3 complex nucleates actin filament formation. The Arp2/3
complex nucleates actin following the hydrolysis of ATP form to ADP form, allowing
formation of daughter filaments from the main actin branch which assert force on the
plasma membrane and influencing changes in cell shape. Actin regulators such as cofilin
determine how and where actin branches are formed, disassembling actin constituents to
be recycled as needed elsewhere in the cell. Adapted from Dayel [35].

1.4.1 Cell-cell adhesion

For cells to break away to grow, proliferate or even metastasize, the connections between
cells at the membrane must be removed [36]. Molecules responsible for cell-cell
adhesion include transmembrane glycoproteins such as cadherins and integrins, and
intermediary molecules or complexes that tie receptors to F-actin and cellular machinery
[36]. The structures responsible for these interactions are the gap junctions, tight
junctions and anchoring junctions. Gap junctions employ structures called connexon
complexes that permit the passing of ions and small molecules between cells without
leakage into extracellular fluids around the cells [37]. Tight junctions are intercellular
junctions that hold epithelial cells together as layers and ensure that water, ions and small
molecules pass through cells in order to move through tissues [38]. Anchoring junctions,
which hold cells together and provide joint structural cohesion, are divided into three
types: desmosomes use the intermediate filament-based cytoskeleton and cadherins to
hold to other cells, hemidesmosomes use the intermediate filament-based cytoskeleton
and integrins to hold cells to the extracellular matrix (ECM), and adherens junctions

utilize the actin cytoskeleton and cadherins for cell-cell adhesion [39].
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1.4.2 Cell motility

The cell’s ability to migrate is essential for development and metastasis. Changes in
cytoskeletal dynamics and interactions by adhesion molecules allow cells to migrate
[40], which is usually done either as single cell movements or in a collective manner by a
sheet of cells on the ECM [41]. The process is cyclic in manner, where a repetition of
protrusion, adhesion and retractions occur and allow cell movement in a desired
direction. The cell first establishes polarity, with a defined trailing edge and leading
edge, and protrusions at the leading edge occur after actin polymerization either in a
broad sheet-like manner (lamellipodia) or thin finger-like microspikes (filopodia) [42] in
response to chemical gradients or other stimuli. Integrins and other adhesion molecules
at the end of these protrusions attach to the ECM, giving the cell a solid traction forward
[43]. Active cell division control protein 42 homolog (CDC42) and Rac guanosine
triphosphate-ases (GTPases) remodel the actin cytoskeleton and reposition organelles
and the nucleus forward [44,45], followed by cellular retractions from the ECM at the
trailing edge, caused by signals from active Rho GTPase and other molecules such as
SRC kinase, ERK and FAK [43].

1.5 WASP family of proteins

The WASP protein was first identified in studies of mutations in the Wiskott-Aldrich
syndrome (WAS) gene responsible for said syndrome [46]. The syndrome is a rare,
inherited X-linked disease causing eczema, immunodeficiencies due to impaired
hematopoietic cells, neutropenia and thrombocytopenia [47]. Mutations of WAS
generally occur throughout the gene, although more than 50% are known to be in exons
1 to 3 that encode the WASP homology domain 1 (WH1) [48]. Further studies on WASP
allowed for the discovery of other member proteins, including N-WASP and the WASP-
family verproline homologous protein 1 (WAVE) proteins 1 to 3 of the Scar/WAVE
subfamily group [49], and those more recently discovered that recruit the Arp2/3
complex for actin polymerization such as WASP and Scar homolog (WASH) and WASP
homolog associated with actin, membranes and microtubules/WASP homology region 2
domain-containing 1 (WHAMM/WHDC1) [47], and the WHDC1-like protein junction
mediating and regulatory (JMY) [50]. A comparison of the common constituent domains
of the WASP family of proteins is shown (Fig. 3).
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Figure 3: Comparison of domains of various members of the WASP family of
proteins. The WASP and N-WASP proteins almost share an identical domain
composition, but differences abound in WAVE and WASH proteins, and most
significantly the recently discovered WHDC1 and JMY proteins. All member proteins
contain the WH1, PP, and VCA domains to some degree. WH1, WASP homology
domain 1; B, basic, GBD, GTPase-bding domain; PP, polyproline-rich region; V,
verproline; VVCA, verproline-verproline-central-acidic, VV-A, verproline-verproline-
acidic; SHD, Spa2 homology domain; WHD1, N-terminal WASH homology region
domain 1; WHD2, N-terminal WASH homology region domain 2; JHD1, JmjC domain-
containing protein domain 1; JHD2, JmjC domain-containing protein domain 2; CC,
coiled-coils domain. Adopted from Institut fir Molekulare Zellbiologie [51].

1.5.1 N-WASP domains and functions

N-WASP was first isolated as a bovine WASP isoform and initially presumed to be
mainly expressed in neural cells at high levels [49]. N-WASP was then found to be
ubiquitously expressed, in contrast to WASP which was only expressed in hematopoietic
cells [52]. N-WASP has a similar protein homology with WASP, containing the WH1,
Basic (B), GTPase-binding domain (GBD), poly-proline (PP) and Verprolin-Central-
Acidic (VCA) domains, with an additional verprolin region (Fig. 3). The WH1 domain
interacts with verprolin family proteins including WASP-interacting protein (WIP),
corticosteroid and regional expression 16 protein (CR16), and the WIP homolog WIP
and CR16 homologous protein/WIP-related protein (WICH/WIRE) [53-55]. The B and
GBD domains interact with GTPases such as CDC42, Rac and the RAS homolog family
member Q (TC10) [56]. The PP domain interacts with profilin and SH3-containing
proteins such as cortactin, non-catalytic region of tyrosine kinase adaptor protein 1
(NCK1), GRB2 and WASP interacting SH3 protein (WISH) [57]. The VVCA domains
interact with G-actin and the Arp2/3 complex [58]. N-WASP exists in an autoinhibited

state due to its closed conformation from intramolecular interactions between the VVCA
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and B domains, similar to WASP [47]. When active Cdc42 binds to the GBD domain
[56] or FAK phosphorylates the tyrosine (Tyr)-256 residue [59], N-WASP is relieved
from the autoinhibited state, allowing the VVVCA domain to interact with the Arp2/3
complex and G-actin to promote actin polymerization [56]. N-WASP dimerization at the
VVCA domain has been reported when interacting with Arp2/3 complex in order to

facilitate actin polymerization [60].

N-WASP-Arp2/3 complex activity from the VVCA domain is vital for cellular activities
such as cell migration and division [61]. N-WASP has been shown to be necessary for
clathrin dependent endocytosis, vesicle fission and departure from the nucleus [61,62].
N-WASP also assists in RNA polymerase IlI-mediated transcription in the nucleus and
chromosomal alignment in mitosis [63,64]. N-WASP knockout in mice was shown to be
embryonically lethal with neural tube and cardiac tissue defects [65,66], and its presence
has been demonstrated in actin-rich cellular protrusion structures like lamellipodia,
dorsal ruffles, filopodia and invadopodia [67-69]. In muscle cells, N-WASP cooperates
with nebulin to cause actin polymerization in a manner similar to yet independent of
Arp2/3 complex, alongside with myosin filament assembly, for myofibrillogenesis [70].
N-WASP also cooperates with WIRE and E-cadherin at the epical zonula adherens, an
adherens junction subdomain, to maintain cell junction integrity [71]. N-WASP is being
increasingly linked to cancer progression and invasion. It was found to be up-regulated
in colorectal cancer cells that metastasized and formed lesions in the liver [72]. N-WASP
appears to play a role in lung cancer cell proliferation, growth and metastasis, and
correlates with poor patient survival rate [73]. N-WASP was also reported to play a
critical role in ovarian tumour growth and migration via interaction with the EGFR
signalling axis [74]. Our laboratory has found N-WASP expression to be reduced in 33
SCC patient samples compared to matched skin perilesionals (Swagata’s unpublished

data) (Fig. 4), suggesting that N-WASP plays a role in skin carcinogenesis.
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Figure 4: N-WASP expression is reduced in 33 patient SCC samples compared to
matched skin perilesionals. Total ribonucleic acid (RNA) was extracted from paraffin-
embedded SCC and matched perilesional samples obtained from 33 SCC patients from
the National Skin Centre of Singapore, followed by generation of complementary DNA
(cDNA) and real-time polymerase chain reaction (PCR). Equal amounts of cDNA were
used for real-time PCR for N-WASP expression, normalized to mitochondrial 39S
ribosomal protein L27 (MRPL27), and compared to the individual matched skin
perilesional values. Experiments were performed in triplicates.

In blood peripheral monocytes, upon stimulation of EGFR, N-WASP has been shown to
be recruited for receptor-mediated endocytosis of human cytomegalovirus and for
mediating cell motility [75]. Although T cells require mainly WASP for activation, they
require the activities of both WASP and N-WASP for development [76]. Wiskostatin is a
well-known chemical inhibitor of N-WASP [73]. The ezrin, radixin and moesin (ERM)
proteins, which link the plasma membrane and actin cytoskeleton, as well as the
neurofibromatosis type 2 (NF2) tumour suppressor protein Merlin are capable of
inhibiting N-WASP in vitro and in vivo [77]. N-WASP has been shown to be
phosphorylated at threonine (Thr)-196, -202 and -259 residues by dual-specificity
tyrosine-phosphorylation-regulated kinase 1A (DYRKZ1A), which restores intramolecular
interactions of GBD and VVCA domains and N-WASP’s autoinhibited state, thus
negatively regulating actin polymerization and the relevant cellular processes [78].

1.5.2 N-WASP and cell signalling
N-WASP expression was found to be reduced in breast and colorectal cancers, which is
believed to reduce patient survival rate in both cancers [79,80]. N-WASP was found to

play an important role in hypoxia-induced epithelial-mesenchymal transition (EMT) and
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is necessary for metastasis [81]. N-WASP is present in the lamellipodia and invadopodia
of cancer [82,69]. It plays a role in cell motility and maintenance of amoeboid cell
morphology [83]. Breast cancer cells utilize N-WASP at invadopodia to promote
trafficking of matrix metalloproteases there for degradation of the ECM [84]. These

suggest that N-WASP plays a role in carcinogenesis in numerous cell types.

As stated earlier, our laboratory found N-WASP mRNA levels to be reduced in SCC
samples from skin cancer patients compared to matched perilesional samples (Fig. 4),
suggesting N-WASP is down-regulated in skin carcinogenesis. Cancer development is
caused by dysregulation of or acquired mutations in normal metabolic and signalling
pathways [10]. The role of N-WASP in epithelial skin cancer has yet to be characterized.
Therefore, the study of cell signalling pathways influenced by N-WASP is considered
vital as detailed mechanisms of N-WASP’s role in carcinogenesis is not fully understood
[85]. Four candidate pathways have been chosen for N-WASP studies, including their

justifications.

The Integrin signalling pathway is responsible for cell growth, proliferation, migration
and cell adhesion [86]. It works primarily by utilizing focal adhesion complex member
proteins such as talin, vinculin, paxillin and FAK to connect signals from integrins to F-
actin, inward to the cell [87]. FAK phosphorylates N-WASP at the Tyr256 residue in the
GBD domain and converts N-WASP into an active state that stimulates cell migration in
mouse embryonic fibroblasts (MEF) [59]. The SRC-Crk-associated protein (CAS)-Crk
signalling axis, controlled by this pathway, was found to influence N-WASP activity
towards cell migration and adhesion activity in MEF cells [88]. It is of interest if similar

findings can be repeated by studying this pathway in epithelial skin cancer cells.

The epidermal growth factor (EGF) signalling pathway transmits signalling from
activated EGFR to the RAS-RAF-mitogen-activated protein kinase kinase (MAP2K)
(MEK)-mitogen-activated protein kinase (MAPK) signalling axis to regulate cell cycle
progression or the PIBK/AKT signalling axis to regulate cell proliferation [89]. EGF
signalling has been shown to stimulate and regulate Drosophila intestinal stem cell
proliferation via the c-Jun N-terminal kinase (JNK) signalling axis in response to stress
and maintains epithelial regeneration after tissue damage [90]. EGF stimulation was also
found to stimulate increases in N-WASP levels and induce epithelial-mesenchymal
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transition (EMT) in A431 carcinoma cells, with induced cells exhibiting increased cell
migration [81]. As stated earlier, in both monocytes and ovarian cancer cells, active
EGFR recruits N-WASP to mediate effects such as cell motility, migration and receptor-
mediated endocytosis [74,75]. It is thus of interest to determine if N-WASP regulates

EGF signalling in epithelial skin cancer cells, or vice-versa.

The Wnt signalling pathway is responsible for axis patterning, cell migration,
proliferation, cell fate specification and tissue regeneration [91]. Mutations have caused
diseases including prostate and breast cancers, glioblastoma and type-2 diabetes among
others [92]. Three pathways have been identified that utilize signalling from the Frizzled
receptor and its ligand Dishevelled protein; two non-canonical pathways do not utilize -
catenin [93], and one canonical pathway utilizes p-catenin and depends on B-catenin
accumulation to activate gene transcription [92]. The role of Wnt signalling in skin
cancer is not clear and insufficiently studied. One study found N-WASP knockout mice
exhibited reduced B-catenin-dependent nuclear activity and cell hyperproliferation [65].
This suggests that N-WASP may influence or is influenced by Wnt signalling in

epithelial skin cancer cells.

The Hippo signalling pathway was recently discovered in a Drosophila screen for
tumour suppressor genes [94-97] and, similar to other pathways, is conserved in humans
and responsible for cell growth, proliferation and size control [98]. The Hippo signalling
pathway regulates transcription of growth genes via the Yes-associated protein
(YAP)/Transcriptional coactivator with PDZ-binding motif (TAZ)-TEA domain family
member protein (TEAD) complex in the nucleus [99,100]. Overexpression of YAP
transcription factor in mice caused enlargement of liver more than twice the size that of
control [101]. Knockdown of the Hippo target gene connective tissue growth factor
(CTGF) reduced chondrocyte proliferation and resulted in skeletal dysmorphisms in
mice [102]. Our own observation was that the tumorigenic human SCC model HSC-5
cells are larger in size than non-cancerous, non-tumorigenic human skin cell model
HaCaT cells. These suggest that the Hippo pathway may play a role in growth and size

control in epithelial skin cancer cells.
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1.6 Transcription factors

Transcription factors (TFs) regulate transcription and gene expression, by binding to
specific DNA sequences via specific DNA-binding domains (DBDs) [103]. Control is
asserted by individual TFs or in a complex with various effectors to promote or repress
RNA polymerase Il activity [104]. Mutations in TFs cause aberrant TF activity, and in
response to stimuli further leads to abnormal cell growth and cancer development [105].
TFs are categorized based on the sequence similarity and tertiary structures of their
DNA-binding domains, of which 5 superclasses are known: superclass 1 basic domain,
superclass 2 zinc-coordinating DBDs, superclass 3 helix-turn-helix, superclass 4 pB-
scaffold factors and superclass O others [106,107]. An example of a TF family currently
undergoing intensive research is superclass 3 class 3 forkhead/winged helix family 1
developmental regulators — the forkhead box (FOX) protein.

1.6.1 FOXO family of transcription factors

FOX proteins are TFs responsible for cell metabolism, growth, proliferation, longevity
and embryonic development [108], and all share forkhead box motif that loops in a
butterfly-like manner [109]. A protein fkh was first isolated in a Drosophila mutagenesis
screen [110], after which subsequent studies expanded the collection of proteins to
mammals and yeast and necessitated a unified FOX naming nomenclature and categories
from class A to S [111]. Of interest for this dissertation are the O class proteins,

specifically FOXO1. A comparison of the domains of all four FOXO proteins is shown
(Fig. 5).

FOXO1 contains a forkhead box DNA-binding domain (FHD), a nuclear localization
sequence (NLS), a nuclear export sequence (NES) and a transactivation domain (TAD)
[112]. As mentioned, the FHD domain is necessary for binding of FOXO protein to
target genes [109]. Phosphorylation of residues in the NES in FOXO1 by kinases such as
AKT and serum and glucocorticoid-regulated kinase 1 (SGK1) causes recruitment of the
14-3-3 protein for FOXO protein shuttling from nucleus to cytoplasm for proteasomal
degradation [112,113]. It was also reported that FOXOL1 degradation is caused by
polyubiquitination by E3 ligases such as mouse double minute 2 homolog (MDM2) in
the nucleus and S-phase kinase-associated protein 2 (SKP2) in the cytoplasm [114]. The

TAD domain, usually located at the carboxy-terminus, is the region that interacts with
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other effectors of the transcription complex, and either promotes or represses gene

transcription [115].

CBP/p300 CBP/p300
pi8 MST1 ERK
AKT AMPK AKT AKT AMPK IKKp
\ \ o | \ \ \ | ]
o] P ()] S = [T oo [y o0 =)} Qo =
~ . S 83 8432 8% Y o2 08 &5 G%
L — N Y e Yy W W [T V) W 4 (G
P P P PA PA AP PP PP P P A PP
Foxos N TR NEs DD 6rsaa

Foxor N ppp RIS T s [T D 655 aa

FOXO4 NI D NS NES [EEEERE 505 aa
FOX06 N hp SRR 492 aa

Figure 5: Comparison of FOXO family member proteins and their domains. All
member proteins contain at least the FHD domain, NLS and NES. Shown are the various
serine and threonine residues that are phosphorylated (P) by various kinases, and the
lysine residues that are acetylated (A) by CREB-binding protein/p300 (CBP/p300) on
FOXO3 only. A rough equivalent residue site of kinase or acetylase action exists on the
other FOXO proteins, though not shown. FHD, forkhead box DNA-binding domain;
NLS, nuclear localization sequence; NES, nuclear export sequence; TAD, transactivation
domain; AMPK, 5’ adenosine monophosphate-activated protein kinase; MST1,
macrophage-stimulating 1; p38, p38 MAPK; IKK}, inhibitor of nuclear factor kappa-B
kinase subunit beta. Adapted from Lam et al. [112].

1.6.2 FOXO1 and interactions

All FOXO proteins are ubiquitously-expressed. FOXO1 is found most highly expressed
in the spleen, heart, kidney, brain and adipose tissues [115], although studies about its
metabolic function have been performed mainly in the liver and pancreas [116]. AKT,
SGK1, ERK, JNK and PTEN phosphorylate FOXO proteins and target them for
degradation, but macrophage-stimulating 1 (MST1) and 5’ adenosine monophosphate-
activated protein kinase (AMPK) phosphorylate FOXO proteins and convert them to an
active form; CREB-binding protein (CBP)/p300 alone acetylates and deacetylates
FOXO1 into its inactive and active forms, respectively, although how this mechanism

works is not well known [112,117].

Unlike other FOX proteins, FOXOs negatively regulate cell proliferation by repressing
Cyclin D1 (CCND1) and promoting cyclin-dependent kinase inhibitors 1A and 1B
(CDKN1A and CDKN1B), retarding cell cycle progression [112]. Faced with external
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stimuli, FOXOL1 activates pro-apoptotic genes including Fas ligand (FASL), B-cell
lymphoma 2-like protein 11 (BCL2L11) and tumour necrosis factor superfamily member
10 (TNFSF10) [115,118]. FOXO1 knockout mice exhibited cardiovascular deformities,
progressive cell apoptosis and embryonic lethality [119], showing how crucial FOXOL1 is
for life. Chromosomal breaks in FOXOL1 and fusion of its TAD domain to DNA-binding
domains of other transcriptional effectors have been found to cause rhadomyosarcoma
growth, due to lack of control by AKT inactivation [120]. FOXO1 is known to regulate
gluconeogenesis, glycogenolysis and adipogenesis [113]. JNK phosphorylates FOXOL1 in
pancreatic cancer HCT-115 cells, causing FOXO1 to be translocated to the cytoplasm for
degradation, which leads to cell apoptosis [116]. These suggest that FOXO1 performs
multiple metabolic control functions in different cells. FOXO1 has been reported to play
a role in skin epidermal morphogenesis and repair processes [121]. FOXOL1 is also
reported to regulate proliferation of stratum basale keratinocytes via inhibition of tumour
protein 63 (TP63) by stimulus from the insulin/insulin growth factor 1 (IGF-1) pathway
[122]. It is therefore possible that FOXOL1 plays a role in skin carcinogenesis.

1.7 Cell redox system

Oxygen usage as part of cellular metabolism is necessary for the growth and
development of multicellular organisms. However, in the form of ROS, it poses a threat
to said development. ROS is produced as a result of metabolic processes as well as
stimuli such as exposure to UV light, radiation, foreign contaminants and allergens,
infection by viruses and even smoking [123]. In low and natural concentrations, they
pose little threat to cells and are even beneficial, but in high concentrations, they result in
oxidative stress, can be detrimental to DNA, lipids and proteins, and cause cell damage
[124,125]. A cell has in-built mechanisms to scavenge intracellular ROS for self-
protection and biological safety. Three reduction-oxidation (redox) systems are usually
employed by cells which scavenge ROS and both modulate and stimulate signalling axes
— the glutathione, pyridine nucleotide, and thioredoxin redox systems [126].

1.7.1 Thioredoxin system

The thioredoxin system, conserved in many bacteria, plants and mammals, consists of
nicotinamide adenine dinucleotide phosphate (NADPH), thioredoxin (Trx), thioredoxin
reductase (TrxR) and peroxiredoxin (Prx) [127]. This system often cooperates with the
glutathione system to scavenge ROS and modulate signalling axes, and both the
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thioredoxin and glutathione systems depend on NADPH for their reduction reactions
[126]. Prx consists of 6 isoforms, aptly numbered from 1 to 6 [128], while both Trx and
TrxR exist in isoforms 1 and 2. Trx1 and TrxR1 localize in the cytoplasm, and Trx2 and
TrxR2 localize in the mitochondria [123]. NADPH serves as a reservoir for hydrogen
ions, while TrxRs are flavoproteins containing an NADPH binding site, a conserved
Cys-Val-Asn-Val-Gly-Cys catalytic site necessary for receiving NADPH hydrogen ions
and a C-terminal cysteine-selenocysteine site that receiving the hydrogen ions and
reduces TrxR [129]. In both cytoplasm and mitochondria, the reactions are as follows:
Prx first renders ROS harmless, and the oxidized Prx or any other oxidized protein are
reduced by Trx, resulting in an oxidized Trx which is then reversibly reduced by TrxR
and NADPH hydrogen ion donation [123,127] (Fig. 6).
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Figure 6: Thioredoxin redox system exchange of hydrogen ions to scavenge ROS.
Prx is oxidized in order to reduce ROS to harmless forms, and both dithiol-oxidized
proteins and oxidized Prx depend on the oxidation of Trx to render themselves reduced.
The oxidized Trx is then recycled into its reduced form to be used for further hydrogen
ion donations by NADPH donation of hydrogen ions catalysed by TrxR. Numbers
indicate the positions of cysteine residues related to dithiol/disulfide reactions. Prx,
peroxiredoxin; Trx, thioredoxin; TrxR, thioredoxin reductase; FAD, flavin adenine
dinucleotide; FADHo,, flavin adenine dinucleotide hydroquinone; Se, selenium. Adapted
from Watanabe et al. [123].
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1.7.2 TXNIP and interactions

TXNIP was first identified from yeast two-hybrid studies and at first named
independently as thioredoxin-binding protein 2 (TBP-2) [130] and Vitamin D3-
upregulated protein 1 (VDUP1) [131]. Initially isolated from HL-60 cells, TXNIP is later
found to be ubiquitously-expressed and localizes in the nucleus, cytoplasm and
mitochondria [123]. It is considered a member of the a-arrestin family of proteins due to
it sharing arrestin-like domains with a-arrestin domain-containing proteins (ARRDC) 1
to 5, all known to modulate glucose metabolism — although TXNIP is the only one that
interacts with Trx [132]. TXNIP is a negative regulator of Trx, whereby its Cys-247
residue forms a disulfide bridge with thioredoxin’s Cys-32 residue, thus inactivating it
[133]. This interaction, or lack thereof, has been suggested to be responsible for

development of many diseases and even carcinogenesis in many cell types.

The combination of reduced TXNIP and increased Trx was shown to increase muscle
insulin sensitivity and glucose uptake, reduce the chances of neuropathy, cardiac
hypertrophy and neurodegenerative pathogenesis [127]. However, a review by Zhou et
al. [134] showed that either loss-of-function of reduced levels of TXNIP correlated with
progression and development of cancers including breast, bladder, prostate and
colorectal. Increased TXNIP levels in pancreas reduced Trx levels and reduced cell
proliferation via apoptosis by apoptotic signal kinase 1 (ASK1) signalling [135]. The
same phenotype was observed in podocytes via p38 MAPK signalling [136]. In vitro
overexpression of TXNIP caused reduced Trx and increased intracellular ROS levels
[130,137]. The treatment of metastatic neuroblastomas with the fibrate-class drug
fenofibrate repressed cell proliferation and migration activity via increased TXNIP levels
[138]. Increased TXNIP has been found to repress mammalian target of rapamycin
(mTOR) signalling in HeLa, H1299 and H460 cells, possibly reducing chances of
carcinogenesis [139]. Increased TXNIP correlated with increased CDKN2A levels to
induce Gap 1 phase (G1) cell cycle arrest in human T-cell lymphotropic virus type 1
(HTLV-1)-infected metllothionein 2 (MT-2) cells [140]. In vivo HcB-19 mouse models
of TXNIP nonsense mutation found increased occurrence of familial combined
hyperlipidemia, including hypercholesterolemia and hypertriglyceridemia [141], while
another HcB-19 mouse model with TXNIP mutations correlated with increased
occurrence of hepatocellular carcinoma [142]. Thus, it is possible that TXNIP activity is
beneficial to the health of some cell types, but detrimental to others. To our knowledge,
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there are no known reports on the role of TXNIP in skin cancers, and this dissertation

aims to determine if TXNIP does play a role in skin carcinogenesis.

1.8 Objectives

WASP family of proteins, such as N-WASP, are critical for actin cytoskeleton
remodelling via Arp2/3 complex activation for subsequent actin polymerization. N-
WASP expressions in breast and colorectal cancers are found to be reduced. This was
similarly found in SCCs, when a comparison of skin cancer samples was made to
matched perilesional controls in 33 patients (Swagata’s unpublished data). So far, the
role of N-WASP in skin cancer has yet to be elucidated. The study of N-WASP in
tumorigenic and non-tumorigenic cells, represented by HSC-5 (established from human
SCCs) and HaCaT cell lines respectively, and how N-WASP influences HSC-5 cell
proliferative activity are the focuses of this dissertation. The objectives of this

dissertation are thus:

1) To characterize the function of N-WASP in normal skin cells, skin cancer cells and
skin cancer cells overexpressing N-WASP

2) To identify the signalling pathways or functional molecules responsible for N-
WASP-mediated changes in skin cancer cells overexpressing N-WASP by means of
proteomics analysis, protein microarray and RNA-Seq

3) To validate identified candidate signalling pathways and functional molecules via

Western blotting or knockdown studies

50



Chapter 2: Materials and Methods
2.1 Materials

2.1.1 Plasmids and commercial vectors

pUC19 (Invitrogen) vector was used for DNA subcloning. pLKO.1 TRC vector
(Addgene #10878), a gift from Prof David Root (Broad Institute of MIT and Harvard,
USA) [143], was used for generation of queried short hairpin RNA (shRNA) sequences.
pTT1-Puro vector was constructed by replacing EGFP sequences of pLIM1-EGFP
vector (Addgene #19319), a gift from Prof David Sabatini (Massachusetts Institute of
Technology, USA) [144], with a multiple cloning site (MCS) for future DNA
subcloning. pTT2-Neo vector was constructed by replacing sequences for puromycin
resistance of pTT1-Puro with sequences for neomycin resistance. pTT1-Puro vector was
used for protein expression, and pTT2-Neo vector was used for both knockdown of

genes via RNA interference (RNAI) and protein expression.

2.1.2 Bacterial strains

The bacterial strain of Escherichia coli (E. coli) DH5a (Invitrogen) was used for plasmid
DNA amplification and subcloning. Another E. coli strain, Stabl3 (Thermo Fischer), was
used for shRNA plasmid DNA amplification.

2.1.3 Mammalian cells

The human embryonic kidney 293 cells with SV40 Large T-antigen (HEK293T) (or
293T) cell line was purchased from American Type Culture Collection (ATCC, USA).
The human tumorigenic keratinocyte cell line HSC-5 and non-tumorigenic keratinocyte
cell line HaCaT were both gifts from Assoc Prof Andrew Tan (School of Biological

Sciences, Nanyang Technological University).

2.1.4 Bacterial culture media

2.1.4.1 Luria-Bertani (LB) broth

1% (w/v) Bacto-Tryptone powder (BD Biosciences), 0.5% (w/v) Bacto-Yeast extract
powder (BD Biosciences) and 0.5% (w/v) sodium chloride (NaCl) (BD Biosciences)
were weighed and dissolved in double-distilled water (ddH,O) and autoclaved. Prior to

usage for bacterial culture, the broth is supplemented with 50 ug/ml ampicillin (Sigma).
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2.1.4.2 LB agar plates

2% (w/v) Bacto-Agar (BD Biosciences) was added to LB broth and autoclaved. The
medium was allowed to cool in room temperature to a warm touch, supplemented with
50 pg/ml ampicillin (Sigma) and 10 ml was poured into plastic plates, and allowed to

cool to solidify.

2.1.5 Cell culture media and plasticware

Dulbecco’s Minimal Eagle’s Medium (DMEM) (Hyclone) was used for maintenance of
mammalian cells. Additives such as fetal bovine serum (FBS), penicillin/streptomycin
antibiotic, puromycin and neomycin antibiotics, and sodium bicarbonate (NaHCO3) were
purchased from Gibco, Thermo Fisher and Sigma. Plasticware such as Eppendorf tubes,
mammalian cell culture plates and centrifuge tubes were bought from Corning, Nunc,

Costar and Eppendorf.

2.1.6 Antibodies
2.1.6.1 Primary antibodies
Antibodies used for Western blot and immunohistochemistry experiments are specified

in Table 1 below.

Table 1: Primary antibodies and respective dilutions used for Western blot study
and immunohistochemistry.

Dilution for | Blockin Dilution for
Primary antibody Source KNG 1 immunohisto-
Western blot | condition X
chemistry
: -~ o b
Rabbit Anti N_WASP Homemade 1:1000 5% §k|m N/A
polyclonal antibody milk
Mouse Anti-GAPDH
(glyceraldehyde 3- o cboi
phosphate Ambion 1:10000 3% §k|m N/A
milk
dehydrogenase)
monoclonal antibody
Mouse Anti-E-cadherin BD ) 3% skim )
monoclonal antibody Transduction 1:1000 milk 1:50
. o <bi
Mouse Anti V|r_1cuI|n Sigma 1500 3% gklm 1500
monoclonal antibody milk

52




Mouse Anti-Paxillin BD 150 3% skim 150
monoclonal antibody Transduction ' milk '
- o b
Mouse Anti-FOXO1 Santa Cruz 1500 | 3% skim 1:500
monoclonal antibody milk
- o b
Mouse Anti-TXNIP Santa Cruz 1200 | 3%skim N/A
monoclonal antibody milk
: N o b
Rabbit Anti AK_T C_eII ' 1:1000 5% gklm N/A
monoclonal antibody Signalling milk
Rabbit Anti-phospho o el
Ser473/4/2 AKT Cell 1:1000 | 2¥oskim N/A
. Signalling milk
monoclonal antibody
: y o b
Rabbit Anti PT!EN C_eII _ 1:1000 5% gklm N/A
monoclonal antibody Signalling milk
Rabbit Anti-phospho
Ser380/Thr382/383 Cell _ 5% skim
PTEN monoclonal Signalling 1:1000 milk N/A
antibody
: y o b
Rabbit Anti ER_K1/2 C_eII _ 1500 5% §k|m N/A
monoclonal antibody Signalling milk
Rabbit Anti-phospho o cloi
Throo2/Tyr204 ERK1/2 | S 31000 | 2% SKim N/A
. Signalling milk
monoclonal antibody
: y o b
Rabbit Anti FA_K Sigma 1:1000 5% §k|m N/A
monoclonal antibody milk
Rabbit Anti-phospho o cli
Tyr398 FAK monoclonal | Sigma 1:500 S% ‘?’k'm N/A
. milk
antibody
- o b
Mouse Antl-GRB2 Santa Cruz 1500 | SYoskim N/A
monoclonal antibody milk
Rabbit Antl-SR_C C_eII _ 1:1000 3% §k|m N/A
monoclonal antibody Signalling milk
Rabbit Anti-SOS1 Santa Cruz 1500 | 3% skim N/A
monoclonal antibody milk
- o b
Mouse Anti-CCND1 Santa Cruz 11000 | 3% skim N/A
monoclonal antibody milk
Rabbit Anti-mTOR Santa Cruz 11000 | 3% skim N/A
monoclonal antibody milk
Rabbit Anti-phospho o cbi
Ser2448 mTOR Cell 11000 | 3% skim N/A
Signalling milk

monoclonal antibody
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Rabbit Anti-4E-BP1

(eukaryotic translation o b

initiation factor 4E- Santa Cruz 1:1000 3 ﬁ?ﬁ(‘m N/A

binding protein 1)

monoclonal antibody

Rabbit Anti-phospho o el

Thr37/46 4E-BP1 Cell 11000 | SYoskim N/A
. Signalling milk

monoclonal antibody

2.1.6.2 Secondary antibodies
Horseradish peroxidase (HRP) conjugated antibodies, which are used for Western blot

and immunohistochemistry experiments, are specified in Table 2 below.

Table 2: Secondary antibodies and respective dilutions used for Western blot study
and immunohistochemistry.

