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Summary
Colorectal cancer (CRC) is one of the most prevalent cancers worldwide and is the
second deadliest form of cancer within the UK. The majority of CRC arises
sporadically, as a result of epigenetic alterations transforming normal epithelium to
malignant adenocarcinoma. CRC is highly metastatic and as a solid state tumour
possesses regions of hypoxia, which promote metastasis. There is evidence for the
involvement of the A Disintegrin And Metalloproteinase (ADAM) family in cancer
progression and the hypoxic tumour microenvironment, however ADAM 10 is one of
the least characterised members in the context of hypoxia-mediated cancer progression.
ADAM 10 is strongly implicated in the regulation of normal colon biology, with an
ADAM 10 knockout mouse model displaying embryonic lethality. Therefore, ADAM
10 is a key target of CRC research, to determine what effect hypoxia has on ADAM 10
and what implications this may have in the context of CRC progression.
In this study, CRC cell lines were examined to characterise the effects of severe hypoxia
on ADAM 10. Exposure to severe hypoxia induced an alteration to ADAM 10
expression at both protein and transcript levels, with a previously un-reported doublet
band seen for mature ADAM 10 at protein level. The doublet is believed to be a
hypoxia-mediated post-translational modification, potentially through alterations in
ADAM 10 glycosylation. No effects of either severe hypoxia or ADAM 10 knockdown
were seen on CRC cellular migration. However, a downregulation in cellular viability
was observed in HCT116 cells after ADAM 10 knockdown, independently of hypoxia,
indicating a role of ADAM 10 in the regulation of CRC cell viability. Attempts to
elucidate the underlying mechanisms behind this revealed a role for ADAM 10 in the
regulation of c-MYC and CCND1 expression in HCT116 cells, however no effect on
cell cycle progression was observed after ADAM 10 knockdown. This study has
identified an important role for ADAM 10, independently of hypoxia, in the regulation
of CRC viability, which may promote the progression and metastasis of CRC.
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1.1

Cancer

Cancer is one of the most prevalent diseases affecting society worldwide and is a key
target of medical research across the world. With hundreds of different types of cancer
affecting millions of people every year, one of the main focuses of cancer research is on
increasing the existing knowledge of tumour development and the subsequent
development of improved diagnostics and therapeutics to help combat the disease
(Hanahan and Weinberg, 2000). The mechanisms behind tumourigenesis vary greatly
amongst the different types of cancer, and for the main part remain unknown. However
the complexity of the origins of cancer poses numerous questions to be addressed when
attempting to identify these underlying mechanisms (Hanahan and Weinberg, 2000). In
2000 Hanahan and Weinberg suggested that there are six main alterations in the
physiology of cells that lead to the development of tumours. These are sustained
angiogenesis, resisting cell death, evading growth suppressors, tissue invasion and
metastasis, self-sufficiency in growth signals and replicative immortality (Hanahan and
Weinberg, 2000). In 2011, the hallmarks were revisited and updated, to include two
further hallmarks which encompass progress within the field, as seen in Figure 1.1.The
authors implicated these eight acquired capabilities of cells in the development of the
vast majority of cancer types, although they acknowledged that the sequences of events
leading to tumour development will vary (Hanahan and Weinberg, 2000, Hanahan and
Weinberg, 2011). The hallmarks of cancer, as they became known, have subsequently
become key topics on which cancer research focuses, trying to understand how these
acquisitions arise and how they can be exploited for therapeutic targeting.

1.2

Colorectal Cancer

Colorectal cancer (CRC) is the fourth most common cancer in the UK and is defined as
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Figure 1.1: The Hallmarks of Cancer
There are eight hallmarks of cancer defined by Hanahan and Weinberg (2011), plus two
additional characteristics which are believed to promote the onset of cancer (genome instability
and tumour-promoting inflammation). Originally developed in 2000, the hallmarks encompass
characteristics that cells will acquire some of or all of during their transformation to
malignancy. Figure adapted from Hanahan and Weinberg (2011).
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carcinogenesis of the colon and rectum (Ballinger and Anggiansah, 2007, Ferlay et al.,
2015). Approximately 40 000 patients are diagnosed with the disease on an annual
basis, accounting for 12% of all cancer diagnosed per annum within the UK (Massat et
al., 2013). CRC is the second deadliest type of cancer within the UK, with over 16 000
people dying from the disease in 2012. This, combined with the fact that CRC has
increased in incidence by 14% since the late-1970s, means that CRC has increasingly
become a focus for research (NICE, 2011, Brenner et al., 2014).
1.2.1

Risk Factors

A number of risk factors have been associated with the development of CRC including
age, sex, lifestyles choices and family history. Age is an important factor to consider, as
over 90% of CRC cases are in the over 50s, with 43% of cases being in the over 75s,
however the disease can affect people of all ages (Ballinger and Anggiansah, 2007).
Although CRC is known to affect both men and women, there is a slight increased risk
of CRC development in the male population, particularly those within the target age
range. The predicted risk of developing CRC in males is 1 in 14, whereas in females it
is 1 in 19 (Cunningham et al., 2010, Ferlay et al., 2015). Environmental factors such as
diet and lifestyle choices are known to strongly increase the risk of CRC, with 54% of
CRC being as a direct result of patient lifestyle. Such factors include smoking (12% of
CRC), alcohol consumption (8%), obesity (13%) and red meat/processed food
consumption (21%) (Parkin et al., 2011, Parkin and Boyd, 2011, Magalhaes et al.,
2012). As lifestyles choices such as those listed above are avoidable it’s deemed that
54% of CRC is actually preventable through avoidance of such environmental
exposures. Such environmental factors are more prevalent in developed countries,
resulting in an increase in incidence of CRC, compared to lesser-developed regions
(Ballinger and Anggiansah, 2007, Holleczek et al., 2015). Family history is also an
important risk factor in the consideration of CRC development, albeit only a small
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number of cases arise from such genetic links (Brenner et al., 2014). A ‘strong’ family
history can be indicative of an increased risk of CRC and is defined as one first degree
family member diagnosed at under 45 years old or two first degree relatives diagnosed
at any age (Ballinger and Anggiansah, 2007, Jasperson et al., 2010, Brenner et al.,
2014).
1.2.2

