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1. Introduction

1.1. Cell Signalling

In order to maintain a state of homeostasis, it 1s essential for every cell to be able to monitor
its environment and respond appropriately (Kiiltz, 2005). Monitoring and responding to the
environment generally entails reacting to stimuli. Stimuli can originate from the external
environment, neighbouring cells, or the cell itself (autocrine signalling). Stimuli, such as
growth factors, hormones, and — of relatively new-found importance — reactive oxvgen
species are usually detected by receptor proteins on the cell surface (Son ef al.. 2011). The
receptor proteins transfer the signal from the external environment into the cytoplasm by
triggering a signal transduction cascade involving many proteins; usually kinases and
phosphatases (Jans, 1994).

Protein kinases are physiological catalysts, or enzymes, that facilitate the phosphorylation of
their specific substrates (Walsh et al., 1971). Phosphate groups are negatively charged
molecules that have the ability to bind to amino acids such as Serine, Threonine and Tyrosine
(Tavlor et al, 1995). Because phosphate groups are negatively charged, phosphorylation of a
target molecule can change its structure and thus convert it into its active or inactive
conformation (Westheimer, 1987). Protein phosphatases play the opposite role of
dephosphorylating their substrates at specific sites (Chen et al., 1992), thus also changing the
shape of the substrate and activating or inactivating it. In most cases, the kinase or
phosphatase phosphorylates, or dephosphorylates, and activates or inactivates more than one
protein, leading to the activation of more than one pathway (Jans, 1994). This phenomenon is
known as cross-talk.

Cross-talk is described as a complex interaction between cell signalling pathways, for
example between the MAPK and PI3K/PKB pathway (Mendoza & Blenis, 2011). There are
various points of cross-talk between these two pathways, for instance they can both be
activated by the same receptor protein and they can cross-activate, and cross-inactivate, one
another (Mendoza & Blemis, 2011). The fact that there are many examples of cross-talk
between just two pathways emphasises the complexity of cross-talk, as the possibilities of
cross-talk between all known pathways are seemingly endless.

The aim of signal transduction pathways is ultimately to elicit a response from the cell. This
is achieved by enabling specific proteins to enter the nucleus, where they can act as, or
activate, transcription factors (Silver, 1991). Activation of transcription factors leads to the
svnthesis of proteins responsible for the desired response, which is mostly cell proliferation,
survival or apoptosis (Silver, 1991). Thus, errors in cell signalling, no matter the origin, ofien
result in the transformation of normal cells to cancerous cells (Thompson, 1995).

It is therefore essential to better understand cell signalling and its involvement in cancer to
more effectively treat this disease. This unfortunately becomes complicated due to the fact
that different cell types behave differently. In fact, samples from the same type of tumour
acquired from different people may behave differently in terms of signalling. Many




specimens of the same sub-type of cancer must therefore be analysed in order to identify the
different tvpes of signalling within the same type of cancer. This will help to identify targets
for potential therapeutics.

Analysing these signal transduction pathways includes pathway manipulation where stimuli
and components of the pathway of interest must be investigated. For the purpose of this
research, the stimulus being investigated was reactive oxygen species (ROS) and the pathway
being manipulated was the Src/PKB/GSK3-[ pathway.

1.2. Reactive Oxveen Species in Cell Signalling

Cell signalling begins with a stimulus (Kiltz, 2005). These stimuli, such as hormones and
growth factors, have long been studied with respect to diseases associated with cell
signalling. However, ROS. a relatively new-found stimulus, has emerged as a signalling
molecule of great importance in terms of cell signalling-related diseases such as cancer

hPeIicanu et al., 2004).

Reactive oxygen species such as hydrogen peroxide (H>O;) are produced as by-prodlns of
cellular metabolism in aerobic organisms. These ROS play an essential role in signal
transduction, where they act as stimuli and secondary messengers (Nishikawa, 2008).
Although ROS are nns-ssary for cellular function, high concentrations - which lead to
oxidative stress — can damage or even kill cells by reacting with lipids, proteins and nucleic
acids (Sosa et al.. 2013).

Slightly elevated icvenuf ROS can, however, have different effects on cells as various cell
types have a range of capacities by which they respond to ROS. Because cancer cells tend to
pmduc;nnigher levels of ROS when compared to their non-transformed counter parts (Dang,
2012), they have to adapt to an oxidative environment in order to survive. Indeed, cancer
cells not only produce high levels of ROS: they tend to also accumulate ROS. They thus exist
in a consistently oxidative environment (Grek & Tew, 2010).

ROS tend to be particularly involved in the initiation and preservation of pathways involved
in cell survival and proliferation (Dahan et al, 2009). The oxidative environment which
cancer cells create, and exist in, is therefore conducive to the distinguishing it of
uncontrolled proliferation and prolonged survival. Thus, increased levels of ROS are thought
to be one of the main mechanisms by which the cancerous phenotype of transformed cells 1s

maintained (Gibellini er al., 2010).

The involvement of ROS in cell signalling pathways in human oesophageal squamous cell
carcinomas (HOﬁJC) are relatively unknown. Thus, HOSCC was used as the model for this
investigation as squamous ceflacarcinomas are of particular interest in terms of ROS-related
signalling. This 1s because Wlachata ef al. (2010) observed that ROS stimulate tumour
progression as well as angiogenesis in head and neck squamous cell carcinomas. ROS have

also been identified as kev plavers in epithelial-mesenchyvmal transition (EMT) in skin




squamous cell carcinomas (Lam ef al, 2013) and mammary epithelial cells (Cichon &

Radisky, 2014),

ROS are therefore important targets for cancer research, particularly in terms of squamous
cell carcinomas, as they are highly involved in both the transformation and maintenance of
the cancerous phenotype. Thus, in order to better understand the influence of ROS on cell
signalling in HOSCC cells, it is essential to gain a superior understanding of the pathways

triggered by ROS signalling.

1.3. ROS-triggered Signalling

The undeniable involvement of ROS iggghe stimulation of proliferation and survival pathways
in cancer cells (Groeger ef al, 2009) underscores the urgency to identify a component in a
signal transduction pathway that is crucial to these processes. Intensive investigations have
been undertaken over many vears to characterise a %m-‘ay involved in proliferation and cell
survival in terms of malignancy. This pathway is known as the mitogen-activated protein

kinase (MAPK) pathway, or the Ras-Ral-MEK-ERK pathway.