Secondarv antibod Source Dilution for Dilution for
y y Western blot | immunohistochemistry

Alexas68 phalloidin Molecular N/A 1:100
Probes

Anti-Mouse Alexa488 Molecular N/A 1:500 or 1:250
Probes

DAPI (4’,6-diamidino-2- Molecular )

phenylindole, dihydrochloride) | Probes N/A 1:1000

Anti-Mouse 1gG

(immunoglobulin protein G)- Sigma 1:10000 N/A

HRP

Anti-Rabbit IlgG-HRP Sigma 1:10000 N/A

2.1.7 Enzymes and biological kits

Necessary restriction endonucleases and their appropriate buffers used for DNA
subcloning were from New England Biolabs. T4 DNA ligase and ligation buffer for
DNA subcloning were from Fermentas. Amplified DNA was extracted from transformed
E. coli cells with the TianGen MiniPrep Kit from TianGen. DNA fragments from
agarose gel were extracted with the TIANgel Midi Purification Kit from TianGen. 5X
Protein Assay Dye Reagent used for Bradford assays was from BioRad. Trizol solution

used for RNA isolation from mammalian cells was from Invitrogen. Protein band
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detection for Western blot via enhanced chemiluminescence (ECL) was done with

Millipore Immobilon Western solutions from Millipore.

KAPA2G Robust polymerase and its PCR kit used for simple PCR were from KAPA
Biosystems, while the reverse transcriptase, its 5X buffer and oligo dT primers used for
RNA conversion to cDNA were from Promega. Deoxynucleoside triphosphate (ANTP)
mixture used for PCR was from Invitrogen. SYBR Green Master Mix used for real-time
PCR was from Fermentas. Mammalian protein microarray was done with the Kinex
KAM-880 Antibody Microarray Kit from Kinexus Bioinformatics. Study of apoptotic or
necrotic mammalian cells was done with the FITC (fluorescein isothiocyanate) Annexin
V Apoptosis Detection Kit with Pl from Biolegend. Study of generation of ROS levels in
mammalian cells was done with the Total ROS Detection Kit from ENZO.

2.1.8 Chemicals and reagents for DNA work

6X DNA loading buffer and DNA molecular-weight 1 kbp ladder used were from New
England Biolabs, ampicillin powder used to make ampicillin solution for LB culture was
from Sigma and 10000X Gel Red used to label DNA in resolving agarose gel

electrophoresis was from Biotium.

2.1.9 Chemicals and reagents for protein work

The phosphatase inhibitor sodium orthovanadate (NazVVO,), the proteasome inhibitor
MG132 and the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) used during
cell lysis were from Sigma, dithiothreitol (DTT) used to reduce protein disulfide links in
cell lysates was from BioRad, the protein molecular-weight (kDa) ladder used in SDS-
PAGE was from New England Biolabs and the nitrocellulose membrane used for protein

transfer was from BioRad. Dimethyl sulfoxide (DMSQO) used was from Sigma.

2.1.10 General buffers and solutions

2.1.10.1 DNA subcloning

2.1.10.1.1 50X Tris-acetate-EDTA (TAE)

40 mM Tris-acetate (Promega) was mixed with 1.0 mM ethylenediaminetetraacetic acid
(EDTA) (Sigma). A 1X TAE buffer was made by dilution with ddH,0O, to be used as

running buffer and making agarose gel.
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2.1.10.1.2 Agarose gel
10 g agarose powder (Promega) was mixed with 1000 ml 1X TAE buffer to make 1%
agarose solution, and subsequently microwaved for 10 minutes to make agarose gel. The

agarose solution was stored in an oven at 60°C to maintain its liquid form.

2.1.10.1.3 DNA loading buffer

1.5 ul 10000X Gel-Red (biotium) was mixed with 1 ml 6X DNA loading buffer (New
England Biolabs), and can be kept as such for prolonged periods of time in 4°C until
used by mixing Gel-Red DNA loading buffer with any solution containing DNA ina 1:4

(v/v) ratio.

2.1.10.2 Western blotting
2.1.10.2.1 10% sodium-dodecyl-sulphate (SDS)
10 g SDS powder (Sigma) was dissolved with 100 ml ddH,0.

2.1.10.2.2 10% ammonium persulphate (APS)
1 g APS powder (Biorad) was dissolved with 10 ml ddH,0.

2.1.10.2.3 10X Tris-glycine electrophoresis buffer

0.25 M Tris (Promega), 1.92 M glycine (Sigma) and 1% SDS (Sigma) were mixed with
ddH,0, and the solution pH was adjusted to 8.3. A 1X solution for SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) was made by diluting 10X stock with ddH,0.

2.1.10.2.4 5X membrane transfer buffer

25 mM Tris (pH 8.3) (Promega), 192 mM glycine (Sigma), 0.1% SDS (Sigma) and 20%
methanol (Sigma) were mixed with ddH,O. A 1X solution for transfer was made by
diluting 5X stock with ddH,O.

2.1.10.2.5 2X SDS-PAGE loading buffer

Loading buffer was first made with 100 mM Tris-hydrohloric acid (HCI) (Promega) (pH
6.8), 4% SDS (Sigma), 0.2% bromophenol blue (Sigma) and 20% glycerol (Sigma)
mixed with ddH,O. The solution was kept in room temperature, and 200 mM DTT

(Biorad) was added only to make fresh buffer for making mammalian cell lysates.
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2.1.10.2.6 1M Tris buffer
121.12 g Tris (Promega) was dissolved in ddH,0, and the solution pH was adjusted to
8.0.

2.1.10.2.7 5M NaCl buffer
292 g NaCl (BD Biosciences) was dissolved with ddH,0.

2.1.10.2.8 10X phosphate-buffered saline (PBS) buffer

1.37 M NaCl (BD Biosciences), 0.027 M potassium chloride (KCI) (BD Biosciences),
0.018 M monobasic potassium phosphate (KH,PO4) and 0.1 M sodium hydrogen
phosphate (Na;HPO,) were mixed in ddH,0, and the solution pH was adjusted to 7.5. A
1X PBS solution was made by diluting 10X stock with ddH,0.

2.1.10.2.9 10X Tris-buffered saline (TBS) buffer

200 mM Tris (Promega) and 5 M NaCl (BD Biosciences) were mixed in ddH,0, and the
solution pH was adjusted to 7.5. A 1X TBS solution was made by diluting 10X stock
with ddH,0.

2.1.10.2.10 Blocking solution
5%, 3% or 1% non-fat skim milk powder (Cowhead) was dissolved in 1X PBS or TBS

solution.

2.1.10.2.11 Washing solution

10% Triton X-100 (Biorad) solution was mixed with 1X PBS to make 0.05% or 0.1%
PBS-T. Tween (Biorad) solution was mixed with 1X TBS to make 0.05%, 0.01% or
0.001% TBS-Tween.

2.1.10.3 Mammalian cell culture

2.1.10.3.1 Freezing media
FBS and DMSO were mixed in a 9:1 (v/v) ratio. It was kept in -20°C till need for use.
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2.1.10.3.2 1X PBS buffer
A 10X PBS solution was first made, the solution pH was adjusted to 7.0 and then
autoclaved. A 1X PBS buffer was made by diluting 10X stock with autoclaved ddH,O.

2.1.10.3.3 RIPA lysis buffer

A radioimmunoprecipitation assay (RIPA) solution containing 50 mM Tris-HCI
(Promega) (pH 7.5), 200 mM NaCl (BD Biosciences), 1% Triton X-100 (Biorad), 0.1%
SDS (Sigma), 0.5% sodium deoxycholate (Sigma), 10% glycerol (Sigma) and 1 mM
EDTA (Sigma) was made. Only before cell lysis was 1 mM PMSF with or without 1 mM
phosphatase inhibitor NazVVO,4 added to the lysis buffer for usage.

2.1.10.3.4 Transfection reagent
A 2 mg/ml polyethyleneimine (PEI, linear) (Sigma) solution was prepared with ddH-0O,
then filter-sterilized by passing through a 0.2 um filter. It was kept in 4°C till need for

use.

2.2 Methods

2.2.1 E. coli cell manipulation

2.2.1.1 Growth conditions and maintenance

E. coli cells were cultured in LB broth and grown on LB agar plates at 37°C. These
cultures and plates can be stored in 4°C for prolonged periods of time. Any E. coli cells
transformed with plasmids containing ampicillin resistance marker requires LB broth and

agar plates be supplemented with ampicillin.

2.2.1.2 Glycerol stock

An 80% glycerol solution was made with ddH,O. For long term preservation of select E.
coli cells, a single E. coli colony was grown in 5 ml LB broth supplemented with
ampicillin to mid-log phase. 800 ul of culture was mixed with 200 pl 80% glycerol

solution in a cryo-vial and stored in -20°C.
2.2.1.3 Preparation of E. coli competent cells (CaCl, method)

A bacterial colony was picked from an LB agar plate and cultured in 5 ml LB broth

overnight at 37°C, after which 1 ml culture was added to a flask of 200 ml fresh LB broth
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and incubated at 37°C until an ODggo of approximately 0.5 was achieved. The culture
was transferred to sterile centrifuge tubes, placed in ice to be chilled, and then spun down
at 5000 g at 4°C for 10 minutes. All supernatant were discarded, the pellets were
resuspended in 100 ml ice cold sterile 2100 mM magnesium chloride (MgCl,) solution
and spun down again. All supernatant were discarded, the pellets were resuspended in 10
ml ice cold sterile 100 mM calcium chloride (CaCl,) and kept in ice for 2 hours to render
them competent. 2 ml ice cold sterile 50% glycerol solution was mixed with the cell
suspension, and stored as 250 ul aliquots in -80°C. All cells and reagents, when used,

were always kept on ice.

2.2.1.4 Transformation of plasmid DNA into E. coli

Frozen competent cells were thawed on ice. 100 ng DNA was added to 50 ul competent
cells for DNA amplification, and 20 ul of ligation reaction was added to 100 pl
competent cells for DNA subcloning work. Tubes were kept on ice for 15 minutes, heat-
shocked in a 42°C water bath for 90 seconds, and kept on ice again for 15 minutes. Cells
were then plated on LB agar plates supplemented with selective antibiotics and incubated
at 37°C overnight.

2.2.1.5 Isolation of plasmid DNA from E. coli

A bacterial colony was picked from the LB agar plate and cultured in 5 ml LB broth with
supplemented antibiotic overnight at 37°C. The culture was centrifuged at 5000 g at 4°C
for 5 minutes. The supernatant was discarded, and plasmid DNA was isolated from the

cell pellet according to instructions in the TianGen MiniPrep Kit.

2.2.2 DNA manipulation

2.2.2.1 Agarose gel electrophoresis

1X agarose solution was poured into a cast, left to set, and then placed in a gel
electrophoretic tank with 1X TAE solution. DNA samples were mixed with Gel-Red
DNA loading buffer and loaded into the respective gel wells. DNA was resolved by
running at 135 V with 400 mA for 35 minutes, and then visualized under long

wavelength UV light.
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2.2.2.2 DNA extraction from agarose gel

After visualizing of DNA bands under UV light, the bands of desired molecular weight
were excised with a scalpel and transferred to an Eppendorf tube. DNA extraction was
performed according to instructions in the TIANgel Midi DNA Purification Kit.

2.2.2.3 DNA subcloning

Purified plasmid DNA was set in a mixture of compatible restriction endonuclease buffer
with appropriate restriction endonucleases for 2 hours at 37°C. The digested DNA was
resolved with gel electrophoresis, the bands of interest were excised and extracted using
the TIANgel Midi DNA Purification Kit. The purified DNA insert and DNA vector were
ligated in room temperature for 30 minutes by T4 DNA ligase in a ligation mixture made
according to manufacturer instructions. The ligation mixture was then introduced to

competent E. coli cells for transformation.

2.2.2.4 DNA precipitation

To a 25 ul solution containing DNA, 2.5 ul 3 M sodium acetate (Sigma) (0.1X DNA
volume) and 50 pl 100% ethanol (Merck) (2X DNA volume) were added, mixed and
kept in -20°C for 30 minutes at minimum. The tube was centrifuged at 5000 g for 10
minutes, the supernatant was discarded, the pellet was washed with 70% ethanol and
centrifuged again. The supernatant was discarded, the pellet was air-dried and
subsequently dissolved in appropriate volume of ddH,O or 1X Tris-EDTA buffer for
further usage.

2.2.2.5 Verification of recombinant DNA plasmid constructs

DNA plasmids were digested with restriction enzymes that cut at unique sites internal or
external of the open reading frame or unique to the plasmid alone. Digested DNA was
then resolved with agarose gel electrophoresis, and the presence and specific order of

bands a DNA plasmid was predicted to possess after DNA subcloning were checked.

2.2.2.6 DNA quantification
1 ul DNA solution was used to determine DNA concentration, against 1 ul DNA solvent

as a blank, using the NanoDrop apparatus and software (Thermo Fischer). DNA quality
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was checked by observing the OD,g0/OD>g ratio, of which ideal quality is represented by
ratios 1.8 to 2.0.

2.2.2.7 Polymerase chain reaction (PCR)

PCR was done to amplify specific DNA in large amounts from small amounts. All
reactions were done with the Peltier Thermal Cycler PTC-100 (Biorad). Each reaction
was 25 ul, consisting of 5 pl 5X KAPA2G Robust Reaction Buffer, 5 ul Enhancer, 0.1 pl
1U/ul KAPA2G Robust DNA polymerase, 0.5 ul dNTP (KAPA Biosystems), 0.75 ul 10
UM 5’ primer, 0.75 pul 10 uM 3’ primer, 0.5 ul template DNA, with remainder volume
topped up with ddH,0.

Cycle conditions were as such: initial denaturation of 95°C for 10 minutes, denaturation
of 95°C for 1 minute, annealing of 55°C for 1 minute, extension of 72°C for 30 second
every 1kb of desired DNA product (for 35 cycles), and a final extension of 72°C for 5

minutes. PCR products are later resolved by agarose gel electrophoresis.

2.2.2.8 RNA isolation

Total RNA was isolated from a cell line of interest using Trizol reagent (Invitrogen)
according to the manufacturer instructions. 1 pul RNA solution was used to determine
RNA concentration, against 1 ul diethyl pyrocarbonate (DEPC) water as a blank, using
the NanoDrop apparatus and software (Thermo Fischer). RNA quality was checked by
observing the OD,60/OD2g ratio, of which ideal quality is represented by a ratio of 2.0 or
higher.

2.2.2.9 Conversion of RNA to cDNA

Following harvest of fresh RNA from mammalian cell lines, 2 ug RNA was used and
mixed with 0.5 ul 0.5 pg/ul oligo dT primers (Promega), topped up to 10 ul with
nuclease-free DEPC water and incubated at 70°C for 5 minutes. After incubating in ice
for 5 minutes, 6 pl 5X reaction buffer (Promega), 3 ul 0.1 M DTT (Biorad), 0.5 ul 25
mM dNTP (Promega) and 9 ul DEPC water were all added to the mixture, incubated at
37°C for 5 minutes and then incubated in ice for 3 minutes. 0.5 ul reverse transcriptase

enzyme (Promega) was added to the tube, the mixture resuspended to mix and was then
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incubated at 42°C for 1 hour. The tube containing cDNA was kept on ice for real-time

PCR use or stored in -20°C till usage.

2.2.2.10 Real-time PCR

25 pl real-time PCR reactions were set up as follows: 12.5 ul SYBR Green Master Mix
(Fermentas), 2.5 ul 5X-diluted cDNA, 2.5 ul 5” and 3’ primers (working concentration
50nm each), and remainder volume topped up with DEPC water. Each reaction was done
in triplicates with primers used as detailed in Appendix 3. The real-time PCR was
performed using the Applied Biosystems 7500 Real-Time PCR system, using the
comparative Ct method of a cell line’s gene of interest normalized to a control. The
formula is as follows: Ctygge = 2(C1EN09N0US = CICENE) "o \which Ctendogenous i the value of
control gene expression in a cell line, Ctgene is the value of gene of interest expression in
a cell line, and Ctrarget is the value of expression of gene of interest normalized to control

in a cell line.

2.2.2.11 RNA sequencing (RNA-Seq)

100 ng RNA isolated from cell lines of interest was aliquoted into RNAstable tubes
(Biomatrica) and shipped to Omega Bioservices (Georgia, USA) for total RNA-Seq
method. The RNA integrity number was analyzed with the Agilent RNAG600 Pico Kkit.
MRNA enrichment was performed with Oligo (dT) magnetic beads and then fragmented
into short fragments as templates for cDNA synthesis using the Illumina TruSeq Total
RNA kit coupled with eukaryotic (human/mouse/rat) Ribo-Zero rRNA depletion for
removing ribosomal RNA (rRNA). The resulting library was sequenced using the
Illumina Hi-Seq 2500 platform and the 2x100bp run mode to achieve 20 million total
reads, and differential gene expressions were identified by aligning RNA-Seq data with

the Homo sapiens genome reference in the Illumina BaseSpace cloud server.

2.2.3 Culture of mammalian cells

2.2.3.1 Culturing mammalian cells

The HSC-5, HaCaT and 293T cell lines were maintained in complete growth medium
(DMEM supplemented with 10% FBS, 100 IU/ml penicillin and 100 1U/ml
streptomycin) (Gibco) at 37°C in an incubator with a 5% carbon dioxide (CO,)

atmospheric condition.
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2.2.3.2 Thawing mammalian cells

Cryo-vials with cell lines of interest were taken from -80°C and resuspended in complete
DMEM. The solution of thawed cells were transferred to a centrifuge tube and then
centrifuged at 100 g in room temperature for 3 minutes. The supernatant was discarded
and the pellet resuspended in complete DMEM, which was then added to a 10-cm culture
dish with complete DMEM. Cells were incubated to grow autonomously.

2.2.3.3 Passage and culture of mammalian cells

A 10-cm culture dish of approximately 70% confluency was aspirated of complete
DMEM and washed with 1X PBS buffer. The buffer was aspirated and cells were
detached from the dish by incubation with 1 ml trypsin-EDTA (Gibco) solution spread
across the dish surface. The solution was mixed with 5 ml complete DMEM, all
transferred to a centrifuge tube and centrifuged at 100 g in room temperature for 3
minutes. The pellet of cells was resuspended in fresh complete DMEM and cells were
seeded at a desired confluency in a new culture dish. The new dish of cells was incubated
in 37°C and 5% CO..

2.2.3.4 Freezing and stocks of mammalian cells

Cells were trypsinized and resuspended in complete DMEM. The solution was
centrifuged at 100 g in room temperature for 3 minutes, the supernatant discarded and
the pellet resuspended in appropriate volume of freezing media. The cell solutions were

aliquoted to cryo-vials and the vials were stored in -80°C.

2.2.3.5 Culture of cells prior to microscopic analysis and PEI transfection

Cells were trypsinized and resuspended in complete DMEM. Cells were either
determined of its population count using a hemocytometer (Marienfeld) before
subsequently seeding, or were seeded in a manner that enables desired cell confluency 24
hours after seeding. For microscopic analysis, culture plates may require laying of
coverslips before seeding of cells.

2.2.3.6 Lentiviral preparation and induction of 293T cells

293T cells were transfected with lentiviral plasmids to produce retroviruses able to

express exogenous proteins in mammalian cells or produce knockdown of genes via
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RNAI using PEI method. 293T cells were ensured to be at 90% confluency in 10-cm
culture dishes. Prior to transfection, 293T cells were washed with 8 ml serum-free media.
Two 5 ml serum-free media solutions were prepared: one containing 3.75 ug pCMV-
VSV-G, 3.125 pg pPCMV-REV, 6.25 ug pCMV-GAG-POL and 18.75 pg pTT1-Puro or
pTT2-Neo, and another containing 99.6 ug PEI. They were mixed gently and allowed to
stand for 20 minutes before being added to the 293T cells. The lentiviral solution was
left alone for 4 hours and then replaced with complete DMEM. After a first 24 hours, the
media was collected and passed through a 0.45 um filter to harvest the retroviruses.
Aliquots are made to be either stored in -80°C or used immediately for mammalian cell
infection. This was repeated again 24 hours later. 293T cells may be lysed to determine

protein expression or discarded after second lentiviral harvest.

2.2.3.7 Lentiviral infection of HSC-5 and HaCaT cells

In 6-well culture plates already seeded with HSC-5 or HaCaT cells the previous day, a
500 pl fresh complete DMEM solution supplemented with 2 ul 5 mg/ml polybrene
(Sigma) was added, followed by addition of 500 ul lentiviral harvest spread all over the

surface. This was repeated 24 hours later for a second round.

2.2.3.8 Generation and maintenance of stable cell lines

Lentiviral-infected cell lines to either produce exogenous proteins or generate
knockdown of genes via RNAI were selected with 2 ug/ml puromycin for 2 days or 1
mg/ml neomycin for 5 days. If both puromcyin and neomycin selections are employed,
the duration of antibiotic selection was 5 days. This method of antibiotic selection was
done to also eliminate uninfected cells. Maintenance of stable cell lines was done by

employing 1 pug/ml puromycin or 0.5 mg/ml neomycin or both in complete DMEM.

2.2.3.9 Lysis of mammalian cells

Cells were trypsinized and resuspended in complete DMEM. The number of viable cells
was determined using a hemocytometer (Marienfeld) and Trypan Blue (Gibco) exclusion
method. 1 x 10° cells were centrifuged at 3000 g for 4 minutes, the media aspirated and
cells were washed with 1X PBS buffer. The supernatant was discarded and cells were
lysed with an appropriate volume of cell lysis buffer. The tube was left in ice for 1 hour

and unlysed cellular components were removed by centrifugation at 14500 g for 10
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minutes. 1 ul was used to quantify protein concentration according to the Bradford

protein assay protocol (Biorad).

2.2.4 Mammalian cell assays

2.2.4.1 Cell proliferation assay

Cells were trypsinized, and the appropriate volume containing 7.5 x 10° viable cells was
determined using a hemocytometer (Mariendfeld) and the Trypan Blue (Gibco)
exclusion method. The cells were seeded in triplicates in 24-well culture plates for a
period of 5 days. At the end of 5 days, cells were trypsinized and resuspended with
complete DMEM to a total volume of 1 ml, of which 10 pl was loaded to the
hemocytometer and cell count was performed. An average value from triplicates of each

cell line was obtained in terms of ratio of number of cells to 7.5 x 10° cells.

2.2.4.2 Wound healing assay

Cells seeded in 6-well culture plates are ensured to reach 100% confluency prior to
starting this assay (estimated viable cell number of 1 x 10°). Three scratches were made
in each well using a 2.5 pl micropipette for a cell line. The media was aspirated, the cells
washed with 1X PBS buffer and fresh complete DMEM was added to each well. Images
of each scratch were taken at 0 hours and 24 hours using the Olympus IX51 fitted with
Cool SNAPH? camera and the MetaVue program, with additional time-points if
necessary. Wound surface areas were quantified using the ImageJ program, and an

average value from triplicates of each cell line was obtained for comparison.

2.2.4.3 Immunohistochemistry

Cells seeded onto coverslips in 6-well culture plates were ensured of appropriate
confluency before immunohistochemistry was performed. Cells were fixed with 3.7%
formaldehyde for 20 minutes, washed with 1X PBS buffer thrice, permeabilized with
0.2% PBS-T for 20 minutes, washed with 0.1% PBS-T thrice and blocked with 1% BSA
1X PBS for 1 hour, all in room temperature. Cells were probed with appropriate primary
antibodies in 1% BSA 1X PBS for 1 hour, washed with 0.1% PBS-T thrice, incubated
with Alexa488 green fluorescent protein (GFP) conjugated secondary antibody and
Alexa568 red fluorescent protein (RFP) phalloidin for 1 hour, and washed thrice with

0.1% PBS-T, all in room temperature. Coverslips with stained cells were mounted with
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Dako mounting media to glass slides, and fluorescence imagery of desired protein
expression was performed with the Olympus 1X51 fitted with Cool SNAP™? camera and
the MetaVue program. The E-cadherin fluorescence intensity was quantified by using
freehand icon in ImageJ to draw regions of interest for all cell membranes of a randomly-
chosen cell, the fluorescence quantified, each value was divided by 2, and these values
were then averaged. The average fluorescence intensity of 20 randomly-chosen cells was

determined.

2.2.4.4 Cell lysate fractionation

Fractionation of cell lysates was performed to determine protein expression in the
cytosol and nucleus. Two solutions were made as follows and then kept on ice: Buffer A
(3 ml solution containing 300 ul 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.9, 90 ul 0.05 M MgCl,, 300 ul 0.1 M KCI, 1.5 pl 1 M DTT, 7.5 ul
200 mM PMSF, remainder topped with ddH,0), and Buffer C (3 ml solution containing
600 pl 0.1 M HEPES pH 7.9, 90 pl 0.05 M MgCl,, 1.26 ml 1M NaCl, 1 ml 75%
glycerol, 1.5 ul 1 M DTT, 7.5 pl 200 MM PMSF, 1.2 ul 0.5 M EDTA pH 8.0, remainder
topped with ddH,0). Adherent cells on a 10-cm culture dish were scraped, transferred to
an Eppendorf tube and centrifuged at 400 g at 4°C for 5 minutes. The supernatant was
discarded, the pellet was resuspended in ice cold 2.5X volume Buffer A and incubated in
ice for 30 minutes. The solution was centrifuged again at 400 g at 4°C for 10 minutes, the
supernatant was discarded and the pellet resuspended in 1X volume Buffer A with
Nonidet P-40 (Thomas Scientific) (working concentration 0.1%). The solution was lysed
with 25G needle syringe and then centrifuged at 14500 g at 4°C for 20 minutes. The
supernatant was transferred to an Eppendorf tube labelled ‘Cytosol’ and kept on ice for
further Bradford assay or stored in -20°C till usage. The cell pellet was washed thrice
with 2X volume Buffer A and centrifuged at 14500 g at 4°C for 5 minutes to wash any
cytosolic residue. The cell pellet was then resuspended in 1.75X volume Buffer C,
incubated in ice for 30 minutes, the solution was lysed with 30G needle syringe,
centrifuged at 21500 g at 4°C for 45 minutes, and the resulting supernatant was
transferred to an Eppendorf tube labelled ‘Nucleus’ and kept on ice for further Bradford

assay (Biorad) or stored in -20°C till usage.
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2.2.4.5 Protein microarray

Protein microarray study of mammalian cells was performed according to instructions in
the Kinex KAM-880 Antibody Microarray Kit (Kinexus Bioinformatics). Mammalian
cells were grown in 10-cm culture dishes and subjected to the microarray protocol. The
microarray was read with the GenePix 4000B reader using the Gene Pix Pro 6.0
program, with microarray format provided from the KAM-880 GAL file. The protein
expression ratio of test cell line to control cell line was calculated to determine proteomic

up- or down-regulation.

2.2.4.6 Annexin-V/PI microscopy

Identification and determination of cell death by apoptosis or necrosis was done
according to instructions in the BioLegend FITC Annexin V Apoptosis Detection Kit
with PI. Cells were first seeded in 24-well culture plates in such a way that a cell
confluency of 70% was obtained after 24 hours and staining protocol was immediately
performed, with slight modifications. After washing of cells with 1X Annexin V Binding
Buffer, Annexin V and propidium iodide (PI) in cells were visualized with the Olympus
IX51 fitted with Cool SNAPH? camera and MetaVue program.

2.2.4.7 Reactive oxygen species (ROS) study

Detection of ROS in mammalian cells was performed according to instructions in the
ENZO Total ROS Detection Kit, using not the provided 2’,7’-dichlorofluorescin acetate
(DCFDA) but one bought from Sigma to generate the optimized concentration of 25 uM
for staining. Cells were first seeded in 24-well culture plates so a confluency of 70% was
obtained after 24 hours and staining protocol was immediately performed. After washing
with 1X Wash Buffer the cells’ fluorescence reading (against blank 1X Wash buffer

well) was done using the TECAN Infinite 200 Pro multiplate reader and software.

2.2.5 Western blotting

2.2.5.1 Cell lysate preparation

After lysis of cells, a Bradford assay was performed according to manufacturer
instructions to quantify protein levels in samples. Fresh 2X SDS-PAGE loading buffer

containing 200 mM DTT was added in equal volume to lysate volume, and the mixture
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was boiled at 100°C for 5 minutes. Lysate were kept in ice for immediate use or stored in

-20°C until eventual use.

2.2.5.2 SDS protein agarose gel electrophoresis (SDS-PAGE)

A 10% SDS-PAGE gel was prepared by first casting a resolving gel, and then a stacking
gel with wells. A 5 ml resolving gel was made with 1900 ul ddH,O, 1700 ul 30%
acrylamide/bis-acrylamide (Biorad), 1300 pl 1.5 M Tris-HCI (pH 8.8) (Sigma), 50 pl
10% SDS (Sigma), 50 ul 10% APS (Biorad) and 2 ul tetramethylethylenediamine
(TEMED) (Biorad). A 3 ml stacking gel was made with 2100 ul ddH,0, 500 pl 30%
acrylamide/bis-acrylamide (Biorad), 380 ul 1.0 M Tris-HCI (pH 6.8) (Sigma), 30 ul 10%
SDS (Sigma), 30 pl 10% APS (Biorad) and 3 ul TEMED (Biorad). The same amount of
proteins were loaded into gel wells and resolved in an electrophoretic tank (Biorad) with
1X Tris-glycine buffer at 210 V and 400 mA for 45 minutes.

2.2.5.3 SDS-PAGE transfer

The resolved SDS-PAGE gel was transferred to a transfer apparatus tank (Biorad) with
1X membrane transfer buffer. The transfer was performed at 100 V and 400 mA for 1
hour at 4°C. The 0.45 pm nitrocellulose membrane (Biorad) was retrieved, stained with 1
ml Ponceau S solution (Biorad) to confirm protein transfer from the SDS-PAGE gel,

washed with ddH,0O twice with the Ponceau S solution discarded twice as well.

2.2.5.4 Western blotting and chemiluminescence

The nitrocellulose membrane was first blocked with the appropriate blocking solution,
then probed with primary antibody either for overnight at 4°C or for several hours in
room temperature. The membrane was then washed thrice with appropriate washing
solution, then probed with secondary antibody conjugated with HRP for 1 hour in room
temperature. The membrane was washed thrice again. Visualization of the secondary
antibody via ECL was performed with Millipore Immobilon ECL reagent with the
Fujifilm LAS-4000 apparatus and software.
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2.2.6 Bioinformatics analysis

2.2.6.1 Proteomics, LC-MS/MS and PANTHER

300 ug protein was obtained from lysis of each mammalian cell line, and were delivered
to the School Biological Sciences’ Proteomic Core Facility. Protein separation, digestion
and analysis via one dimensional SDS-PAGE, in-gel digestion and liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) was performed by
staff member Ms Belinda Chen, employing slightly-modified protocols from those
established [145]. Chromatogram and mass spectrum results were uploaded into the
MascotCluster software for comparison with human proteomic database in UniProt.
Relative abundance of proteins in test cell lines to control cell line was measured to
determine down- or up-regulation of protein expression. Gene and signalling pathway

annotation was done with the PANTHER software [146] under the Homo sapiens setting.

2.2.6.2 Microarray, RNA-Seq and Ingenuity Pathway Analysis

Protein microarray results from the Kinex KAM-880 Antibody Microarray Kit and
RNA-Seq results from Omega Biosciences services and Illumina Hi-Seq 2500 software
were organized, and together with proteomics data were further analyzed with the
Ingenuity Pathway Analysis (Ingenuity) software; any access to it was courtesy of Assoc
Prof Andrew Tan. Analysis of either protein microarray or RNA-Seq data by PANTHER

software was also performed.

2.2.7 Statistics

All experiments were performed in triplicates, unless stated otherwise. Average values
and standard deviation values are displayed. A Student’s t-test was done to quantify
significance in differences between control and experimental values, represented by *
(p<0.05), ** (p<0.01) and *** (p<0.001).
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Chapter 3: Results Part 1 — Characterizing the Role of N-WASP in Skin Cancer
3.1 Comparison of N-WASP levels and phenotypes in HSC-5 and HaCaT cells
N-WASP regulates actin polymerization and actin cytoskeleton remodelling [56]. N-

WASP is shown to play a critical role in cell motility and spreading [147]. N-WASP
expression is reduced in both breast and colorectal cancers, and they both correlate
inversely with cancer progression [79,80]. Our laboratory has found N-WASP
expression to be reduced in SCCs compared to matched perilesional samples in 33 skin
cancer patients (Swagata’s unpublished data) (Fig. 4). These suggest that N-WASP may
be a tumour suppressor and plays a negative role in skin carcinogenesis. N-WASP plays
a critical role in development since classic N-WASP knockouts resulted in embryonic
lethality [67]. To our knowledge, its role in skin carcinogenesis has not been
characterized.

3.1.1 N-WASP expression is reduced in HSC-5 cells compared to HaCaT cells

The early-stage human SCC skin cell line HSC-5 generated by Hozumi et al. [148] was
used as a skin cancer cell model against the non-tumorigenic spontaneously-
immortalized human skin keratinocyte cell line HaCaT, which behaves similarly to
normal human skin keratinocytes [149]. A Western blot analysis of N-WASP expression
in HSC-5 and HaCaT cells suggested that HSC-5 cells have approximately half the N-
WASP levels of that of HaCaT cells (Fig. 7A). Densitometric quantification of N-WASP
bands against GAPDH bands showed HSC-5 cells had significantly lower N-WASP
protein levels compared to HaCaT cells (Fig. 7B). A real-time PCR was performed on
cDNA converted from RNA extracted from both cell lines to determine if mMRNA levels
correlated with protein levels. HSC-5 cells were found to have significantly lower N-
WASP mRNA levels compared to HaCaT cells (Fig. 7C), suggesting that N-WASP

MRNA levels correlated with protein levels in skin cells.
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Figure 7: N-WASP expression is reduced in HSC-5 cells compared to HaCaT cells.
A) Equal amounts of HSC-5 and HaCaT cell protein lysates were loaded for Western
blot analysis using anti-N-WASP and anti-GAPDH antibodies. B) Densitometric
quantifications show significant reduction of N-WASP protein levels in HSC-5
compared to HaCaT cells. C) Equal amounts of cDNA from HSC-5 and HaCaT cells
were subjected to real-time PCR analysis of N-WASP cDNA, normalized to MRPL27,
showing significant reduction of N-WASP mRNA levels in HSC-5 cells compared to
HaCaT cells. Experiments were performed in triplicates. Significance: ***P<0.001
(Student’s t-test).