Aetiology

The majority (95%) of CRC tumours are adenocarcinomas, originating from
transformed glandular cells within the bowel lining. However, other forms are known,
albeit considerably rarer including squamous cell carcinomas which originate from
within the skin like cells of the bowel lining (Cunningham et al., 2010). Typically, CRC
is highly metastatic and is known to primarily metastasise to the liver due to the close
proximity of the two, however metastases in the lungs are also common (Brenner et al.,
2014).
Whilst the majority of CRC development is sporadic (approximately 95%), 5% of cases
arise from pre-disposing genetic conditions such as Lynch syndrome and familial
adenomatous polyposis (FAP) (Jasperson et al., 2010, Brenner et al., 2014). Lynch
syndrome is the most common hereditary link to CRC, and occurs in roughly 1 in 300
people with CRC (Cunningham et al., 2010). It arises through the inheritable mutation
of one of four DNA mismatch repair (MMR) genes, MSH2, PMS2, MSH6 or MLH1,
with the majority of sufferers being identified through a strong family history (Moller et
al., 2015, Cunningham et al., 2010). Not only does Lynch syndrome pre-dispose
patients to CRC, it also increases their risk of developing a range of other
gastrointestinal (GI) or gynaecological cancers (Jasperson et al., 2010). Predominantly,
the onset of CRC in Lynch syndrome sufferers is early in comparison to the onset of
sporadic CRC, with an average age of approximately 45 years, and it is known that
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accelerated carcinogenesis occurs from adenomas compared to that of the general CRC
population (Cunningham et al., 2010, Moller et al., 2015). FAP is caused by mutations
within the adenomatous polyposis coli (APC) gene which subsequently results in the
formation of numerous adenomas (polyps) within the colon and rectum. These polyps
can be found in patients as young as 10 and extremely prevalent throughout the bowel;
they are also highly likely to become cancerous over time. As such, it is normal for FAP
patients to have their colons removed by the age of 25 to prevent the high-risk
development of CRC (Jasperson et al., 2010, Lynch et al., 2016).
Sporadic CRC develops as a result of epigenetic changes that drive the transformation
of normal epithelium, leading to the formation of adenomatous polyps (non-FAP
patients), which subsequently progress to invasive CRC (Ballinger and Anggiansah,
2007, Lao and Grady, 2011). There are known to be thousands of epigenetic alterations
that promote the development of CRC and efforts to characterise these have already led
to the development of targeted therapies for CRC treatment. Epigenetic alterations
identified within CRC include histone modification, DNA methylation and non-coding
RNAs and are responsible for the alteration of gene expression without DNA sequence
modification (Lao and Grady, 2011, Vaiopoulos et al., 2014). DNA methylation through
hyper- or hypo-methylation sees the alteration of the transcriptional silencing of genes,
and almost all CRC tumours exhibit atypically methylated genes. DNA methylation is
linked to the early formation of CRC, rather than the latter, metastatic stages (Lao and
Grady, 2011). Histone modifications typically present as acetylation or methylation in
CRC and affect the transcriptional regulation capacity by altering DNA accessibility.
Furthermore, microRNA have been shown to be related to the transcriptional regulation
of gene expression within CRC, with aberration of microRNA present in a large
proportion of CRC tumours, which results in upregulated gene expression (Vaiopoulos
et al., 2014). The epigenetic alteration of genes within CRC results in altered signalling
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pathways, which promote CRC progression. One of the main affected pathways within
CRC is epidermal growth factor receptor (EGFR) signalling, with EGFR found to be
overexpressed in the majority of tumours (60-80%) (Banck and Grothey, 2009, Li et al.,
2011, Tan and Du, 2012, Hong et al., 2015, Pabla et al., 2015, Kocoglu et al., 2016).
Two of the main pathways attenuated as a result of upregulated EGFR in CRC are the
Ras-Raf-MAPK and PI3K-PTEN-AKT (Tol et al., 2010, Lupini et al., 2015, Kocoglu et
al., 2016). Kirsten rat sarcoma (KRAS) mutations are prevalent in CRC, occurring in
35-45% of CRC cases, and being associated with poorer prognosis in patients (Tan and
Du, 2012, Phipps et al., 2013, Lemieux et al., 2015). In KRAS mutation cases the
GTPase activity of KRAS is impaired, resulting in an accumulation of KRAS protein
and a ‘switched-on’ guanosine triphosphate (GTP)-bound state, which activates
downstream signalling pathways mediating proliferation (Tan and Du, 2012, Phipps et
al., 2013).
The traditional selective sweep model of tumour development has recently been
disputed in the context of CRC. The selective sweep model proposes that genetic
natural selection occurs as a result of reduced variability in neighbouring loci to a
mutation (Smith and Haigh, 1974, Depaulis et al., 1999, Kim and Maruki, 2011). The
mutation induces increased fitness (reproductive success) of the carrier and
subsequently such alleles are then favoured over others (Smith and Haigh, 1974,
Depaulis et al., 1999, Kim and Maruki, 2011). The more recently proposed Big Bang
model of tumour growth disputes this. Sottoriva et al. (2015) suggest that after tumours
are established selective sweep events are rare due to spatial and dynamic constraints.
Instead, it is proposed that tumours establish as a result of single expansion, wherein
this results in increased intra-tumour heterogeneity and mixed, non-selective sub-clonal
populations (Sottoriva et al., 2015). Results indicate that the variegated tumour cell
population predominantly consists of both clonal and sub-clonal alterations. Sub-clonal
27

alterations are continuously occurring throughout tumour growth, however only earlystage alterations will prevail in the final tumour (Sottoriva et al., 2015). Late-stage subclonal alterations will be rare and undetectable in the tumour, however these may
present a mechanism of resistance to therapeutics. Such knowledge indicates that
regardless of fitness of sub-clonal alterations it is the timing of their occurrence that is
key to their establishment within the tumour. Results from analysis of CRC tumours
strongly support the proposed Big Bang model, as opposed to the traditional selective
sweep model (Sottoriva et al., 2015).
1.2.3