1.3.1. ROS signalling tniggers the MAPK pathway

In terms of oncogenesis, the MAPK pathway has often been identified as a component of the
origin and/or maintenance of the transfoaed phenotype in many types of cancers (Son ef al.,
2011). The MAPK pathway consists of a family of protein serine/threonine kinases that play
a major role iurausducing extracellular signals to the nucleus, stimulating cell growth and
proliferation (Son et al. 2011). This pathway is canonically activated by the Epidermal
Growth Factor Receptor (EGFR) (Wu ef al, 1993), however it is also affected by ROS
(McCubrey et al., 2000).

Just below the surface of the cell, Ras proteins are activated via Recepﬁr Tyrosine Kinases
(RTKs) such as EGFR that have been stimulated by their ligands, or by ROS in a ligand-
independent manner (McCubrey ef al., 2006). Ras proteins form part of the family of small
Guanosinetriphosphatases (GTPases). Active Ras goes on to activate Raf in the canonical
MAPK pathway, however Ras has other known downstream effectors such as
Phosphoinositide-3-Kinase (PI3K) (Rajalingam ef al., 2007) which will be discussed in

section 1.3.3.

Raf goes on to activate the MAPK/ERK Kinase (MEK), which leadﬂa the activation of
Extracellular Regulated Kinase (ERK) (McCubrey et al., 2006). ERK is associated with the




circumvention of apoptosis and the stimulation of proliferation (McCubrey ef al., 2006).
There are also receptor-independent ROS-mediated mechanisms whereby ERK becomes
active (McCubrey et af., 2006), vet inhibition of ERK and other components of the MAPK
pathway has little effect on tumours with hyper-activated Ras and EGFR proteins (Ishii ef al.,
2013). This hints at the activation of other pro-survival and proliferative pathways by Ras and

EGFR.

Thus, although the MAPK pathway (and its association with ROS) is well known, itﬁs

provided little promise with respect to therapeutic intervention (Rajalingam et al., 2007). It is
therefore essential to examine another. equally relevant pathway related to ROS signalling

and cancer, such as the Protein Kinase B (PKB) pathway.

1.3.2. The PKB pathway: a noteworthy contributor to transformation
PKB, also known as Akt, is central to the activation of many proteins involved in pro-

ﬂrvival and proliferative pathways as well as the inactivation of proteins involved in pro-
apoptotic pathways (see Fi 1.1). PKB becomes active in response to many stimuli such as
erowth factors and ROS, however, the canonical way by which it is activated is via

receptor tyrosine kinases (RTKs) on the cell surface (Hemmings and Restuccia, 2012).




..‘a i

£ W’lz?-v\.fl:? w -‘?urufu e'.yi'\_, @%

®

Sustvivil
penes

Figure 1.1 Multiple Signla Transduction Pathways Activated by PKB (Akt)

PEB 1s central to the activation of multiple signal transduction pathways. These include pro-survival
pathways, proliferative pathways and anti-apoptotic pathways. The activation of PKB thus presumably results
m cell survival and proliferation. Its aberrant activation often results in the transformation of cells and the

maintenance of the cancerous phenotype. Figure from Hemmings and Restuccia (2012),

Growth factors bind to and activate these RTKs, which recruit Phosphoinositide-3-Kinase
(PI3Kgeto the cell surface. resulting in its activation. PI3K is localised to the membrane by the
RTK which lﬁs to the subsequent activation of its 110 kDa catalytic subunit (Clerkin et al..
2008). The catalytic subunit of PI3K then phosphorylates phosphatidylinositol 4,5-
bisphosphate (PIP;) to generate the secondary messenger, phosphatidylinositold,-‘-l,S-
triphosphate (PIPs). PIP; recruits phosphoinositide-dependent kinase (PDK) 1, to the plasma
membrane (Ziemba er al, 2013) where it partially activates the co-recruited PKB by
phosphorvlating it at Thi308. PKB becomes fully activated (pPKB) when phosphorylated at
Serd73 by PDK 2 (see Figure 1.2) (Blanco-Aparicio et al., 2007).

The activation of PKB is negatively regulated by the protein tyrosine phosphatase Phosphate
and Tensin Homolog (PTEN)., which dephosphorylates PIP; (see Figure 1.2), thus inhibiting
the activation of PDK 1 (Hemmings and Restuccia, 2012). The inactivation of PTEN thus




leads to an increase in the abundance of pPKB, which has been associated with enhanced cell
survival, pmliferﬁon and invasion (Shukla ef al, 2007). Interestingly, H;O, a reactive
oxvgen species, oxidises and inactivates PTEN and other protein tyrosine phosphatases
(Leshie er al, 2003). The mechanism of activation of PKBE by ROS will be discussed in

section 1.3 .4.
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Figure 1.2, Canonical Activation Pathway of PKB (Akf)

PKEB becomnes canonically activated via the ligand-dependent activation of RTKs and the subsequent activation
of PI2K. This leads to a signal transduction cascade that results in the phosphorylation of PKB at Thr208 by
PDKI and Ser4 73 by FDKZ. This process is negatively regulated by PTEN, which inhibits the activation of

PDK1 by dephosphorylating PIP ; to generate PIP . Figure adapted from Hemmings and Restuccia (2012)

Because pPKB plays a central role in the activation of many pathways involved in cell

survival and proliferation, it is essential that the PKB pathway be studied with as equal an
intensity as the MAPK pathway. This is especially true considering the lack of progress the
MAPK pathway has produced in terms of therapeutic targets.

1.3.3. Cross-talk between the MAPK and PKB pathways

As mentioned previously, active Ras has the ability to activate PI3K which will ultimately
activate PKB. There are, however, other mechanisms by which the MAPK and PI3K/PKB
pathways affect each other. Indeed., depending on the upstream signal, these pathways can
cross-inhibit or cross-activate one another, as well as converge (Mendoza & Blenis, 2011).

An example of the cross-inhibition between these pathways is the inactivation of PKB by
MEK (Yu er al., 2002). Conversely, PKB negatively regulates Raf by phosphorylating sites
that inhibit its activation (Guan ef @/.. 2000). Thus, in untransformed cells, the MAPK and




PI3K/PKB pathways regulate each other to mediate growth and proliferative signalling (See
Figure 1.3). Therefore. when one pathway is inhibited, the other often becomes hvper-
activated. or, when one pathway is activated the other may become inactive.