3.1.2 HSC-5 cells have reduced cell proliferation compared to HaCaT cells

HRT18 human colorectal cancer cells overexpressing N-WASP had reduced cell
proliferation activity compared to control cells [80], suggesting a possible role for N-
WASP in reducing cell proliferation. Proliferation assays of viable HSC-5 and HaCaT
cells were performed, and HSC-5 cells were found to proliferate at a significantly lower

rate compared to HaCaT cells (Fig. 8).
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Figure 8: HSC-5 cells have reduced cell proliferation compared to HaCaT cells. 7.5
x 10° cells of each cell line were seeded in 24-well plates, incubated for 5 days,
trypsinized and counted using a hemacytometer. The rate of proliferation was obtained
by comparing total cell counted after 5 days against the number of cells seeded.
Experiments were performed in triplicates. Significance: **P<0.01 (Student’s t-test).

3.1.3 E-cadherin localizations are reduced in HSC-5 cells compared to HaCaT cells
Localization of E-cadherin usually occurs in the adherens junctions [39,150] and the
interaction of E-cadherin extracellular domains are necessary for cell-cell adhesion
[151]. Immunohistochemistry to visualize E-cadherin localization and actin in HSC-5
and HaCaT cells was performed. HSC-5 cells had lower E-cadherin fluorescence
intensity at the cell cortex compared to HaCaT cells, suggesting reduced localization
(Fig. 9A). This was elaborated with the quantification of E-cadherin fluorescence,
showing HSC-5 cells with significantly reduced average fluorescence compared to
HaCaT cells (Fig. 9B). A Western blot analysis of HSC-5 and HaCaT cells for E-
cadherin expression was done to determine if protein levels correlated with localization
intensities. Both cell lines had similar E-cadherin expression (Fig. 10A), and
densitometric quantification of E-cadherin bands against GAPDH bands showed no
significant difference in E-cadherin protein levels between both cell lines (Fig. 10B).
This suggests that reduced E-cadherin localization in skin cells is not due to reduced

protein levels.
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Figure 9: E-cadherin localizations are reduced in HSC-5 cells compared to HaCaT
cells. A) HSC-5 and HaCaT cells were seeded on coverslips in 6-well plates, incubated,
then fixed and probed with anti-E-cadherin (1°) antibody and Alexa488 conjugates (2°),
and with Alexa568 conjugated phalloidin, and viewed under a 40X objective lens. Note
the difference in green fluorescence in both cell lines; the intensity correlating with
levels of E-cadherin localization. Scale bar represents 20 um. B) E-cadherin fluorescence
was quantified by quantifying the fluorescence in hand-drawn regions of interest for each
cell, each fluorescence value was divided by 2, and the total values were then averaged.
The average fluorescence intensity was obtained from 20 random cells. Experiments
were performed in triplicates. Significance: **P<0.01 (Student’s t-test).
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Figure 10: HSC-5 cells and HaCaT cells have similar E-cadherin expressions. A)
Equal amounts of HSC-5 and HaCaT cell protein lysates were loaded for Western blot
analysis using anti-E-cadherin and anti-GAPDH antibodies. B) Densitometric
quantifications show no significant difference of E-cadherin protein levels in HSC-5
cells compared to HaCaT cells. Experiments were performed in triplicates. Significance:
P>0.05 (Student’s t-test).

3.1.4 HSC-5 cells migrated faster than HaCaT cells

N-WASP plays a role in MEF cell adhesion, since MEF N-WASP knockout cells
exhibited increased cell migration compared to control cells [147]. Wound healing
assays were done to determine which cell line migrates and closes the wound gap the
fastest. HSC-5 cells migrated and closed the wound faster than HaCaT cells at 24 hours
(Fig. 11A). Wound surface areas of both cells were similar at 0 hours, but HaCaT cells
had significantly larger wound surface areas compared to HSC-5 cells at 24 hours (Fig.
11B).

3.1.5 Vinculin localizations are reduced in HSC-5 cells compared to HaCaT cells

Cell adhesion to the ECM is mediated by focal adhesion complexes rich in vinculin
along with various constituents such as talin and actinin [151,152]. Reduced cell
adhesion was observed due to reduced vinculin patch localization in cells [147].
Immunohistochemistry to visualize vinculin localization and actin and cell vinculin patch
counts in HSC-5 and HaCaT cells were performed. HSC-5 cells were found to have
reduced vinculin patches at the focal adhesion compared to HaCaT cells (Fig. 12A).
HSC-5 cells had a significantly lower cell vinculin patch count than HaCaT cells (Fig.
12B). A Western blot of HSC-5 and HaCaT cells for vinculin expression was done to

determine if protein levels correlated with patch counts. Both cell lines had similar
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vinculin expression (Fig. 13A), and densitometric quantification of vinculin bands
against GAPDH bands showed no significant difference in vinculin protein levels
between both cell lines (Fig. 13B), suggesting that reduced vinculin localization in skin
cells is not due to reduced protein levels.
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Figure 11: HSC-5 cells migrated faster than HaCaT cells. A) Cells were seeded such
that prior to wound healing assay, the cell confluency would be 100%. Images were
taken of the cells 0 hours and 24 hours after the scratches were made on the cells under
view of a 10X objective lens. Scale bar represents 50 um. B) Surface areas of wounds
were measured at respective time points and compared, whereby HSC-5 cells closed the
gap significantly faster than HaCaT cells. Experiments were performed in triplicates.
Significance: ***P<0.001 (Student’s t-test).
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Figure 12: HSC-5 cells have fewer vinculin patches than HaCaT cells. A) HSC-5 and
HaCaT cells were seeded on coverslips in 6-well plates, incubated, then fixed and probed
with anti-vinculin (1°) antibody and Alexa488 conjugates (2°), and with Alexa568
conjugated phalloidin, and viewed under a 40X objective lens. Note the difference in the
number of observable green fluorescence streaks and dots at the cell membrane. Scale
bar represents 20 um. B) Vinculin patch count was performed by counting number of
observable vinculin patches in 30 random cells, averaged, and compared to each other.
Experiments were performed in triplicates. Significance: *P<0.05 (Student’s t-test).
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Figure 13: HSC-5 cells and HaCaT cells have similar vinculin expressions. A) Equal
amounts of HSC-5 and HaCaT cell protein lysates were loaded for Western blot analysis
using anti-vinculin and anti-GAPDH antibodies. B) Densitometric quantifications show
no significant difference of vinculin protein levels in HSC-5 cells compared to HaCaT
cells. Experiments were performed in triplicates. Significance: P>0.05 (Student’s t-test).

3.1.6 Paxillin localizations are increased in HSC-5 cells compared to HaCaT cells

Paxillin is another focal adhesion complex protein that regulates cell migration, but has
been noted to work in a manner in contrast to vinculin [153]. Increased paxillin
expression was correlated with cell invasive ability [154]. Immunohistochemistry to
visualize paxillin localization and actin and cell paxillin patch counts in HSC-5 and
HaCaT cells were performed. HSC-5 cells were found to have increased paxillin patches
at the focal adhesion compared to HaCaT cells (Fig. 14A). HSC-5 cells had a
significantly higher cell paxillin patch count than HaCaT cells (Fig. 14B). A Western
blot of HSC-5 and HaCaT cells for paxillin expression was done to determine if protein
levels correlated with patch counts. Both cell lines had similar paxillin expression (Fig.
15A), and densitometric quantification of paxillin bands against GAPDH bands showed
no significant difference in paxillin protein levels between both cell lines (Fig. 15B),
suggesting that increased paxillin localization in skin cells is not due to increased protein

levels.
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Figure 14: HSC-5 cells have more paxillin patches than HaCaT cells. A) HSC-5 and
HaCaT cells were seeded on coverslips in 6-well plates, incubated, then fixed and probed
with anti-paxillin (1°) antibody and Alexa488 conjugates (2°), and with Alexa568
conjugated phalloidin, and viewed under a 40X objective lens. Note the difference in the
number of observable green fluorescence streaks and dots at the cell membrane. Scale
bar represents 20 um. B) Paxillin patch count was performed by counting number of
observable paxillin patches in 30 random cells, averaged, and compared to each other.
Experiments were performed in triplicates. Significance: **P<0.01 (Student’s t-test).
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Figure 15: HSC-5 cells and HaCaT cells have similar paxillin expressions. A) Equal
amounts of HSC-5 and HaCaT cell protein lysates were loaded for Western blot analysis
using anti-paxillin and anti-GAPDH antibodies. B) Densitometric quantifications show
no significant difference of paxillin protein levels in HSC-5 cells compared to HaCaT
cells. Experiments were performed in triplicates. Significance: P>0.05 (Student’s t-test).

3.1.7 Summary

Reduced N-WASP levels were previously implicated in breast and colorectal
carcinogenesis. N-WASP levels were found to be reduced in SCC samples compared to
matched skin perilesional samples in 33 patients (Swagata’s unpublished data),
suggesting a role for N-WASP in skin carcinogenesis. HSC-5 skin cancer cells had
reduced N-WASP expression compared to HaCaT normal skin cells, and mRNA levels
correlated with protein levels. Further studies suggest that N-WASP expression may
correlate with cell proliferation, E-cadherin localization and cell migration ability due to
increased paxillin but reduced vinculin patches in skin cells. Cellular localizations of E-
cadherin, vinculin and paxillin do not correlate with protein expressions. It is possible
these in vitro studies correlate with observed N-WASP phenotypes in clinical in vivo

scenarios.
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3.2 Characterization of N-WASP levels and phenotypes in HSC-5 sublines

Studies comparing phenotypes of HSC-5 and HaCaT cells have found that HSC-5 cells
have reduced N-WASP protein levels and mRNA levels (Fig. 7). HSC-5 cells
proliferated slower (Fig. 8), migrated faster (Fig. 11) and have reduced E-cadherin
localizations (Fig. 10) and vinculin patches (Fig. 12) but increased paxillin patches (Fig.
14) compared to HaCaT cells. Both HSC-5 and HaCaT cells were derived from different
individuals with different genetic backgrounds and mutations, so any phenotypic
differences observed cannot be correlated to N-WASP protein levels in both cell lines.
The role of N-WASP in skin cancer cells was characterized by generating HSC-5 cells
capable of expressing N-WASP similar to HaCaT cells, followed by similar phenotypic

characterization studies.

3.2.1 Generation of HSC-5 sublines overexpressing N-WASP

HSC-5 cells were infected with third-generation lentivirus derived from empty pTT1-
Puro vector (HSC-5°™) or pTT1-N-WASP-Puro to overexpress exogenous N-WASP
(HSC-5""WAP) sSingle cell HSC-5"""A5" colonies were isolated following infection and
puromycin selection, and a Western blot for N-WASP expression was done on HSC-5"
WASP clones to identify the clone with N-WASP expression similar to that of HaCaT
cells. Densitometric quantification of N-WASP bands against GAPDH bands showed
HSC-5""WASP clones 64, 86, 89 and 56 with N-WASP protein levels at 94%, 100%,
119% and 125% respectively, that of HaCaT cells (Fig. 16). The HSC-5""WAS"¢ ¢lone

N-WASP
5

was used as HSC- , as it had N-WASP protein levels similar to HaCaT cells, for

the rest of the study.

Further Western blots of HSC-5™, HSC-5""AS" and HaCaT cells for N-WASP was
performed. HSC-5NYASP and HaCaT cell N-WASP protein levels are similar and higher
than that of HSC-5° cells (Fig. 17A). The HSC-5"""A cell N-WASP protein levels
was found to be significantly higher (Fig. 17B). Real-time PCR for N-WASP cDNA was
performed on both HSC-5 sublines to determine if mMRNA levels correlated with protein
levels. HSC-5"WASP cells had easily 358% the mRNA levels of HSC-5°™ cells (Fig.
17C), suggesting that N-WASP mRNA levels do not correlate with protein levels
proportionately in skin cancer cells probably due to post-transcriptional regulation of N-
WASP.
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Figure 16: Western blot analysis of N-WASP expressions of HSC-5"""A5 clones.
Equal amounts of HSC-5™%, HSC-5""57 and HaCaT cell protein lysates were loaded
for Western blot analysis using anti-N-WASP and anti-GAPDH antibodies.
Densitometric quantifications show A) several HSC-5M"A%" clones expressing

exogenous N-WASP similar or exceeding that of HaCaT cells, and B) one HSC-

N-WASP
5

clone expressing exogenous N-WASP exceeding that of HaCaT cells (1.00 = 100% that
of HaCaT, highlighted in red boxes). The HSC-5"""ASP¥ clone was used as HSC-5"
WASP for the rest of the study. This Western blot screen was done only once.
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Figure 17: HSC-5"WASP cells and HaCaT cells have similar N-WASP expressions.
A) Equal amounts of HSC-5°™%, HSC-5""A%" and HaCaT cell protein lysates were
loaded for Western blot analysis using anti-N-WASP and anti-GAPDH antibodies. B)
Densitometric quantifications show significant increase of N-WASP protein levels in
HSC-5"NWASP compared to HSC-5F cells, similar to HaCaT cells. C) Equal amounts of
cDNA from HSC-5°"" and HSC-5""A%" cells were subjected to real-time PCR analysis
of N-WASP cDNA, normalized to MRPL27, showing significant increase of N-WASP
mRNA levels in HSC-5"Y"AS" cells compared to HSC-5™" cells. Experiments were
performed in triplicates. Significance: ***P<0.001 (Student’s t-test).

3.2.2 HSC-5"WASP cells have reduced cell proliferation compared to HSC-5™R cells
HSC-5 cells proliferated slower than HaCaT cells (Fig. 8), possibly due to its reduced N-
WASP expression. Human HRT18 colorectal cancer cells overexpressing N-WASP
exhibited reduced cell proliferative activity compared to control cells [80]. Cell
proliferation assays were performed on HSC-5°™® and HSC-5"Y"AS cells to study N-
WASP effects on cell proliferation. HSC-5""P cells had significantly reduced cell
proliferation compared to HSC-5°™F cells (Fig. 18A). The assay was repeated with the
HSC-5""WASP clones 64, 89 and 56 to determine if the reduction in cell proliferation is N-
WASP-dependent. HSC-5"""A5" cell proliferation was reduced further compared to

HSC-5°™ cells with increasing significance and with increasing N-WASP expression
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(Fig. 18B), suggesting that cell proliferation rates are dependent on N-WASP protein

levels in skin cancer cells.
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Figure 18: HSC-5"""A%P cells have reduced cell proliferation compared to HSC-5"F
cells. 7.5 x 10° cells of each cell line were seeded in 24-well plates, incubated for 5 days,
trypsinized and counted using a hemacytometer. The rate of proliferation was obtained
by comparing total cell counted after 5 days against the number of cells seeded. Cell
proliferation assays were performed either A) with HSC-5°™" and HSC-5""A cells
alone, or B) with HSC-5°"R and all four HSC-5""AS clones generated earlier.
Experiments were performed in triplicates. Significance: *P<0.05, **P<0.01 (Student’s
t-test).
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3.2.3 Cyclin D1 expression is reduced in HSC- cells compared to HSC-
cells

Cyclin D1 (CCND1) is a well-known marker for cell proliferation activity. Increased
CCND1 levels correlates with increased phosphorylation of retinoblastoma (RB) protein,
which pushes cell cycle transit past G1 phase [155]. HSC-5""WAS" cells proliferated at
slower rates than HSC-5°™® cells (Fig. 18A). A Western blot of the HSC-5 sublines for
CCND1 was performed to characterize CCND1 expression. HSC-5""A cells had
reduced CCND1 expression compared to HSC-5°™ cells (Fig. 19A). Densitometric
quantification of CCND1 bands against GAPDH bands showed the reduction of CCND1
protein levels was significant (Fig. 19B). These suggest that CCDND1 expression

correlated with cell proliferative activity in skin cancer cells.
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Figure 19: CCND1 expression is reduced in HSC-5"WASP cells compared to HSC-
5¢TR cells. A) Equal amounts of HSC-5°™ and HSC-5"""A5" cell protein lysates were
loaded for Western blot analysis using anti-CCND1 and anti-GAPDH antibodies. B)
Densitometric quantifications show significant reduction of CCND1 protein levels in
HSC-5"NWASP cells, compared to HSC-5°™® cells. Experiments were performed in
triplicates. Significance: **P<0.01 (Student’s t-test).
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3.2.4 E-cadherin localizations are increased in HSC-5N"WASP

5CTR

cells compared to HSC-
cells

HSC-5 cells had reduced E-cadherin localizations compared to HaCaT cells (Fig. 9),
possibly due to reduced N-WASP expression. Immunohistochemistry to visualize E-
cadherin and actin in HSC-5°™® and HSC-5"""A%" cells was performed to study N-WASP
effects on E-cadherin localization. HSC-5""A" cells had increased E-cadherin
localization at the cell cortex (Fig. 20A) and significantly increased average E-cadherin

5CTR cells, which are similar to when

fluorescence intensity (Fig. 20B) compared to HSC-
comparing HaCaT cell E-cadherin localization and fluorescence intensity to that of HSC-
5 cells (Fig. 9). A Western blot of both HSC-5 sublines for E-cadherin expression was
performed to determine if E-cadherin protein levels correlated with localization
intensities. E-cadherin expressions of both HSC-5 sublines were similar (Fig. 21A).
Densitometric quantification of E-cadherin bands against GAPDH bands showed no
significant difference in E-cadherin protein levels between both cell lines (Fig. 21B),
suggesting that increased E-cadherin localization is not due to increased protein levels in

skin cancer cells.
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Figure 20: E-cadherin localizations are increased in HSC-5"""A%" cells compared to
HSC-5°TR cells. A) HSC-5°™® and HSC-5""WASP cells were seeded on coverslips in 6-
well plates, incubated, then fixed and probed with anti-E-cadherin (1°) antibody and
Alexa488 conjugates (2°), and with Alexa568 conjugated phalloidin, under the view of
40X objective lens. Note the difference in green fluorescence in both cell lines; the
intensity correlating with levels of E-cadherin localization. Scale bar represents 20 pum.
B) E-cadherin fluorescence was quantified by quantifying the fluorescence in hand-
drawn regions of interest for each cell, each fluorescence value was divided by 2, and the
total values were then averaged. The average fluorescence intensity was obtained from
20 random cells. Experiments were performed in triplicates. Significance: **P<0.01
(Student’s t-test).
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Figure 21: HSC-5°"R and HSC-5"""A%P cells have similar E-cadherin expressions.
A) Equal amounts of HSC-5°™ and HSC-5""WASP cell protein lysates were loaded for
Western blot analysis using anti-E-cadherin and anti-GAPDH antibodies. B)
Densitometric quantifications show no significant difference of E-cadherin protein levels
in HSC-5"YWAS" cells compared to HSC-5°™" cells. Experiments were performed in
triplicates. Significance: P>0.05 (Student’s t-test).

3.2.5 HSC-5""WASP cells migrated slower than HSC-5°TR cells

A cell’s ability to migrate depends on its adhesion to the surrounding ECM [156]. HSC-5
cells migrated faster than HaCaT cells (Fig. 11), possibly due to reduced N-WASP
expression. Wound healing assays were performed on HSC-5°™® and HSC-5""WAS cells
to study N-WASP effects on cell migration. HSC-5"""A%" cells migrated and closed the
wound slower than HSC-5°™® cells (Fig. 22A), similar to when comparing HaCaT cell
migration to that of HSC-5 cells (Fig. 11A). Wound surface areas of both HSC-5
sublines were similar at 0 hours, but HSC-5"""A" cells showed significantly larger

wound surface areas compared to HSC-5°"R cells at 24 hours (Fig. 22B).
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Figure 22: HSC-5"YASP cells migrated slower than HSC-5°™R cells. A) Cells were
seeded such that prior to wound healing assay, the cell confluency would be 100%.
Images were taken of the cells 0 hours and 24 hours after the scratches were made on the
cells under view of a 10X objective lens. Scale bar represents 50 um. B) Surface areas of
wounds were measured at respective time points and compared, whereby HSC-5""WASP
cells closed the gap slower than HSC-5°™® cells. Experiments were performed in
triplicates. Significance: ***P<0.001 (Student’s t-test).
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3.2.6 Vinculin localizations are increased in HSC-5"A

5CTR

cells compared to HSC-
cells

As stated earlier, vinculin is a key component of the focal adhesion complex that
regulates cell adhesion [152], with protein localization correlating inversely to cell
migration [147]. HSC-5 cells had reduced vinculin patches compared to HaCaT cells
(Fig. 12), possibly due to reduced N-WASP expression. Immunohistochemistry to
visualize vinculin and actin and cell vinculin patch counts in HSC-5™% and HSC-5""WASP

cells were performed to study N-WASP effects on vinculin localization. HSC-5""AS

5°TR cells

cells had increased vinculin patches at the focal adhesion compared to HSC-
(Fig. 23A). HSC-5"WASP cells had a significantly higher cell vinculin patch count than
HSC-5°™" cells (Fig. 23B). This is similar to a comparison of vinculin localizations
between HaCaT and HSC-5 cells (Fig 12). A Western blot of both HSC-5 sublines for
vinculin expression was done to determine if protein levels correlated with patch counts.
Both cell lines had similar vinculin expressions (Fig. 24A), and densitometric
quantification of vinculin bands against GAPDH bands showed no significant difference
in vinculin protein levels between both cell lines (Fig. 24B), suggesting that increased

vinculin localization is not due to increased protein levels in skin cancer cells.
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Figure 23: HSC-5""A cells have more vinculin patches than HSC-5°"F cells. A)
HSC-5°™ and HSC-5M"ASP cells were seeded on coverslips in 6-well plates, incubated,
then fixed and probed with anti-vinculin (1°) antibody and Alexa488 conjugates (2°),
and with Alexa568 conjugated phalloidin, under view of a 40X objective lens. Note the
difference in the number of observable green fluorescence streaks and dots at the cell
membrane. Scale bar represents 20 pum. B) Vinculin patch count was performed by
counting number of observable vinculin patches in 30 random cells, averaged, and
compared to each other. Experiments were performed in triplicates. Significance:
*P<0.05 (Student’s t-test).
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Figure 24: HSC-5°™® and HSC-5"WASP cells have similar vinculin expressions. A)
Equal amounts of HSC-5°™® and HSC-5"WAS" cell protein lysates were loaded for
Western blot analysis using anti-vinculin and anti-GAPDH antibodies. B) Densitometric
quantifications show no significant difference of vinculin protein levels in HSC-5NWASP
cells compared to HSC-5°™® cells. Experiments were performed in triplicates.
Significance: P>0.05 (Student’s t-test).

5N-WASP 5CTR

3.2.7 Paxillin localizations are reduced in HSC- cells compared to HSC-
cells

As stated earlier, paxillin is another component of focal adhesion complex that operates
in a manner opposite to that of vinculin [153], with its expression correlating to cancer
cell ability to migrate or metastasize [154]. HSC-5 cells had increased paxillin patches
compared to HaCaT cells (Fig. 14), possibly due to reduced N-WASP expression.
Immunohistochemistry to visualize paxillin and actin and cell paxillin patch counts in
HSC-5°™ and HSC-5""A%" cells were performed to study N-WASP effects on paxillin
localization. HSC-5"WASP

compared to HSC-5"" cells (Fig. 25A). HSC-5""WAS cells had a significantly lower cell
5CTR

cells had reduced paxillin patches at the focal adhesion

paxillin patch count than HSC-
paxillin localizations between HaCaT and HSC-5 cells (Fig 14). A Western blot of both

cells (Fig. 25B). This is similar to a comparison of

HSC-5 sublines for paxillin expression was done to determine if protein levels correlated
with patch counts. Both cell lines had similar paxillin expressions (Fig. 26A), and
densitometric quantification of paxillin bands against GAPDH bands showed no
significant difference in paxillin protein levels between both cell lines (Fig. 26B),
suggesting that reduced paxillin localization is not due to reduced protein levels in skin

cancer cells.

91



Paxillin Actin Merge

’ HSC_SN-WASP

H %

45 -
36.078
40
35 -
30 -
25 - 17.933
20 -
15 -

10 A

Average Paxillin Patches per Cell

HsC-5CTR - Hsc-5 N-WASP

Figure 25: HSC-5"""A5P cells have fewer paxillin patches than HSC-5°TF cells. A)
HSC-5°™ and HSC-5M"ASP cells were seeded on coverslips in 6-well plates, incubated,
then fixed and probed with anti-paxillin (1°) antibody and Alexa488 conjugates (2°), and
with Alexa568 conjugated phalloidin, under view of a 40X objective lens. Note the
difference in the number of observable green fluorescence streaks and dots at the cell
membrane. Scale bar represents 20 um. B) Paxillin patch count was performed by
counting number of observable paxillin patches in 30 random cells, averaged, and
compared to each other. Experiments were performed in triplicates. Significance:
**P<().01 (Student’s t-test).
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Figure 26: HSC-5°™ and HSC-5""A% cells have similar paxillin expressions. A)
Equal amounts of HSC-5°™ and HSC-5"WAS" cell protein lysates were loaded for
Western blot analysis using anti-paxillin and anti-GAPDH antibodies. B) Densitometric
quantifications show no significant difference of paxillin protein levels in HSC-5N"WASP
cells compared to HSC-5°™® cells. Experiments were performed in triplicates.
Significance: P>0.05 (Student’s t-test).

3.2.8 The AKT pathway is dysregulated in HSC-5""A5" cells compared to HSC-
5¢TR cells

AKT proteins are known to promote cancer development by stimulating proliferative
signals and repressing apoptosis [157]. Three AKT isoforms exist, aptly named AKT1 to
3. Efforts to study AKTs focus more on AKT1 and AKT2 than AKT3, as AKT1 and

AKT?2 are known to be overexpressed or amplified in numerous cancers [158]. HSC-5"

WASP 5CTR

cells proliferate at lower rates than HSC- cells (Fig. 18), so it is possible that
AKT activity, in the form of phospho-protein, is reduced in HSC-5""AS cells. A
Western blot of both HSC-5 sublines for phospho-serine (Ser) 473/4/2 AKT1/2/3 and
pan-AKT1/2/3 was performed. HSC-5"""*5" cells had similar phospho-AKT expressions
but increased pan-AKT expressions compared to HSC-5°™% cells (Fig. 27A).
Densitometric quantification of AKT phospho-to-pan-specific bands against GAPDH

bands showed a significant reduction of AKT activity (Fig. 27B).
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Figure 27: HSC-5"WASP cells have reduced AKT activity compared to HSC-5°™R
cells. A) Equal amounts of HSC-5°"" and HSC-5""A5" cell protein lysates were loaded
for Western blot analysis using anti-phospho-Ser473/4/2 AKT1/2/3, anti-pan-AKT1/2/3
and anti-GAPDH antibodies. B) Densitometric quantifications show significant reduction
of active AKT levels in HSC-5""AS" cells compared to HSC-5™® cells. Experiments
were performed in triplicates. Significance: ***P<0.001 (Student’s t-test).

PTEN negatively regulates AKTs by dephopshorylating PI3K-generated
phosphatidylinositol (3,4,5)-trisphosphates (PIP3), which activate AKTs [159]. PTEN
mutations and deletions are known to deregulate AKT action and spur cancer
development [159]. A recent model suggested that high phosphorylation levels of PTEN
inactivates PTEN, prevents PIP; dephosphorylation, allows uncontrolled AKT activation,
permitting cancer development [160]. A Western blot of both HSC-5 sublines for
phospho-Ser380/Thr382/3 PTEN and pan-PTEN was performed to assess PTEN activity.
Phospho- and pan-PTEN expressions are increased in HSC-5"""AS" cells (Fig. 28A), but
densitometric quantification of PTEN phospho-to-pan-specific bands against GAPDH

N-WASP
5

bands showed significantly reduced PTEN phosphorylation levels in HSC- cells

compared to HSC-5¢™}

cells (Fig. 28B). This suggests an increase in PTEN activity,
increased PIP3; dephosphorylation and thus reduced AKT phospho-activity, which may

be reducing HSC-5 cell proliferation when N-WASP is overexpressed.
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Figure 28: HSC-5"""*5" cells have reduced PTEN phosphorylation levels compared
to HSC-5°™R cells. A) Equal amounts of HSC-5™% and HSC-5"""AS" cell protein lysates
were loaded for Western blot analysis using anti-phospho-Ser380/Thr382/3 PTEN, anti-
pan-PTEN and anti-GAPDH antibodies. B) Densitometric quantifications show
significant reduction of phospho-PTEN levels in HSC-5""A" cells compared to HSC-
5¢™R cells. Experiments were performed in triplicates. Significance: *P<0.05 (Student’s
t-test).

3.2.9 Summary

Phenotypic differences between HSC-5 and HaCaT cells cannot be attributed to
differences in N-WASP expression as these cells have varied genetic background and
mutations. HSC-5°™ and HSC-5""A cells were generated to study the role of N-
WASP in skin cancer cells. N-WASP mRNA levels correlate with protein levels. HSC-
5N-WASP cells had reduced cell proliferation rates that are N-WASP-dependent compared
to HSC-5™ cells, and had reduced CCND1 levels as well. HSC-5""A% cells had
increased E-cadherin localization, reduced cell migration, increased vinculin and reduced
paxillin patches compared to HSC-5°™" cells, which are similar to when comparing
phentoypes of HaCaT cells to HSC-5 cells. Cellular localizations of E-cadherin, vinculin
and paxillin do not correlate with changes to protein levels. These suggest that N-WASP
operates in the same manner in HSC-5 and HaCaT for these phenotypes. The sole
exception is that HSC-5""F cells had reduced cell proliferation compared to HSC-
5¢™R cells, which correlated with the observed reduction of HSC-5""A cell AKT

activity.
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3.3 Molecular analyses of the role of N-WASP in HSC-5 sublines

N-WASP is a protein crucial for actin cytoskeleton formation and remodelling [56], and
has been suggested to play a role in cell carcinogenesis [79,80]. When comparing HSC-
5TR and HSC-5""WA cells, N-WASP has been shown to influence cellular processes
such as E-cadherin (Fig. 20), vinculin (Fig. 23) and paxillin (Fig. 25) localizations, cell
proliferation (Fig. 18) and cell migration (Fig. 22). HSC-5"""AS cell proliferation was
reduced in an N-WASP-dependent manner (Fig. 18) possibly to due reduced AKT
phospho-activity (Fig. 27, 28). A series of studies were performed to identify the putative
signalling pathways and functional molecules involved whereby overexpression of N-
WASP reduces HSC-5 cell proliferation.

3.3.1 Proteomic analysis of HSC-5 sublines

A study of cell proteome was performed to characterize changes in HSC-5 cell signalling
axes when N-WASP was overexpressed. HSC-5°™® and HSC-5"ASP cell lysate proteins
were concentrated in an SDS-PAGE resolving gel and submitted to Ms Belinda Chen of
Nanyang Technological University’s School of Biological Sciences Proteomic Core
Facility for in-gel digestion, tryptic peptide solubilisation and LC-MS/MS based on
established protocols [145]. The LC-MS/MS chromatographic raw data (Fig. 29) and
dissociated peptide mass spectra raw data (Fig. 30) of both HSC-5°"" and HSC-5NWASP

cells are shown.
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Figure 29: LC-MS/MS chromatograms of HSC-5°™R (top) and HSC-5NWASP
(bottom) cell protein samples. LC chromatograms of both cells are shown, with X-axis
representing time of mobile phase elution and Y-axis the protein relative abundance.
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Figure 30: LC-MS/MS mass spectra of HSC-5"F (top) and HSC-5"""A (bottom)
cell protein samples. Mass spectrums of dissociated peptides of both cells are shown,
with X-axis representing mass-to-charge (m/z) ratio, and Y-axis the protein relative
abundance.
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Analysis of raw data with MascotCluster software allowed the determination of the
relative abundance of detected proteins compared to those from the UniProt human
proteomic database in the form of emPAI values. Proteins considered up-regulated or

GN-WASP 5°TR cells must have an emPAll

down-regulated in HSC-
HSC-5NWASPIHSC-5CTR value ratio of equal or more (> ) than 1.5 and equal or less ( <)

than 0.5, respectively. A total of 1131 proteins were identified in both HSC-5"""A5" and

cells compared to HSC-

HSC-5°F cells. 260 proteins were found to be up-regulated and 109 proteins were found
to be down-regulated.