Diagnosis

Early diagnosis is key to successful treatment of CRC, however as symptoms are
somewhat generalised and subtle, this often results in patients not seeking medical
advice and subsequently, late diagnosis (Ballinger and Anggiansah, 2007). Symptoms
of CRC include bleeding from the back passage or blood in faeces; a change in bowel
habits and straining upon passing faeces. Further symptoms include pain in the
abdomen or rectum and the presence of a lump within these regions, weight loss and
extreme tiredness (Ballinger and Anggiansah, 2007). Diagnosis of CRC is typically
achieved through use of sigmoidoscopy and/or colonoscopy, which allows the doctors
to examine the rectum and colon. Biopsies of any suspect areas will be taken during this
process and sent away for histological analysis (Cunningham et al., 2010, Brenner et al.,
2014). If positive for CRC then further investigations will be undertaken, in the form of
CT or MRI scans, which will allow the CRC to be staged according to the tumour, node,
metastasis (TNM) system, which ranges from stage 0 (carcinoma in situ) to stage 4
bowel cancer (established metastases), with tumour severity increasing in correlation
with stage (Ballinger and Anggiansah, 2007, Cunningham et al., 2010). In 2006 a
screening programme was implemented in England, which screens people between the
ages of 60 and 74 for bowel cancer through the use of Faecal Occult Blood Testing
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(FOBT) (Cunningham et al., 2010, Brenner et al., 2014). FOBT detects trace amounts of
blood within faeces, which can be indicative of CRC and warrants further investigation.
In early 2015, a bowel scope screening programme was developed and is being rolled
out across the UK, which will involve one-off screening of the over 55s for polyps, and
is expected to be fully national by late 2016 (Ballinger and Anggiansah, 2007,
Cunningham et al., 2010, Brenner et al., 2014).
1.2.4

Treatment and Survival

Treatment for early stage CRC is typically through surgical intervention, with adjuvant
chemotherapy in the form of oxaliplatin and fluorouracil. Late stage CRC is normally
highly metastatic and therefore the focus shifts from curative to control of the cancer,
with varied options due to individual patients requirements (Brenner et al., 2014).
Palliative chemotherapy and radiotherapy will be employed to try and shrink the tumour
and metastases, and surgical interventions such as bowel and liver re-section are also
undertaken, if in the patient’s best interests (Cunningham et al., 2010, Pabla et al.,
2015).
Overexpression of EGFR in CRC has led to the development of targeted therapies,
which prevent the upregulation of EGFR (Ciardiello and Tortora, 2008, Cripps et al.,
2010, Tol et al., 2010, Nishimura et al., 2015, Sato et al., 2015). Such therapies include
monoclonal antibodies such as cetuximab, erlotinib and panitumumab, which prevent
binding of ligands to EGFR and subsequently prevent the receptor dimerization and
downstream signalling activation (Tol et al., 2010, Lupini et al., 2015, Kocoglu et al.,
2016, Ciardiello and Tortora, 2008). A variety of EGFR inhibitors have also been
designed, which also prevent the downstream effects of EGFR upregulation. Success
rates of such therapies vary greatly due to individual tumour heterogeneity. For example
KRAS mutations, which occur in approximately 30% of CRC tumours, are less
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susceptible to EGFR attenuation through therapeutic intervention (Tan and Du, 2012,
Lupini et al., 2015, Kocoglu et al., 2016).
Survival rates from CRC have increased by over 50% within the last 40 years, and
currently 59% of people with CRC will live for 5 years post-diagnosis, and 57% will
survive 10 years of disease (Ferlay et al., 2015, Holleczek et al., 2015). When broken
down into colon and rectum cancer individually it was found that 52% of colon cancer
and 54% of rectum patients will have a 5 year survival (Holleczek et al., 2015). Factors
affecting survival rates include age, with research showing that survival decreases in
correlation with increasing age, in both colon and rectum cancer (Holleczek et al.,
2015). The stage at which CRC is diagnosed also greatly impacts the survival rates of
the disease, with early stage CRC exhibiting a much higher (90%) 5 year survival rate
than that of CRC diagnosed at advanced stages (10%) (Ballinger and Anggiansah, 2007,
Holleczek et al., 2015).

1.3

Cellular Proliferation in Cancer

Dysregulation of cellular proliferation is a key event in the establishment and
subsequent progression of cancer. It is defined as one of the hallmarks of cancer, and is
probably the most fundamental characteristic of cancer cells (Hanahan and Weinberg,
2000, Hanahan and Weinberg, 2011). Normal tissues have extensive regulatory
mechanisms in place for the control of cellular proliferation, including cell cycle check
points, and the ability to overcome these mechanisms is vital to cancer development
(Hanahan and Weinberg, 2011). Carcinogenesis which sees the development of
sustained cellular proliferation is associated with a phenotypic change in cells.
Typically, normal cells enter a proliferative state when activated by appropriate signals
and expire when their lifespan is reached. However, cancerous cells acquire a different
phenotype, which is achieved through alterations in a variety of areas encompassing
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cellular metabolism, cell cycle regulation, autophagy and the tumour microenvironment
(Evan and Vousden, 2001, Feitelson et al., 2015). By acquiring such a phenotype cancer
cells become in charge of their own proliferative capabilities and subsequently sustained
proliferation is achieved (Hanahan and Weinberg, 2011). One of the main regulatory
mechanisms that are altered in cancer cells is mitogenic signalling, that is known to
move cells from a quiescent state to an active state. These growth signals are received
by cell surface receptors and trigger signalling pathways that favour proliferation and
prevent activation of apoptosis (Dhillon et al., 2007, Hanahan and Weinberg, 2011,
Feitelson et al., 2015). Promotion of autophagy is also known to contribute to sustained
proliferative capacity within cancer cells. In normal cells, autophagy is present to
maintain healthy homeostasis through the removal and elimination of damaged factors
within cells (Mathew et al., 2007, Yang et al., 2011, Thorburn et al., 2014, White,
2015). As such, autophagy is widely acknowledged to be a mechanism for tumour
suppression under normal homeostatic conditions (Mathew et al., 2007, Yang et al.,
2011). However, during carcinogenesis the basal levels of autophagy become increased,
thus resulting in a pro-survival state of autophagy (Thorburn et al., 2014, White, 2015).
The attenuated levels of autophagy in cancer cells are attributed to the increased internal
metabolic stress, which in conjunction with downregulation of apoptosis, allows for the
sustained cellular proliferation seen in cancer (Mathew et al., 2007, Yang et al., 2011).
Whilst there are numerous factors that contribute to sustained cellular proliferation in
cancer, one of the most important is the dysregulation of signalling pathways. Various
cellular pathways are known to be altered during carcinogenesis which leads to the
upregulation of cellular proliferation. Such pathways include Wnt/β-Catenin, Notch and
PI3K/AKT /mTOR, amongst others, alterations in such pathways are well reported
within various cancer types, including CRC, and will be covered in further detail below
(Section 1.9) (Rocks et al., 2008b, Vidal et al., 2011, Minder et al., 2012, Przemyslaw
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et al., 2013, Danielsen et al., 2015, Feitelson et al., 2015, Feng et al., 2015, Huynh et al.,
2015, Li et al., 2015a, Yang et al., 2015). Evasion of growth suppressors is also reputed
to contribute to the promotion of sustained cellular proliferation under carcinogenesis.
By evading signals designed to inhibit growth under normal circumstances, cancer cells
are able to continue proliferating, thus promoting cancer progression. Tumour
suppressors are typical examples of growth suppressors that must be evaded under
carcinogenesis. Two main tumour suppressors that are linked to control of proliferation
are retinoblastoma-associated (RB) and TP53 proteins (Hanahan and Weinberg, 2011).
RB protein is responsible for determining whether cells should progress through the cell
cycle in response to both intracellular and extracellular signals, whereas TP53 can halt
cell cycle progression in response to intracellular signals and stresses (Hanahan and
Weinberg, 2011). The cell cycle control of cellular proliferation will be discussed in
more detail below.
1.3.1