These pathways also cross-activate one another, where MAPK signalling can activate
mammalian target of rapamycin complex 1 (mTORCI) — a downstream effector of pPKB.
However, as this activation 1s PI3K and PKB independent (Mendoza & Blems, 2011), this
particular instance of cross-talk between the pathways is not of interest for the purpose of this
research. The PI3K/PKB and MAPK pathway can also act in unison to phosphorvlate
downstream proteins involved in survival and proliferation of the cell (Mendoza & Blens,
2011). One such protein is the glycogen synthase kinase 3 B (GSK3- [), which will be
discussed in section 1.3.5.

RTK
Ras PI3K

Raf PKB

MEK

ERK

Figure 1.3, Cross-inhibition between the PI3K/PKB and MAFK pathways

Although both the MAPK and FI3K/PKB pathways may become activated by the same receptor tyrosine kinase
(RTK), they often have inhibitory effects on each other to prevent hyper-activation of a mutual dowustream

target. Green arrows indicate activating phosphorylations, while red arrows indicate inhibition.

1.3.4. ROS-dependent activation of PKB

As mentioned briefly in section 1.3.2, the activation of PKB in cells exposed to oxidative
conditicﬂms been found to be due PTEN oxidation and inactivation in various cell types
(Leshie ef al., 2003) (Silva ef al., 2008) (Zhang er al., n}?). Previous laboratory data,
however, indicate that this does not appear to be the case in HOSCC cells (Shaw, 2011). This
implies that there mav be a non-canonical meffanism by which PKB becomes activated in
response to oxidative conditions in HOSCC. It is thus necessary to investigate alternative
mechanisms by which PKB becomes active in the presence of ROS, other than via PTEN




inactivation or Ras activation. This is due to the apparent nrelevance of PTEN inactivation
via ROS in HOSCC cells, as Il as the lack of a solution to carcinogenesis provided by
MAPK pathway manipulation. The next candidate most likely to have a major influence on
the PKB pathway at this level, in terms of ROS, is the non-receptor tyrosine kinase Src.

Src is a proto-oncogene that forms part of the Src family kinases (S“S}. a family of
Serine/Threonine kinases with conserved homology. These kinases have been implicated in
cell signalling pathwavs involved in survival, proliferation, morphology, motility and
invasion (Parsons and Parsons, 2004). Src is inactive when phosphorylated at Tyr327 and
must be dephosphorvlated at this site in order for activation to occur. Once Src has been
dephosphorylated at Tyr527, it adopts an active, “open” conformation. This allows Tyr416 to
become autnahosphor_vlated, thus fully activating the protein (pY416 Src) (Giannoni ef al.,
2005). The abundance of Src phosphorylated at Y416 increases when cells are exposed to

exogenous H20; (Zhougang & Schnellmann, 2004).
1

Active Src has many substrates such as adaptor molecules, cytoskeletal proteins, other
kinases, as well as nucleotide-binding proteins (Parsons and Parsons, 2004). These substrates
include EGFR, Ras and PI3K (Arcaro ef al., 2007), all of which play a role in the
osphor}-']ation of PKB. pSrc itself may also interact directly with PKB (see Figure 1.4),
phosphorylating it at numerous tyrosine residues which allows for the activating
phosphorylation at Thr308 by PDK1 (Vojtechova ef al., 2008). It thus appears that pSrc may
play a major role in the activn:)n of PKB via various pathways, all of which can be activated
by ROS. In addition to this, there is a positive correlation between the abundance of pY416
Sre and invasiveness in HOSCC cells (Chen et af.. 2010).
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Figure 1.4, Proposed Mechanism of PKB Activation by ROS-induced Src Activation

Sub-lethal levels of ROS lead to an increase in the abundance of active (phosphorylated Tyr4 16) Src. It has
been found that H,O, stimulates the activation of PKB. This activation may be mediated by Src, which plays a
role 1 the activation of EGFR, Ras as well as PI3K. Green arrows represent activating phosphorylations, purple

arrows represent activating phosphorylations by Src

1

g{amining Sre, and not Ras or PI3K individually, is essential, as Penuel and Martin (1999)
found that inhibition of the individual pathways in chicken embl}nﬁbrob]asts did not block
transformation by v-Sre. In contrast, simultaneous inhibition of these pathways essentially
prevented transformation. This indicates that both pathways are involved in the
transformation activities of Src. It 1s therefore imperative to investigate the activation of Sre
in response to oxidative conditions in HOSCC cells. This will determine whether the alternate
pathway by which PKB becomes phosphorylated in response to oxidative conditions is, in
fact. related to the abundance of pSrc within the cell.

1.3.5. ROS signalling and PKB inactivate GSK3-p

Although the activation of PKB points to increased cell survival and proliferation, as well as
a decline in apoptosis, it is not enough to assume that this 1s the case. Thus, a downstream
effector of pPKB must also be monitored in response to pathway stimulation and
manipulation.




Glyveogen Synthase Kinase 3-f (GSK3-P) is a Serine/Threonine kinase involved in pro-
apoptotic signalling (Yoshino, 2015), where it degrades the pro-survival protein [-catenin
and cell cycle progression-related Cyclin D1 when active (Hardt & Sadoshima, 2002). A lack
of these proteins, due to active GSK3-B, thus presumably results in a lower rate of cell
survival and proliferation. Indeed, active GSK3-f has been associated with apoptosis, while
inactive GSK3-f§ phosphorylated at Ser® (pGSK3-fi) is associated with cell survival
(Paweletz ef al., 2001). It has been long known that GSK3-p is inactivated by PKB when it
becomes phosphorylated on the Ser9 residue (Cross ef al, 1995). An increase in
phosphorylation of GSK3- 5 on the Ser9 residue 1s thus associated with an increase in pPKB
abundance.

GSK3-p has recently been found to play a role in the reaction of the cell to oxidative stress,
where 1t becomes phosphorylated at the “inactivating” Ser9 residue in response to oxidative
conditions (Feng et al., 2013). However, although this phosphorylation is assumed to be
linked to PKB, little is known about the mechanism of the phosphorylation of GSK3-f in
response to ROS stimulation. Thus, this study will also seek to discover whether the
inactivation of GSK3-f in response to ROS is pPKB and/or pSrc related.