Both up-regulated and down-regulated proteins identified were analyzed with the
PANTHER software [146]. It is an online annotation software used for identifying
protein cellular localization, molecular function, biological activity, class and signalling
axis. The software was used to identify signalling pathways influenced by N-WASP
overexpression in HSC-5 cells. 54 signalling pathways were identified from up-regulated
protein hits (Fig. 31) and 19 signalling pathways were identified from down-regulated
protein hits (Fig. 32). Four candidate pathways — Integrin, EGF, Wnt, Hippo — were
chosen since they are responsible for cell proliferation. A comparison of signalling
pathways identified by PANTHER database correlated all candidate pathways as
possible mechanisms of action when HSC-5 cells overexpress N-WASP, with the
exception of Hippo signalling pathway.
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Figure 31: PANTHER analysis of 54 cell signalling pathways influenced by proteins
up-regulated in HSC-5"""SP cells compared to HSC-5°™ cells from proteomics.
Percentages in pie chart represent number of proteins against total identifications. “SHT4
type receptor mediated signalling pathway, X” signify X number of proteins identified
for 5SHT4 type receptor mediated signalling pathway. Red arrows highlight the detected
EGF, Integrin and Wnt signalling pathways.
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Figure 32: PANTHER analysis of 19 cell signalling pathways influenced by proteins
down-regulated in HSC-5""AS cells compared to HSC-5°"R cells from proteomics.
Percentages in pie chart represent number of proteins against total identifications. “Cell
cycle, X signify X number of proteins identified for cell cycle pathway. Red arrows
highlight the detected EGF, Integrin and Wnt signalling pathways.

3.3.2 Protein microarray of HSC-5 sublines

Post-translational modification (PTM) occurs after gene transcription and protein
synthesis, on strategic, critical amino acids and is essential for producing functional
proteins [161]. Phosphorylation, the addition of a phosphoryl group to certain amino
acids, is the most common PTM used for regulating protein function [162]. The Kinex
KAM-880 microarray Kit is able to detect 518 pan-specific proteins and 359 phospho-
specific proteins identified as critical in cell signalling axes. HSC-5°™" and HSC-5""WAS
cell lysate proteins were harvested and subjected to the protein microarray according to
manufacturer instructions.

Proteins considered up-regulated or down-regulated in HSC-5N"ASP
HSC-5°™ cells must have an HSC-5"WAP/HSC-5%™R value ratio of equal or more ( >)

cells compared to
than 1.5 and equal or less ( <) than 0.5, respectively. Depending on the context of the
pan- or phospho-specific protein, signalling axes can be either promoted or repressed.

The individual microarray images of HSC-5™® cell (Fig. 33) and HSC-5""A cell (Fig.
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34) protein samples are shown. An overlap of pseudocolour comparisons of both cell
microarrays (Fig. 35) was performed with the ImageJ software. 13 pan- and phospho-
proteins were identified as being up-regulated (Table 3), and 5 pan- and phospho-
proteins were identified as being down-regulated (Table 4). The biological processes
associated with up-regulated microarray protein hits (Fig. 36) and down-regulated
microarray protein hits (Fig. 37) was identified with the PANTHER database under
Homo sapiens setting.

Interesting proteins to note include up-regulation of T(hr)-421/S(er)-424 phospho-
ribosomal protein S6 kinase Bl (p70S6K), T(hr)-183/Y(Tyr)-185 phospho-JNK1/2/3,
S(er)-65 phospho-4E-BP1, T(hr)-573 phospho-ribosomal protein S6 kinase 1/2/3
(RSK1/2/3) and S(er)-319 phospho-FOXO1 (listed in Table 3 as FKHR), and the down-
regulation of T(hr)-412 phospho-p70S6K and pan-RSK1. All are proteins involved in
cell signalling that regulate cell growth, proliferation, metabolism and protein
biosynthesis [112,163-165]. Of note also were the up-regulated S(er)-727 signal
transducer and activator of transcription 1a (STAT1), Y(Tyr)-40 bone marrow X protein-
tyrosine kinase (BMX), Y(Tyr)-1230/4/5 Met (hepatocyte growth factor (HGF) receptor
tyrosine kinase) and T(hr)-567 Ezrin proteins and down-regulation of pan-specific
protein-tyrosine phosphatase D1 (PTPD1) and pan-protein-serine kinase C lambda/iota
(PKCI).
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Figure 33: Protein microarray of HSC-5°"7 cells. Cell protein lysates were obtained
according to instructions in the KAM-880 microarray kit manual, and microarray was
imaged and individual protein values deciphered with the Gene Pix Pro 6.0 program.
Microarray was given false colour of red to measure intensity. The arrows pinpoint the
duplicate location for detection of phospho-Ser319 FOXOL1; the context of which details
are elaborated on in Section 4.1.6.
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Figure 34: Protein microarray of HSC-5"WAF cells. Cell protein lysates were

obtained according to instructions in the KAM-880 microarray kit manual, and
microarray was imaged and individual protein values deciphered with the Gene Pix Pro
6.0 program. Microarray was given false colour of green to measure intensity. The
arrows pinpoint the duplicate location for detection of phospho-Ser319 FOXO1,; the
context of which details are elaborated on in Section 4.1.6.
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Figure 35: A comparison of HSC-5°"% and HSC-5"""W** protein microarrays. Both
protein microarrays were overlaid to determine which protein is up-regulated or down-
regulated in HSC-5""WASP cells compared to HSC-5°™ cells. The arrows pinpoint the
duplicate location for detection of phospho-Ser319 FOXOL1; the context of which details
are elaborated on in Section 4.1.6.

105



Table 3: List of proteins up-regulated in microarray detection for HSC-5""VA% cells

in comparison to HSC-5°R cells, with pan- or phospho-specific details.

Target Phospho . HSC-5¢™ | HSC-5NWASP HSC-5"
Protein Site Full Tall\rlgit]eProtem Detection Detection WASPIHSC-
Name (Human) Value Value 5°TR Ratio
T421/ | Ribosomal protein
p70S6K sa24 | S6 kinase beta-1 0.181 0.356 1.970
Signal transducer
STAT1 S727 and activator of 2.099 4.081 1.944
transcription 1 alpha
Bone marrow X
BMX (Etk) Y40 protein-tyrosine 1.175 2.210 1.881
kinase
iz | e gt
Met \\((11223;;/ receptor-tyrosine 2.307 4.175 1.809
kinase
Jun N-terminus
T183/ protein-serine kinase
JNK 1/2/3 Y185 (stress-activated 2.594 4.613 1.778
protein kinase
(SAPK)) 1/2/3
Eukaryotic
translation initiation
4E-BP1 S65 factor 4E binding 1.527 2.570 1.683
protein 1 (PHAS1)
Ribosomal S6
RSK1/2/3 T573 protein-serine kinase 1.744 2.905 1.666
1/2/3
Ezrin T567 | Cytovillin 2 1.529 2.535 1.658
Forkhead box
FKHR S319 orotein O1 2.286 3.700 1.619
caveolinl | _ 2™ | caveolin 1 1.911 3.042 1.592
specific
Tyrosine Tyrosine
y S40 hydroxylase isoform 0.429 0.671 1.565
Hydroxylase a
IRS1 s31p | Insulin receptor 2.532 3.898 1.539
substrate 1
Cyclin-dependent
CDK1/2 Y15 protein-serine kinase 2.210 3.357 1.519

1/2
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Table 4: List of proteins down-regulated in microarray detection for HSC-5""ASP

cells in comparison to HSC-5°"F cells, with pan- or phospho-specific details.
Target | Phospho HSC-5™ | HSC-5NWASP HSC-5"
Protein Site Full Target Protein Name | Detection Detection WASPIHSC-
Name | (Human) Value Value 5°TR Ratio
Ribosomal protein S6
p70S6K T412 Kinase beta-1 0.147 0.004 0.029
Pan- Protein-serine kinase C
PKCI specific | lambda/iota 0.187 0 0
Pan- Protein-tyrosine
PTPD1 specific phosphatase non-receptor 0.222 0 0
P type 21
Pan- Ribosomal S6 protein-
RSK1 specific | serine kinase 1 0.009 0 0
pan- | Yamaguchi sarcoma
Yes o proto-oncogene-encoded 0.102 0 0
specific L
tyrosine Kinase

M Biological regulation, 4

m Cellular component organization or

biogenesis, 2

m Cellular process, 7

B Developmental process, 2

® Immune system process, 2

® Localization, 1

© Metabolic process, 5

® Multicellular organismal process, 1

Response to stimulus, 4

Figure 36: PANTHER analysis of biological processes associated with proteins up-
regulated in HSC-5NWAST cells compared to HSC-5°™R cells from protein
microarray. Percentages in pie chart represent number of genes of interest against total
identifications. “Biological regulation, X signify X number of genes of interest
identified for the biological process of biological regulation.
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m Biological regulation, 2

m Cellular component
organization or biogenesis, 1

m Cellular process, 2

B Immune system process, 1

m Metabolic process, 1

B Response to stimulus, 1

Figure 37: PANTHER ana\Wsis of biological processes associated with proteins
down-regulated in HSC-5"WASP cells compared to HSC-5°™® cells from protein
microarray. Percentages in pie chart represent number of genes of interest against total
identifications. “Biological regulation, X signify X number of genes of interest
identified for the biological process of biological regulation.

3.3.3 RNA-Seq of HSC-5 sublines identifies candidate regulators

RNA-Seq is a next generation sequencing high-throughput technology capable of
mapping and quantifying transcripts [166]. It identifies potential novel targets,
microRNAs and differentially expressed genes [167]. It provides more clues of changes
at the transcriptional level when HSC-5 cells overexpress N-WASP. RNA of both HSC-5
sublines were isolated, packaged and submitted to Omega Bioservices (Georgia, USA)
for cDNA generation using the Illumina TruSeq Total RNA Kit. Libraries were directly
sequenced and aligned to the lllumina BaseSpace cloud server Homo sapiens genome
reference using the lllumina Hi-Seq 2500 platform [166].

In both HSC-5 sublines, RNA-Seq analyzed the expression of 25276 genes, each
individually quantified using the fragments per kilobase of transcript per million mapped
reads (FPKM) unit. Each gene in HSC-5™® and HSC-5"""A" data reads were aligned
and their FPKM values were compared. Genes considered up-regulated or down-
regulated in HSC-5""ASP compared to HSC-5° cells must have an HSC-5""WASP/HSC-

5¢™R FPKM value ratio of equal or more ( > ) than 1.5 and equal or less ( <) than 0.5,
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respectively. 4708 genes were up-regulated and 4412 genes were down-regulated in
HSC-5"NWASP cells compared to HSC-5°™® cells. The biological processes associated
with up-regulated microarray protein hits (Fig. 38) and down-regulated microarray
protein hits (Fig. 39) was identified with the PANTHER database under Homo sapiens
setting. Also shown is a list of genes that are up-regulated, or are of interest, in HSC-5""
WASP cells compared to HSC-5°™R cells (Table 5).

M Biological adhesion, 52
m Biological regulation, 518
m Cell killing, 7

504
M Cellular process, 1859

m Developmental process, 244
mGrowth, 1
B Immune system process, 78
M Localization, 525
B Locomotion, 50
m Metabolic process, 1406
W Multicellular organismal process, 222
Reproduction, 36
Response to stimulus, 446
Rhythmic process, 3

Figure 38: PANTHER analysis of biological processes associated with gene
expressions up-regulated in HSC-5""A cells compared to HSC-5°" cells from
RNA-Seq. Percentages in pie chart represent number of genes of interest against total
identifications. “Biological adhesion, X signify X number of genes of interest identified
for the biological process of biological adhesion.
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M Cellular component organization or biogenesis,



Table 5: List of genes up-regulated or are of interest in HSC-5"""A cells in

comparison to HSC-5°™F cells from RNA-Seq. Genes that are up-regulated have their
names in bold, but genes of interest do not have names in bold.

Gene of Interest HSC-5CTR HSC_SN-WASP HSC_SN-WASP/HS-C_SCTR
FPKM FPKM FPKM Ratio
SGK1 19.777 65.971 3.336
INK1 3.481 10.846 3.120
ERK2 42.875 98.658 2.300
CSNK1A1 28.477 64.978 2.282
SOS1 3.172 6.910 2.179
INK2 5.282 11.142 2.110
FOXO1 5.139 8.486 1.651
TXNIP 42.111 66.902 1.589
CDKNI1A 36.935 58.356 1.580
PTEN 5.359 7.827 1.461
AKT3 14.925 19.863 1.331
MDM2 7.270 9.688 1.330
FAK 32.417 42.624 1.315
CCND1 38.036 48.789 1.283
mTOR 10.064 12.870 1.279
INK3 1.137 1.158 1.018
GRB2 27.184 22.278 0.820
4E-BP1 63.615 51.999 0.817
AKT2 13.441 10.862 0.808
AKT1 48.061 33.874 0.704
SKP2 22.891 14.618 0.639
SRC 41.130 25.238 0.613
ERK1 16.010 8.706 0.544
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M Biological adhesion, 96

M Biological regulation, 586

m Cellular component organization or biogenesis,
328

m Cellular process, 1443

M Developmental process, 384

B Growth, 3

B Immune system process, 110

M Localization, 311

W Locomotion, 84

B Metabolic process, 940

B Multicellular organismal process, 372
Reproduction, 42
Response to stimulus, 509

Rhythmic process, 5

Figure 39: PANTHER analysis of biological processes associated with gene
expressions down-regulated in HSC-5""*5" cells compared to HSC-5™% cells from
RNA-Seq. Percentages in pie chart represent number of genes of interest against total
identifications. “Biological adhesion, X" signify X number of genes of interest identified
for the biological process of biological adhesion.

3.3.4 Comparative Ingenuity Pathway Analysis of proteomics, protein microarray
and RNA-Seq datasets

Many signalling pathways regulate cell growth and metabolism, such as the MAPK,
AKT and mTOR pathways to name a few [168]. Given the multiple datasets generated,
analysis of individual proteins and gene expressions will not give sufficient clues as to
how N-WASP reduces cell proliferation in HSC-5 cells. The IPA software is an online
tool able to analyse multiple datasets and identify candidate biomarkers and signalling
axes [169]. The proteomics, protein microarray and RNA-Seq data were uploaded onto
the IPA platform and analyzed individually and comparatively. This is to identify
candidate pathways and functional molecules involved in HSC-5"""A5" cell proliferation

reduction compared to that of HSC-5°"F cells.

Individual dataset analysis was performed to align the list of proteins or genes identified
to those known to be associated with certain signalling axes. However, the datasets’
previous definition of up- or down-regulation in HSC-5""A5 cells (X > 1.500 or X <
0.500) was not used, instead being X > 1.000 or X < 1.000 to allow for generating a
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5N-WASP

broader picture of what portions of an established pathway in HSC- cells have

changed.

The IPA software also uses colour codes as graphical representation of the degree of
targets being up-regulated (coloured as red) and down-regulated (coloured as green). To
illustrate, the individual IPA analyses of proteomics (Fig. 40), protein microarray (Fig.
41) and RNA-Seq data (Fig. 42) with respect to the mTOR pathway are shown. Protein
microarray analysis showed red icons for insulin receptor substrate 1 (IRS1) and 4E-BP1
(X > 1.500) compared to the pink ERK1/2 (X > 1.000), showing which parts of mTOR
pathway is more affected (Fig. 41). However, discrepancies were observed. There were
increases (X > 1.000) and up-regulation of many components (X > 1.500) in the protein
microarray mTOR pathway (Fig. 41), whereas many components in the RNA-Seq
mTOR pathway are highlighted as light pink, showing very mild increases in protein
activity detected (Fig. 42). The proteins of AMPK and PI3K are considered down-
regulated (icons are green) in the protein microarray mTOR pathway (Fig. 41), but both
are considered being increased slightly (lights in light pink) in the RNA-Seq mTOR
pathway (Fig. 42).
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Figure 40: Individual analysis of proteomics data with respect to the mTOR
pathway in the IPA software. Proteins detected and identified as up-regulated or down-
regulated are labelled as red-coloured or green-coloured icons, respectively. Proteins not
detected by IPA from the provided list are labelled as uncoloured icons.
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Figure 41: Individual analysis of protein microarray data with respect to the
MTOR pathway in the IPA software. Proteins detected and identified as up-regulated
or down-regulated are labelled as red-coloured or green-coloured icons, respectively.
Proteins not detected by IPA from the provided list are labelled as uncoloured icons.
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Figure 42: Individual analysis of RNA-Seq data with respect to the mTOR pathway
in the IPA software. Proteins detected and identified as up-regulated or down-regulated
are labelled as red-coloured or green-coloured icons, respectively. Proteins not detected
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IPA comparative analysis of all datasets identifies candidate pathways or functional
molecules when N-WASP is overexpressed in HSC-5 cells. This is helpful since many
signalling axes and pathways often mutually cross-talk and integrate with one another to
jointly regulate biological processes and maintain cell well-being [170]. For example, the
mMTOR pathway is flanked outside-to-inside by receptor tyrosine kinase (RTK) receptors
(including EGFR) which can pass signals to RAS and PI3K, members of RAS-RAF and
PISK/AKT signalling axes [171] (Fig. 40-42). These signals, with ERK1/2 of the
ERK/MAPK signalling axis [172], can jointly or independently influence mTOR protein
to form mTOR complex 1 (MTORC1) or 2 (mTORCZ2) which influences further protein
biosynthesis activity and even acts as a feedback loop to AKT signalling and PKCI
signalling, respectively [173,174]. A phosphorylated protein in a signalling axis can lead
to activation or inactivation of other proteins of other signalling axes [169], thus any

phenotype is a combination of multiple signalling pathways.

The IPA software assigns activation Z-scores to any pathway or molecule identified from
comparative analysis of multiple datasets, but they are all ranked based on software
calculations from the most likely to the least likely in a descending order. Activation Z-
scores are also colour coded graphical representation of the degree of targets being up-
regulated (coloured as orange) and down-regulated (coloured as blue). 194 pathways
were ranked, with a list of top 15 shown (Fig. 43), implicating actin cytoskeleton and
Integrin pathways, as well as PI3K/AKT, ERK/MAPK and JNK pathways (not shown).
296 functional molecules were ranked, with a list of top 15 shown (Fig. 44), implicating
FOXOL1 very highly, as well as AKT, JNK, ERK1/2 (not shown).
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Figure 43: Graphical presentation of the top 15 pathways identified in HSC-5""WAS"

cells compared to HSC-5" cells from IPA software comparative analysis. The IPA
software provides an activation Z-score for each pathway based on data from each
dataset but ranks them from the highest likely relevance in descending order. Note ‘actin
cytoskeleton signaling’ and ‘Integrin signaling’ are ranked in 9™ and 14™ place,
respectively, and the order of datasets from left to right — RNA-Seq, protein array and
proteomics.
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Figure 44: Graphical presentation of the top 15 functional molecules identified in
HSC-5NMWASP cells compared to HSC-5°™ cells from IPA software comparative
analysis. The IPA software provides an activation Z-score for each regulator based on
data from each dataset but ranks them from the highest likely relevance in descending
order. Note ‘FOXO1’ is ranked in 6™ place and and the order of datasets from left to
right — RNA-Seq, protein array and proteomics.
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3.3.5 Summary

_gN-WASP

To identify causes for reduced cell proliferation observed in HSC cells

compared to HSC-5™®

cells, multiple analyses were performed. Proteomic analysis
suggests that out of the four candidate signalling pathways responsible for cell
proliferation, N-WASP influences the Integrin, EGF and Wnt pathways to cause changes
in focal adhesion complex, cell migration and proliferation. Protein microarray and
RNA-Seq suggest that N-WASP reduces cell proliferation by influencing activities of
regulators responsible for cell growth, metabolism and protein biosynthesis, such as
JNK, ERK1/2, FOXO1, p70S6K and various others. IPA comparative analysis of all
proteomic, protein microarray and RNA-Seq data suggest a likelihood of N-WASP-
influenced signalling that reduce cell proliferation in HSC-5 cells via Integrin-mediated

signalling and FOXO1-dependent signalling.
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Chapter 4: Results Part 2 — Characterizing the Role of TXNIP in Skin Cancer

4.1 Validation of candidate pathways and regulators identified in HSC-5 sublines

Overexpression of N-WASP in HSC-5 cells reduced cell proliferation (Fig. 18),
migration (Fig. 22) and paxillin patches (Fig. 25), but increased E-cadherin localizations
(Fig. 20) and vinculin patches (Fig. 23). IPA comparative analysis of proteomics, protein
microarray and RNA-Seq highlighted up to 15 pathways likely responsible for HSC-5™
WASP cell reduced proliferation and migration, including the candidate Integrin pathway
to fibroblast growth factor (FGF) and actin cytoskeleton signalling pathways (Fig. 43). It
is possible that changes to the Integrin pathway are responsible for the observed

phenotypic differences in HSC-5"""A%" cells compared to HSC-5°™" cells.

It is possible metabolic changes caused by increased Integrin-mediated pathway
signalling in HSC-5""ASP cells compared to HSC-5™® cells are mediated by various
functional molecules. IPA comparative analysis of proteomics, protein microarray and
RNA-Seq highlighted a list of top functional molecules including FOXO1 (Fig. 44),
when HSC-5 cells overexpress N-WASP. RNA-Seq and protein microarray showed up-
regulated FOXO1 expression (HSC-5NWASP/HSC-5°™ FPKM ratio: 1.651) and up-
regulated phospho-Ser319 FOXOL1 levels (HSC-5"WASPHSC-5™R protein ratio: 1.619),
respectively. This suggests that a form of negative regulation of FOXO1 is also
responsible for the observed phenotypic differences between HSC-5°™% and HSC-5™

WASP calls.

4.1.1 Integrin pathway and FOXO1 protein are central regulators

N-WASP
5

Validation of the Integrin pathway was performed. HSC- cells had increased

5¢TR cells.

vinculin patches (Fig. 23) and reduced paxillin patches (Fig. 25) than HSC-
Regulation of cell adhesion and migration by vinculin and paxillin interactions require
cell-ECM interactions via Integrin receptors [153]. A study by Hasegawa et al. [175]
found significant up-regulation of integrins a2, a6 and B1 in HSC-5 cells compared to
HaCaT cells. Individual search of the above-mentioned integrins in RNA-Seq data
showed HSC-5"WASP cells having slight increase (ratio 1.000 < X < 1.500) or up-
regulation (X > 1.500) of four of five integrin subunits (Table 6). These suggest the

Integrin pathway plays an important role in HSC-5 cell processes.
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Table 6: List of Integrin gene expressions up-regulated or are of interest in HSC-5""

WASP cells in comparison to HSC-5F cells from RNA-Seq.
Gene of Interest HSC-5™ | HSC-5NWASP HSC-5NWASP/IHSC-5¢TR
FPKM FPKM FPKM Ratio

Integrin 02 (ITGA2) 25.182 113.893 4.523
Integrin a3 (ITGA3) 42.963 52.303 1.217
Integrin 06 (ITGA6) 31.783 76.495 2.407
Integrin 1 (ITGB1) 121.700 316.477 2.600
Integrin B4 (ITGB4) 164.447 104.245 0.634

Since N-WASP interacts with Arp2/3 and is critical for actin cytoskeleton remodelling
[56], the focal adhesion complex utilizes actin cytoskeleton to regulate cell-ECM
interaction and the adherens junctions utilizes actin cytoskeleton to regulate cell-cell
adhesion [39], the actin cytoskeleton signalling and Integrin pathway are mutually
cooperating. The other 13 pathways from eukaryotic translation initiation factor 2 (EIF2)
signalling to renal cell carcinoma signalling all have one common aspect — they depend
on signals from the Integrin receptor to stimulate, repress or regulate their activities
[176-188]. In other words, the ciliary neurotrophic factor (CNTF) [186], Rho GDP
(guanosine diphosphate) dissociation inhibitor (RhoGDI) [180] and platelet-derived
growth factor (PDGF) [183] pathways, even in context of other cell lines investigated, all
interact with Integrin signalling in order to promote or repress cellular proliferation and

migration.

Integrin receptors exhibit bidirectional signalling, as inside-out cell signalling influences
integrin activity towards the external environment and outside-in cell signalling towards
the intracellular environment [156]. Growth factor pathways, such as HGF [182] and
interleukin-8 (IL-8) [179], utilize integrins to operate in this manner. Integrin receptors
are held in place by focal adhesion complex, which is the key convergence point for
multiple signalling [183]. Key components include FAK, SRC, vinculin, paxillin,
integrin-linked kinase (ILK), talin and the kindlins [189], and GRB2 and SOS1 to name
a few [190]. Signalling interplay from these components are relayed down to many
downstream signalling axes, include RAS/RAF, PI3K/AKT, ERK/MAPK and mTOR
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that proceed to regulate cellular activity [158]. These signalling interplay is summarized

visually (Fig. 45).
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Figure 45: Integrin signalling via the focal adhesion complex is the key point for
regulating many signalling pathways in the cell. Integrin receptors interact with the
focal adhesion complex, and the interplay of signalling at the focal adhesion complex
and outside-in cell signalling determine to which pathways these signals are relayed to.
Adapted from Harburger and Calderwood [191] and Wieduwilt and Moasser [171].

14 pathways were considered up-regulated (coloured as orange) by IPA comparative

analysis in HSC-5NWASP 5CTR

cells compared to HSC- cells, but one pathway, the
RhoGDI pathway was considered down-regulated (coloured as blue) (Fig. 43). This
initially suggests that Integrin-mediated down-regulation of the RhoGDI pathway

reduced cell proliferation in HSC-5NWASP

cells. The Rho family of GTPases are a
subgroup of the Ras superfamily of GTPases which regulate cytoskeletal dynamics, cell
movement, cell growth and proliferation, and the three best-studied Rho GTPases are
RhoA, RAC1 and CDC42 [192]. They are stimulated by signals from Integrin-ECM

interactions, RTK receptors and G-protein-coupled receptors (GPCRs), among others
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[193] and are negatively regulated by RhoGDIs, which consist of RhoGDI isoforms a, B,
and y (ARHGDIA, ARHGDIB and ARHGDIG, respectively) [194].

RNA-Seq data of individual searches for these six RhoGDI proteins with the respective
mRNA levels in HSC-5°™ and HSC-5M"A cells are shown (Table 7). ARHGDIB,
RhoA and RACL1 do not seem to be affected by changes in N-WASP levels as shown by
the FPKM ratio being around 1. As ARHGDIG is known to interact with RhoA and
CDC42 in human cells [195], given no changes of RhoA mRNA levels were observed
and that increased CDC42 mRNA levels likely correlate with N-WASP overexpression,
ARHGDIG is not likely responsible for reduced HSC-5"WAS" cell proliferation. In
general, the role of RhoGDIs in cancer is controversial because they were found to be
up- and down-regulated in various cancers and pathological diseases [196]. ARHGDIA
is the best-studied and characterized RhoGDI, yet scientific opinion on its role in cell
proliferation is divided [197]. ARHGDIA overexpression promoted liver cancer cell
proliferation, but repressed cardiac muscle cell proliferation [196,198], for example.
Altogether, based on these results, the RhoGDI pathway was not investigated in this
dissertation, and only the Integrin pathway was validated.

N-WASP
5

Table 7: List of RhoGDI pathway gene expressions of interest in HSC- cells

in comparison to HSC-5°'R cells from RNA-Seq.

Gene of Interest HSC-5°™" | HSC-5NWASP HSC-5"WASPIHSC-5¢TR
FPKM FPKM FPKM Ratio

ARHGDIA 113.280 56.500 0.499

ARHGDIB 58.422 56.038 0.959
ARHGDIG 0.161 0 0

RhoA 88.956 97.704 1.098

RAC1 85.534 87.334 1.021

CDC42 47.268 85.209 1.803

Validation of the candidate functional molecule FOXO1 was also performed. FOXOL is
considered as one of the most likely functional molecules responsible for the phenotypic
differences observed thus far between HSC-5™ and HSC-5""WASP cells (Fig. 44). There

were an additional five regulators ranked higher than FOXO1 by IPA comparative
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analysis, with their respective mRNA levels in HSC-5"WASP

5CTR

cells compared to HSC-
cells shown (Table 8). These proteins contribute to cancer development in other cell
lines by promoting proliferation, reducing cell adhesion and increasing cell migration
[199-207]. The effects from up- or down-regulation (or increase or reduction in
expression) of these proteins can be correlated with the reduced cell proliferation and

migration phenotypes in HSC-5"""A%" cells compared to and HSC-5"VASP cells.

Table 8: List of Ingenuity comparative analysis regulators identified as ranking
higher than FOXO1 and their mRNA expressions in HSC-5MYASP cells in
comparison to HSC-5°™" cells from RNA-Seq.

Gene of Interest HSC-5°™ | HSC-5MWASP | HSC-5NWASPIHSC-5CTR
FPKM FPKM FPKM Ratio

Mek (SMEK1) (protein
phosphatase 4 regulatory 7.139 15.099 2.115
subunit 3A (PPP4R3A))
KDMS5B (lysine-specific
demethylase 5B) 32.990 25.290 0.767
CD24 (cluster of
differentiation 24) 61.460 142.133 2.313
SMARCAA4 (transcription
activator BRG1) 50.038 23.581 0.471
PGR (progesterone receptor
/ NR3C3) 1.240 1.527 1.231

However, similar to findings about Integrin pathway, these five candidate molecules
have one common aspect, which is their connection to FOXOL1 as either a target of
FOXOL1 or a regulator of FOXOL1 in order to assert phenotype changes (Fig. 46A). For
example, SMEKZ1 acts upon FOXO1 to stimulate gluconeogenesis in liver cells [199],
while triple negative breast tumours exhibit low levels of the cell adhesion molecule
CD24 due to high levels of nuclear FOXOL1 repressing its levels [205]. This suggests

FOXOL1 plays a crucial role for changing phenotypes in HSC-5N-WASP

cells compared to
HSC-5°™ cells. The mechanism of action in general of kinases known to phosphorylate
FOXO1 in the nucleus and cause either nuclear ubiquitination or cytoplasmic
translocation for ubiquitination and proteasomal degradation is shown (Fig. 46B). Given

the body of knowledge established on how FOXO proteins are regulated by kinases, it
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was of interest to study the role of FOXO1 in HSC-5 cells and identify the kinase

regulating its activity.
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Figure 46: FOXOL1 is the key protein for regulating signals among the functional
molecules identified, and is usually regulated via phosphorylation to be degraded.
A) SMEK1, KDM5B and SMARCA4 intereact with FOXO1 upstream of it, whereas
FOXOL1 interacts with CD24 and PGR downstream of it [199-207], establishing FOXO1
as a central nexus of protein-signal regulation. B) Numerous kinases such as AKT,
SGK1, and JNK translocate from the cytoplasm to the nucleus to phosphorylate FOXO
proteins. Generally, this causes FOXO proteins to be inactive and they either translocate
to the cytoplasm for ubiquitination and proteasomal degradation or remain in the nucleus
for ubiquitination and degradation. Adapted from Lam et al. [112] and Huang and
Tindall [114].
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5N-WASP

4.1.2 Real-time PCR shows Integrin pathway is dysregulated in HSC- cells

5¢TR cells

compared to HSC-
N-WASP interacts with the Wnt and Integrin signalling pathways to influence or
modulate cellular growth and development [59,61,88]. N-WASP may indirectly
influence the EGF and Hippo pathways via influencing the actions of other proteins
interacting with these pathways [89,208]. Proteomics data analysis using the PANTHER
software showed the likelihood of Integrin, EGF and Wnt pathways being involved and
Hippo pathway not likely involved in HSC-5"""A5" cells (Fig. 31,32). A real-time PCR
study was performed on HSC-5 sublines to study if N-WASP influences any of these
pathways in HSC-5 cells. The FOXOL1 gene was chosen to represent the Integrin
pathway, the pyruvate kinase muscle isozyme M2 (PKM2) gene for EGF pathway, the
cMyc gene for Wnt pathway, and the CTGF gene for Hippo pathway. The only
significant difference in mMRNA levels was found for the FOXO1 gene representing the
Integrin pathway (Fig. 47). Together with PANTHER analysis of proteomics (Fig.
31,32), these results suggest that phenotypic differences observed in HSC-5 sublines are
likely expressed through N-WASP influencing the Integrin pathway.
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Figure 47: The Integrin pathway is dysregulated in HSC-5"""AF cells compared to

HSC-5°™ cells. Total RNA was extracted from HSC-5°™® and HSC-5"WAS cells,
followed by cDNA generation and real-time PCR analysis. cDNAs were diluted and the
same amount (in volume) were used for real-time PCR. They were probed for FOXO1,
PKM2, cMyc, and CTGF, representing the Integrin, EGF, Wnt and Hippo pathways,
respectively. All cDNA values were normalized to MRPL27, and compared to HSC-5“™%
cells. Experiments were performed in triplicates. Significance: ***P<0.001 (Student’s t-
test).
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4.1.3 The Integrin pathway is dysregulated in HSC-5""WASF

5CTR

cells compared to HSC-
cells

The Integrin pathway was validated by characterizing some of the key components of the
focal adhesion complex that is anchored to Integrin receptors, including FAK, SRC,
GRB2 and SOS1 [189,190]. FAK is a key regulator in the focal adhesion complex
known to cause cancer development of many cells when overexpressed [176]. FAK
phosphorylated at Tyr397 residue is crucial in breast cancer for promotion of cell
migration activity [209], for example. FAK interaction with vinculin and paxillin
determines whether cell migration occurs or cell adhesion occurs [153,154]. A Western
blot of HSC-5™ and HSC-5""WAS” cells for phospho-Tyr397 FAK and pan-FAK was
performed to determine if N-WASP-mediated phenotypic differences were caused via
altered FAK expression or activity, even though RNA-Seq data shows FAK is only
increased slightly (HSC-5""WASP/HSC-5°™ FPKM ratio: 1.312) (Table 5). Both HSC-5
sublines had similar pan-FAK expression but HSC-5"""AS" cells had a slightly reduced
phospho-FAK expression compared to HSC-5°™® cells (Fig. 48A). Densitometric
quantification of FAK phospho-to-pan-specific bands against GAPDH bands showed a
significant reduction of FAK activity (Fig. 48B).
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Figure 48: HSC-5""ASP cells have reduced FAK activity compared to HSC-5¢™R
cells. A) Equal amounts of HSC-5°"" and HSC-5""A%P cell protein lysates were loaded
for Western blot analysis using anti-phospho-Tyr397 FAK, anti-pan-FAK and anti-
GAPDH antibodies. B) Densitometric quantifications show significant reduction of
active FAK levels in HSC-5"ASP cells compared to HSC-5°™® cells. Experiments were
performed in triplicates. Significance: *P<0.05 (Student’s t-test).
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SRC kinase is important for moderating focal adhesion complex signalling [189]. SRC
and FAK often interact and activate each other [210], and this binding and its
phosphorylation-based activity stimulates integrin-focal adhesion complex signalling in
epithelial cells among others [211]. Similar to FAK, SRC regulates cell signalling for
proliferation, migration, adhesion and invasion in cancer cells [212]. Even though SRC
mRNA levels in HSC-5"WAS" are slightly reduced and not considered down-regulated
(HSC-5NMWASPIHSC-5™ FPKM ratio: 0.613), the role of SRC in HSC-5 sublines was
studied to determine the role of Integrin pathway in HSC-5 cell proliferation. It is
possible that reduced SRC levels are responsible for reduced HSC-5 cell proliferation. A
Western blot of both HSC-5 sublines for SRC was performed. HSC-5"NYAS cells had
slightly a reduced SRC expression compared to HSC-5°F cells (Fig. 49A).
Densitometric quantification of SRC bands against GAPDH bands showed a significant
reduction of SRC protein levels (Fig. 49B).
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Figure 49: SRC expression is reduced in HSC-5"""P cells compared to HSC-5°"R
cells. A) Equal amounts of HSC-5°™ and HSC-5""ASP cell protein lysates were loaded
for Western blot analysis using anti-SRC and anti-GAPDH antibodies. B) Densitometric
quantifications show significant reduction of SRC protein levels in HSC-5""AS cells
compared to HSC-5°™" cells. Experiments were performed in triplicates. Significance:
**P<(.01 (Student’s t-test).