Cell Cycle Regulation in Cancer

Under normal, non-cancerous conditions the cell cycle checkpoints are maintained by
cyclins and cyclin-dependent kinases (CDKs) (Feitelson et al., 2015, Santo et al., 2015).
Aberrant CDK expression is reported in many cancer types, which promotes the
progression of mutated/damaged cells through the cell cycle. There are three major cell
cycle checkpoints: G1/S which prevents damaged cells from progressing into S phase
and is regulated by D-type cyclins and CDK 4/6; Intra-S phase which detects damage
missed in G1/S and is mediated by CDK2 and Cyclin E/A and finally G2/M which
controls mitotic division and is mediated by CDK1 and Cyclin B (Santo et al., 2015). If
no cellular damage is detected at any checkpoint then cells progress uninterrupted,
however, if damage is detected then cells are arrested. In order for cells to progress if no
damage is detected cyclin-dependent kinase inhibitors (CKIs) must be present at each
stage. In G1/S phase inhibitors of CDK 4/6 are members of the inhibitors of CDK4
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(INK4) family and encompass p16, p15, p18 and p19 and these undergo competitive
binding with Cyclin D, and thus inhibit cell cycle arrest (Feitelson et al., 2015, Santo et
al., 2015). Cyclin D and CDK 4/6 are also responsible for the phosphorylation of RB
protein, which prevents its activation of downstream genes that promote the
advancement to S phase, by inhibiting this the cell cycle cannot proceed. Inhibitors
within the intra-S phase include p21, p27 and p57, which are members of the CDK
interacting protein/kinase inhibitory protein (Cip/Kip) family and are responsible for
regulating the activity of Cyclin E and A. An illustrative diagram of the cell cycle and
its checkpoints can be seen in Figure 1.2.
The dysregulation of cellular proliferation in cancer has been shown to be associated
with aberrant CDK and cyclin expression, which are widely reported to be upregulated
in many cancer types. Conversely, CKIs are known to be downregulated, thus leading to
aberrant cell cycle regulation (Feitelson et al., 2015, Santo et al., 2015)The majority of
alterations in cancer occur within the CDK 4/6 Cyclin D genes and their regulators
(Santo et al., 2015). It has been shown that Cyclin D1 was upregulated in cervical
cancer tissue and cells, and that by preventing this upregulation cellular proliferation
was decreased (Li et al., 2015c). Furthermore, silencing Cyclin D1 in prostate cancer
cells resulted in cell cycle arrest at G1 and subsequent reduction in proliferative
capacity (Marampon et al., 2015). Notably, downregulation of Cyclin D1 results in
decreased cell proliferation in colorectal cancer cells and caused cellular arrest
(Tsukahara et al., 2015, Al-Qasem et al., 2016). Furthermore in colorectal cancer, both
Cyclin A and D were found to be overexpressed, and correlated with poor survival
(Bahnassy et al., 2004, Li et al., 2014b). Upregulated expression of CDK 4/6 is also
reported within cancer cells, and as a result several therapeutic inhibitors of CDK 4/6
have been developed (Vora et al., 2014, DeMichele et al., 2015, VanArsdale et al.,
2015). Furthermore, inhibition of CDK 4/6 shows reduced cellular viability and
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Figure 1.2: The Cell Cycle and its Checkpoints
Diagram illustrating the phases of the cell cycle along with the kinases and cyclins involved in
its regulation. Proliferating cells progress through the cell cycle, and under normal, noncancerous conditions they progress through the checkpoints without hindrance. Upon detection
of DNA damage or cellular irregularities cell checkpoints are enforced and cell cycle arrest
occurs. Cancerous cells acquire mechanisms allowing them to evade or override the
checkpoints, thus allowing their un-interrupted progression through the cell cycle. Image
adapted from Ferenbach and Bonventre (2015).
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proliferation, resulting in cell cycle arrest, thus confirming the role of CDK 4/6 in
driving the aberrant proliferation seen in cancer (Fry et al., 2004, Finn et al., 2009,
Rivadeneira et al., 2010, Logan et al., 2013, Lv et al., 2015).