GSK3- p in particular is of interest to this study because of its contribution to tumourigenicity
in squamous cell carcinomas such as that of the cutaneous (Ma ef al., 2007). Thus, it can be
assumed that GSK3-B will play a similar role in the squamous cells of oesophageal
carcinomas,

1.4. Oesophageal Squamous Cell Carcinoma

Oesophageal cancer is the 8" most common cancer in the world and causes the 6" most
cancer-related deaths (Ferlay ef al, 2013). It is thus associated with an extremely poor
prognosis with a mortality to incidence ratio of 0.88 (Ferlay ef al.. 2013). It 1s, however, one
of the least studied subtypes of cancer. It is for this reason that HOSCC cells were used as a
model for this investigation. @
1

Squamous cells in particular, and not adenocarcinomas, were examined because HOSCC
mainly affects residents of developing countries such as South Africa, where black males are
highly susceptible. Approximately 6% of South African males are affected by this disease
(Ferlay ef al., 2013). It 1s thus essential that this type of cancer be understood in order to
attempt to better treat this disease that affects so many South Africans.

Previous laboratory data indicate that PKB becomes activated in HOSCC cells in the
presence of exogenous H:0s. This process does not, however, appear to occur due to
inactivation of protein tyrosine phosphatases or EGFR stimulation (Shaw, 2011). It is
therefore of interest to examine the possibility that the activation of PKB by H,0,in HOSCC
cells 15 mediated by Src. Src 1s particularly relevant because a decrease in Srcasm (Sre-
activating and signalling molecule), a molecule that inhibits Src activity, was observed in




Chinese HOSCC cells (Q1i ef al, 2010). This indicates that the activity of Src may be
increased in HOSCC cells, possibly leading to increased levels of pPKB and pGSK3-, and
thus hyper-proliferation and extended cell survival.

It 1s thus essential that the relationship between ROS, Sre, and the phosphorylation status of
PKB and GSK3-f} be examined. This investigation was therefore performed in an attempt to
better understand and perhaps identify a target for potential treatments of oesophageal
squamous cell carcinomas — a devastating tumour that affects numerous South Africans.

1.5. Aim and Objectives

The aim of this investigation was to determine the role of Src in the phosphorylation of PKB

and GSK3-f in an oxidative environment. The objectives were as follows:

e To determine the impact of an oxidative environment on the abundance of pSre,
pPKB and pGSK3-f in HOSCC cells. This was performed in order to establish
whether Sic plavs a role in the phosphorylation of PKB in response to ROS
stimulation. The effectiveness of the PKB activation was determined by examining
the abundance of pGSK3-, a downstream effector of pPKB.

e To determine the role of Src in the phosphorylation of PKB and pGSK3-f by
inhibiting Sre. The abundances of pPKB and pGSK3-J were investigated in response
to Src inhibition to identify the role of Src in their phosphorylation status under
standard tissue culture conditions.

s To determine the role of Src in the phosphorylation of PKB and pGSK3-p in response
to ROS stimulation. The abundance of pPKB and pGSK3-p were investigated i
response to Src inhibition in an oxidative environment. This was performed to
determine the role of Src in the phosphorylation of PKB and GSK3-p in cells
undergoing oxidative stress.

e Results

o  HOSCC cells express differential levels of pSrc, pPKB and pGSK3-§

To detect the relative abundances of pSrc, pPKB, pGSK3-p and Actin, the whole cell
protein contents extracted from untreated HOSCC and control cell lines, grown to 80 %
confluency under standard conditions, were separated by SDS PAGE and underwent
immunoblotting (as described in the methods and materials section). Unless otherwise
stated, pGSK-f indicates the inactivating phosphorylation at the Ser9 residue.

It should be noted that the changes in the phosphorylation status of proteins in response to
stimuli is at a pM level. Thus, detecting these small changes can be challenging,




Therefore, a seemingly small and insignificant change in a phospho-site may have an
impact on the cell in terms of signalling.

Detecting these proteins in the untreated cells under standard tissue culture conditions
served to confirm the presence or absence of the specific phospho-sites on the proteins of
interest. The inclusion of the Western blot detecting Actin serves to demonstrate accurate
loading of equal amounts of protein, as cytoskeletal protein expression remains
unchanged across different cell lines (See Figure 3.1 D). The cell lines A431 and H1299
were used as comparative controls for pSre, and pPKB and pGSK3-p respectively as they
contain high levels of these phospho-proteins. This was necessary due to the
unavailability of untransformed oesophageal squamous cells to be used as a companson.

All the HOSCC cell lines as well as the A431 control cell line, but not H1299 cells,
expressed detectable levels of pSrc (See Figures 3.1 A). The untreated WHCO3 cell line
did not express detectable levels of pPKB (See Figures 3.1 B), while the SNO cells did
not display detectable levels of pGSK3-p (See Figures 3.1 C). Performing densitometry
on these Western blots allowed for the semi-quantification of the intensity of the bands
present on the blots (See Figure 3.2). The densitometric values confirmed that there are
indeed differences in the amounts of the proteins phosphorylated at specific sites across
the different cell lines.

WHCO1  WHCO3 WHCOS5 WHCO6 SNO A431 H1299
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Figure 3.1, Differential Abundance of pSre, pPKB and pGSK3-p in HOSCC and control cells

al

The relative abundances of A) pSrc, B) pPEB. C) pGSK3- P and D) Actin across the 5 untreated HOSCC cell
lines (WHCO L, WHCO3, WHCOS, WHCOG and SNO) as well as the untreated A431 and H1299 control cell
lines detected by Western Blotting. Actin (D) was used as a control to ensure that loading was accurate and of

equal amounts.
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Figure 3.2, Different abundances pSrc, pPKB and pGSK3-f§ in HOSCC and control cell lines reflected semi- Representati
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mear
intensities of the bands present on Western blots in figures 3.1. A) depicts the mean densitometric values
obtamed from Western blots detecting psSrc a.iie untreated cell lines, while B) and C) represent those on the
Western blots detecting pPKB and pGSK3-p respectively. Error bars represent the standard error mean (SEM)

of the replicates,

o  HOSCC cells respond dissimilarly to ROS stimulation

The effect of ROS stimulation on the Sre/PKB/GSK3- B pathway was analysed to determine
whether oxidative conditions have an effect on the phosphorylation status of these proteins,
and thus presumably cell survival, proliferation and ultimately carcinogenesis. This was
performed by exposing HOSCC and control cells to 1 mM H>O; for 1 hour. This particular
concentration of H,0, was used because the addition of submillimolar levels of H,0; has
been found to be more effective at causing DNA lesions, which could have a profound impact
on the results (Nakamura, 2003). High levels of H>O; have been found to be lethal to
mammalian cells, whereas 1 mM has been used frequently to induce oxidative stress in cells
(Janero, 1993) (Kobayashi, 2005) (Miguel, 2009) and has previously been used to induce




oxidative stress in HOSCC cells in our laboratory (Shaw, 2011). H,O, was also used as the
representative ROS because Forman er al. (2010) found that, of all the ROS, H-O, satisfies
the requirements of being a secondary messenger best.