GRB?2 is another focal adhesion complex protein that regulates cell motility in normal
and cancer cells, and even metastasis in cancer cells [213]. GRB2 acts downstream of
both FAK and SRC joint signalling [210], or acts upstream of FAK by inducing Integrin
receptor-mediated phospho-Tyr397 FAK activity and FAK-SRC complex formation for
further signal relaying [214]. GRB2 plays a role in cell EMT via the RAS-RAF-MEK-
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MAPK pathway following SRC-induced changes to cell adhesion activity [215]. GRB2
activity in HSC-5 sublines was studied, even if RNA-Seq shows that GRB2 mRNA
levels are slightly reduced (HSC-5"""A"/HSC-5¢™ FPKM ratio: 0.820). It is possible
that reduced GRB2 levels are responsible for reduced HSC-5 cell proliferation. A
Western blot of both HSC-5 sublines for GRB2 was performed. HSC-5"""A% cells had a
slightly reduced GRB2 expression compared to HSC-5°" cells (Fig. 50A).
Densitometric quantification of GRB2 bands against GAPDH bands showed a significant
reduction of GRB2 protein levels (Fig. 50B).
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Figure 50: GRB2 expression is reduced in HSC- cells compared to HSC-
cells. A) Equal amounts of HSC-5°™ and HSC-5""ASP cell protein lysates were loaded
for Western blot analysis using anti-GRB2 and anti-GAPDH antibodies. B)
Densitometric quantifications show significant reduction of GRB2 protein levels in
HSC-5"WASP cells compared to HSC-5™R cells. Experiments were performed in
triplicates. Significance: *P<0.05 (Student’s t-test).

SOS1 is another protein recruited by the focal adhesion complex to mediate cell
signalling. SOS1 usually forms a complex with GRB2 [216], and relays Integrin-
mediated signalling via the RAS-RAF-MEK-MAPK axis to mediate cell growth,
migration and survival [180]. Although much effort has gone into characterizing the
structure and domains of SOS1 and its other isoform SOS2 in both humans and mice
[217], few studies have been performed to elucidate its role with cell carcinogenesis. It is
generally understood that SOS1 levels correlates with cancer development [218] and has
a critical role in T-cell development [219]. RNA-Seq showed HSC-5""WAS cells with up-
regulated SOS1 mRNA levels (HSC-5""WASP/HSC-5°F FPKM ratio: 2.179), suggesting

increased SOS1 protein levels and a different function in HSC-5 cells than other cell
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lines. A Western blot of both HSC-5 sublines for SOS1 was performed. HSC-5""WAS?
cells had increased SOS1 expression compared to HSC-5°" cells (Fig. 51A).
Densitometric quantification of SOS1 bands against GAPDH bands showed a significant
increase of SOS1 protein levels (Fig. 51B). As the role of SOS1 in skin cells has not
been characterized yet, it is possible SOS1 may be tumour suppressor in HSC-5 cells.
SOS1 activity correlated inversely to those of FAK, SRC and GRB2 in HSC-5 cells.
Altogether, these results suggest that N-WASP overexpression reduces HSC-5 cell
proliferation via changes of Integrin-mediated FAK-SRC-GRB2-SOS1 signalling.
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F(i:grure 51: SOS1 expression is increased in HSC-5"AS cells compared to HSC-
5

R cells. A) Equal amounts of HSC-5™® and HSC-5"""A%" cell protein lysates were
loaded for Western blot analysis using anti-SOS1 and anti-GAPDH antibodies. B)
Densitometric quantifications show significant increase of SOS1 protein levels in HSC-
5NWASP cells compared to HSC-5™R cells. Experiments were performed in triplicates.
Significance: ***P<(.001 (Student’s t-test).

4.1.4 The mTOR pathway is not affected in HSC-5 sublines

The mTOR pathway is a network that incorporates input from numerous upstream
pathways and both intracellular and extracellular signals and conditions to manage
protein synthesis necessary for cell metabolism and growth [163,220]. The pathway
consists of two complexes, mMTORC1 and mTORC2. mTORC1 interacts with
components of the EIF protein synthesis apparatus to regulate protein biosynthesis and
general cell metabolism [173,221], while mTORC?2 interacts with pathways such as AKT
to regulate cell proliferation, cell metabolism and even actin cytoskeleton remodelling
[174,221].
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Since IPA analysis highlighted the actin cytoskeleton signalling pathway, RNA-Seq
stated HSC-5""AP cells have slightly increased mTOR mRNA (HSC-5""WASP/HSC-
5°TR FPKM ratio: 1.279) and reduced AKT signalling compared to HSC-5°™% cells (Fig.
27,28), mTOR may be responsible for reduced HSC-5 cell proliferation when N-WASP
is overexpressed. mTOR activity may be reduced in HSC-5NWAS cells, altering
proliferative signals or EIF2 protein biosynthesis apparatus via the mTORC1 complex or
altering AKT-dependent signalling via the mTORC2 complex. A Western blot of HSC-5
sublines for phospho-Ser2448 mTOR and pan-mTOR was performed. mTOR phospho-
Ser2448 levels determine mTOR’s activity and its association with mTORC1 and 2
complexes [222]. However, phospho- and pan-mTOR expressions in both HSC-5
sublines are similar (Fig. 52A), and densitometric quantification of mMTOR phospho-to-
pan-specific bands against GAPDH bands showed no significant differences in active
MTOR levels between the HSC-5 sublines (Fig. 52B).
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Figure 52: HSC-5°"R and HSC-5"""A%P cells have similar active mTOR. A) Equal
amounts of HSC-5°"" and HSC-5""A5P cell protein lysates were loaded for Western blot
analysis using anti-phospho-Ser2448 mTOR, anti-pan-mTOR and anti-GAPDH
antibodies. B) Densitometric quantifications show no significant difference of active
mMTOR levels in HSC-5"WAS cells compared to HSC-5°™ cells. Experiments were
performed in triplicates. Significance: P>0.05 (Student’s t-test).

Protein microarray showed up-regulated phospho-p70S6K, phospho-RSK1/2/3 and
phospho-4E-BP1 levels in HSC-5""A cells compared to HSC-5°™" cells (Table 3).
While these proteins are downstream of mMTORC1 complex and no changes in mTOR
activity were observed, p70S6K and RSK1/2/3 phospho-levels correlate with increased
protein synthesis [223], and 4E-BP1 phospho-levels correlate with reduced or inhibited
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protein synthesis [164]. RNA-Seq also showed HSC-5"YWASP cells exhibit slightly
reduced 4E-BP1 expression (HSC-5"""WASP/HSC-5™ FPKM ratio: 0.817). It is possible
these downstream signalling might be regulated by N-WASP independently of mTOR.

A Western blot of both HSC-5 sublines for phospho-Thr37/46 4E-BP1 and pan-4E-BP1
was performed. HSC-5°™" and HSC-5"""A%" cells had similar phospho- and pan-4E-BP1
expressions (Fig. 53A). Densitometric quantification of 4E-BP1 phospho-to-pan-specific
bands against GAPDH bands showed no significant differences in active 4E-BP1 levels
between the HSC-5 sublines (Fig. 53B). Based on these results, the mTOR pathway is
not likely affected by N-WASP overexpression in HSC-5 cells. Reduction of cell
proliferation is not caused by changes in mTOR pathways or by reduced protein
biosynthesis activity for proliferative functions, but via Integrin signalling relaying anti-
proliferative signals.
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Figure 53: HSC-5°"R and HSC-5""A%" cells have similar active 4E-BP1. A) Equal
amounts of HSC-5°" and HSC-5""ASP cell protein lysates were loaded for Western blot
analysis using anti-phospho-Thr37/46 4E-BP1, anti-pan-4E-BP1 and anti-GAPDH
antibodies. B) Densitometric quantifications show no significant difference of 4E-BP1
phosphorylation levels in HSC-5"""A cells compared to HSC-5°™ cells. Experiments
were performed in triplicates. Significance: P>0.05 (Student’s t-test).

4.1.5 STAT1 and cytokine signalling are not affected in HSC-5 sublines

Protein microarray identified many phospho- and pan-specific proteins as up- and down-
regulated in HSC-5""A cells. Phospho-Ser727 STAT1, Tyr-40 BMX, Tyr-1230/4/5
Met and Thr-567 Ezrin were up-regulated (Table 3) while pan-specific PTPD1 and PKCI
were down-regulated (Table 4). These proteins regulate cell proliferation [224-229] and

operate via cytokine-induced receptor signalling [230-236]. STAT1 is well-known for its
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Janus kinase 1 (JAK1)-STAT1 pathway of cytokine-mediated signalling [230], and PKCI
has been reported to stimulate Type 2 helper T cell cytokine production in an autocrine
manner to stimulate cell proliferation [236]. N-WASP knockout in mice fibroblast cells
showed increased keratinocyte growth factor (FGF7)-induced cell proliferation [237],
suggesting that N-WASP could reduce HSC-5 cell proliferation via cytokine-induced
anti-proliferative signalling. To determine if STATL1 and cytokine signalling play a role
in reducing HSC-5 cell proliferation, cell proliferation assays were performed on both
HSC-5 sublines with and without serum (FBS).

As FBS content is usually not well-defined, can vary in composition and can cause
undesired cell stimulation [238], HSC-5"""A%" cells were cultured in serum-free DMEM.

5N-WASP Ce”

This is to determine if a serum-free environment could rescue HSC-
proliferation defects back to that of HSC-5°™" cells. While HSC-5"WAS cells
proliferated at slower rates compared to HSC-5"" cell in complete DMEM (Fig. 54),
similar to previous observations (Fig. 18), the HSC-5 sublines had significantly severe
reduction of cell proliferation in a serum-free environment. This suggested that HSC-5™

WASP cell reduced proliferation is not due to altered cytokine-mediated and STAT1

signalling.
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Figure 54: HSC-5 sublines proliferate poorly in DMEM without FBS compared to
complete DMEM. 7.5 x 10° cells of each cell line were seeded in 24-well plates,
incubated for 5 days, trypsinized and counted using a hemacytometer. The rate of
proliferation was obtained by comparing total cell counted after 5 days against the
number of cells seeded. Experiments were performed in triplicates. Significance:
*P<0.05, ***P<0.001 (Student’s t-test).
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4.1.6 FOXO1 expression is reduced in HSC-5"VA cells compared to HSC-5™%
cells

FOXO proteins are known to reduce cell proliferation by repressing CCND1 and
promoting anti-proliferative signalling such as that of CDKN1A [112]. Suppression of
CD24 by FOXO1 has been suggested to be responsible for triple negative breast cancer
cell migration [205]. These suggest FOXOL is a repressor of many gene expressions in
many cell types. Protein microarray of HSC-5 sublines showed increased phospho-
Ser319 FOXO1 levels in HSC-5""A cells (Table 3), suggesting increased N-WASP
expression in HSC-5 cells causes FOXO1 phosphorylation, leading to FOXO1 expulsion
from the nucleus and cytoplasmic proteasomal degradation [113]. RNA-Seq showed that
HSC-5"WASP cells had increased CDKN1A and FOXO1 mRNA levels compared to
HSC-5°" cells (HSC-5MY"ASP/HSC-5°™® FPKM value ratios: 1.651 and 1.580
respectively) (Table 5). Real-time PCR of FOXO1 gene in HSC-5°™® and HSC-5N"WASP
cells to determine if Integrin pathway was responsible for reduced cell proliferation
showed increased FOXO1l mRNA levels (Fig. 47). Altogether, these suggest that
FOXO1 degradation leads to reduced proliferation signals in HSC-5 cells, and the
increased FOXOL transcription may be a compensatory mechanism for reduced protein

levels and maintaining the minimum FOXO1-dependent signalling needed.

To determine if this notion of FOXO1 degradation in HSC-5 cells is true, a real-time
PCR of HSC-5 sublines for FOXO1 cDNA was repeated. An additional real-time PCR
for CDKNZ1A was simultaneously performed to validate RNA-Seq results as well. HSC-
5N-WASP cells had significant increases of FOXO1 and CDKN1A mRNA levels compared
to HSC-5°™" cells (Fig. 55). This suggests that real-time PCR results correlate with
RNA-Seq results. A Western blot of both HSC-5 sublines for FOXO1 was also
performed. HSC-5""ASP cells had a slightly reduced FOXO1 expression compared to
HSC-5°" cells (Fig. 56A). Densitometric quantification of FOXO1 bands against
GAPDH bands showed a significant reduction of FOXO1 protein levels in HSC-5"WAS

cells compared to HSC-5™

cells (Fig. 56B). Additional imagery and average values of
phospho-Ser319 FOXOL1 detection spots from the protein microarray (arrows in Fig. 33-

35) is shown as well (Fig. 57).
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Figure 55: FOXO1 and CDKN1A mRNA expressions are increased in HSC-5NWASP
cells compared to HSC-5°™R cells. Equal amounts of cDNA from HSC-5™% and HSC-
5NWASP cells were subjected to real-time PCR analysis of FOXO1 and CDKN1A cDNA,
normalized to MRPL27, showing significant increase of both FOXO1 and CDKN1A
mRNA levels in HSC-5NWAS® cells, compared to HSC-5°™" cells. Experiments were
performed in triplicates. Significance: ***P<0.001 (Student’s t-test).
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Figrure 56: FOXOL1 expression is reduced in HSC-5"""AP cells compared to HSC-
5™R cells. A) Equal amounts of HSC-5°™" and HSC-5"""A%" cell protein lysates were
loaded for Western blot analysis using anti-FOXO1 and anti-GAPDH antibodies. B)
Densitometric quantifications show significant reduction of FOXOL1 protein levels in
HSC-5"WASP cells compared to HSC-5°™R cells. Experiments were performed in
triplicates. Significance: *P<0.05 (Student’s t-test).
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Figure 57: Fluorescence images of protein microarray for phospho-Ser319 FOXO1
of HSC-5°"® and HSC-5""W"" cells. Equal amounts of HSC-5™ and HSC-5""WASP
cell protein lysates were subjected to the Kinex KAM-880 Antibody Microarray kit
according to manufacturer instructions. The microarrays were read with the GenePix
4000B reader using the Gene Pix Pro 6.0 program, and the values of each duplicate spots
were measured, averaged and compared to that of HSC-5'F cells. These focused spots
are derived from the microarray images of HSC-5°™® and HSC-5""AF cells (Fig. 33-
35).

To determine if phosphorylated FOXO1 is proteasomally-degraded in HSC-5 cells, both
HSC-5 sublines were treated with either DMSO as a control or MG132, an inhibitor that
prevents proteasomal degradation of ubiquitinated proteins [239]. The MG132 (Sigma)
optimized working concentration was 10 pM. A Western blot for probing FOXOL1 in cell
lysates of all treated HSC-5 sublines and 293T cells transfected with empty pTT2-Neo
vector or pTT2-FOXO1g-Neo, sourced from pcDNA-FLAG-FKHR (Addgene #13507)
by Prof Kunliang Guan (Massachusetts Institute of Technology, USA) [240] to
overexpress exogenous FOXO1, was performed. DMSO-treated HSC-5"""A5 cells had
reduced FOXO1 expression compared to DMSO-treated HSC-5°" cells, but both these
expressions are less than those of MG132-treated HSC-5 sublines (arrow for FOXO1
size, around 75 kDa) (Fig. 58A). Densitometric quantification of FOXO1 bands against
GAPDH bands showed significant increases in FOXO1 protein levels in MG132-treated
HSC-5 sublines compared to DMSO-treated HSC-5 sublines (Fig. 58B). Altogether,
these results suggest that when HSC-5 cells overexpress N-WASP, FOXO1 is

phosphorylated and translocated to the cytoplasm for proteasomal degradation.
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Figure 58: MG132-treated HSC-5 sublines have similar FOXO1 expressions, which
are higher than that of DMSO-treated HSC-5 sublines. Both HSC-5"® and HSC-5™
WASP cells were first incubated with either DMSO or MG132 for 6 hours prior to cell
lysis. A) Equal amounts of HSC-5 sublines’ total protein lysates were loaded for Western
blot analysis using anti-FOXO1 and anti-GAPDH antibodies. B) Densitometric
quantifications show no significant difference of FOXO1 protein levels between HSC-
5¢TR and HSC-5™"WASP cells incubated with MG132, compared to HSC-5°™% cells treated
with DMSO. Experiments were performed in triplicates. Significance: **P<0.01,
***P<(0.001 (Student’s t-test).

4.1.7 HSC-5"WASP cells have reduced nuclear FOXO1 compared to HSC-5°"F cells

Phosphorylation of FOXO proteins lead to their translocation from the nucleus to the
cytoplasm for proteasomal degradation [112,113]. N-WASP overexpression in HSC-5
cells correlated with reduced FOXO1 protein levels (Fig. 56). To determine if FOXO1
translocation from the nucleus to the cytoplasm occurs in HSC-5 cells,

immunohistochemistry to visualize FOXO1 and the nucleus was performed on HSC-5°™"
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and HSC-5"WASP cells. HSC-5™ cells had high green fluorescence corresponding to

5N-WASP calls had far

FOXOL1 in the nuclear and perinuclear regions, whereas HSC-
reduced nuclear FOXO1, and FOXO1 appears more prominently in the perinuclear
region and likely spread further within the cytoplasm (Fig. 59). The
immunohistochemistry assay was repeated on the HSC-5 sublines with DMSO and
MG132 treatment. FOXO1 localizations in DMSO-treated and MG132-treated HSC-5™
WASP cells are similar, while FOXO1 localizations in DMSO-treated and MG132-treated
HSC-5°" cells are also similar (Fig. 60). These results suggest that FOXO1

translocation from nucleus to cytoplasm in HSC-5 cells does occur.
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Figure 59: HSC-5"YASP cells have reduced nuclear FOXO1 compared to HSC-5°™R
cells. Both HSC-5 sublines were seeded on coverslips in 6-well plates, incubated, then
fixed and probed with anti-FOXO1 (1°) antibody and Alexa488 conjugates (2°), and
with DAPI, under view of 40X objectives lens. Note the difference in green fluorescence
in both cell lines where the nucleus is concerned; HSC-5""A" cells have observable
areas where nuclei are present and the intensity correlating with levels of FOXO1
localization. Scale bar represents 20 um. Experiments were performed in triplicates.
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Figure 60: MG132 treatment of HSC-5 sublines does not stabilize nuclear FOXOL.
Both HSC-5 sublines were seeded on coverslips in 6-well plates, incubated in presence
of DMSO or MG132, then fixed and probed with anti-FOXO1 (1°) antibody and
Alexa488 conjugates (2°), and with DAPI, under view of 40X objective lens. Note the
difference in green fluorescence in cell lines where the nucleus is concerned; HSC-5"
WASP cells have observable areas where nuclei are present and the intensity correlating
with levels of FOXO1 localization. Scale bar represents 20 pm. Experiments were
performed in triplicates.

4.1.8 Exogenous overexpression of FOXO1 does not increase proliferation of HSC-
5NWASP cells, but does increase proliferation of HaCaT cells

Studies about FOXOL1 role in cell signalling have been performed in liver cell lines
[116], although studies in glial and lung cell lines have been done too [118,201]. To our
knowledge, no studies of the role of FOXO1 in human SCC skin cells have been
performed. Since HSC-5"""AF cells had reduced cell proliferation (Fig. 18) and FOXO1
protein levels (Fig. 56) compared to HSC-5°" cells, it is possible FOXO1

139



5N-WASP

overexpression in HSC- cells may rescue FOXO1 protein levels and cell

proliferation defects to that of HSC-5°"" cells.

FOXO1 was overexpressed in both HSC-5 sublines and HaCaT cells to study the role of
FOXO1 in human skin cells. Both cell lines were infected with third-generation
lentivirus derived from empty pTT2-Neo vector or pTT2-FOXO1g-Neo to overexpress
exogenous FOXO1, and selected with neomycin. Western blots of all four HSC-5
sublines and two HaCaT sublines for FOXO1 and cell proliferation assays were
performed. HSC-5¢TRFOXOL and HSC-5NWASPFOXOL cells had increased FOXO1
expressions compared to HSC-5°"RC™R and HSC-5NWASPCTR cells, and HSC-5NWASF-
FOXOL cells had FOXO1 expression exceeding those of HSC-5°TFC™R cells (Fig. 61A).
Densitometric quantification of FOXO1 bands against GAPDH bands showed the
increases in FOXO1 protein levels are significant (Fig. 61B). However, HSC-5""WASP-
FOXOL cells proliferated similarly like HSC-5""WASPCTR cells, while HSC-5CTRFOXOL cells
proliferated at significantly reduced rates compared to HSC-5°"F"°R cells (Fig. 61C). In
contrast, HaCaT 2*°* cells had increased FOXO1 expression compared to HaCaT®™™"
cells (Fig. 62A), and densitometric gquantifications of FOXO1 bands against GAPDH

bands showed HaCaT™©%0!

cells had significantly increased FOXOL1 protein levels than
HaCaT“™N cells (Fig. 62B). HaCaT " cells had significantly increased proliferation
rates than HaCaT“™"™ cells (Fig. 62C). These suggested that FOXO1 plays different

roles in the cell proliferation of HSC-5 and HaCaT cells.
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Figure 61: HSC-5 sublines overexpressing FOXOL in general have reduced cell
proliferation compared to control HSC-5 sublines. HSC-5™ and HSC-5""WAS cells
were made to overexpress FOXO1 against controls. A) Equal amounts of the four HSC-5
sublines’ protein lysates were loaded for Western blot analysis using anti-FOXO1 and
anti-GAPDH antibodies. B) Densitometric quantifications show significant increase of
FOXOL1 protein levels in HSC-5 sublines overexpressing FOXO1 compared to HSC-
5CTRCTR cells. C) 7.5 x 10% cells of each cell line were seeded in 24-well plates,
incubated for 5 days, trypsinized and counted using a hemacytometer. The rate of
proliferation was obtained by comparing total cell counted after 5 days against the
number of cells seeded. Experiments were performed in triplicates. Significance:
*P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).
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Figure 62: HaCaT™9*°! cells have increased cell proliferation compared to
HaCaT®™N cells. A) Equal amounts of HaCaT®™™™ and HaCaT °*°* cell protein
lysates were loaded for Western blot analysis using anti-FOXO1 and anti-GAPDH
antibodies. B) Densitometric quantifications show significant increase of FOXO1 protein
levels in HaCaT *®* cells compared to HaCaT ™™ cells. C) 7.5 x 10° cells of each cell
line were seeded in 24-well plates, incubated for 5 days, trypsinized and counted using a
hemacytometer. The rate of proliferation was obtained by comparing total cell counted
after 5 days against the number of cells seeded. Experiments were performed in
triplicates. Significance: **P<0.01 (Student’s t-test).

4.1.9 Reduction of cell proliferation of HSC-5"""F cells compared to HSC-5°™%
cells is not caused by the kinases SGK1 and JNKs 1, 2 and 3

It is generally accepted that AKT-phosphorylated FOXO proteins translocate out of the
nucleus [241]. AKT1 and AKT3 specifically phosphorylate FOXO3, while AKT2
specifically phosphorylates FOXO1 [242,243]. Other kinases also phosphorylate the
FOXOs. SGK1 phosphorylates FOXO1 to cause similar nuclear translocation and
cytoplasmic degradation [117,243,244]. The JNKs phosphorylate FOXO1 in pancreatic
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cancer cells, resulting in cell apoptosis [116]. Protein microarray analysis showed up-
regulated phospho-JNK activity (HSC-5NASP/HSC-5TR value ratio: 1.778) (Table 3),
although RNA-Seq data showed up-regulated JNK1 and 2 mRNA levels and JNK3
mRNA levels are slightly increased (HSC-5""ASP/HSC-5™ value ratio: 3.120, 2.110
and 1.018 respectively) (Table 5). RNA-Seq data showed up-regulated SGK1 mRNA
levels (HSC-5""WASP/HSC-5°TR value ratio: 3.336) (Table 5). Any of these kinases could
be regulating FOXO1 in HSC-5 cells.

HSC-5"WASP cells have reduced AKT activity (Fig. 27,28) and reduced cell proliferation
(Fig. 18) compared to HSC-5™ cells. When N-WASP was overexpressed in HSC-5
cells, FOXOL1 protein levels are reduced via kinase-dependent nuclear translocation and
cytoplasmic proteasomal degradation (Fig. 56-59). These suggest that AKTs do not
cause FOXO1 phosphorylation and reduction of protein levels in HSC-5 cells when N-
WASP is overexpressed. If AKT-dependent reduction of HSC-5 cell proliferation occurs,
this is possibly due to N-WASP-mediated reduced FOXO1 protein levels. Therefore,
AKT isoform studies were not performed here.

To determine if SGK1 mRNA expression changes are valid, a real-time PCR on both
HSC-5 sublines for SGK1 was performed. HSC-5"""A5" cells had significantly increased
SGK1 mRNA levels compared to HSC-5°™ cells (Fig. 63A). Real-time PCR results thus
correlate with RNA-Seq results. To evaluate the effects of SGK1 activity on HSC-5 cell
proliferation, SGK knockdown (KD) was performed by infecting both HSC-5 sublines
with third-generation lentivirus derived from empty pTT2-Neo vector or pTT2-SGK1sh-
Neo to knock down SGK1, and selected with neomycin. Cell proliferation assays were
performed on the four HSC-5 sublines before further assays such as Western blot and
wound healing were done, to determine if SGK1 knockdown can rescue HSC-5"WASP
cell proliferation defects. However, SGK1 knockdown in HSC-5°™ and HSC-5NWASP
cells did not increase cell proliferation rates, instead causing further reduction of cell
proliferation rates which were significant compared to HSC-5°"%C™R and HSC-5NWASP-

TR cells (Fig. 63B).
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Figure 63: HSC-5 sublines with SGK1 knockdown via shRNA have reduced cell
proliferation compared to control HSC-5 sublines. A) Equal amounts of cDNA from
HSC-5°™ and HSC-5M"ASP cells were subjected to real-time PCR analysis of SGK1
cDNA, normalized to MRPL27, showing significant increase of SGK1 mRNA levels in
HSC-5"NWASP cells, compared to HSC-5°"F cells. B) 7.5 x 10° cells of each cell line were
seeded in 24-well plates, incubated for 5 days, trypsinized and counted using a
hemacytometer. The rate of proliferation was obtained by comparing total cell counted
after 5 days against the number of cells seeded. Experiments were performed in
triplicates. Significance: *P<0.05, **P<0.01 (Student’s t-test).

Concerning the role of JNK proteins, as generating multiple lentiviruses targeting each
JNK1, JNK2 and JNK3 may cause immense stress on HSC-5 sublines after multiple
antibiotic selections, an inhibitor capable of targeting all three JNK isoforms
simultaneously, SP600125 (Santa Cruz), was employed. SP600125 selectively inhibits
all three JNK isoforms in a dose-dependent manner between 20 to 50 pM working
concentrations at recommended increments of 10 pM [245]. HSC-5°"" and HSC-5""WASP
cells were treated with either DMSO as a control or SP600125 in varying concentrations.
Cell proliferation assays performed with 20 uM SP600125 showed HSC-5 sublines with
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5¢TR cells

similar proliferation rates when compared to DMSO control (Fig. 64A). HSC-
still proliferated at a higher rate compared to HSC-5"""AS" cells, both even in DMSO.
However, when 50 pM SP600125 was employed to both HSC-5 sublines, cell
proliferation rates did not increase but instead were reduced further and significantly
compared to DMSO-treated HSC-5 sublines (Fig. 64B). These results suggest the SGK1

and JNK kinases are not responsible for causing reduced HSC-5"""AS cell proliferation.
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Figure 64: SP600125-treated HSC-5 sublines have reduced cell proliferation in a
dose-dependent manner compared to DMSO-treated HSC-5 sublines. Both HSC-5
sublines were incubated in DMSO and A) 20 uM SP600125 or B) 50 uM SP600125. 7.5
x 10° cells of each cell line were seeded in 24-well plates, incubated for 5 days,
trypsinized and counted using a hemacytometer. The rate of proliferation was obtained
by comparing total cell counted after 5 days against the number of cells seeded.
Experiments were performed in triplicates. Significance: *P<0.05, **P<0.01,
***P<(0.001 (Student’s t-test).
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4.1.10 HSC-5""WASP cells have increased ERK?2 activity compared to HSC-5°"F cells
The MAPKs ERK1/2 are well-known to promote cell proliferative activity. This
signalling is made mainly through the RAS-RAF-MEK-MAPK signalling axis, where
kinases activating other kinases (MAPK kinase kinase (MAP3K) phosphorylating
MAP2K phosphorylating MAPKS) lead to translocation into the nucleus to
phosphorylate targets and either induce or inhibit specific cell signaling [172]. In HepG2
liver cells, increased SOS1 levels correlated with increased ERK1/2-dependent cell
proliferative activity [217]. Knockdown studies on either ERK1 or 2 or both suggest that
true proliferative stimulation comes from ERK2 alone, that ERK1 activity may be either
silent or is a back-up for ERK2 knockout, although lack of ERK1 activity is suggested to
be due to its expression being lower than that of ERK2 [246,247]. RNA-Seq showed
HSC-5"WASP cells with up-regulated ERK2 mRNA levels but very reduced ERK1
mRNA levels (HSC-5"M"WASP/HSC-5°™ FPKM value ratio: 2.300 and 0.544,
respectively) (Table 5).

A Western blot of HSC-5°™ and HSC-5""AS" cells for phospho-Thr202/Tyr204
ERK1/2 and pan-ERK1/2 was performed to study ERK1/2 expression in HSC-5 cells.
HSC-5"WASP cells had slight increases of pan-ERK2 and pan-ERK1 expressions
compared to HSC-5°™"

compared to HSC-5°™® cells (Fig. 65A). Phospho-ERK1 bands were not observed at all.

cells, whereas its phospho-ERK2 expression was increased
Densitometric quantification of ERK2 phospho-to-pan-specific bands against GAPDH

bands showed HSC-5""WAS" cells with a significantly increased active ERK2 compared
to HSC-5°™® cells (Fig. 65B).
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Figure 65: HSC-5"""ASP cells have increased active ERK2 compared to HSC-5"}
cells. A) Equal amounts of HSC-5°™" and HSC-5""A5" cell protein lysates were loaded
for Western blot analysis using anti-phospho-Thr202/Tyr204 ERK1/2, anti-pan-ERK1/2
and anti-GAPDH antibodies. B) Densitometric quantifications show significant increase
of active ERK2 levels in HSC-5""WAS® cells compared to HSC-5°™ cells. Experiments
were performed in triplicates. Significance: **P<0.01 (Student’s t-test).

4.1.11 Inhibition of ERK2 in HSC-5MYASP cells increased proliferation rates

It was reported that inhibition of ERK1/2 in MCF7 lung cells restored protein synthesis
and ERK1/2 is a potential therapeutic target for tuberous sclerosis treatment [248]. It is
possible increased ERK2 activity in HSC-5 cells reduced cell proliferative activity. To
confirm this possibility, cell proliferation assays of HSC-5°"" and HSC-5""A5" cells
were performed in presence of DMSO as a control and the ERK2-specific inhibitor, sc-
222229 (Santa Cruz). sc-222229 is highly selective for ERK2 with a recommended
working concentration of 2 nM. sc-222229-treated HSC-5"YA5" cells had cell
proliferation rates similar to that of DMSO-treated HSC-5' cells and significantly
higher than that of DMSO-treated HSC-5"""A% cells (Fig.66). HSC-5"""ASF cells still

proliferated at a significantly slower rate than HSC-5°™" cells.
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Figure 66: sc-222229-treated HSC-5""*5" cells and DMSO-treated HSC-5°"F cells
have similar cell proliferation rates. Both HSC-5 sublines were incubated in DMSO or
$c-222229. 7.5 x 10° cells of each cell line were seeded in 24-well plates, incubated for 5
days, trypsinized and counted using a hemacytometer. The rate of proliferation was
obtained by comparing total cell counted after 5 days against the number of cells seeded.
Experiments were performed in triplicates. Significance: *P<0.05, **P<0.01,
***P<(0.001 (Student’s t-test).