1.4

Tumour Microenvironment

The tumour microenvironment is complex, and its components include several different
cell types that are believed to contribute to the development and metastasis of cancer, as
well as physical (such as low oxygen availability or hypoxia), and chemical (such as
low pH or acidosis, extracellular matrix) components (Lorusso and Ruegg, 2008). Since
the identification of the six hallmarks of cancer in 2000, the tumour microenvironment
has been identified as a key contributor to the development of cancer and, as such, must
be considered when attempting to understand the traits leading to the development of
cancer (Hanahan and Weinberg, 2011). This emerging trend has led to a focus on
tumour microenvironment research, including the diverse cell types and signalling
mechanisms, their interaction with the malignant cells and their surrounding
environment which results in cancer development (Hanahan and Weinberg, 2011).
The tumour microenvironment is composed of numerous different cell types that all
contribute, under normal circumstances, to regulating localised tissue (Lorusso and
Ruegg, 2008). These include endothelial cells, fibroblasts, smooth muscle cells, and
numerous immune cells (Lorusso and Ruegg, 2008). Together these cells participate in
the regulation of normal stroma, whereas in neoplastic conditions these regulatory
mechanisms become altered (Lorusso and Ruegg, 2008). It is thought that the
development of cancer is due to a multi-component approach from the
microenvironment, including numerous cells, signalling mechanisms and pathways
(Hanahan and Weinberg, 2011). In non-cancerous tissues, interaction between cells
from differing tissue environments is prevented by the presence of extracellular matrix
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(ECM) and its components and signalling mechanisms (Liotta and Kohn, 2001). Under
neoplastic conditions, malignant cells use the host tissue microenvironment to drive
their progression, including the recruitment of vasculature and stroma. Furthermore, the
activation of the local environment drives the proliferation and invasive potential of
cancer cells (Liotta and Kohn, 2001). Malignant cells continually inflict insult on the
host tissue and environment which causes the promotion of tumour growth and
progression by the host microenvironment (Lorusso and Ruegg, 2008). The basement
membrane of the host environment is the first barrier to be breached in the
establishment of cancer and once this has occurred the ECM is altered to allow
metastasis (Liotta and Kohn, 2001).
The cross talk between the various cells of the tumour microenvironment and their
signalling mechanisms results in the metastatic and invasive nature of tumour cells
(Mbeunkui and Johann, 2009, Mathias et al., 2013). The majority of the
stromal/microenvironment cells have the capability to contribute to the remodelling of
the ECM, which is crucial for tumour progression and metastasis, and are believed to
contribute as such through the secretion of growth factors, cytokines and proteins
(Mathias et al., 2013). The signals originating from the tumour microenvironment also
activate various transcription factors that are responsible for inducing genes associated
with cancer progression. The range of genes and molecules induced by cellular crosstalk within the microenvironment is vast and includes VEGF (vascular endothelial
growth factor), TGF-β (transforming growth factor β), TNF-α (tumour necrosis factor
α), inflammatory mediators, immunosuppressors and extracellular matrix degrading
proteases

(Cammarota et al., 2010, Peddareddigari et al., 2010). Other factors

contributing to the progression include enzymes such as matrix metalloproteinases
(MMPs) and A Disintegrin And Metalloproteinases (ADAM) factors, which play a role
in proteolytic processing and subsequent ECM degradation (Mathias et al., 2013). The
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degradation of the extracellular matrix leads to the breakdown of normal tissue
boundaries that prevent metastatic cells from progressing. Therefore, by manipulating
the host tissue microenvironment, metastatic cells can significantly alter and breach the
ECM, thus resulting in the barrier being removed and the progression of the neoplastic
cells (Liotta and Kohn, 2001). Enzymatic cascades are strongly implicated in the
breakdown of the ECM, triggered by the activation of various proteinases such as
MMPs, leading to the degradation of ECM structural proteins.

1.5

Tumour Hypoxia

It is widely believed that the occurrence of regions of hypoxia, or low oxygen, within
the tumour microenvironment exacerbates the metastatic nature of cells (Kunz and
Ibrahim, 2003). Hypoxia occurs as a result of insufficient oxygen supply and irregular
vasculature and is prevalent amongst solid-state tumours due to the nature of their
microenvironment. In rapidly growing tumours the blood vessels form quickly and
abnormally creating a non-uniform vasculature with a range of diffusion distances
throughout the tumour (Rademakers et al., 2008). The abnormalities in the vasculature
of tumours limit their ability to oxygenate all the cells present within the tumour and the
majority of the oxygen supplied is consumed within the first 70-150 μm from the blood
vessels thus creating hypoxic regions (Olive et al., 1992, Dewhirst, 1998, Rademakers
et al., 2008, Bennewith and Dedhar, 2011). The degree of hypoxia within tumours
varies greatly depending on tumour type and characteristics, but typically range from
approximately 1-50% of the tumour mass (Bennewith and Dedhar, 2011). Figure