The cells were exposed to oxidative conditions for 1 hour because a titration performed
previously determined that the cells are most responsive in terms of changes in
phosphorylation after 1 hour. The oxidation of proteins 1s also thought to be reversible,
therefore allowing the cells to remain in an oxidative environment for too long risks missing
the full effect of the oxidative conditions on the cells. There is also a nisk of the antioxidants
within the cells neutralising the ROS if the treatment is applied for too long.

The densitometric analysis of biological replicates depicting the response of HOSCC and
control cells to ROS stilmajon are displaved as bar graphs below. The bars represent the
mean change in expression relative to the untreated control. while the error bars represent the
standard error mean (SEM) of the replicates. An asterix above the bar indicates that the
change in phosphorylation of a signalling intermediate is statistically significant, with a p-
value less than 0.05.

The abundance of pSrc in all cells lines was calculated relative to the abundance in Ad31
cells, while pPKB and pGSK3-p levels were calculated relative to the abundance in H1299
cells. These cell lines were thus used as loading controls for the respective proteins, allowing
for the comparison of Western blots performed separately by controlling for day-to-day
variation. This control for vanation was practiced over all experiments performed.

Although the conditions under which the cells were cultured were attempted to be kept as
standard as possible, some variation (displayed as error bars) did occur. Because ROS levels
can potentially be altered by stress, small differences in conditions can result in seemingly
large variations in the abundance of sensitive phosphorylation sites. This 1s particularly true
of proteins more sensitive to oxidative conditions.

With the exception of WHCOG6 cells which responded with a significant increase in the
abundance of pSre, all HOSCC and control cell lines displayed unchanged levels of pSrc in
response to ROS stimulation (See Figure 3.3). ROS stimulation appeared to increase the
abundance of pPKB in all cells lines other than SNO. However, due to variation, the only
increase that can be said to be significant was again in the WHCOG cell line.

Interestingly, the abundance of pGSK-3B decreased sigmificantly in WHCO6 cells in
response to ROS stimulation. The abundance of pGSK-3p also decreased significantly in
WHCO3 cells, whereas WHCOI and SNO cells responded to ROS stimulation with a
significant increase in pGSK-3p abundance.




pSrc

[+1] [=1]
: - £
™~ ~
— L
xr =
Ll —i
S i —— -
= =

o
= T—nm
(%] wy

[T=]
9 3
»— I . -
v =

- o

o] o o]
{ 3 — :
= L
= =

o
e} o
T_lM o
=
s z
= —i
E 8
— 2
= z

m m m m _.__..I._u_ m :_UJ = m m (=] o o [=] [=] o o [=]
m m ™~ ~ — — . 1__ (T~ w = Lia ] ~ — Ll_ﬁ

|043U0I Pajealiun 0} aAlle|al uoissaidxy gy 1041U03 pajeanun o} annejal uolssaidxy




C pGSK3-B

100

50

m

D T
WHCO1 Wi 3 WHCOS Wi 6 SNO ﬂ]i—‘-_ H1299
-50
&
*

-100

Expression relative to untreated control

Figure 3.3, Changes in the abundances of pSrc, pPKB and pGSK3-p in HOSCC and control cell lines
responding to ROS stimulation

Representation of the mean changes in intensities (compared to untreated controls) obtained from biological

replicates of HOSCC and control cells stimulated with ROS (I mM HzO; for 1 hour). Semi quantitative
ntensities originate from densitometric analysis of Western blots detecting A) pSre, B) pPKB and C) pGSK3-p
m the above-mentioned cells. Error bars represent the SEM of the replicates, while an asterix represents

statistical significance (p < 0.05). See Table B2-4 for means, SEMs and p-values.

The experiments involving ROS stimulation indicate that oxidative conditions do not have an
effect on pSrc levels in all HOSCC cell lines besides WHCOG6. They also indicate that
oxidative stress may lead to an increase the abundance of pPKB, however this increase
cannot be said to be significant in most cell lines, and had varving effects on the abundance
of pGSK3-B. The effect of Src on these signalling intermediates was thus determined under
standard tissue culture conditions — in the absence of ROS — in order to establish the
relationship between pSrc and the activation status of PKB and GSK3-p. This was achieved
by inlubiting Sre with 10 nM KX-01, a specific inhibitor that targets the substrate pocket of
Src. This concentration is consistent with the IC50 values (9 — 60 nM) provided by the
distributers.

Because of the nature of this inhibitor, the abundance of pSrc was not expected to change in
response to being treated with KX-01 (See Figure 3.4 A). This is because KX-01 binds to the
substrate-binding pocket but does not prevent the protein from being phosphorvlated. In fact,
in order for the inhibitor to work, Src must be phosphorvlated at Y416 so that it is in its
“open” conformation which allows for KX-01 to bind to the active site. The downstream
signalling intermediates affected by Src should, however, be altered in response to the
inhibition of Src.




The changes in the abundance of phosphates on the sensitive phosphorylation sites of the
proteins of interest are again displaved as a mean of biological replicates performed.
[Ehibition of Src resulted in a significant decrease in the abundance of pPKB in the WHOCI,
WHCOS and WHCOG6 cell lines. The levels of pPKB in the SNO and A431 cells remained
mostly unchanged in response to Src inlibition, while interestingly the H1299 cell line
displayed an increase, albeit insignificant, despite displaying undetectable levels of pSre (See
Figure 3.4 B).

Although the levels of pPKB generally decreased in response to Sre inhibition, the significant
changes in pGSK3-p are represented as increases in WHCO3S, SNO and H1299 cells. The
levels of pGSK3-f§ decreased significantly in WHCO3 cells despite them containing
undetectable levels of pPKB, whereas the levels in WHCOI1, WHCO6 and A431 cell lines
appear to be unchanged (See Figure 3.4 C).
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Figure 3.4, Variations in the abundances of pSrc, pPKB and pGSK3- in HOSCC and control cell lines
responding to Src inhibition

Changes in the abundances (compared to untreated controls) of A) pSre, B) pPRB and C) pGSK3-p in HOSCC
and control cell lines responding to Src inhibition (10 nM KX-01 for 1 hour). Bars of the graphs represent the
mean intensities of Western blots detecting the appropriate proteins in biological replicates, while error bars
represent the SEM. An asterix indicates statistical significance (p > 0.05). See Table B5-T for means. SEMs and

p-values.

o Src_inhibition under oxidative conditions increases the abundances of both
pPKB and pGSK3-B

Both oxidative stress as well as Src inhibition had an effect on the levels of pGSK3-f and
pPKE (although less notably in terms of oxidative stress). The role of Src in the activation of
PKB and inactivation of GSK3-B under conditions of oxidative stress thus needed to be
determined in order to better understand the effects of ROS on signalling intermediates
implicated in carcinogenesis. This was achieved by stimulating the cells with ROS, while
simultaneously inhibiting Src.