4.1.12 Inhibition of ERK2 in HSC-5"YAS cells partially rescued Cyclin D1 levels

As stated earlier, Cyclin D1 (CCND1) is a cell proliferation marker, since elevated
expressions caused increased RB phosphorylation and promoted cell cycle transit past
the G1 phase [155]. Since sc-222229-treated HSC-5""AS" cells had similar cell
proliferation to that of DMSO-treated HSC-5°"""°™R cells (Fig. 66), and CCND1 protein
levels in HSC-5™ and HSC-5""WAS® cells correlated with their cell proliferation rates
(Fig. 18,19), it is possible sc-222229 treatment restored HSC-5"WAS cell CCND1
protein levels to that of DMSO-treated HSC-5°"" cells. A Western blot of DMSO- and
sc-222229-treated HSC-5 sublines for CCND1 expression was performed. sc-222229-
treated HSC-5"""AS cells had higher CCND1 expression than DMSO-treated HSC-5""
WASP cells but lower than DMSO-treated HSC-5°™ cells (Fig. 67A). DMSO-treated
HSC-5""WASP cells had reduced CCND1 expression compared to DMSO-treated HSC-
5¢TR cells, similar to previous observations (Fig. 19). Densitometric quantifications of
CCNDL1 bands against GAPDH bands showed that any comparisons between two of

these three was significantly different to one another (Fig. 67B).
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Figure 67: sc-222229-treated HSC-5"""VA%" cells have CCND1 levels higher than that
of DMSO-treated HSC-5""A%" cells but lower than that of DMSO-treated HSC-
5¢TR cells. Both HSC-5 sublines were incubated in DMSO or sc-222229 prior to cell
lysis. A) Equal amounts of HSC-5°™ and HSC-5"""AS" cell protein lysates were loaded
for Western blot analysis using anti-CCND1 and anti-GAPDH antibodies. B)
Densitometric quantifications show significant difference in CCND1 levels when sc-
222229-treated HSC-5"""*5" cells were compared to both DMSO-treated HSC-5°™® and
HSC-5"NWASP cells. Experiments were performed in triplicates. Significance: *P<0.05,
**xP<0.01, ***P<0.001 (Student’s t-test).

4.1.13 Inhibition of ERK2 in HSC-5NMYWASP cells increased FOXO1 expression

Since sc-222229 treatment reversed HSC-5""ASP cell proliferation rates to that of
DMSO-treated HSC-5°"F cells, it is possible that sc-222229 treatment restored FOXO1
protein levels of HSC-5M"A cells to that of HSC-5°™ cells. Studies showed that
ERK1/2 inhibited FOXO proteins via phosphorylation and MDM2 ubiquitination [249],
and ERK2 phosphorylated FOXO1 at many other residues than Ser256 and Ser319 in
NIH3T3 cells [250]. It is possible that ERK2 is the kinase phosphorylating FOXOL1 in
HSC-5 cells.

149



1
22 O e
o) s N o
0@{’ - 5°:L \N’ge Q oF o

o) $o] ‘)
A \)\‘:(’ Y\SC \AS(’ Q\‘o(’()

T s s wsss FOXO1

S ‘S W GAPDH

==

* 3k %

18

1386 1436
* %

16

14
0.991
12
1.000
1_
0.8
0.6
0.4
0.2
D_

HSC-5CTRDMSO  HSC-5CTRsc-  HsC-sN-WASP  pge.5 N-WASP
222229 DMSO sc-222229

GAPDH

FOXO1 Protein Expression Mormalized to

Figure 68: sc-222229-treated HSC-5 sublines have similar FOXO1 expressions,
which are higher than those of DMSO-treated HSC-5 sublines. Both HSC-5 sublines
were incubated in DMSO or sc-222229 prior to cell lysis. A) Equal amounts of HSC-
5TR and HSC-5MYASP cell protein lysates were loaded for Western blot analysis using
anti-FOXO1 and anti-GAPDH antibodies. B) Densitometric quantifications show no
significant difference of FOXO1 protein levels between HSC-5°™ and HSC-5"WASP
cells incubated with sc-222229, as well as of protein levels between HSC-5" and HSC-
5NWASP cells incubated with DMSO, compared to HSC-5°™ cells treated with DMSO.
Experiments were performed in triplicates. Significance: *P<0.05, **P<0.01,
***P<(0.001 (Student’s t-test).

A Western blot of DMSO- and sc-222229-treated HSC-5 sublines for FOXO1 expression
was performed. FOXO1 expressions of DMSO-treated HSC-5 sublines were similar, in
contrast to previous observations (Fig. 56), but sc-222229-treated HSC-5 sublines had
similar FOXO1 expressions which were higher than those of DMSO-treated HSC-5
sublines (Fig. 68A). It is possible that the DMSO-treated HSC-5"N"VAS cells may have
successfully increased FOXO1 expression via increased transcription, in order to
compensate for the reduced protein levels previously observed due to N-WASP

overexpression (Fig. 56). Densitometric quantifications of FOXO1 bands against
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GAPDH bands show that sc-222229 treatment of each HSC-5 subline had significantly
increased the FOXO1 protein levels compared to the respective DMSO treatment (Fig.
68B). These results suggested that ERK2 phosphorylates FOXO1 in HSC-5 cells.

4.1.14 Inhibition of ERK2 in HSC-5"WAS" cells stabilized nuclear FOXO1
expression

Since sc-222229 treatment reversed HSC-5"""AS" cell proliferation rates to that of
DMSO-treated HSC-5°™R cells, it is possible that FOXO1 localizations in sc-222229-
treated HSC-5"""AS cells have changed or at least become similar to those of DMSO-
treated HSC-5™ cells. Immunohistochemistry to visualize FOXO1 and the nucleus on
both HSC-5 sublines with and without sc-222229 treatment was performed. Similar to
previous observations (Fig. 59,60), DMSO-treated HSC-5""5" cells had reduced
nuclear FOXO1 compared to DMSO-treated HSC-5°™F cells (Fig. 69). sc-222229-treated
HSC-5°™ cells have increased FOXO1 localized in the nuclear and perinuclear regions.
However, sc-222229 treatment of HSC-5"""V*5" cells appears to have stabilized nuclear
FOXO1 compared to DMSO treatment, making it similar to that of DMSO-treated HSC-
5¢TR cells. This suggested that ERK2-dependent FOXO1 phosphorylation and

cytoplasmic translocation occurs in HSC-5 cells.

This was elaborated with performance of cell lysate fractionation and Western blot of
both cytosolic and nuclear fractions of both HSC-5 sublines treated with DMSO and sc-
222229 for FOXO1 expression, to determine if ERK2 influences FOXOL1 translocation
to the cytoplasm in HSC-5 cells. DMSO-treated HSC-5""A5" cells had a higher
cytosolic FOXO1 expression compared to DMSO-treated HSC-5™ cells (left arrow,
around 75 kDa), wheras sc-222229-treated HSC-5 sublines had reduced cytosolic
FOXO1 expressions compared to DMSO-treated HSC-5 sublines (Fig. 70A). Nuclear
fractions of DMSO- and sc-222229-treated HSC-5 sublines had FOXOL1 expressions of a
bigger size (right arrow) and other sizes, suggesting that FOXO1 ubiquitination occurred
in the nucleus. GAPDH mainly localizes in the cytoplasm, while Lamin B1 localizes in
the nucleus. Ponceau S staining showed the equal loading of cell lysate fraction proteins,
even though Lamin B1 expressions differ between each nuclear fraction. Densitometric
quantifications of cytosolic FOXO1 bands against GAPDH bands show a significant
reduction of cytosolic FOXO1 protein levels in sc-222229-treated HSC-5 sublines
compared to DMSO-treated HSC-5 sublines (Fig. 70B).
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Figure 69: sc-222229-treated HSC-5"""P cells and DMSO-treated HSC-5"" cells
have similar nuclear FOXO1. Both HSC-5 sublines were seeded on coverslips in 6-
well plates, incubated in presence of DMSO or sc-222229, then fixed and probed with
anti-FOXO1 (1°) antibody and Alexa488 conjugates (2°), and with DAPI, under view of
40X objective lens. Note the difference in green fluorescence in cell lines where the
nucleus is concerned; HSC-5"""A%" cells have observable areas where nuclei are present
and the intensity correlating with levels of FOXO1 localization. Scale bar represents 20
pm. Experiments were performed in triplicates.
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Figure 70: sc-222229-treated HSC-5 sublines have reduced cytosolic FOXO1
mpared to DMSO-treated HSC-5 sublines. Both HSC-5 sublines were incubated in
DMSO and sc-222229 prior to cell lysis and cell lysate fractionation. A) Equal amounts
HSC-5°™ and HSC-5""WAS cell protein lysates were loaded for Western blot analysis
using anti-FOXO1, anti-GAPDH and anti-Lamin B1 antibodies. The nitrocellulose
membrane was also subjected to Ponceau S staining to reflect loading of equal cell lysate
protein amounts. B) Densitometric quantifications show significant reduction of FOXO1
protein levels in cytoplasmic fraction of HSC-5 sublines with sc-222229 compared to
HSC-5 sublines with DMSO, compared to HSC-5™ cells with DMSO. Experiments

were performed in triplicates. Significance: ***P<0.001 (Student’s t-test).
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4.1.15 HSC-5NWASP cells with ERK2 inhibition have reduced E-cadherin

5CTR

localizations to levels that of HSC- cells

SN-WASP talls after sc-222229 treatment to

The reversal of cell proliferation rate of HSC-
that of DMSO-treated HSC-5°™F cells raised the possibility that a similar reversal could
occur to E-cadherin localizations in HSC-5 cells. Immunohistochemistry to visualize E-
cadherin and actin in DMSO- and sc-222229-treated HSC-5 sublines was performed.
DMSO-treated HSC-5"""A5" cells had the highest fluorescence representing E-cadherin
localizations at the cell cortex, followed by both sc-222229-treated HSC-5""A5 cells
and DMSO-treated HSC-5°™" cells which appear to have the same fluorescence, and sc-
222229-treated HSC-5°" cells which had the least fluorescence (Fig. 71A).
Quantification of average E-cadherin fluorescence intensities of all DMSO- and sc-

222229-treated HSC-5 sublines also showed similar results (Fig. 71B).

This was followed with a Western blot of all four tested HSC-5 sublines for E-cadherin
expression, which showed all four tested HSC-5 sublines having similar E-cadherin
expressions (Fig. 72A). Densitometric quantifications of E-cadherin bands against
GAPDH bands showed no significant differences in E-cadherin protein levels between
all four tested HSC-5 sublines (Fig. 72B), suggesting that the reduction of E-cadherin

localizations in skin cancer cells is not due to reduction of protein levels.

154



A E-cadherin Actin Merge

HSC-5¢™
DMSO

HSC-5¢™*
$C-222229

HSC-5h-wase
DMSO

HSC-5N-wase
5c-222229

==}

4 ¢ 1
2
*Hk %

1.432

18
16
1.4 4

1.097

129 1000

1 0.759
0.8 -
06 -
0.4 -
032 -

0

Hsc-5CTR Hec-5CTRg-  Hec-5N-WASP oo g N-WASP
DMSO 222229 DMSO 5c-222229

* %

per Cell

Average E-cadherin Fluorescence

Figure 71: sc-222229-treated HSC-5"""AP cells and DMSO-treated HSC-5"" cells
have similar E-cadherin localizations. A) Both HSC-5 sublines were seeded on
coverslips in 6-well plates, incubated in presence of DMSO or sc-222229, then fixed and
probed with anti-E-cadherin (1°) antibody and Alexa488 conjugates (2°), and with
Alexa568 conjugated phalloidin, under view of 40X objective lens. Note the difference
in green fluorescence in all cell lines; the intensity correlating with levels of E-cadherin
localization. Scale bar represents 20 um. B) E-cadherin fluorescence was quantified by
quantifying the fluorescence in hand-drawn regions of interest for each cell, each
fluorescence value was divided by 2, and the total values were then averaged. The
average fluorescence intensity was obtained from 20 random cells. Experiments were
performed in triplicates. Significance: *P<0.05, **P<0.01 (Student’s t-test).
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Figure 72: DMSO- and sc-222229-treated HSC-5 sublines have similar E-cadherin
expressions. Both HSC-5 sublines were incubated in DMSO or sc-222229 prior to cell
lysis. A) Equal amounts of cell protein lysates of HSC-5™ and HSC-5"""A*" cells were
loaded for Western blot analysis using anti-E-cadherin and anti-GAPDH antibodies. B)
Densitometric quantifications show no significant difference of E-cadherin protein levels
between all DMSo- and sc-222229-treated HSC-5 sublines, compared to HSC-5°'F cells
with DMSO. Experiments were performed in triplicates. Significance: P>0.05 (Student’s
t-test).

4.1.16 HSC-5"WASP cells with ERK2 inhibition migrated similarly like HSC-5°™®
cells

ERK2 inhibition in HSC-5"""A" cells reversed proliferation rates to that of HSC-5°""
cells. This raised the possibility of a reversal of cell migration phenotypes to those
previously observed for HSC-5°™ and HSC-5"WAS" cells (Fig. 22). Wound healing
assays were performed on the DMSO- and sc-222229-treated HSC-5 sublines. 24 hours
after scratches were made, DMSO-treated HSC-5""AP cells closed the wound gap the
slowest (Fig. 73A). Naturally, DMSO-treated HSC-5""" cells had the largest wound
surface area, which was very significant (Fig. 73B). To dispel concerns that HSC-5 cell

migration may be affected by cell proliferative activity, wound healing assays were
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repeated with the cell proliferation inhibitor, cytosine arabinoside, or AraC [251]. The
optimal concentration for AraC to inhibit HSC-5 cell proliferation was found to be 5 uM.
Similar to earlier observations (Fig. 73A), 24 hours after scratches were made, DMSO-
treated HSC-5"""A%F cells closed the wound gap the slowest (Fig. 74A). DMSO-treated
HSC-5""WASP cells had the largest wound surface area, which was very significant (Fig.
74B).

A closer observation on sc-222229-treated HSC-5'R cells at 24 hours that its cell
population was heavily packed against each other (border of closed wound gap drawn in
black lines) (Fig. 73A,74A), in comparison to both sc-222229-treated HSC-5"""VA5 cells
and DMSO-treated HSC-5°"" cells which appear not too packed. This suggested that sc-
222229-treated HSC-5°"" cells closed the wound gap earlier than the 24-hour timepoint.
To determine if this was true, wound healing assays of DMSO- and sc-222229-treated
HSC-5 sublines with and without AraC were repeated for only 12 hours. sc-222229-
treated HSC-5™ cells had the smallest wound surface area, followed by both sc-
222229-treated HSC-5""A%" cells and DMSO-treated HSC-5°™ cells, and DMSO-
treated HSC-5""V*5" cells which had the largest wound surface area (Fig. 75A,76A). The
wound surface areas of sc-222229-treated HSC-5""A%" cells and DMSO-treated HSC-

5¢TR cells were not significantly different from one another, but sc-222229-treated HSC-

5NWASP cell wound surface area was significantly smaller than that of DMSO-treated

HSC-5MWASP cells (Fig. 75B,76B).
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Figure 73: sc-222229-treated HSC-5"MYWAS" cells migrated similarly like DMSO-
treated HSC-5°TF cells. A) Cells were seeded such that prior to wound healing assay,
the cell confluency would be 100%. Cells were incubated in complete DMEM
supplemented with 2 nM sc-222229 after scratches were made and for the duration of the
assay. Images were taken of the cells 0 hours and 24 hours after the scratches were made,
under view of 10X objective lens. Scale bar represents 50 um. B) Surface areas of
wounds were measured at respective time points and compared, whereby sc-222229-
treated HSC-5"""*5 cells closed the gap at a similar pace to DMSO-treated HSC-5°™"
cells. Experiments were performed in triplicates. Significance: ***P<0.001 (Student’s t-
test).
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Figure 74: sc-222229-treated HSC-5""A5" cells migrated similarly like DMSO-
treated HSC-5°"F cells even with AraC. A) Cells were seeded such that prior to wound
healing assay, the cell confluency would be 100%. Cells were incubated in complete
DMEM supplemented with 2 nM sc-222229 and 5 uM AraC after scratches were made
and for the duration of the assay. Images were taken of the cells 0 hours and 24 hours
after the scratches were made, under view of 10X objective lens. Scale bar represents 50
pum. B) Surface areas of wounds were measured at respective time points and compared,
whereby sc-222229-treated HSC-5""5F cells closed the gap at a similar pace to
DMSO-treated HSC-5°"F cells. Experiments were performed in triplicates. Significance:
***P<(),001 (Student’s t-test).
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Figure 75: sc-222229-treated HSC-5°"F cells migrated the fastest. A) Cells were
seeded such that prior to wound healing assay, the cell confluency would be 100%. Cells
were incubated in complete DMEM supplemented with 2 nM sc-222229 after scratches
were made and for the duration of the assay. Images were taken of the cells 0 hours and
12 hours after the scratches were made, under view of 10X objective lens. Scale bar
represents 50 um. B) Surface areas of wounds were measured at respective time points
and compared, whereby sc-222229-treated HSC-5°"" cells close the gap fastest
compared to the other three HSC-5 cell lines tested. Experiments were performed in
triplicates. Significance: **P<0.01 (Student’s t-test).
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Figure 76: sc-222229-treated HSC-5°"F cells migrated the fastest even with AraC.
A) Cells were seeded such that prior to wound healing assay, the cell confluency would
be 100%. Cells were incubated in complete DMEM supplemented with 2 nM sc-222229
and 5 uM AraC after scratches were made and for the duration of the assay. Images were
taken of the cells 0 hours and 12 hours after the scratches were made, under view of 10X
objective lens. Scale bar represents 50 um. B) Surface areas of wounds were measured at
respective time points and compared, whereby sc-222229-treated HSC-5™" cells close
the gap fastest compared to the other three HSC-5 cell lines tested. Experiments were
performed in triplicates. Significance: *P<0.05, **P<0.01 (Student’s t-test).
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4.1.17 HSC-5""WASP cells with ERK2 inhibition have reduced vinculin localizations
to levels that of HSC-5°"F cells

Since inhibition of ERK2 in HSC-5"""A%" cells reversed cell migration phenotype to that
of HSC-5°™ cells, it is likely that vinculin localization phenotype was reversed in order
to facilitate increased cell migration. Immunohistochemistry to visualize vinculin and
actin in DMSO- and sc-222229-treated HSC-5 sublines and cell vinculin patch counts
were performed. DMSO-treated HSC-5""%" cells had the most vinculin patches at the
focal adhesion, followed by both sc-222229-treated HSC-5"""A5" cells and DMSO-
treated HSC-5°"" cells which had similar patch counts, and sc-222229-treated HSC-5™
cells which had the least patch count (Fig. 77A). The patch counts of sc-222229-treated
HSC-5MWASP cells and DMSO-treated HSC-5°F cells were not significant different from
one another, but any other comparison was significantly different from one another (Fig.
77B).

This was followed with a Western blot of all four tested HSC-5 sublines for vinculin
expression to determine if changes in vinculin localizations were due to changes in
protein levels. All four tested HSC-5 sublines had similar vinculin expressions (Fig.
78A). Densitometric quantifications of vinculin bands against GAPDH bands showed no
significant differences in vinculin protein levels between all four tested HSC-5 sublines
(Fig. 78B), suggesting that the reduction of vinculin patches in skin cancer cells is not

due to reduction of protein levels.
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Figure 77: sc-222229-treated HSC-5"""A" cells and DMSO-treated HSC-5°"" cells
have a similar number of vinculin patches. Both HSC-5 sublines were seeded on
coverslips in 6-well plates, incubated in presence of DMSO or sc-222229, then fixed and
probed with anti-vinculin (1°) antibody and Alexa488 conjugates (2°), and with
Alexa568 conjugated phalloidin, under view of 40X objective lens. Note the difference
in the number of observable green fluorescence streaks and dots at the cell membrane.
Scale bar represents 20 um. B) Vinculin patch count was performed by counting number
of observable vinculin patches in 30 random cells, averaged, and compared to each other.
Experiments were performed in triplicates. Significance: *P<0.05 (Student’s t-test).
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Figure 78: DMSO- and sc-222229-treated HSC-5 sublines have similar vinculin
expressions. Both HSC-5 sublines were incubated in DMSO or sc-222229 prior to cell
lysis. A) Equal amounts of cell protein lysates of HSC-5 and HSC-5"""A*" cells were
loaded for Western blot analysis using anti-vinculin and anti-GAPDH antibodies. B)
Densitometric quantifications show no significant difference of vinculin protein levels
between all DMSO- and sc-222229-treated HSC-5 sublines, compared to HSC-5°™F cells
with DMSO. Experiments were performed in triplicates. Significance: P>0.05 (Student’s
t-test).
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4.1.18 HSC-5""ASP cells with ERK2 inhibition have increased paxillin localizations
to levels that of HSC-5"F cells

Since inhibition of ERK2 in HSC-5"""A%" cells reversed cell migration phenotype to that
of HSC-5°™R cells, it is likely that paxillin localization phenotype was also reversed in
order to facilitate increased cell migration. Immunohistochemistry to visualize paxillin
and actin in DMSO- and sc-222229-treated HSC-5 sublines and cell paxillin patch
counts were performed. sc-222229-treated HSC-5°™% cells had the most paxillin patches
at the focal adhesion, followed by both sc-222229-treated HSC-5M"A5" cells and
DMSO-treated HSC-5°™® cells which had similar patch counts, and DMSO-treated HSC-
5NWASP cells which had the least patch count (Fig. 79A). The patch counts of sc-222229-
treated HSC-5""A5" cells and DMSO-treated HSC-5°™ cells were not significant
different from one another, but any other comparison was significantly different from
one another (Fig. 79B).

This was followed with a Western blot of all four tested HSC-5 sublines for paxillin
expression to determine if changes in paxillin localizations were due to changes in
protein levels. All four tested HSC-5 sublines had similar paxillin expressions (Fig.
80A). Densitometric quantifications of paxillin bands against GAPDH bands showed no
significant differences in paxillin protein levels between all four tested HSC-5 sublines
(Fig. 80B), suggesting that the reduction of paxillin patches in skin cancer cells is not

due to reduction of protein levels.
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Figure 79: sc-222229-treated HSC-5"""AP cells and DMSO-treated HSC-5"" cells
have a similar number of paxillin patches. Both HSC-5 sublines were seeded on
coverslips in 6-well plates, incubated in presence of DMSO or sc-222229, then fixed and
probed with anti-paxillin (1°) antibody and Alexa488 conjugates (2°), and with Alexa568
conjugated phalloidin, under view of 40X objective lens. Note the difference in the
number of observable green fluorescence streaks and dots at the cell membrane. Scale
bar represents 20 um. B) Paxillin patch count was performed by counting number of
observable paxillin patches in 30 random cells, averaged, and compared to each other.
Experiments were performed in triplicates. Significance: **P<0.01, ***P<0.001
(Student’s t-test).
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Figure 80: DMSO- and sc-222229-treated HSC-5 sublines have similar paxillin
expressions. Both HSC-5 sublines were incubated in DMSO or sc-222229 prior to cell
lysis. A) Equal amounts of cell protein lysates of HSC-5™ and HSC-5"""A%" cells were
loaded for Western blot analysis using anti-paxillin and anti-GAPDH antibodies. B)
Densitometric quantifications show no significant difference of paxillin protein levels
between all DMSO- and sc-222229-treated HSC-5 sublines, compared to HSC-5°'F cells
with DMSO. Experiments were performed in triplicates. Significance: P>0.05 (Student’s
t-test).
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4.1.19 ERK2 knockdown via ShRNA in HSC-5"YAS cells reduces cell proliferation

5¢TR cells

further compared to HSC-
ERK2 inhibitor studies performed so far suggest that ERK2 plays an inhibitory role in
HSC-5 cells by phosphorylating FOXO1 and increasing expression of an unknown anti-
proliferative signal when N-WASP is overexpressed. To study ERK2 activity in presence
of sc-222229 in HSC-5 cells, a Western blot of DMSO- and sc-22229-treated HSC-5
sublines for phospho-Thr202/Tyr204 ERK1/2 and pan-ERK1/2 was performed. DMSO-
treated HSC-5"""*5 cells had increased phospho-ERK?2 expression compared to DMSO-
treated HSC-5°™F cells, similar to previous observations (Fig. 65); however, sc-222229-
treated HSC-5 sublines had increased phospho-ERK2 expressions compared to DMSO-
treated HSC-5 sublines (Fig. 81A). Densitometric quantification of ERK2 phospho-to-
pan-specific bands against GAPDH bands showed significant increases of sc-222229-

induced ERK?2 activity in HSC-5 cells compared to treatment with DMSO (Fig. 81B).

To further characterize the role of ERK2 in HSC-5 cell proliferation, knockdown of
ERK2 was performed by infecting HSC-5°™ and HSC-5""A5" cells with third-
generation lentivirus derived from empty pTT2-Neo vector or pTT2-ERK2sh-Neo to
knock down ERK2, and selected with neomycin. Western blots of all four HSC-5
sublines for ERK1/2 expression and cell proliferation assays were then performed. ERK2
knockdown in HSC-5 sublines was successful, with knockdown sublines having reduced
pan-ERK2 expressions compared to control sublines (Fig. 82A). Densitometric
quantification of ERK2 bands against GAPDH bands showed significant reductions of
pan-ERK2 protein levels in knockdown cells compared to control cells (Fig. 82B). HSC-
5 sublines with ERK2 knockdown had significantly reduced proliferation rates compared
to HSC-5 sublines without knockdown (Fig. 83), instead of HSC-5N"WASPERKZKD o)y

5CTRCTR (alls. These results

exhibiting rescued cell proliferation rates to that of HSC-
suggest the presence of an ERK2 complex with ERK2-interacting proteins in HSC-5
cells that regulate cell proliferation. ERK2 knockdown via ShRNA disrupts the complex,
severely reducing cell proliferation, but sc-222229 inhibits ERK2 substrate
phosphorylation, leading to rescue of HSC-5"WAS" cell proliferation and reversal of

phenotypes tested to that of HSC-5°"" cells.
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Figure 81: sc-222229-treated HSC-5 sublines have increased active ERK2 compared
to DMSO-treated HSC-5 sublines. Both HSC-5 sublines were incubated in DMSO and
sc-222229 prior to cell lysis. A) Equal amounts of HSC-5°™® and HSC-5"""AS cell
protein lysates were loaded for Western blot analysis using anti-phospho-Thr202/Tyr204
ERK1/2, anti-pan-ERK1/2 and anti-GAPDH antibodies. B) Densitometric
quantifications show significant increase of active ERK2 levels in HSC-5 sublines with
sc-222229 compared to HSC-5 sublines with DMSO, all compared to HSC-5°™ cells
with DMSO. Experiments were performed in triplicates. Significance: **P<0.01,
***P<().001 (Student’s t-test).
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Figure 82: HSC-5 sublines with ERK2 knockdown via shRNA have reduced ERK2
expression compared to control HSC-5 sublines. A) Equal amounts of HSC-5 subline
protein lysates were loaded for Western blot analysis using anti-ERK1/2 and anti-
GAPDH antibodies. B) Densitometric quantifications show significant reduction of pan-
ERK2 protein levels in HSC-5 sublines with shRNA-induced knockdown compared to
control cells, compared to HSC-5°"RC™R cells. Experiments were performed in
triplicates. Significance: **P<0.01, ***P<0.001 (Student’s t-test).
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Figure 83: HSC-5 sublines with ERK2 knockdown via shRNA have further reduced
cell proliferation compared to control HSC-5 sublines. 7.5 x 10° cells of each cell line
were seeded in 24-well plates, incubated for 5 days, trypsinized and counted using a
hemacytometer. The rate of proliferation was obtained by comparing total cell counted
after 5 days against the number of cells seeded. Experiments were performed in
triplicates. Significance: *P<0.05, ***P<0.001 (Student’s t-test).
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4.1.20 Summary

IPA comparative analysis of proteomics, protein microarray and RNA-Seq data of HSC-
5°TR and HSC-5"YA5P cells suggested the Integrin pathway and FOXO1 as the pathway
and functional molecule mediating observed phenotypic changes. The Integrin-mediated
FAK-SRC-GRB2-SOS1 signalling is dysregulated in HSC-5"MYWASP cells. HSC-5NWASP
cells have reduced FOXOL1 protein levels probably due to increased ERK2-dependent
phosphorylation and translocation from the nucleus for cytoplasmic proteasomal
degradation. ERK2 inhibition via sc-222229 treatment rescued HSC-5NWAS cell
proliferation, cell migration and localizations of E-cadherin, vinculin and paxillin to that
of HSC-5°™ cells, although CCND1 was partially rescued and there were excess
FOXO1 protein levels. ERK2 knockdown via shRNA reduced HSC-5NWASP cell
proliferation further, suggesting that sc-222229 inhibit phosphorylation of ERK2
substrates by ERK2 to rescue all phenotypes tested. Identification of a FOXOL1 target
gene causing phenotypic changes observed in HSC-5""VAS" cells compared to HSC-5°™"

cells is to be performed.

4.2 Characterization of TXNIP levels and phenotypes in HSC-5 sublines

Protein microarray and RNA-Seq analysis showed FOXOL1 levels are reduced in HSC-
5NWASP cells, suggesting that FOXO1 may be responsible for mediating phenotypic
changes in HSC-5 cells. FOXO1 regulates expression of genes responsible for cell
metabolism and growth, such as pyruvate dehydrogenase lipoamide kinase isozyme 4
(PDK4), all-trans-retinol 13,14-reductase (RETSAT) and TXNIP [252]. TXNIP is also
regulated by AKT to control liver cell glucose uptake [253]. TXNIP prevents scavenging
of ROS, leading to its build-up and increasing degree of cell damage [125,133]. FOXO1
expression was found to correlate inversely with TXNIP expression in liver cells [254].
Many cancers have reduced or silenced TXNIP expression [134]. RNA-Seq showed up-
regulated TXNIP mRNA levels in HSC-5NYASP cells (HSC-5"WASPIHSC-5™ FPKM
value ratio: 1.589) (Table 5). HSC-5"""AS" cells proliferate at a slower rate than HSC-

5¢TR cells (Fig. 18). All these suggest that TXNIP may play a role in skin carcinogenesis.

4.2.1 TXNIP expression is increased in HSC-5"""ASP cells compared to HSC-5°™®
cells
A Western blot of HSC-5°™ and HSC-5"WAS" cells for TXNIP was performed to

evaluate its expression in HSC-5 cells. HSC-5"WAS" cells had increased TXNIP
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5¢TR cells (Fig. 84A). Densitometric quantifications of

expression compared to HSC-
TXNIP bands against GAPDH bands showed HSC-5""AS cells with significantly

increased TXNIP protein levels compared to HSC-5°™ cells (Fig. 84B).
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F(i:grgre 84: TXNIP expression is increased in HSC-5NMYAS" cells compared to HSC-
5

cells. A) Equal amounts of HSC-5°™ and HSC-5"""A" cell protein lysates were
loaded for Western blot analysis using anti-TXNIP and anti-GAPDH antibodies. B)
Densitometric quantifications show significant increase of TXNIP protein levels in HSC-
5NWASP cells compared to HSC-5™R cells. Experiments were performed in triplicates.
Significance: **P<0.01 (Student’s t-test).

4.2.2 Generation of HSC-5 sublines with TXNIP knockdown

The role of TXNIP in HSC-5 cells was studied by generating TXNIP knockdown in
HSC-5°™ and HSC-5""WASP cells. HSC-5 sublines were infected with third-generation
lentivirus derived from empty pTT2-Neo vector or pTT2-TXNIPsh-Neo to knock down
TXNIP, and selected with neomycin. A Western blot of all four HSC-5 sublines for
TXNIP was then performed. TXNIP knockdown in HSC-5 sublines was successful, with
HSC-5NWASPCTR cells having the highest TXNIP expression, followed by HSC-5¢TR¢TR
cells, and both HSC-5TR"TXNPKD gng HSC-5NWASPTXNIPKD cefls with the lowest TXNIP
expression (Fig. 85A). Densitometric quantifications of TXNIP bands against GAPDH
bands found that HSC-5 sublines with TXNIP knockdown had significantly reduced
TXNIP protein levels compared to control HSC-5 sublines (Fig. 85B). To determine if
TXNIP mRNA levels correlate with protein levels, a real-time PCR in all four HSC-5
sublines for TXNIP was performed. HSC-5"WASP-TXNIPRD calls had TXNIP mRNA

5N—WASP—CTR

levels which are significantly reduced compared to HSC- cells but similar to
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HSC-5°TRCTR cells (Fig. 85C). HSC-5"WASPCTR cells had the highest TXNIP mRNA

SCTR-CTR

levels, which were significantly higher than that of HSC- cells. These results

suggest that TXNIP mRNA levels correlated with protein levels in skin cancer cells.
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Figure 85: TXNIP knockdown was performed successfully in both HSC-5 sublines.
A) Equal amounts of all four HSC-5 sublines’ protein lysates were loaded for Western
blot analysis using anti-TXNIP and anti-GAPDH antibodies. B) Densitometric
quantifications show significant reduction of TXNIP protein levels in HSC-5¢TR TXNIP-KD
and HSC-5NWASP-TXNIPKD calis compared to HSC-5°TRC™R and HSC-5NWASPCTR cells,
compared to HSC-5°™FC™® cells. C) Equal amounts of cDNA from all four HSC-5
sublines were subjected to real-time PCR analysis of TXNIP cDNA, normalized to
MRPL27, showing significant reduction of TXNIP mRNA levels in HSC-5"WASP-TXNIP-
KD cells compared to HSC-5NWASPCTR colls, compared to HSC-5°TRC™R cells.
Experiments were performed in triplicates. Significance: *P<0.05, **P<0.01,
***P<(0.001 (Student’s t-test).
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4.2.3 HSC-5"WASP cells with TXNIP knockdown have increased cell proliferation
TXNIP levels are down-regulated in many cancers [134], and increased TXNIP
expression correlates with increased ROS levels, leading to cell apoptosis [136]. HSC-

5N-WASP cells proliferated slower than HSC-5°™F

cells (Fig. 18), possibly due to increased
TXNIP protein levels. Cell proliferation assays were performed for the four HSC-5
sublines. HSC-5NWASP-TXNIP-KD cais had proliferation rates that are similar to that of
HSC-5°TRCTR cells but that are significantly higher than that of HSC-5""WASPCTR ¢e|s

(Fig. 86).
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Figure 86: HSC-5°TRCTR and HSC-5VWASPTXNIPKD calls have similar cell
proliferation rates. 7.5 x 10° cells of each cell line were seeded in 24-well plates,
incubated for 5 days, trypsinized and counted using a hemacytometer. The rate of
proliferation was obtained by comparing total cell counted after 5 days against the
number of cells seeded. Experiments were performed in triplicates. Significance:
*P<0.05 (Student’s t-test).