1.3

illustrates the gradient of hypoxia in tumour tissue, increasing in conjunction with the
distance from blood vessels. Hypoxia can be classified into chronic, acute and anaemic
hypoxia, associated to its origins and duration. In acute hypoxia tissues are exposed to
low oxygen concentrations for a short amount of time, whilst in chronic hypoxia the
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Figure 1.3: Schematic Diagram Illustrating Tumour Hypoxia
Irregular vasculature development during tumour formation results in hypoxic regions within
solid state tumours. Typically the blood oxygen is consumed within 70-150 µm from the
vasculature. As the oxygen tension within the cells decreases, the resistance to therapeutics
increases conversely. Image kindly provided by Dr Isabel Pires (originally adapted from Brown
and Giaccia (1998)) and adapted.
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low-oxygen exposure is prolonged (Vaupel and Harrison, 2004). Finally, anaemiaassociated hypoxia arises as a result of low oxygen transport in the blood as a
consequence of therapeutic intervention or from the tumour itself (Vaupel and Harrison,
2004, Rademakers et al., 2008).
The oxygen tension limits in a tissue classified as hypoxia are strongly disputed, due to
variation in ‘normal’ O2 levels between tissue types (Ivanovic, 2009). Hypoxia in cells
is therefore classified as lower than the oxygen levels of normal, non-malignant cells,
typically ≤2% O2 (Bertout et al., 2008, Hancock et al., 2015). Experimentally it has
been shown that in malignant tissue the levels of oxygen are lower than those measured
in normal tissue, but that the levels vary greatly amongst tissue types (Brown and
Wilson, 2004). For example, in prostate cancer the pO2 levels were shown to be 2.4 mm
Hg in malignant tissue compared to 30 mm Hg in non-cancerous surrounding tissue,
similarly altered levels have also been reported in breast, lung, cervical and pancreatic
cancer (Koong et al., 2000, Movsas et al., 2001, Vaupel et al., 2002, Nordsmark et al.,
2003). The vast majority of cells cannot survive for long in hypoxic environments,
however malignant cells are better adapted to this environment and can survive for
longer than non-cancerous cells under these conditions. This ability is somewhat
advantageous to the acquisition of a metastatic phenotype. Hypoxia induces a plethora
of alterations in cellular signalling, the best characterised being the transcriptional
activation of genes that promote angiogenesis, cell proliferation, invasion and
metastasis (Ke and Costa, 2006, Mandl et al., 2013). The key transcription factor
responsible for this up regulation is HIF-1 (hypoxia inducible factor 1) and HIF-2. HIF
α and β subunits play a key role in the activation of the HIF pathway (Figure 1.4) and
the promotion of cell survival under hypoxic conditions. The HIFα subunit is degraded
by the proteasome under normoxic conditions via the VHL (Von Hippel-Lindau), E3
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Figure 1.4: HIF Signalling in Tumour Hypoxia
Under normoxic conditions the HIF-1α subunit is hydroxylated by prolyl hydroxylase domain
(PHD) proteins after which it is ubiquitylated by Von Hippel-Lindau (VHL) protein and
targeted for proteasomal degradation. Under hypoxic conditions the hydroxylation of HIF-1α is
prevented and as a result HIF-1α translocates to the nucleus where it dimerises with HIF-1β,
binds to the hypoxia-response element (HRE) in target genes and regulates transcriptional
activation.
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ligase complex, a tumour suppressor, whereas under hypoxic conditions its degradation
is prevented through inhibition of HIFα hydroxylation (Mandl et al., 2013). HIF-1α then
translocates to the nucleus where it dimerises with HIF-1β and induces gene
transcription (Mandl et al., 2013). The HIF-1 pathway has numerous target genes
including VEGF, which promotes angiogenesis, transforming growth factor-α (TGF-α),
which promotes cell proliferation and survival, and many others that promote
mechanisms such as glucose metabolism, apoptosis evasion and erythropoiesis (Ke and
Costa, 2006). It is the activation of such genes that leads to the survival and increased
tumourigenic potential of hypoxic cancer cells, including increased metastatic
proneness.
Hypoxia is also known to influence cellular proliferation in cancer cells, and such
effects are well documented within the literature, albeit somewhat conflicting.
Previously, an upregulation in prostate cancer cellular proliferation has been reported
after exposure to hypoxia (1% O2; 24-48 hours) (Tang et al., 2015). Additionally, in
lung cancer similar upregulations in cell proliferation have been described, with results
showing a significant increase after a short hypoxic exposure (1% O2; 4 hours) (Liang et
al., 2015). Contrastingly to the study by Tang et al. (2015), Ma et al. (2011) reported
that exposure to hypoxia had no effect on cellular proliferation in prostate cancer cells
(1% O2; 12-48 hours). Conflicting reports have also described a downregulation of
cellular proliferation in response to hypoxic exposure (Zhu et al., 2010, Yu and Hales,
2011, Westwood et al., 2014). In ovarian cancer it was reported that in some cell lines
cellular proliferation was decreased after prolonged hypoxic exposure (1% O2; 72
hours) (Zhu et al., 2010). Importantly, in CRC cells it was previously shown that there
was a significant downregulation of proliferation after exposure to hypoxia in vitro
(Westwood et al., 2014). However, when examined in vivo CRC derived xenografts
were found to be unaffected by prolonged hypoxic exposure (10% O2, 21 days)
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(Westwood et al., 2014). In xenograft models of lung cancer proliferation was reported
to be decreased after chronic hypoxic exposure (10% O2; 14 days) (Yu and Hales,
2011). The conflicting nature of existing research suggests that the effect of hypoxia on
cellular proliferation is dependent upon the exposure conditions and cell type.
Furthermore, evidence indicates that hypoxic modulation of cellular proliferation is a
complex system, encompassing a variety of signalling pathways that differ amongst
cancer types.
It is widely acknowledged that the hypoxic microenvironment sees in increase in
growth factors and their receptors, which in turn activates downstream signalling
mechanisms through the EGFR cascade. Furthermore, the Warburg effect, which sees
the shift to glycolytic metabolism under hypoxic conditions, promotes cell proliferation
through increased ATP production (Feitelson et al., 2015). It has also been shown that
autophagy is increased within the hypoxic microenvironment (Papandreou et al., 2008,
Chen et al., 2009, Hu et al., 2012, Li et al., 2015b). Notably, exposure to severe hypoxia
(0.02% O2) has been shown to induce S phase arrest in CRC cell lines, which induced
p53 stabilisation and subsequent phosphorylation (Hammond et al., 2002, Hammond et
al., 2003, Pires et al., 2010). Importantly, this induction is independent of DNA damage,
and following re-oxygenation, replication restarts (Hammond et al., 2002, Pires et al.,
2010). Furthermore, deregulation of cellular proliferation has also been attributed to
alteration in c-MYC and cyclin-D1 expression (Yang et al., 2006, Dang, 2012, Miller et
al., 2012, Boudjadi et al., 2015, Lynch et al., 2015, Wahlstrom and Henriksson, 2015).

1.6

Metastasis

Various mechanisms have been attributed to increased survival, tumourigenesis and
metastatic potential of tumour cells under hypoxic conditions. Deregulation of normal
tissue homeostasis occurs in cancer, and this is exacerbated in hypoxic conditions,
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which subsequently allows a greater metastatic potential of the invading cells (Catalano
et al., 2013). Metastasis is initiated by the tumour cells by acquiring a motile-phenotype
through epithelial-mesenchymal transition (EMT) and the loss of epithelial
characteristics (Catalano et al., 2013). Loss of key elements such as E-Cadherin, a
widely recognised tumour suppressor gene, as well as the acquisition of more
mesenchymal characteristics, such as increased N-Cadherin and Vimentin expression is
the first step for tumour cells in acquiring metastatic potential (Pecina-Slaus, 2003,
Medici et al., 2006a, Catalano et al., 2013). E-Cadherin is repressed by transcription
factors upregulated under hypoxic conditions (Medici et al., 2006a). The loss of factors
such as E-Cadherin which promote cell-cell adhesion allows the tumour cells to acquire
a more motile mesenchymal phenotype and thus initiate the invasion of cancer cells
(Vleminckx et al., 1991, Medici et al., 2006a).
Such transitions are promoted more heavily under hypoxic conditions due to the
activation of the HIF pathway and the subsequent activation of signalling cascades such
as the EGFR (Epidermal Growth Factor Receptor) and TGF-β (Transforming Growth
Factor - β) pathways (Kannan et al., 2013). The activation of the HIF pathway can lead
to alterations in the expression of proteins such as Caveolin-1, which is downregulated
in cancers (Kannan et al., 2013). This event subsequently activates the EGFR signalling
cascade which promotes the transcription of factors that repress E-Cadherin, thus
promoting EMT (Kannan et al., 2013). After EMT, tumour cells possess the ability to
move in an invasive manner and thus begin to degrade the basement membrane
localised to their origin. The invading tumour cells release factors that degrade the
basement membrane, such as metalloproteinases, and deregulate its remodelling process
(Lu and Kang, 2010). The deregulation of collagen type IV, leads to a reduction in its
levels in many cancer types, including CRC, and this is widely hypothesised to be a
critical factor in the breaching of the basement membrane by metastatic cancer cells
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(Tanjore and Kalluri, 2006). As the structural backbone of the basement membrane, a
reduction or dysregulation allows cancer cells to invade the ECM and disseminate (Lu
and Kang, 2010, Tanjore and Kalluri, 2006). Once the cells have invaded the ECM they
invade localised blood vessels (intravasion), allowing them to enter the circulation and
disseminate to other areas away from the point of origin (extravasion), where they
establish metastatic tumour sites (Lu and Kang, 2010). The effect of tumour hypoxia on
cancer metastasis is a key research target due to evidence implicating these regions in
driving the metastatic progression of tumours. Figure 1.5 illustrates the metastatic
progression of cancer.