A combination of Src inhibition and oxidative stress did not have a dramatic effect on most
cells with respect to pSrc abundance. There was, however, a major significant increase in
pSrc abundance in WHCOG cells and a less noteworthy but significant decrease in WHCO3
cells (See Figure 3.5 A). These results highlight the fact that the Src inhibitor does not have
an effect on the phosphorvlation of Sre itself, as the resultant increase in pSrc in WHCOG6
cells is highly similar to that of ROS stimulation alone. The small but significant decrease in
pSrc abundance in WHCOS cells indicates that the decrease in response to oxidative
conditions alone may have been significant had the results been refined.




All cell lines with detectable levels of pPKB responded to Src inhibition coupled with ROS
stimulation with an increase in the abundance of pPKB (See Figure 3.5 B). These increases
were significant in the WHCOS5 and SNO cell lines. Other than WHCO3 cells which
displayed an insignificant decrease, the abundance of pGSK3-f in the cells increased in
response to a combination of ROS stimulation and Src inhibition (See Figure 3.5 C). The
increases were significant in WHCO3, A431 and H1299 cells.
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Figure 3.5, Changes in Abundance of pSre, pPKB and pGSK3-p in HOSCC and control cells responding to Src
inhibition under oxidative conditions
Changes in abundance of A) pSre, B) pPRB and C) pGSK3-f from the untreated controls depicted as mean

densitometric intensities. Results were obtained from Western blots performed on biological replicates of
HOSCC and control cell lines responding to Src inhibition under oxidative conditions. These intensities are
semi-quantitative representations of the bands present on the Western blots. Error bars represent the SEM of
the replicates and an asterix symbolises statistical significance (p > 0.05). See Table BS-10 for means, SEMs

and p-values

o Discussion

The role of ROS as a cellular stressor has received a great deal of attention in recent vears.
An increase in ROS at sub-lethal doses may induce several cellular processes that have an
influence on critical events such as cell survival and proliferation. The possibility that ROS
stimulation of the Src-PKB-GSK3-f pathway has a significant input in this regard was
investigated. Specifically. HOSCClls were exposed to oxidative conditions, Src inhibition,
and a combination of the two to determine the possible role played by Src in the
phosphorylation of PKB and GSK3-f in terms of ROS stimulation. It is imperative that
detailed knowledge of these signalling pathways, and their aberrant counterparts, in response
ritica] stressors 1s acquired. This is necessary in order to obtain superior knowledge of the
signal transduction pathways that enable the prolonged survival and hyper proliferation of
cells. Moreover, such information is crucial if a testable marker for HOSCC is to be
identified

ROS stimulation did not have a significant effect on the abundance of pSrc and pPKB in the
HOSCC and control cell lines other than WHCOG6, which displaved a significant increase in
both intermediates. Despite this, the levels of pGSK3-p increased insignificantly in WHCOS,
significantly in WHCOI and SNO, and decreased significantly in WHCO3 and WHCOG cell




lines in response to ROS stimulation. The levels appeared to be unchanged in the A431 and
H1299 control cell lines.

The behaviour of the signalling intermediates in WHCOG cells in response to oxidative stress
indicates that ROS activate Src, which in turn activates PKB. The decrease in the inhibitory
phosphorylation of GSK3-f is however contradictory to the “pro-survival™ responses in the
above mentioned intermediates, as it is well known that pPKB phosphorylates GSK3- p at the
Ser 9 residue to avoid apoptosis (Cross ef al., 1993).

This decrease in the abundance of GSKS3- on the Ser 9 residue may be due to the activation
of the SFK Fvn. As with Sre, Fyn becomes activated upon stimulation with H,0; (Frossi et
al., 2007). However, unlike Src, Fyn has been reported to activate GSK3-, and therefore
presumably decrease the phosphorvlation on Ser 9 (Medina & Wandosell, 2011). Thus,
WHCOO cells may contain higher abundances of Fyn than the other HOSCC cell lines,
however it is almost impossible to determine whether this is true as Src and Fyn have the
same molecular mass.

ROS stimulate more than one pathway corresponding to PKB and GSK3-f. Thus, despite the
lack of response by pSrc and pPKB, there was an increase in the abundance of pGSK3-p in
WHCOI1, WHCOS and SNO cells responding to oxidative conditions. This increase could be
due to the MAPK pathway. The MAPK pathway has been instigated in the phosphorylation
of both PKB and GSK3-p. However, the MAPK pathway also has a negative regulatory
effect on the activation status of PKB (Yu ef a/., 2002), as mentioned in section 1.3.3. ERK, a
member of the MAPK pathway., is known to regulate the PKB pathway tightly by
inactivating PKB when the pathway appears to be signalling too strongly (Havashi et al.,
2008). Thus, by activating the MAPK pathway. the cell may essentially be by-passing the
Sre-PKB pathway to phosphorylate GSK3-B (See Figure 4.1). In addition to this, pPKB
inactivates Ras (Mendoza & Blenis, 2011). Thus, by inactivating PKB, the MAPK pathway
may be further activating itself and therefore phosphorylating GSK3-p at the Ser 9 residue
independently of Src and PKB.

The fact that the levels of pPKB did not decrease may also implicate vet another pathway that
is activated via ROS. The Wnt pathway, although less documented, is also known to become
activated by oxidative conditions (Korswagen, 2006). The main role of the Wnt pathway is to
increase survival by allowing for the accumulation of B-catenin in the cell. It does so by
phosphorvlating GSK3-p at the ser 9 residue, as active GSK3-p targets P-catenin for
destruction (Hardt & Sadoshima, 2002). There is also evidence of crosstalk between the Wnt
and PKB pathway, where Wnt has been found to activate PKB (Fukumoto ef al., 2001).