4.2.4 HSC-5NWASPTXNIPKD (o5 have further reduced Cyclin D1 expression

CCNDL1 is a marker for cell proliferation, whereby elevated expressions cause increased
RB phosphorylation which promotes cell cycle transit past G1 phase [155]. Since HSC-
SN-WASP-TXNIP-KD cells exhibited increased cell proliferation similar to that of HSC-5™%
CTR cells (Fig. 86), and CCND1 protein levels in HSC-5°™ and HSC-5"WAS cells
correlated with their respective cell proliferation rates (Fig. 18,19), a Western blot of all
four HSC-5 sublines for CCND1 expression was performed to study its expression.
HSC-5NWASPCTR cells had a lower CCND1 expression than HSC-5TFCTR cells, similar

with previous observations (Fig. 19); however, HSC-5""WASP-TXNIPKD ¢al1s had the lowest
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CCND1 expression, which does not correlate with its increased cell proliferation rate
(Fig. 87A). Densitometric quantification of CCND1 bands against GAPDH bands
showed significant a difference in CCND1 protein levels between HSC-5°TRTXNIP-KD

cells and any other three HSC-5 sublines (Fig. 87B).
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Figure 87: HSC-5NWASPTXNIPKD colls have further reduced CCND1 expression
compared to HSC-5°"FCR cells. A) Equal amounts of all four HSC-5 sublines’ protein
lysates were loaded for Western blot analysis using anti-CCND1 and anti-GAPDH
antibodies. B) Densitometric quantifications show significant differences in CCND1
protein levels when any two of the four HSC-5 sublines were compared to each other,
compared to HSC-5°"RC™R cells. Experiments were performed in triplicates.
Significance: **P<0.01, ***P<0.001 (Student’s t-test).
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425 HSC-5NWASP calls with TXNIP knockdown have reduced E-cadherin

5CTR

localizations to levels that of HSC- cells

The reversal of proliferation rate of HSC-5N"WASPTXNIPKD cais o that of HSC-5TRCTR
cells suggested the possibility of a reversal of E-cadherin localizations of HSC-5""AS
cells to that of HSC-5° cells. It is possible that TXNIP plays a role in E-cadherin
localization in human skin cancer cells. Immunohistochemistry to visualize E-cadherin
and actin was performed on all four HSC-5 sublines. HSC-5""WASPCTR cells had the
highest fluorescence representing E-cadherin localizations at the cell cortex, followed by
both HSC-5NWASPTXNIPKD ang HSC-5CTRCTR cells which have the same fluorescence,
and then HSC-5¢TRTXNIPKD cols with the lowest fluorescence (Fig. 88A). The
quantification of average E-cadherin fluorescence intensities of all four HSC-5 sublines

also showed similar results (Fig. 88B).

A Western blot of all four HSC-5 sublines for E-cadherin expression was performed to
determine if E-cadherin localizations were due to changes in E-cadherin expressions. E-
cadherin expressions of all HSC-5 sublines were similar (Fig. 89A) and densitometric
quantification of E-cadherin bands against GAPDH bands showed no significant
differences in E-cadherin protein levels between all four HSC-5 sublines (Fig. 89B),
suggesting that changes in E-cadherin localizations were not due to changes in protein

levels.
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Figure 88: HSC-5°TRC™R and HSC-5NWASP-TXNIPKD cois have similar E-cadherin
localizations. A) All four HSC-5 sublines were seeded on coverslips in 6-well plates,
incubated, then fixed and probed with anti-E-cadherin (1°) antibody and Alexa488
conjugates (2°), and with Alexa568 conjugated phalloidin, under view of 40X objective
lens. Note the difference in green fluorescence in all cell lines; the intensity correlating
with levels of E-cadherin localization. Scale bar represents 20 pum. B) E-cadherin
fluorescence was quantified by quantifying the fluorescence in hand-drawn regions of
interest for each cell, each fluorescence value was divided by 2, and the total values were
then averaged. The average fluorescence intensity was obtained from 20 random cells.
Experiments were performed in triplicates. Significance: *P<0.05, ***P<0.001
(Student’s t-test).
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Figure 89: TXNIP knockdown does not affect E-cadherin expression. A) Equal
amounts of cell protein lysates of all four HSC-5 sublines were loaded for Western blot
analysis using anti-E-cadherin and anti-GAPDH antibodies. B) Densitometric
quantifications show no significant difference of E-cadherin protein levels between all
four HSC-5 sublines, compared to HSC-5°"F"CR cells. Experiments were performed in
triplicates. Significance: P>0.05 (Student’s t-test).

4.2.6 HSC-5NWASP-TXNIPKD o1 migrated similarly like HSC-5°TRCTR cells

TXNIP knockdown in HSC-5""A%P cells was able to reverse the cell proliferation defect
observed in HSC-5""A5 cells. It is possible that TXNIP knockdown could reverse
HSC-5""WASP cell migration phenotype, and play a role in cell migration of human skin
cancer cells. The four HSC-5 sublines were subjected to wound healing assays. 24 hours

SN-WASP-CTR cells closed the

5N-WASP-

after scratches were made, all HSC-5 sublines except HSC-
wound gap (although a very noticeable small wound gap is present for HSC-
TXNIPKD cells) (Fig. 90A). Naturally, HSC-5NMYWASPCTR cells had a significantly large
wound surface area (Fig. 90B). The wound healing assays for these four HSC-5 sublines
were repeated with 5 uM AraC to determine if the cell migration phenotype observed
was influenced by differences in cell proliferation. 24 hours after scratches were made,
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all HSC-5 sublines except HSC-5""WASPCTR ce|ls closed the wound gap (Fig. 91A).
Naturally, HSC-5""WASP-CTR cells had a significantly large wound surface area (Fig. 91B).

A closer observation on HSC-5¢TR-TXNIP-KD

cells at 24 hours found that its cell population
was heavily packed against each other (border of closed wound gap drawn in black
lines), in comparison, both HSC-5TF"C™R and HSC-5NWASP-TXNIP-KD ol populations do
not appear too packed (Fig. 90A,91A). This suggested that HSC-5¢TRTNIPKD cefls
closed the wound gap earlier than the 24-hour timepoint. To determine if this was true,
wound healing assays of all four HSC-5 sublines with and without AraC were repeated
for only 12 hours. HSC-5TRTXNIPKD cais had the smallest wound surface area, followed
by both HSC-5°TFC™R cells and HSC-5"WASPTXNIPKD ¢alls  and then HSC-5NWASP-CTR
cells which had the largest wound surface area (Fig. 92A,93A). The wound surface areas
of HSC-5°™CTR cells and HSC-5NWASPTXNIPKD cais were not significantly different
from one another, but HSC-5""WASPTXNIPKD co| \wound surface area was significantly

smaller than that of HSC-5""WASPCTR cells (Fig. 92B,93B).
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Figure 90: HSC-5NWASP-TXNIP-KD ca|is migrated similarly like HSC-5¢TRCTR cells. A)
Cells were seeded such that prior to wound healing assay, the cell confluency would be
100%. Images were taken of the cells O hours and 24 hours after the scratches were
made, under view of 10X objective lens. Scale bar represents 50 um. B) Surface areas of
wounds were measured at respective time points and compared, whereby HSC-5""WAS>
TXNIPKD cells closed the gap at a similar pace to HSC-5°TCTR cells. Experiments were
performed in triplicates. Significance: *P<0.05 (Student’s t-test).
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Figure 91: HSC-5NWASPTXNIPKD cols migrated similarly like HSC-5CTRCTR cells
even with AraC. A) Cells were seeded such that prior to wound healing assay, the cell
confluency would be 100%. Cells were incubated in complete DMEM supplemented
with 5 uM AraC after scratches were made and for the duration of the assay. Images
were taken of the cells 0 hours and 24 hours after the scratches were made, under view of
10X objective lens. Scale bar represents 50 um. B) Surface areas of wounds were
measured at respective time points and compared, whereby HSC-5NWASP-TXNIPKD ¢o))g
closed the gap at a similar pace to HSC-5°T"CTR cells. Experiments were performed in
triplicates. Significance: ***P<0.001 (Student’s t-test).
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Figure 92: HSC-5¢TRTXNIPKD cells migrated the fastest. A) Cells were seeded such
that prior to wound healing assay, the cell confluency would be 100%. Images were
taken of the cells 0 hours and 12 hours after the scratches were made on the cells, under
view of 10X objective lens. Scale bar represents 50 um. B) Surface areas of wounds
were measured at respective time points and compared, whereby HSC-5¢TRTXNIPKD coig
close the gap fastest compared to the other three HSC-5 sublines. Experiments were
performed in triplicates. Significance: *P<0.05, ***P<0.001 (Student’s t-test).
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Figure 93: HSC-5CTRTXNIPKD ¢olls migrated the fastest even with AraC. A) Cells
were seeded such that prior to wound healing assay, the cell confluency would be 100%.
Cells were incubated in complete DMEM supplemented with 5 uM AraC after scratches
were made and for the duration of the assay. Images were taken of the cells 0 hours and
12 hours after the scratches were made on the cells, under view of 10X objective lens.
Scale bar represents 50 pum. B) Surface areas of wounds were measured at respective
time points and compared, whereby HSC-5CTRTXNIPKD colls close the gap fastest
compared to the other three HSC-5 sublines. Experiments were performed in triplicates.
Significance: *P<0.05, **P<0.01 (Student’s t-test).
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4.2.7 HSC-5MYWASP cells with TXNIP knockdown have reduced vinculin localizations
to levels that of HSC-5"F cells

TXNIP knockdown in HSC-5""WAS cells reversed the cell migration phenotype to that of
HSC-5™ cells. It is possible that the vinculin localization phenotype was reversed in
order to facilitate increased cell migration activity. Immunohistochemistry to visualize
vinculin and actin and cell vinculin patch counts were performed for all four HSC-5
sublines. HSC-5""WASPCTR cells had the most vinculin patches at the focal adhesion,
followed by both HSC-5°TRCTR cells and HSC-5"WASPTXNIPKD ool and HSC-5°T%
TXNIP-KD cells which had the least vinculin patches (Fig. 94A). The difference in vinculin
patch count between HSC-5TRCTR and HSC-5NWASP-TXNIPKD o5 \were not significant,
while HSC-5NWASPTXNIPKD g vinculin patch count was significantly reduced

compared to that of HSC-5"WASPCTR cells (Fig. 94B).

A Western blot of all four HSC-5 sublines for vinculin expression was performed to
determine if vinculin localizations were due to changes in vinculin protein levels. The
vinculin expressions of all four HSC-5 sublines were similar (Fig. 95A). Densitometric
quantification of vinculin bands against GAPDH bands showed no significant difference
in vinculin protein levels between all four HSC-5 sublines (Fig. 95B). These results

suggest that changes in vinculin localization were not due to changes in protein levels.
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Figure 94: HSC-5¢TRCTR and HSC-5NWASP-TXNIPKD ¢a|is have a similar number of
vinculin patches. A) All four HSC-5 sublines were seeded on coverslips in 6-well
plates, incubated, then fixed and probed with anti-vinculin (1°) and Alexa488 conjugates
(2°), and with Alexa568 conjugated phalloidin, under view of 40X objective lens. Note
the difference in the number of observable green fluorescence streaks and dots at the cell
membrane. Scale bar represents 20 um. B) Vinculin patch count was performed by
counting number of observable vinculin patches in 30 random cells, averaged, and
compared to each other. Experiments were performed in triplicates. Significance:
***P<(0.001 (Student’s t-test).
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Figure 95: TXNIP knockdown does not affect vinculin expression. A) Equal amounts
of cell protein lysates of all four HSC-5 sublines were loaded for Western blot analysis
using anti-vinculin and anti-GAPDH antibodies. B) Densitometric quantifications show
no significant difference of vinculin protein levels between all four HSC-5 sublines,
compared to HSC-5°"RC™R cells. Experiments were performed in triplicates.
Significance: P>0.05 (Student’s t-test).
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4.2.8 HSC-5"MWASP cells with TXNIP knockdown have increased paxillin

5¢TR cells

localizations to levels that of HSC-
TXNIP knockdown in HSC-5""WAS cells reversed the cell migration phenotype to that of
HSC-5°F cells. It is possible that the paxillin localization phenotype was also reversed
in order to facilitate increased cell migration activity. Immunohistochemistry to visualize
paxillin and actin and cell paxillin patch counts were performed for all four HSC-5
sublines. HSC-5"WASPCTR cells had the least paxillin patches at the focal adhesion,
followed by both HSC-5°TR“TR cells and HSC-5"WASPTXNIPKD ool and HSC-5°TF
TXNIP-KD cels which had the most paxillin patches (Fig. 96A). The difference in paxillin
patch count between HSC-5TR"C™R and HSC-5NWASP-TXNIPKD o5 \were not significant,
while HSC-5NWASPTXNIPKD call paxillin patch count was significantly increased

compared to that of HSC-5""WASPCTR ce|ls (Fig. 96B).

A Western blot of all four HSC-5 sublines for paxillin expression was performed to
determine if paxillin localizations were due to changes in paxillin protein levels. The
paxillin expressions of all four HSC-5 sublines were similar (Fig. 97A). Densitometric
quantification of paxillin bands against GAPDH bands showed no significant difference
in paxillin protein levels between all four HSC-5 sublines (Fig. 97B). These results

suggest that changes in paxillin localization were not due to changes in protein levels.
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Figure 96: HSC-5CTRCTR and HSC-5NWASP-TXNIPKD ¢a|ls have a similar number of
paxillin patches. A) All four HSC-5 sublines were seeded on coverslips in 6-well plates,
incubated, then fixed and probed with anti-paxillin (1°) and Alexa488 conjugates (2°),
and with Alexa568 conjugated phalloidin, under view of 40X objective lens. Note the
difference in the number of observable green fluorescence streaks and dots at the cell
membrane. Scale bar represents 20 um. B) Paxillin patch count was performed by
counting number of observable paxillin patches in 30 random cells, averaged, and
compared to each other. Experiments were performed in triplicates. Significance: **
P<0.01, ***P<0.001 (Student’s t-test).
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Figure 97: TXNIP knockdown does not affect paxillin expression. A) Equal amounts
of cell protein lysates of all four HSC-5 sublines were loaded for Western blot analysis
using anti-paxillin and anti-GAPDH antibodies. B) Densitometric quantifications show
no significant difference of paxillin protein levels between all four HSC-5 sublines,
compared to HSC-5°"RC™R cells. Experiments were performed in triplicates.
Significance: P>0.05 (Student’s t-test).

4.2.9 HSC-5MYASP cells with TXNIP knockdown have similar ROS levels like that of
HSC-5°"R cells

The interaction between TXNIP and thioredoxin influences the rate of ROS scavenging
and the rate of damage to cells if left unchecked [137]. TXNIP is down-regulated in
many cancer cells [134], suggesting that increased ROS scavenging in cancer cells
allows unhindered cell proliferation and that ROS levels influence cell proliferation
activity. HSC-5""AP cells exhibit reduced cell proliferation compared to HSC-5™
cells possibly via increased TXNIP-dependent ROS production. The four HSC-5
sublines were subjected to an ROS detection assay to determine if TXNIP influences

ROS levels in skin cancer cells. HSC-5MWASPCTR cells had the highest ROS levels,
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followed by HSC-5¢TRTXNIPKD cefls and both HSC-5°TC™R and HSC-5N WASP-TXNIP-KD
cells with the lowest ROS levels (Fig. 98). HSC-5T"CTR and HSC-5NWASP-TXNIP-KD o)

do not have ROS levels significantly different between each other, but they each are
5N-WASP-CTR

significant compared to that of HSC- cells.
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Figure 98: HSC-5°TR"CTR and HSC-5NWASP-TXNIPKD cais have similar reduced ROS
levels. All four HSC-5 sublines were first seeded and incubated to grow to 70%
confluency in 24-well plates, probed with DCFDA at the optimized 25 pM working
concentration, washed with 1X Wash buffer, and read in a microplate reader. The
readings were averaged and compared to that of HSC-5°"""™R cells. Experiments were
performed in triplicates. Significance: ***P<0.001 (Student’s t-test).

Increase of ROS levels appears to be responsible for increased cell apoptosis [135,138].
Cell proliferation assay results suggest that N-WASP overexpression causes
approximately 30% reduction of cell proliferation rate (Fig. 18,86). It is possible that

5N—WASP 5CTR

reduced proliferation rates in HSC- cells compared to HSC- cells is due to

increased ROS levels (Fig. 18), and that reversal of proliferation rates in HSC-5"""/A-
TXNIP-KD cells to that of HSC-5°TFCTR cells is due to reduction of ROS levels (Fig. 86). It
is possible that the cell proliferation rate change of 30% cell proliferation is due to cell
apoptosis caused by changes in ROS levels, or ROS levels influencing cell proliferation
itself. An Annexin-V/PI assay was performed on all four HSC-5 sublines to determine if
cell proliferation rate change was due to cell apoptosis or not. Visually, Annexin-V GFP
fluorescence represents cell extracellular phosphatidylserine signalling for macrophage
engulfment due to apoptosis, and PI RFP fluorescence represents dead cells. HSC-5"
WASP-CTR cells had the highest Annexin V/PI staining compared to the other three HSC-5

5N-WASP-CTR

sublines, which all have similar visualized staining (Fig. 99). HSC- cells
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Annexin-V/PI staining covered approximately 10% of all cells at most. This suggested
that the cell proliferation rate change in HSC-5 cells is not due to ROS-induced cell

apoptosis, but ROS regulating cell signalling pathways to reduce cell proliferation.

Annexin V

HSC-5¢T"
CTR

HSC-5¢TR-
TXNIP-KD

HSC-5M
WASP-CTR

HSC-5"
WASP-
TXNIP-KD

Figure 99: HSC-5NMWASPCTR cells have the highest fluorescence for Annexin-V and
PI, while all other HSC-5 sublines have similar Annexin-V and PI fluorescence. All
four HSC-5 sublines were first seeded and incubated to grow to 70% confluency in 24-
well plates, then probed with Annexin V to visualize phosphatidylserine presence and
with PI to visualize dead cells, under view of 10X objective lens. Scale bar represents 50
pm. Experiments were performed in triplicates.
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4.2.10 HSC-5NWASP-TXNIPKD ¢ 15 have very reduced nuclear N-WASP

Actin is present in the nucleus, possibly responsible for chromatin remodelling and gene
expression regulation [28]. As a regulator of actin branching, N-WASP has been shown
to be present in nucleus assisting in RNA polymerase ll-mediated transcription and

mitotic chromosomal alignment [63,64]. HSC-5"WASP-TXNIP-KD

cells had many similar
phenotypes to that of HSC-5°TRC™R cells. The N-WASP expressions in cytosolic and
nuclear fractions of all four HSC-5 sublines were assessed. Cell lysate fractionation and
Western blot of cytosolic and nuclear fractions of all four HSC-5 sublines for N-WASP
expression was performed. Cytosolic N-WASP of all four HSC-5 sublines are similar,
while nuclear N-WASP of only HSC-5¢TRCTR ' HSC-5CTRTXNIPKD and HSC-5NWASP-CTR
cells are similar (arrow for N-WASP size, around 68 kDa) (Fig. 100A). HSC-5""WASP-
TXNIP-KD el nuclear N-WASP was very reduced compared to that of all other fractions.
Various bands or other sizes were also observed in the nuclear fractions, suggesting that
N-WASP ubiquitination occurred in the nucleus. GAPDH mainly localizes in the
cytoplasm, while Lamin B1 localizes in the nucleus. Ponceau S staining showed the
equal loading of cell lysate fraction proteins, even though Lamin Bl band intensities
differ between each nuclear fraction. Densitometric quantification of nuclear N-WASP
bands against GAPDH bands show a significant reduction of nuclear FOXO1 protein
levels in HSC-5NWASP-TXNIP-KD ¢als compared to that of the other three HSC-5 sublines

(Fig. 100B).
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Figure 100: HSC-5NWASP-TXNIPKD gais have very reduced nuclear N-WASP. All four
HSC-5 sublines were subjected to cell lysate fractionation and Western blot. A) Equal
amounts of each HSC-5 sublines’ protein lysates were loaded for Western blot analysis
using anti-N-WASP, anti-GAPDH and anti-Lamin Bl antibodies. The nitrocellulose
membrane was also subjected to Ponceau S staining to reflect loading of equal cell lysate
protein amounts. B) Densitometric quantifications show significant reduction of N-
WAGSP protein levels in nuclear fraction of HSC-5NWASP-TXNIPKD calls compared to the
other three HSC-5 sublines, compared to HSC-5°"RC™® cells. Experiments were
performed in triplicates. Significance: **P<0.01 (Student’s t-test).
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4.2.11 Exogenous expression of TXNIP in HSC-5 cells and TXNIP knockdown in
HaCaT cells both reduced cell proliferation rates

The reversal of cell proliferation rates of HSC-5""5" cells to that of HSC-5°™" cells
was done by TXNIP knockdown. This is because increased TXNIP levels were only
observed when HSC-5 cells overexpressed N-WASP (Fig. 84). To study the role of
TXNIP in human skin cells, HSC-5 and HaCaT cells were made to overexpress TXNIP.
This was done by infecting HSC-5 and HaCaT cells with third-generation lentivirus
derived from empty pTT2-Neo vector or pTT2-TXNIPg-Neo to overexpress (OE)
TXNIP (sourced from NIH_MGC_310, Mammalian Gene Collection). HaCaT cells were
also infected with third-generation lentivirus derived from pTT2-TXNIPsh-Neo to knock
down TXNIP to determine if silencing of TXNIP affects HaCaT cell proliferation. All
HSC-5 and HaCaT sublines were selected with neomycin.

Cell proliferation assays were performed on these two HSC-5 sublines and three HaCaT
sublines. HSC-5"NP9F cells exhibited significantly reduced proliferation rates
compared to HSC-5°™N cells (Fig. 101). A Western blot of TXNIP expression in HSC-
5TXNIP-OE cells against HSC-5°™N cells was not possible as HSC-5N'"-9F cells grew
very slowly after neomycin selection, this subline could not be expanded into larger
culture dishes to get higher cell numbers, and the cell numbers obtained from a 6-well
lentiviral infection were sufficient for one proliferation assay per attempt of HSC-5
subline generation. The significance was obtained after performing three separate
lentiviral infections for subline generation and proliferation assays. Given the results, it
can be inferred that lentiviral infection and neomycin selection successfully
overexpressed TXNIP in HSC-5 cells and caused severe reduction of cell proliferation.
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Figure 101: HSC-5"N'""CF cells proliferate poorly compared to HSC-5°T"N cells. 7.5
x 10° cells of each cell line were seeded in 24-well plates, incubated for 5 days,
trypsinized and counted using a hemacytometer. The rate of proliferation was obtained
by comparing total cell counted after 5 days against the number of cells seeded.
Experiments were performed in triplicates. Significance: ***P<0.001 (Student’s t-test).

All three HaCaT sublines generated, however, were successfully expanded for Western
blot for TXNIP and cell proliferation assays. Densitometric quantifications of all TXNIP
bands observed against GAPDH bands were done. No significant TXNIP overexpression
in HaCaT cells was achieved (Fig. 102A), though the cells were still used for
proliferation assays. TXNIP knockdown was successfully achieved, and a significant
difference in TXNIP protein levels between HaCaT“™N and HaCaT™™P*P was
observed (Fig. 102B). There are no significant differences between proliferation rates of
HaCaT "M% cells and HaCaT“™" cells, but there is a significant reduction in cell
proliferation rate for HaCaT ""*"*P cells compared to HaCaT“™N cells (Fig. 102C).
Given these results, it is possible that TXNIP plays different roles in proliferation of
HSC-5 and HaCaT cells.
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Figure 102: HaCaT ™MPKP cells have reduced cell proliferation compared to
HaCaT ™" cells. HaCaT cells were made to A) overexpress TXNIP and B) exhibit
knockdown of TXNIP. Equal amounts of all HaCaT sublines’ cell protein lysates were
loaded for Western blot analysis using anti-TXNIP and anti-GAPDH antibodies, and
densitometric quantifications show significant reduction of TXNIP protein levels in
HaCaT "N'""P cells compared to HaCaT“™ cells, although no significant differences
were observed in HaCaT *N'"-%E cells. C) 7.5 x 103 cells of each cell line were seeded in
24-well plates, incubated for 5 days, trypsinized and counted using a hemacytometer.
The rate of proliferation was obtained by comparing total cell counted after 5 days
against the number of cells seeded. Experiments were performed in triplicates.
Significance: **P<0.01, ***P<0.001 (Student’s t-test).
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4.2.12 Summary

TXNIP Western blot of HSC-5°™ and HSC-5""A cells suggests it plays a role in
reduced cell proliferation in HSC-5""AF cells. TXNIP knockdown in HSC-5NWASP
cells increased cell proliferation, reduced E-cadherin localizations, increased cell
migration, reduced vinculin patches and increased paxillin patches to levels of that of
HSC-5°™ cells. Changes to localizations of E-cadherin, vinculin and paxillin do not
correlate with protein levels. HSC-5""WASPTXNIPKD ca|ig had further reduced CCND1
levels, which does not correlate with its increased cell proliferation phenotype. ROS
levels were similarly reversed but Annexin-V/PI staining suggested the reduction in
HSC-5"WASP cell proliferation rate is not due to ROS-induced apoptosis but likely ROS-

induced changes to cell signalling pathways regulating cell proliferation. HSC-5"""WASP-

TXNIP-KD cells also had reduced nuclear N-WASP compared to the other three HSC-5
sublines. Excess TXNIP protein levels is possibly very harmful to HSC-5 cells, but since
TXNIP knockdown correlated with reduced proliferation in HaCaT cells, it is possible
that TXNIP plays a part in supporting HaCaT cell proliferation. These suggest that
TXNIP plays a role in regulating cell proliferation and other cellular processes in HSC-5
cells, and its effects are manifested by altered Integrin-mediated signalling and AKT

signalling.
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Chapter 5: Discussion
5.1 The role of N-WASP in HSC-5 and HaCaT cells
N-WASP is critical for actin cytoskeleton remodelling, as it activates the Arp2/3

complex and promotes actin polymerization [26,56]. Reduced N-WASP levels are
correlated with cancer progression and poor prognosis in breast and colorectal cancer
patients [79,80]. We have found that N-WASP levels are reduced in SCC samples
compared to matched skin perilesionals in 33 patients (Swagata’s unpublished data) (Fig.
4). These suggest that N-WASP may be a tumour suppressor in skin epithelial cells. This
dissertation aims to characterize the role of N-WASP in skin carcinogenesis, using the
tumorigenic HSC-5 cell line as a model for early-stage skin cancer and the non-

tumorigenic HaCaT cell line as a model for normal human skin keratinocytes.

HSC-5 cell were found to have reduced N-WASP protein levels compared to HaCaT
cells, and N-WASP mRNA levels correlated with protein levels (Fig. 7). HSC-5 cells
were found to proliferate slower than HaCaT cells in vitro, even though HSC-5 cells are
cancerous (Fig. 8). N-WASP was shown to be crucial for cell adhesion and inhibiting
cell migration in MEF cells [147]. The cell utilizes E-cadherin, integrins and proteins of
the focal adhesion complex, such as vinculin and paxillin [151,152], to regulate cell
adhesion via cell-cell or cell-ECM adhesion, and thus migration. E-cadherin promotes
cell-cell adhesion, and vinculin promotes cell adhesion, while paxillin promotes cell
migration [153]; all of which are crucial, as cancer cells require the ability to detach from

the ECM and migrate freely in order to proliferate.

It is hypothesized that cell migration requires reduced E-cadherin and vinculin
localizations and more paxillin localizations, while cell adhesion requires increased E-
cadherin and vinculin localizations and reduced paxillin localizations. HSC-5 cells were
found to migrate faster (Fig. 11), have reduced E-cadherin cortical localizations (Fig. 9),
reduced vinculin patches (Fig. 12) and increased paxillin patches (Fig. 14) compared to
HaCaT cells. Both HSC-5 and HaCaT cells, however, have similar expressions of E-
cadherin (Fig. 10), vinculin (Fig. 13) and paxillin (Fig. 15) despite differences in protein
localizations. These suggest that N-WASP promotes recruitment of E-cadherin to the cell
cortex and vinculin to the focal adhesion, and suppresses recruitment of paxillin from the

focal adhesion to facilitate cell migration in skin cells.
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5.2 The role of N-WASP in HSC-5 sublines

5.2.1 Characterizing N-WASP phenotypes in HSC-5 sublines

N-WASP is suggested to regulate cell proliferation and migration, and the localizations
of E-cadherin, vinculin and paxillin. However, the HSC-5 and HaCaT cell lines used
were derived from different individuals with varying genetic backgrounds and mutations,
thus the observed phenotypes cannot be attributed to N-WASP expression in HSC-5 and
HaCaT cells. The role of N-WASP in skin cancer cells was characterized by
overexpressing N-WASP in HSC-5 cells. Several clones of HSC-5""A% cells with
varying levels of N-WASP overexpression were generated (Fig. 16). HSC-5"""A clone
86 was found to express N-WASP similar to that of HaCaT cells and was used for the
rest of this dissertation. N-WASP mRNA levels correlated with protein levels, though
not proportionately (Fig. 17), suggesting that post-transcriptional regulation of N-WASP

occurred.

HSC-5""WASP cells were found to proliferate slower than HSC-5%'F cells in an N-WASP-
dependent manner (Fig. 18), suggesting that N-WASP expression is inversely
proportional to cell proliferation rates. This finding corroborates with a report that
HRT18 human colorectal cancer cells overexpressing N-WASP proliferated at lower
rates compared to control cells [80]. Cyclin D1 (CCND1) is a well-known cell
proliferation marker [155], and the AKT pathway is among the most well-established
pathways implicated in cancer progression [157]. The expression of CCND1, and those
of AKT and PTEN were studied to determine if the activities of these proteins correlate
with the reduction of cell proliferation in HSC-5""A5" cells. HSC-5"YA5P cells had
reduced CCND1 expression (Fig. 19) and reduced AKT activity (Fig. 27) due to
increased inhibition by PTEN (Fig. 28). These results corroborates with recent findings
that increased PTEN activity is due to reduced phosphorylation of the PTEN inhibitory
residues Ser380/Thr382/383 [255]. These suggest that N-WASP plays a negative role in

cell proliferation in skin cancer cells.

Studies of cell migration and protein localizations also found that HSC-5NYASP cells
migrated slower (Fig. 22), had increased E-cadherin cortical localizations (Fig. 20) and
increased vinculin patches (Fig. 23) but had reduced paxillin patches (Fig. 25) compared
to HSC-5™ cells. All these are similar to previous observations where HaCaT cells
migrated slower (Fig. 11), had increased E-cadherin cortical localizations (Fig. 9) and
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increased vinculin patches (Fig. 12) and had reduced paxillin patches (Fig. 14) compared
to HSC-5 cells. Both HSC-5 sublines expressed similar levels of E-cadherin (Fig. 21),
vinculin (Fig. 24) and paxillin (Fig. 26) despite differences in protein localizations.
These results are also similar to previous observations whereby both HaCaT and HSC-5
cells had similar expression levels of E-cadherin (Fig. 10), vinculin (Fig. 13) and paxillin
(Fig. 15). These results suggest that N-WASP does regulate the recruitment of E-
cadherin to the cell cortex and vinculin and paxillin to the focal adhesion to regulate cell
adhesion and migration in both HSC-5 and HaCaT cells.

5.2.2 Multiple analyses of the ‘omics in HSC-5 sublines

HSC-5 cell proliferation is inversely proportional to N-WASP expression (Fig. 18). This
phenotype may be due to changes in signalling pathway and regulator activities due to
differences in N-WASP expression. Several studies were performed to identify these
pathways and functional molecules. First was the individual analysis of proteomics,
protein microarray and RNA-Seq, and second was the comparative analysis of results of
all three studies using the IPA software. Proteomics identifies changes at the proteomic
level, protein microarray identifies changes of various signalling pathway proteins and
RNA-Seq identifies changes at the transcription level. The IPA software performs
individual dataset analysis and comparative analysis of multiple datasets, identifying
putative signalling pathways or functional molecules with the help of its knowledge
database that is updated every seven days with the latest findings from the scientific

community [170], making results more up-to-date.