1.7

ADAMs Family

Proteolytic processing has been implicated in the progression of cancer and one such
mechanism involves a group of metalloproteinases known as the ADAMs family. The A
Disintegrin And Metalloproteinase (ADAMs) family are a group of multidomain
transmembrane proteins that have various roles and subsequently effect a variety of
cellular processes such as adhesion, proliferation, migration and signalling (Edwards et
al., 2008). The main identified role for the ADAMs family proteins is an involvement in
membrane remodelling and protein processing through the activation of growth factors
and cytokines and the shedding of extracellular domains of receptors for growth factors
(Duffy et al., 2011). Many studies have implicated a number of ADAMs family
substrates in cancer development and the following sections will examine such a role.
1.7.1

ADAMs Background

The ADAMs family is composed of numerous members, with twenty-one having been
identified within the human genome (Murphy, 2008, Reiss and Saftig, 2009). The
ADAMs family belong to the metzincins super family, which also includes the class III
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Figure 1.5: Metastatic Progression of Cancer
Diagram illustrating the progression of cancer from cells in situ to distant metastases,
encompassing the phenotypical changes during EMT. Metastatic cancer progression is initiated
by cells undergoing EMT, which promotes a more mobile and invasive nature. The basement
membrane is degraded, thus allowing the movement of cancer cells to vasculature.
Subsequently, dissemination of the cancer cells occurs through the vascular system, allowing
the formation of distant metastases. EMT – epithelial to mesenchymal transition; MET –
mesenchymal-epithelial transition. Image adapted from Kalluri and Weinberg (2009).
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snake venom metalloproteases, and are categorised within the adamlysin subfamily
(Anders et al., 2001, Klein and Bischoff, 2011). ADAMs proteins are typically 70-90
kDa in size in their mature form however they are primarily secreted as precursors,
approximately 20 kDa bigger, due to the presence of their prodomain which is removed
upon maturation (Anders et al., 2001, Tousseyn et al., 2006).
1.7.2

ADAMs Structure

Each member of the metalloproteinase family shares a typical, generalised structure that
contains eight different domains, with each one possessing different functional activity.
The domains identified within the generalised ADAMs structure include the following:
signal domain, pro domain, metalloproteinase domain, disintegrin binding domain,
cysteine rich domain, epidermal-growth factor (EGF) like domain, transmembrane
domain and finally intracellular C-terminal cytoplasmic domain (Duffy et al., 2011,
Edwards et al., 2008) (Figure 1.6). There is slight deviation between the structure of
membrane bound ADAMs and the secreted form, as detailed in Figure 1.6. The
secreted form has the same generalised structure as the membrane bound form however
it lacks the transmembrane domain and the cytoplasmic domain (Tousseyn et al., 2006).
The ectodomain shed form of the ADAMs is initially formed as the membrane bound
variety however it is then sliced directly above the transmembrane domain. This sees
the release of the remainder of the structure whilst the transmembrane stub remains
membrane bound, as seen in Figure 1.6 (Tousseyn et al., 2006).
The signal domain on the ADAMs family is responsible for directing the proteins to the
correct secretory pathway and is attached to the prodomain (Edwards et al., 2008). The
prodomain present in the precursor form of ADAMs proteins is within the N-terminal
and during maturation is cleaved by proprotein convertases in the trans-Golgi-network
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Figure 1.6: Schematic Diagram Illustrating the Generalised Structure of the ADAMs
Family
Both membrane bound and secreted forms are illustrated. Each member typically has a signal
domain (Sig), a prodomain (Pro), a metalloprotease domain (MP), a disintegrin domain (Dis), a
cysteine rich domain (Cys) and an EGF-like domain (EGF). The variation in structure comes in
the membrane bound and secreted versions. The membrane bound ADAMs have a
transmembrane domain (TM) and a cytoplasmic tail (Cyt) whereas the secreted ADAMs lack
these elements, unless created by ectodomain shedding.
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(Anders et al., 2001, Tousseyn et al., 2006). This cleavage is a common characteristic
amongst metzincins and is illustrated in Figure 1.7 (Anders et al., 2001). The
generation of the ADAMs proteins as inactive forms prevents protein degradation by
premature enzymatic activity and facilitates correct protein folding (Anders et al.,
2001). There have been seven pro-protein convertases identified in mammals, two of
which have been shown to act on the ADAMs family by cutting at a recognised
sequence within the C-terminal of the prodomain (Anders et al., 2001, Reiss and Saftig,
2009). Pro-protein convertases such as pro-protein convertase 7 (PC7) or furin cleave
pro-domains from ADAMs family members through recognition of the RXXR cleavage
site between the pro-domain and the metalloproteinase domain (Anders et al., 2001,
Rocks et al., 2008b). Cleavage by pro-protein convertases occurs within the secretory
pathway, typically within the Trans-Golgi network and the removal of the prodomain is
crucial for the activation of some ADAMs family members. Furin is a serine
endoprotease and is localised within the Trans-Golgi network. Here it auto-removes its
own inhibitory pro-domain, thus allowing it to function as a protease and mediate the
removal of pro-domains from proteins such as ADAMs family members (Thomas,
2002). Furin also mediates a role in the regulation of protein folding (Anders et al.,
2001, Thomas, 2002). PC7, a lesser studied pro-protein convertase, also functions as an
endoprotease, however its localisation is believed to be primarily within the
endoplasmic reticulum and at the cell surface. Some localisation is also seen in the
Trans-golgi network, with results indicating that PC7 localisation is somewhat cell type
specific (Rousselet et al., 2011).
ADAMs members pro-domains act as inhibitors of the protease and this has been
demonstrated in both ADAM 10 and 17, which have been shown to remain catalytically
inactive without prodomain removal (Schlondorff et al., 2000, Anders et al., 2001). The
recognition of the cleavage site by pro-protein convertases cleaves the pro-domain form
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Figure 1.7: Schematic Diagram Illustrating the Cleavage of the Prodomain During the
Maturation of the ADAM Protein
The pro-domain is cleaved by proprotein convertases (PPC), such as furin, within the TransGolgi network. The ADAMs protein is subsequently in its mature form and active form and is
capable of exerting its sheddase activity within cells.
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ADAMs members and initiates a cysteine switch. In their inactive form, with attached
pro-domain ADAMs members possess a highly conserved cysteine residue that inhibits
the zinc atom within the active site (Milla et al., 2006, Moss et al., 2007, Edwards et al.,
2008). Upon cleavage by pro-protein convertases this inhibitory mechanism is reverted,
thus allowing ADAMs members to become catalytically active. It is believed that proprotein convertases are also responsible for mediating the pro-domain removal of
secreted and ectodomain shed ADAMs members, prior to the occurrence of their
secretion/shedding.
The metalloprotease domain of the ADAMs family is attached to the C-terminal of the
prodomain and is crucial for the functional action of the ADAMs. Not all members of
the ADAMs family possess the required zinc-binding motif that allows the processing
of the ADAMs protein substrates (Reiss and Saftig, 2009). Within the zinc binding
motif there are three histidine residues along with a methionine-turn within the helix of
the active site and members of the ADAMs family must possess the consensus sequence
(HEXGHXXGXXHD) in order to become catalytically active, currently thirteen of
identified ADAMs family members do (Reiss and Saftig, 2009). Adjacent to the
metalloprotease domain is the disintegrin domain and this is responsible for adhesion to
various integrins which mediates cell-cell adhesion (Tousseyn et al., 2006). This section
contains a fourteen amino acid sequence called the disintegrin loop that is crucial in
mediating the interactions between integrins and ADAMs family members (Edwards et
al., 2008). Together with the subsequent cysteine rich domain it is also involved in the
regulation of the activity of the ADAMs. Notably, previous research has revealed that
neither ADAM 10 nor ADAM 17 possess an EGF-like domain, thus making them
different to other ADAMs members (Janes et al., 2005). The transmembrane domain is
responsible for the anchorage of the ADAMs to the membrane for the membrane bound
forms and is absent in the secreted version. This domain is at the N-terminal of the
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cytoplasmic tail that varies in length between ADAMs and is believed to be functional
in cellular signalling mechanisms (Edwards et al., 2008).
1.7.3