Thus, although pSrc and pPKB do not become phosphorylated in the majority of HOSCC
cells in response to ROS stimulation, pGSK3- [ may become phosphorylated by two
pathways: one of which inhibits PKB phosphorylation while the other actives PKB.
Therefore, the levels of pPKB remain unchanged in WHCO1, WHCO3 and SNO cells while
the levels of pGSK3- B increase (See Figure 4.1).
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Figure 4.1.Proposed pathway by which the abundances of pSrc and pPKB remain unchanged, while that
pGSK3-p increases in WHCO1, WHCOS and SNO cells
It 15 proposed that ROS stunulate the MAPK and Wat pathways in the WHCO1, WHCOS and SNO cell lmes

ROS do not appear to activate Src or PKB in these cell lines, however the abundances of pGSK3 - increased. It
1s therefore thought that the MAFK pathway inhibits PKB, while the Wnt pathway activates it — resulting in the
levels of pPKBE being unchanged. On the other hand, both of these pathways inhibit GSK2- [ by
phosphorylating it on the Ser 9 residue. The abundance of pGSK2-p thus increases independent of pSre and
PPKB. Green arrows depict an mcrease in the phosphorylation of the respective proteins, while the red arrow

indicates imbhubition of PKB

pSre plays a PKB-independent role in the activation status of GSK3-p

The abundance of pSrc did not change significantly in any of the cell lines in response to Src
inhibition. This was expected due to the nature of the inhibitor, as explained previously. Src
inhibition did, however, result in a significant decrease in pPKB levels in three of the four
cell lines that contain detectable levels of pPKB. The abundance of pPKB appeared to
increase in the H1299 cell line, however this increase was insignificant. The decrease in the




levels of pPKB in response to Src inhibition confirms that Src does indeed play a role in the
activation of PKB in HOSCC cells under standard tissue culture conditions, as the abundance
of active PKB in these cells decreased significantly when Src was no longer active.

The significant increase in pGSK3-p in WHCOS and SNO cells and the insignificant increase
in WHCOI1 cells indicates that the activation status of pGSK3-f is influenced by Src
inhibition in a PKB-independent manner. This 1s due to the fact that pGSK3-p 1s a
downstream effector of PKB and should thus decrease as the levels of pPKB decrease.

This again points to the influence of other pathways in the inactivation of GSK3-ff in HOSCC
cells. By inhibiting the activities of pSrc and thus decreasing the abundance of pPKB in these
three cell lines, other pathways may have been activated in an attempt to avoid apoptosis, as
pSrc 1s considered to be pivotal in cell survival. The most likely pathway to be activated is
again the MAPK pathway, as the p38 MAPK is known to respond to many tvpes of cellular
stress (Zhang & Liu, 2002). In addition to this, as described previously, the PKB pathway has
an inhibitory effect on the MAPK pathway. Thus, in the absence of active PKB, the MAPK
pathway may become hyper-activated.

The activation of the p38 MAPK via the MAPK pathway should result in an increase in
pGSK3-B (Zhang & Liu, 2002). This pathway will also activate ERK, which will lead to the
inactivation of pPKB (Zhang & Liu, 2002). The inhibition of pSrc may have also led to a
decrease in activity in PI3K and the Wnt pathway. which would further decrease the
abundance of pPKB within the WHCO1, WHCO35 and SNO cells (See Figure 4.2).

WHCOO cells also displaved a significant decrease in pPKB levels in response to Src
inhibition, however the levels of pGSK3- [ did not change significantly. This could be due to
the inhibition of Fyn by KX01 as the abundance of pGSK3- [} was unchanged, whereas a
decrease was noticed when Fyn was presumably activated by ROS. This highlights the lack
of symmetry between the levels of pPKB and pGSK3- § in WHCO6 cells and implies that
(GSK3-p is phosphorylated independently of pPKB in this cell line.

Interestingly, there was an increase in the levels of pPKB and a slight yet sigmficant increase
in pGSK3-p in H1299 cells in response to Sr¢ inhibition. This was unexpected, seeing as
H1299 cells do not display detectable levels of active Src. There is however a possibility that
the inhibitor affects the abundance of pSrc at a level below what is detectable by the Western
blotting technique applied in aid of this study.

WHCO3 cells displayed a significant decrease in the abundance of pGSK3- i in response to
Src inhibition. WHCO3s are however known within the laboratory to behave differently to
the other cell lines, often for reasons that have yet to be discovered (Nerwich, 2013) (Shaw,
2011) (Fanucchi, 2011).
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Figure 4.2, Proposed pathway by which the abundance of pGSK3- B increases in response to Src inhibition,
despite a decrease in pPKB abundance in WHCO 1, WHCOS and SNO cells

It 15 proposed that the inactivation of Src incites a stress response i the WHCO L, WHCOS and SNO cells.
which leads to the activation of the MAPK pathway. The MAFPK pathway has the potential to decrease pPRB
abundance while mcreasing pGSK3-fi abundance via the p38 MAPK. The lack of Src activity may also
decrease the activation of PI3K and the Wnt pathway, which will further decrease the abundance of pPKB
within the cells. Green arrows depict an increase in the phosphorylation of the respective proteins, while the

red arrow mdicates inlubition of PKB. The red cross 1s indicative of Sre mhibition.

o pSrc mav inhibit pPKB activation in response to oxidative stress

The levels of pSrc after exposure to oxidative conditions coupled with Src inhibition are not
dissimilar to those exposed to oxidative conditions only. This underscores the fact that the
Src inhibitor does not alter the phosphorylation status of Src. However, a slight vet significant
decrease in pSrc abundance was observed in WHCOS3 cells, which displaved an insignificant
decrease in pSrc levels in response to ROS stimulation only. This indicates that oxidative
conditions alone may result in a significant decrease in pSrc in WHCOS cells if the results
were to be refined.

Src inhibition under oxidative conditions resulted in an increase in pPKB across all cell lines
that display detectable levels of pPKB. The increases were significant in the case of WHCO3
and SNO cells. Although the increase in pPKB abundance in WHOCI cells remains
insignificant, there was a visible increase in the levels when compared to those obtained from
exposure to oxidative stress alone. The same can be said for the A431 cell line.




The abundance of pPKB in WHCO3 cells did appear to decrease when compared to ROS
stimulation only, however the error bar also decreased to the point that difference from the
control became significant. This implies that the levels of pPKB may in fact be higher in
response to Src inhibition under oxidative conditions when compared to the response to
oxidative conditions alone, as the results are far less erratic. The levels of pPKB in WHCO6
and H1299 cells did not change very much when the Src inhibitor was applied in conjunction
with the oxidative conditions compared to oxidative conditions alone. However, in SNO
cells, the difference was visible and significantly higher.