Four candidate pathways were chosen to be studied in HSC-5 cells: the Integrin, EGF,
Wnt and Hippo pathways. They are among the most well-established pathways
implicated in cell proliferation [86,89,91,98]. Analysis of proteomics suggested that all
pathways except Hippo may be dysregulated in HSC-5""*5" cells (Fig. 31,32). Protein
microarray identified many proteins up- and down-regulated such as FOXO1, JNK, p70
S6K and STATY, to name a few (Table 3,4). RNA-Seq found many individual genes
such as FOXO1, ERK2, FAK, SOS1 which were either up-regulated or had mild
increases or reduction in expression (Table 5). IPA comparative analysis of all three
datasets gave a list of the most likely 15 pathways (Fig. 43) and functional molecules
(Fig. 44) involved in phenotypic differences between HSC-5™® and HSC-5""WA cells,
including the Integrin pathway and FOXO1.
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5.3 Identifying molecules of interest in HSC-5 sublines

5.3.1 Justification for validating selected pathways and regulators

HSC-5""WASP cells had increased vinculin patches (Fig. 23) and migrated slower (Fig.
22) compared to HSC-5" cells, suggesting involvement of the Integrin pathway in
regulating cell migration [153]. HSC-5 cells were found to express significantly more
integrin subunits compared to HaCaT cells [175]. IPA comparative analysis found 15
pathways, including the Integrin pathway, likely responsible for phenotypic differences
between HSC-5™® and HSC-5"""A%" cells (Fig. 43). The other 14 pathways were found
to require interaction with the Integrin pathway to mediate and coordinate all inside-out
and outside-in signalling to regulate cell growth [176-188]. This marks the Integrin
pathway as a central nexus for these signalling pathways (Fig. 45). Even though down-
regulation of RhoDGI pathway was initially considered responsible for reducing
proliferation in HSC-5"""A" cells, this pathway was ruled out because many of its
components are unaffected by N-WASP overexpression (Table 7) and scientific opinion
is divided on this pathway’s precise role in cell proliferation [196-198]. Proteomics (Fig.
31,32) and protein microarray (Table 3,4) suggested the possibility of EGF, Wnt, mTOR
and STATL1 or cytokine-mediated signalling as candidate pathways as well, so these

pathways with the Integrin pathway were validated.

FOXO1 was listed as the sixth-likeliest candidate functional molecule effecting change
in HSC-5""WASP cells (Fig. 44). Above it were SMEK1, KDM5B, PGR, SMARCA4 and
CD24. RNA-Seq (Table 5) and protein microarray (Table 3) suggested FOXO1 as a
candidate functional molecule. Although SMEK1, KDM5B, PGR, SMARCA4 and
CD24 all are considered more likely as candidate molecules than FOXO1 due to their
IPA comparative analysis rankings, all five were found to require interaction with
FOXOL1 as a central nexus for effecting any change, either as targets of FOXO1 or
requiring FOXO1 to assert their cellular effects (Fig. 46A) [199-207]. Various kinases
are known to regulate FOXO1, such as AKT, ERK, SGK1 and JNK kinases to name a
few (Fig. 46B) [112,114], thus studies of FOXOL1 and identification of its regulating

kinase in HSC-5 cells were performed.

5.3.2 Validating candidate pathways in HSC-5 sublines
IPA comparative analysis identified 15 pathways, including the Integrin pathway, likely
responsible for phenotypic differences between HSC-5°™" and HSC-5"""A5 cells (Fig.

201



43). However, the 14 pathways identified require the Integrin pathway as the central

nexus to regulate all signalling to regulate cell growth [176-188]. It is possible that the

Integrin-mediated signalling is dysregulated in HSC-5""A%"

CTR
5

cells compared to HSC-
cells.

A thorough literature review performed led to the selection of four signalling pathways —
Integrin, EGF, Wnt and Hippo — to be validated in HSC-5 sublines. This is because these
pathways are known to regulate cell proliferation and interact with signals from N-
WASP [59,81,65,98], thus it was crucial to determine if N-WASP overexpression in
HSC-5 cells reduced cell proliferation via any of these pathways. Real-time PCR was
performed to validate the Integrin, EGF, Wnt and Hippo pathways via representative
pathway target genes. Even though the Hippo pathway was not implicated in proteomics
analysis (Fig. 31,32), validation of the pathway was still performed to determine if Hippo
signalling is affected in HSC-5"YASP cells. Integrin signals were reported to cause
FOXO phosphorylation [89] and that FOXOL1 is involved in skin cell morphogenesis and
stratum basale keratinocyte proliferation [121,122], thus FOXO1 was chosen to validate
the Integrin pathway. The PKM2 gene supports glycolytic processes for DNA synthesis
and cell proliferation by the EGF pathway [256]. cMyc is a well-known Wnt pathway
target gene that regulates cell proliferation [92] and CTGF is a Hippo pathway target
gene vital for development [98]. The only significant change was observed for FOXO1
MRNA levels (Fig. 47), suggesting only the Integrin pathway is influenced by N-WASP
in HSC-5 cells.

Validation of Integrin pathway was further carried out by studying the expressions of
FAK, SRC, GRB2 and SOS1, components of the Integrin-controlled focal adhesion
signalling [189,190]. Expressions of FAK, SRC and GRB2 were found to be reduced in
HSC-5"WAS compared to HSC-5°™® cells (Fig. 48-50). This is consistent with the
reduced proliferation phenotype, since activities of FAK, SRC and GRB2 are known to
be proportionate to cell proliferation [209,212,213]. SOS1 expression, however, was
found to be increased in HSC-5"""AS cells (Fig. 51), suggesting SOS1 may be a tumour
suppressor in HSC-5 cells. These studies suggest that N-WASP does regulate HSC-5 cell
proliferation via dysregulation of the Integrin-mediated FAK-SRC-GRB2-SOS1
signalling.
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Up-regulation of phospho-p70S6K and RSK1/2/3 (Table 3) suggest involvement of
mTOR pathway, which regulates cell growth via protein synthesis and is downstream of
the AKT pathway [220,221]. It was observed that HSC-5""5" cells had reduced AKT
activity but increased PTEN activity (Fig. 27,28), therefore HSC-5""%" cells may have
reduced mTOR signalling to cause reduced proliferation. However, since there was no
change to active mTOR and 4E-BP1 levels between HSC-5 sublines (Fig. 52,53), this
suggests the mTOR pathway is not responsible for reduced proliferation in HSC-5 cells.
Changes observed to STAT1, BMX, Met, Ezrin, PTPD1 and PKCI (Table 3,4) suggest a
reduction in proliferative signalling and an increase of anti-proliferative signalling in
HSC-5"WASP cells via the STATL and cytokine signalling pathways [224-229]. Cell
proliferation assays of HSC-5 sublines with and without FBS were done to investigate
the involvement of cytokine-mediated signalling. However, as absence of serum caused
further reduction of HSC-5"WASP cell proliferation (Fig. 54), this suggests that the
STAT1 and cytokine-mediated signalling are not responsible for reduced proliferation in
HSC-5 cells. All these results reinforce the notion that Integrin-mediated signalling is

affected in HSC-5NWASP cells.

5.3.3 Validating FOXO1 and its kinases in HSC-5 sublines

IPA comparative analysis identified FOXO1 and five additional regulators (SMEK1,
KDM5B, PGR, SMARCA4, CD24) (Fig. 44) as candidate functional molecules
responsile for phenotypic differences between HSC-5°™® and HSC-5"WASP cells.
FOXOL1 is considered a central nexus for the other five regulators to assert cellular
effects [199-207] (Fig. 46A). It is possible that FOXOL1 expression and activity is
dysregulated in HSC-5""A%" cells compared to HSC-5°™% cells. Studies of FOXO1 in
HSC-5 cells, as well as identification of its regulating kinase and its role in HSC-5 cells,

were performed.

FOXO1 expression is reduced in HSC-5"""A5" cells compared to HSC-5™ cells (Fig.
56); however, its MRNA levels are increased in HSC-5""A cells (Fig. 55). Protein
microarray of HSC-5 sublines found HSC-5""AS" cells had up-regulated phospho-
FOXOL1 levels (Table 3, Fig. 57). MG132 treatment in HSC-5 sublines raised pan-
FOXOL1 levels compared to DMSO treatment (Fig. 58). HSC-5"""A5" cells had reduced
nuclear FOXO1 compared to HSC-5" cells (Fig. 59,60). These results suggested that
increased N-WASP levels caused FOXO1 translocation out of the nucleus and
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proteasomal degradation in HSC-5 cells. The observation of reduced expression but

5N-WASP

increased transcription suggested that HSC- cells are compensating for reduced

FOXO1 protein levels to maintain the minimum FOXO1 signalling needed.

FOXO1 was overexpressed in HSC-5 and HaCaT cells to study its role in both skin
cancer and normal cells. FOXO1 overexpression in HSC-5 sublines was achieved, but
this reduced cell proliferation further compared to controls (Fig. 61). FOXO1
overexpression in HaCaT cells was achieved, which led to increased cell proliferation
compared to controls (Fig. 62). These results suggest that FOXOL1 represses HSC-5 cell
proliferation but supports HaCaT cell proliferation, corroborating with scientific opinion
of FOXOL1 being capable of multiple functions across many cell lines and types [112].
FOXO1 knockdown has also been reported to both promote and suppress wound healing
of mouse dermal wounds in two separate reports [257,258]. If FOXOL1 overexpression in
HSC-5"WASP cells to levels of that of HSC-5TR cells was achieved, it is possible that

HSC-5""WASP cells may proliferate similar to HSC-5°™ cells.

Many kinases have been shown to regulate FOXOL1 via phosphorylation [117], including
AKT, SGK1, MST1, JNK and ERK2 (Fig. 46). ldentification of the regulating kinase
allows understanding of the relationship between N-WASP overexpression, FOXO1
activity and changes in Integrin signalling, cell migration and cell proliferation in HSC-5
cells. AKT is ruled out because its reduced activity (Fig. 27,28) is contrary to established
notions that increased AKT activity correlates with increased FOXO1 phosphorylation.
SGK1 and JNK kinase mRNA levels were found to be increased in HSC-5"""A5" cells
(Table 5). SGK1 knockdown in HSC-5"WASP cells did not restore cell proliferation to
levels that of HSC-5™ cells (Fig. 63). JNK inhibition reduced HSC-5 sublines’ cell
proliferation in a dose-dependent manner compared to that of DMSO treatment (Fig. 64).
Thus, SGK1 and JNK kinases are considered not likely the kinases phosphorylating
FOXOL1 in HSC-5 cells.

ERK2 is well-known to promote cell proliferation [246,247] and was recently
established to be able to phosphorylate FOXO1 in NIH3T3 cells [250]. It is possible that
active ERK2 is reduced in HSC-5"""A" cells compared to HSC-5'% cells. However,
HSC-5"WASP cells were found to have increased active ERK2 compared to HSC-5°™"
cells (Fig. 65). Inhibition of ERK2 with the ERK2-specific inhibitor sc-222229, blocking
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ERK2 substrate phopshorylation [259,260] not only restored HSC-5"MWASP cell
proliferation to that of HSC-5°™F cells (Fig. 66), but raised pan-FOXOL1 levels (Fig. 68)
and prevented translocation of FOXO1 for cytoplasmic degradation and stabilized
nuclear FOXOL to levels that of HSC-5'F cells (Fig. 69,70). Cytosolic FOXO1 of HSC-
5NWASP cells, which was increased compared to that of HSC-5°™" cells, was reduced
after sc-222229 treatment (Fig. 70). These results suggest that FOXO1 is necessary for
cell proliferation and ERK2 may be responsible for the phosphorylation of FOXO1 in

HSC-5 cells.

ERK2 inhibition via sc-222229 treatment in HSC-5""A5" cells also restored cell
migration (Fig. 73,75) and localizations of E-cadherin (Fig. 71), vinculin (Fig. 77) and
paxillin (Fig. 79) to levels that of HSC-5°"" cells. Expressions of E-cadherin (Fig. 72),
vinculin (Fig. 78) and paxillin (Fig. 80) were similar despite the differences in protein
localizations due to ERK2 inhibition. This reinforces the notion that N-WASP causes
ERK2-dependent FOXOL1 phosphorylation and cytoplasmic proteasomal degradation in
HSC-5 cells. This likely leads to changes in Integrin-mediated signalling and AKT

signalling, which lead to changes in cell migration and proliferation phenotypes.

It was debated if reversal of cell migration phenotypes observed following ERK2
inhibition were due to changes of cell proliferation. Wound healing assays of HSC-5
sublines treated with DMSO or sc-222229 were repeated with the anti-proliferative drug
AraC, showing the same cell migration patterns (Fig. 74,76) as those observed in wound
healing assays carried out without AraC (Fig. 73,75). This suggested that N-WASP
regulates both cell migration and proliferation, and cell migration is not influenced by
proliferative activity; both phenotypes are independent from one another. ERK2
inhibition of HSC-5""WAS" cells had rescued cell proliferation rates to HSC-5'F cells
(Fig. 66), but had a partial rescue of CCND1 expression (Fig. 67). It is possible that in
presence of sc-222229, partial rescue of CCNDL is sufficient to rescue cell proliferation
defects. Similar FOXOL1 expressions were observed in DMSO-treated HSC-5 sublines
(Fig. 68A), in contrast to the reduced expression previously observed (Fig. 56). It is
possible that HSC-5"""A5" cells have compensated FOXOL1 levels for those that were
degraded due to N-WASP overexpression.
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HSC-5 sublines with ERK2 inhibition had increased active ERK2 compared to DMSO-
treated sublines (Fig. 81). Knockdown of ERK2 via shRNA in HSC-5 sublines (Fig. 82),
to characterize the role of ERK2 in HSC-5 cells, found further reduction of cell
proliferation (Fig. 83). The cell proliferation results (Fig. 66,83) suggested the presence
of a complex of ERK2 with ERK2-interacting proteins that regulates HSC-5 cell
proliferation. ERK2 knockdown via shRNA possibly disrupted this complex, further
reducing HSC-5 cell proliferation (Fig. 83). ERK2 inhibition does not disrupt this ERK2
complex but only inhibits ERK2 substrate phosphorylation by ERK2 which leads to
increased active ERK2 in a negative-feedback manner (Fig. 81), restoring HSC-5""WASP
cell proliferation (Fig. 66). The operation of this hypothesized ERK2 complex, and how
N-WASP regulates it and its precise effects on cell migration and proliferation, remain
unknown at this point and should be studied eventually.

5.4 The role of TXNIP in HSC-5 sublines

5.4.1 Characterizing TXNIP phenotypes in HSC-5 sublines

RNA-Seq showed up-regulation of a FOXOL1 target gene, TXNIP (Table 5), which
negatively regulates the ROS-scavenging thioredoxin system [133]. TXNIP expression is
reportedly silenced or reduced in many cancers [134]. This could explain the increased

5N-WASP ¢alls had

cell proliferation rate of cancer cells compared to normal cells. HSC-
increased TXNIP expressions compared to HSC-5™ cells (Fig. 84). TXNIP mRNA
levels correlated with protein levels (Fig. 85), suggesting increased transcription of
TXNIP in HSC-5""A% cells. TXNIP knockdown via shRNA in HSC-5"""A" cells not
only restored cell proliferation (Fig. 86), but also cell migration (Fig. 90,92) and
localizations of E-cadherin (Fig. 88), vinculin (Fig. 94) and paxillin (Fig. 96) to levels
that of HSC-5°™® cells. Changes of localizations of E-cadherin (Fig. 89), vinculin (Fig.
95) and paxillin (Fig. 97) are not due to any differences in protein levels due to TXNIP

knockdown.

It was debated if reversal of cell migration phenotypes observed following TXNIP
knockdown were due to changes of cell proliferation. Wound healing assays of HSC-5
sublines treated with or without TXNIP knockdown were repeated with the anti-
proliferative drug AraC, showing the same cell migration patterns (Fig. 91,93) as those
observed in wound healing assays carried out without AraC (Fig. 90,92). These results
reinforce the notion that N-WASP regulates both HSC-5 cell migration and proliferation;
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both activities are independent and do not influence one another. CCND1 expression was
further reduced in HSC-5NWASPTXNIPKD cals compared to HSC-5MYASP cells (Fig. 87).

5N-WASP-TXN IP-KD cells

It is possible that this negative regulation of CCND1 in HSC-
occurred in order to ensure efficient transit of cell cycle past the S phase [261,262] and
support the increase of cell proliferative activity. It is possible that CCNDL1 is able to
operate in different ways to support HSC-5 cell proliferation, given its partial rescue of
expression following ERK2 inhibition (Fig. 67) and the observed further reduction

following TXNIP knockdown (Fig. 87).

A profiling of N-WASP in nuclear and cytosol fractions showed only HSC-5N WASP-TXNIP-
KD cells having very reduced nuclear N-WASP, in contrast to all other sublines which
had similar expressions (Fig. 100). FAK phosphorylation of N-WASP at Tyr256 has
been reported to prevent N-WASP accumulation in the nucleus [64] and promotes N-
WASP-dependent actin polymerization in the cytoplasm [68]. It is possible that TXNIP
knockdown restored FAK activity in HSC-5NWASPTXNIPKD calls and that of SRC as
well, since it was reported that increased SRC also prevents N-WASP accumulation in
the nucleus [263]. HSC-5NWASP-TXNIPKD ¢alls had similar cell proliferation rates (Fig.
86), similar localizations of vinculin (Fig. 94) and paxillin (Fig. 96), and similar cell
migration (Fig. 90,92) to that of HSC-5°TF"C™R cells. These results suggested that altered
Integrin-mediated FAK-SRC-GRB2-SOS1 signalling and even AKT signalling are
downstream of TXNIP knockdown. The same could be said for ERK2 inhibition, since
the observed reversal of phenotypes of cell migration and proliferation in HSC-5 cells
are similar, either after ERK2 inhibition or TXNIP knockdown.

ROS studies showed HSC-5"NYASP cells had increased ROS levels compared to HSC-
5¢TR cells, and that TXNIP knockdown reverted ROS levels of HSC-5""A cells back
to that of HSC-5°™" cells (Fig. 98). HSC-5"""A" cells had the most fluorescence of
Annexin-V and Pl corresponding to apoptosis and cell necrosis, respectively, whereas
the other three HSC-5 sublines had reduced yet similar fluorescence (Fig. 99). These
suggest that cell proliferation defects in HSC-5"""A%" cells compared to HSC-5™" cells
was not due to ROS-induced cell apoptosis due to increased TXNIP expression, but due
to ROS-influenced changes of signalling pathways that lead to reduced cell proliferation.
It was reported that thioredoxin system influences MCF7 breast cell proliferation via
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regulation of ERK1/2 and CCND1 activities [264], supporting the notion that ROS

regulation influences HSC-5 cell processes.

Finally, TXNIP was overexpressed in HSC-5 and HaCaT cells to elucidate its role in
skin cells. HSC-5™NP-CF cells grew very slowly compared to HSC-5°""" cells and could
not be maintained in vitro (Fig. 101), probably due to high levels of overexpression of
TXNIP. Although TXNIP overexpression in HaCaT cells was not achieved, TXNIP
knockdown was successfully performed and HaCaT ™" P cells had reduced cell
proliferation compared to HaCaT“™™™ cells (Fig. 102). These suggest that TXNIP
operates differently in both HSC-5 and HaCaT cells, since TXNIP represses HSC-5 cell
proliferation, but possibly promotes HaCaT cell proliferation. Increased in vitro TXNIP
levels reduced thioredoxin levels and increased ROS levels [130,137]. FOXO1
accelerates wound healing of mouse dermal wounds by both TGFB1-dependent and
TGFB1-independent signalling for eliminating ROS-induced oxidative stress [265]. Since
TXNIP is negatively regulated by FOXO1, the direct roles of FOXO1, TXNIP and ROS
in cellular processes could be studied eventually.

N-WASP overexpression in HSC-5 cells likely changed the phenotypes tested by
negatively regulating the interactions of TXNIP and thioredoxin system, and increased
ROS build-up instead of ROS scavenging. Increased N-WASP levels in HSC-5 cells
(Fig. 17) correlated with reduced FOXO1 levels (Fig. 56), increased active ERK2 (Fig.
65) and increased TXNIP levels (Fig. 84). Increased N-WASP levels also correlated with
reduced FAK activity and reduced SRC and GRB2 levels (Fig. 48-50), increased SOS1
levels (Fig. 51) and reduced AKT activity (Fig. 27,28). These suggest that in HSC-5
cells, N-WASP relieves FOXO1 inhibition of TXNIP via ERK2-dependent
phosphorylation of FOXO1, leading to FOXO1l degradation, increased TXNIP
expression and increased ROS levels. The increase in ROS levels leads to changes in
Integrin-mediated signalling causing reduced cell migration and changes in AKT

signalling causing reduced cell proliferation.

5.4.2 Proposal of an N-WASP-ERK2- FOXO1-TXNIP mechanism
The results of assays performed to study the role N-WASP in skin cancer cells can be
summarized as such — HSC-5"""A cells had reduced cell proliferation, cell migration,

paxillin patches and AKT activity but increased E-cadherin localizations and vinculin
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patches compared to HSC-5°™"

cells. IPA comparative analysis of proteomics, protein
microarray and RNA-Seq suggested the Integrin pathway and FOXO1 as being
responsible for changes in phenotypes between HSC-5°" and HSC-5"YASP cells.
Assays performed showed that the Integrin signalling and FOXO1 regulation in HSC-5"
WASP cells are dysregulated compared to HSC-5°™" cells. ERK2 is the likely kinase
regulating FOXO1 in HSC-5 cells with N-WASP overexpression. Both inhibition of
ERK2 and knockdown of the FOXO1 target gene TXNIP in HSC-5""VA5" cells restored
cell proliferation, cell migration and localizations of E-cadherin, vinculin and paxillin
back to levels that of HSC-5°™® cells. Cell proliferation rate changes between HSC-5™"
and HSC-5MWASP cells is probably not due to ROS-induced cell apoptosis, but ROS-
induced changes to cell signalling that affect cell proliferation and migration. In other
words, this dissertation aims to provide a possible explanation of how skin cancer cells,
or early-stage cancerous skin cells, regulate cell proliferation when N-WASP expression

is reduced.

It is proposed that in HSC-5 cells, N-WASP levels are reduced, preventing ERK2-
dependent FOXO1 nuclear export and cytoplasmic degradation, keeping FOXOL in the
nucleus and repressing TXNIP expression, allowing thioredoxin system-mediated ROS
scavenging to go unhindered, affecting Integrin-mediated signalling such as reducing
SOS1 activity but increasing FAK, SRC and GRB2 activities to increase cell migration
via reduced cell adhesion, and increase cell proliferation via increased AKT activity (Fig.
103). When N-WASP is overexpressed in HSC-5 cells to mimic normal skin
keratinocytes with high N-WASP protein levels, N-WASP causes ERK2-dependent
FOXO1 nuclear export and cytoplasmic degradation, relieving repression of TXNIP
which proceeds to interfere with the thioredoxin system, accumulate ROS and negatively
regulate Integrin-mediated signalling such as causing reduced FAK, SRC and GRB2
activities but increased SOS1 activity to reduce cell migration via increased cell
adhesion, and reduced cell proliferation via reduced AKT activity (Fig. 104).

It is possible that SCCs are formed from normal skin cells in vivo with this mechanism of
action. To our knowledge, this is the first study of the roles of N-WASP, ERK2, FOXO1
and TXNIP in skin cell proliferation and migration. In vivo studies can help substantiate
the proposed in vitro mechanism and data into in vivo preventive and treatment solutions

for skin cancer.
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Figure 103: A proposed N-WASP-ERK2-FOXO1-TXNIP mechanism in HSC-5
cells. In HSC-5 cells, low N-WASP levels keep FOXOL1 in the nucleus to repress
TXNIP, allowing the thioredoxin system to scavenge ROS, leading to promotion of cell
migration and proliferation via Integrin-mediated FAK-SRC-GRB2-SOS1 signalling and

AKT signalling, thus leading to skin carcinogenesis.
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Figure 104: A proposed N-WASP-ERK2-FOXO1-TXNIP mechanism in HSC-5"
WASP cells. In HSC-5"WASP cells, high N-WASP levels cause FOXO1 phosphorylation
via ERK2 activity, relieving repression on TXNIP transcription. TXNIP interferes with
the thioredoxin system and presence of excess ROS levels alters Integrin-mediated FAK-
SRC-GRB2-SOS1 signalling and AKT signalling, suppressing cell migration and
proliferation, which interferes with skin carcinogenesis.
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Conclusion

The ubiquitously-expressed N-WASP plays a critical role in actin cytoskeleton
remodelling. Studies on the HSC-5 and HaCaT skin cell lines suggest that N-WASP
plays critical roles in cell proliferation and migration of both cancer and normal skin
cells. N-WASP levels are proportionate to localizations of E-cadherin and vinculin, but
inversely proportional to cell migration and paxillin localization. HSC-5"""A%" cells had
reduced proliferation, probably due to reduced AKT activity. Multiple analyses of
proteomics, protein microarray and RNA-Seq suggest that increased N-WASP levels
caused dysregulation of Integrin signalling and down-regulation of FOXO1 signalling,
which reduces proliferation in HSC-5"""WA5 cells. Validation of data showed likelihood
of an N-WASP-mediated altered Integrin-SRC-FAK-GRB2-SOS1 signalling and ERK2-
dependent FOXO1 nuclear translocation and cytoplasmic degradation. Inhibition of
ERK2 and knockdown of the FOXO1 target gene, TXNIP, in HSC-5"""AS" cells in vitro
both increased cell proliferation, cell migration and paxillin localization but reduced E-
cadherin and vinculin localizations, reversing phenotypes tested to that of HSC-5™
cells. TXNIP knockdown also reduces ROS levels, suggesting that excess ROS in HSC-
5NWASP cells reduces cell proliferation. It is proposed that in HSC-5 cells, high N-WASP
levels causes ERK2-dependent FOXO1 degradation and relieving of repressed TXNIP
expression, interference with the thioredoxin system, allowing ROS build-up and
suppresses cell migration and proliferation via altered Integrin-SRC-FAK-GRB2-SOS1
and AKT signalling pathways. These in vitro findings may be translated into in vivo

solutions to skin cancer treatment and prevention.
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Future Work

The results of this dissertation suggested that N-WASP, ERK2, FOXO1 and TXNIP play
crucial roles in normal skin epithelial biology and carcinogenesis. A proposed
mechanism is that in skin cells, increased N-WASP levels caused increased ERK2-
dependent FOXOL1 phosphorylation, relieving repression of TXNIP and increasing
transcription of TXNIP which interferes with thioredoxin-mediated ROS scavenging,
which affects cell signalling leading to reduced cell proliferation and migration.
However, this dissertation is just a small portion of a study into the roles of N-WASP,
ERK2, FOXO1 and TXNIP in skin cell biology, especially skin cancer cell biology,

since studies were performed on HSC-5 cells.

TXNIP negatively regulates the thioredoxin ROS scavenging system. TXNIP-
thioredoxin system interactions are important in regulating cell growth, especially where
oxygen species waste is concerned. Long-term or reversible knockdown of any
thioredoxin system genes, such as thioredoxin or peroxiredoxin, could be done to study
its role in normal skin cells and skin cancer cells. Assays for measuring glycolysis and
the specific effects of ROS on cellular processes such as cell adhesion, cell migration and
focal adhesion activity by Integrin signalling could be performed to better understand on
the role of oxidative stress in in vitro cell biology. The role of Integrin signalling can be
determined by inhibition, knockdown or knockout of any Integrin subunit or any

component of the focal adhesion complex.

The IPA comparative analysis identified the FGF, HGF, PDGF and IL-8 pathways,
among others, as candidate pathways regulating HSC-5 cell proliferation and migration.
Their profiles in HSC-5 cells are not known at this point, and profiling of these pathways
could be performed as a means to further skin cell biology understanding. PKCI levels
are known to correlate with cell proliferation rates. HSC-5"""A" cells have reduced
PKCI expression compared to HSC-5°" cells, suggesting PKCI as a candidate functional
molecule regulating HSC-5 cell proliferation. The role of PKCI can be determined by
overexpression studies. Various kinases and proteins regulate FOXO activity, but this
dissertation only showed that ERK2 phosphorylates FOXO1 in HSC-5 cells when N-
WASP is overexpressed. The profiles of other kinases in HSC-5 cells are not fully
characterized. Studies on profiling kinases like AKT, MST1, SGK1 and JNKs in HSC-5
cells can be performed.
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In vitro assays in HSC-5 cells represent cellular biology in established human cell lines,
but results of these assays should be correlated with in vivo biology. Skin SCC and
matching skin perilesionals could be isolated from patients for ascertaining the
expressions of FOXO1, ERK2, TXNIP and activities of ROS in normal skin cells and
skin cancer cells. Oxidative stress due to dysregulation of ROS is an on-going topic of
cancer research. The study of ROS levels and other functional molecules such as CD24
and SMARCAA4 is an opportunity for further understanding of human skin cell biology

and translate in vitro findings into in vivo treatments and prevention.

Understanding the role N-WASP plays in normal human skin keratinocytes is essential
for increasing knowledge of in vivo normal skin and skin cancer cell biology. It was
shown earlier that in HaCaT cells, FOXO1 overexpression increased cell proliferation
rates but TXNIP knockdown reduced such rates. This suggested the presence of complex
and cross-talking signalling pathways that promote cell proliferation in HaCaT cells.
Proteomics, protein microarray, RNA-Seq, IPA comparative analysis and validation
experiments of any candidate pathways or functional molecules identified should be
performed on HaCaT cells with N-WASP or TXNIP knockdown, or even FOXO1
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Appendix 1: List of plasmids cloned for this study

Main vector used for plasmid cloning
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Map of the original pLIM1-EGFP vector. Areas representing sequences for puromycin
resistance (PuroR in light green) and EGFP (EGFP in dark green) are shown. Original

pLIM1-EGFP vector was from Prof David Sabatini (Addgene #19319) [143].

The pTT1-Puro vector for subsequent DNA cloning was constructed by replacing EGFP
sequences in pLIM1-EGFP with an MCS. The pTT2-Neo vector for subsequent DNA
cloning was constructed by replacing pTT1-Puro PuroR sequences with sequences for

neomycin resistance.
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Names of plasmids cloned and details

pTT2-SGK1sh-Neo

pTT2-TXNIPsh-Neo

pTT2-ERK2sh-Neo

pTT2-FOXO1g-Neo

pTT2-TXNIPg-Neo

Human specific SGK1 shRNA under U6 promoter, with
constitutively expressed CMV promoter, with neomycin
selection marker; insert source: queried BlastN human RefSeq
RNA.

Human specific TXNIP shRNA under U6 promoter, with
constitutively expressed CMV promoter, with neomycin
selection marker; insert source: queried BlastN human RefSeq
RNA.

Human specific ERK2 shRNA under U6 promoter, with
constitutively expressed CMV promoter, with neomycin
selection marker; insert source: queried BlastN human RefSeq
RNA.

Human specific FoxO1 cDNA clone under constitutively
expressed CMV promoter, with neomycin selection marker;
insert source: Addgene #13507 [239].

Human specific TXNIP cDNA clone under constitutively
expressed CMV promoter, with neomycin selection marker;
insert source: NIH_MGC_310, Mammalian Gene Collection.

Names of other plasmids used and details

pTT1-Puro

pTT1-N-WASP-Puro

pTT2-Neo

Empty vector with multiple cloning site under constitutively
expressed CMV promoter, with puromycin selection marker

Human specific N-WASP cDNA clone under constitutively
expressed CMV promoter, with puromycin selection marker;
insert source: Dr Amrita Salvi, former colleague.

Empty vector with multiple cloning site under constitutively
expressed CMV promoter, with neomycin selection marker
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Appendix 2: List of ShARNAs generated for this study

Names of genes targeted, reverse primers R1 and R2, and sequences in lower case

Human
SGK1
shRNA

Human
CK1A1
shRNA

Human
ERK?2
shRNA

Human
TXNIP
shRNA

GTTCTCGAGaacagtgtgcaataagattgcCCGGTGTTTCGTCCTTTCCAC

CGGAATTCCATGGCAAAAAAgcaatcttattgcacactgitCTCGAGAACAGT
GTG

TAACTCGAGttatagagttaatgcagagtcCCGGTGTTTCGTCCTTTCCAC

CGGAATTCCATGGCAAAAAgactctgcattaactctataaCTCGAGTTA

CATCTCGAGatgttctcatgtctgaagcgcCCGGTGTTTCGTCCTTTCCAC

CGGAATTCCATGGCAAAAAA(gcgcttcagacatgagaacatCTCGAGATGTT
CTCATGTC

TTCCTCGAGgaatattcaactcgaaggatgCCGGTGTTTCGTCCTTTCCAC

CGGAATTCCATGGCAAAAAcatccttcgagttgaatattcCTCGAGGAA
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Appendix 3: List of real-time PCR primers for this study

Names of genes targeted and forward and reverse primer sequences

CTGGTGGCTGGAATTGACCGCTA

Human

MRPL27 CAAGGGGATATCCACAGAGTACCTTG
CAGAGGCTGCCATCTACCAC

Human

PKM2 CCAGACTTGGTGAGGACGAT
TTGGCCCAGACCCAACTA

Human

CTGF GCAGGAGGCGTTGTCATT
AAGGATGGGAAACTATTGTGGGA

Human

N-WASP GACGGCCCAAAAGGTCTGTAA
CTTCTCTCCGTCCTCGGATTCT

Human

cMyc
GAAGGTGATCCAGACTCTGACCTT
CATAGGAGTTATTGGCAAT

Human

SGK1 CTTCCATCTCACTAACCA
ACTCGTGTCAAAGCCGTTAGG

Human

TXNIP TCCCTGCATCCAAAGCACTT
TTATGACCGAACAGGATGATCTTG

Human

FOXO01

TGTTGGTGATGAGAGAAGGTTGAG
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