The results indicate that active Sr¢ may actually inhibit the phosphorvlation of PKB n
response to oxidative conditions in WHCO1, WHCOS3, SNO and A431 cells. Conversely,
inactivating Src does not appear to have an effect on the activation status of pPKB in
WHCO6 and H1299 cells undergoing oxidative stress as the results are similar to those after
exposure to oxidative conditions only. The abundance of pGSK3-B in WHCOG6 cells did,
however, increase under oxidative conditions coupled with Src inhibition, whereas a decrease
was observed under oxidative conditions only. This indicates that Src may play a role in the
activation (decline in inhibitory phosphorylation) of GSK3-§ under oxidative conditions in
WHCOG6 and possibly H1299 cells. This falls in line with the notion that Fyn plays a role in
GSK3-p activation in these cells because, if Fyn is inhibited by KXO0I, it cannot activate
GSK3-B. This will allow pPKB to phosphorvlate GSK3- [ at Ser9.

In the case of WHCO1, WHCOS, SNO and perhaps A431 cells, the evidence again points to
the MAPK pathway. ERK activation, which can inhibit PKB, has been found to be Src-
dependent (Lee, 20006), particularly under oxidative conditions (Aikawa, 1997). Inhibition of
Src thus allows for the activation of PKB by disabling the activation of ERK. Thus, ROS
could be activating the MAPK, Wnt and PI3K (through RAS) pathways, which all lead to the
phosphorylation of PKB and GSK3- B (see Figure 4.3).

In order to confirm whether these experiments are in fact activating the above-mentioned
pathways, a reliable way to isolate the Src-PKB-GSK3- pathway and thus determine the
effects of ROS on this pathway in a more secluded manner must be found. Because the A431
skin epidermoid carcinoma cells responded similarly to four of the five HOSCC cell lines
with respect to Src inhibition under oxidative conditions, it would also be useful to determine
whether the observed reaction applies to other forms of squamous cell carcinomas,




RAS - PI3K . Wnt

P38
RAF
MAPK .~ -

MEK
pGSK3-B

(Ser 9)

Figure 4.3.Froposed mechanism by which pPKB and pGSK3- f become activated in WHCO1, WHCOS and
SNO cells respending to Src inhibition under oxidative condifions

It is proposed that, in the absence of Src, ERK does not become activated under oxidative conditions. This
allows for the activation of PEB via the MAFK, Wnt and PI3K (via RAS) pathways by ROS. These pathways. as
well as pPKB, all phosphorylate GSK3- [ at the Ser 9 residue. Thus, WHCO I, WHCOS and SNO cells display
an increase in the abundance of both pPKB and pGSK3- P in response to Sre inhubition coupled with ROS
stimulation. Green arrows depict an increase in the phosphorylation of the respective proteins, while the red
arrow indicates inhibition of PKB. The red crosses are indicative of inhibition. Sre is inhibited by KX-01,

while ERK activation under oxidative conditions is Sre-dependent.

e Conclusion

It appears that, in three of the five HOSCC cell lines (WHCO1, WHCOS5 and SNO), Src
inhibits the phosphorvlation of PKB, but not GSK3-p. under oxidative conditions. This is
likely to occur via activation of the MAPK pathway which can play a negative regulatory role
in the PKB pathway by inhibiting PKB activation (Yu ef a/., 2002). The MAPK pathway still
has the capacity to phosphorvlate GSK3- [ at the Ser 9 residue, even in the absence of pPKB,




while other pathways stimulated by ROS, such as the Wnt pathway, can also phosphorylate

GSK3-p.

The behaviour of the WHCO6 and WHCO3 cell lines deviates from the pattern observed in
the other HOSCC cells. It has been shown previously that WHCO3 cells often behave
differently to the other HOSCC cell lines (Nerwich, 2013) (Shaw, 2011) (Fanucchi, 2011),
although the reason for this has vyet to be elucidated. The behaviour of WHCO6 cells,
however, may lﬁxplaincd by the activation of Fyn, a SFK that is also activated by ROS
stimulation vet plays a role in the activation of pGSK3-B (resulting in a decline in the
abundance of the Ser 9 phosphorvlation).

The control cell lines A431 and H1299 also behave differently as the reactions of A431
appeared to be similar to the WHCO1, WHCOS and SNO cell lines, whereas that of H1299
was sometimes similar to WHCOG. It is unsurprising that these cell lines behave differently
as A431 cells were derived from epidermoid carcinoma, while H1299 cells were derived
from non-small cell lung carcinoma. The alignment of the behaviours of the respective
HOSCC cell lines with these control cell lines is also not entirely surprising, as they are both
squamous cell carcinomas. However, the fact that three of the five cell lines behave similarly
to A431s, one behaves similarly to H1299s, and one does not behave similarly to any of the
above-mentioned cell lines highlights the differences between HOSCC cell lines derived
from different patients.

The differences in these cell lines also emphasises the fact that cross-talk plays a major role
in the transformation and maintenance of cancer cells. It is clear that further research must be
undertaken in order to understand the intricacies involved in the cross-talk between the
MAPK., Sic/PKB/GSK3-f and Wnt pathwavs. The comprehension of these complicated
pathways is essential for the ultimate treatment of this devastating disease.

Thus, the need to identify a variety of testable markers for HOSCC i1s underscored. Although
the cell lines investigated in this study are all moderately differentiated carcinomas, the path
to becoming a tumour can vary from person to person. With more testable markers available,
the treatment of this disease that affects so many South Africans may become easier and
more successful.

[ believe that inactive Src¢ (phosphorylated at Y527) in HOSCC cells with elevated ROS
levels could potentially be one of these markers, as Src inhibition under ROS stimulation led
to an increase in pPKB and a decrease in GSK3-f activation in four out of five HOSCC cell
lines. This is most noteworthy, as an increase in inactive GSK3-p has been found to
significantly increase cell growth (Wang ef al.. 2008), while an increase in pPKB has been
found to enhance cell proliferation in HOSCCs (Gen ef al., 2013). It should also be noted that
similar behaviour was observed in A431 cells. Thus, inactive Src present in HOSCC cells,
and possibly other squamous cell carcinomas, undergoing oxidative stress may be a
contributing factor to the carcinogenesis of these cells.
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