ADAMs in Cancer

The role of ADAMs in cancer has been widely investigated and there is strong evidence
that a selection of the ADAMs family of proteins do in fact play a role in the
development and progression of cancer. Although several aspects of the mechanism by
which these ADAMs family members contribute to the cancer development remains
unknown there is strong evidence that supports the hypothesis that the ADAMs family
are instrumental in the initiation of the metastatic nature of cancer cells.
ADAM 17 is one of the better characterised family members in the field of cancer and
has been strongly implicated in the progression of various types of cancer, with
evidence for its role in tumour hypoxia also well documented (Edwards et al., 2008).
ADAM 17, also known as tumour necrosis factor-α converting enzyme (TACE), has
been shown to be involved in the shedding of a number of different but pathologically
relevant substrates including TNF-α and epidermal growth factor receptor (EGFR)
ligands (Blanchot-Jossic et al., 2005, Richards et al., 2012). Numerous studies have
reported an upregulation of ADAM 17 in various cancer types, including but not limited
to, colorectal, head and neck, gastric, lung, ovarian and breast (Blanchot-Jossic et al.,
2005, Kornfeld et al., 2011, Richards et al., 2012, Pan et al., 2012, Benson et al., 2014).
Numerous studies have reported that this upregulation is directly correlated to tumour
grade, which is in contrast to one study in colon cancer which determined that there was
no such correlation (Blanchot-Jossic et al., 2005, Kornfeld et al., 2011, Pan et al., 2012).
Based on this correlation it is hypothesised that ADAM 17 could be used as a potential
prognostic marker in a variety of different cancer types (Kornfeld et al., 2011, Pan et al.,
2012, Benson et al., 2014).
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It has been shown that ADAM 17 upregulation is particularly prevalent in tissue with an
invasive phenotype, further linking ADAM 17 to the development of a metastatic
phenotype and subsequent tumour progression (Kornfeld et al., 2011). Numerous
studies have also demonstrated that the upregulation of ADAM 17 is strongly linked to
increased cellular proliferation, which is a key element that becomes deregulated in
cancer (McGowan et al., 2007, Merchant et al., 2008, Göőz et al., 2009). It has been
shown that ADAM 17 inhibition, leads to a decrease in cellular proliferation, thus
implicating ADAM 17 in mediating proliferative activities (Göőz et al., 2009).
Due to the highly metastatic nature of hypoxic tumour cells and the knowledge that
ADAM 17 is believed to play a role in driving the metastasis of various cancers,
research has shifted towards investigating the implications of a hypoxic environment on
ADAM 17 and its subsequent effects on cancer cells. Many studies have identified that
ADAM 17 is expressed at significantly higher levels under hypoxic conditions at both
protein and transcript level compared to normoxic counterparts in both breast and brain
cancer (Charbonneau et al., 2007, Zheng et al., 2007, Rzymski et al., 2012). It has also
been shown that the proteolytic activity of ADAM 17 is upregulated in hypoxic
conditions, leading to an increased shedding of substrates such as TNF-α (Charbonneau
et al., 2007, Rzymski et al., 2012). Furthermore, decrease of hypoxia-induced ADAM
17 protein levels upon re-oxygenation has reinforced the idea of low-oxygen dependent
ADAM 17 upregulation (Rzymski et al., 2012).

1.8

ADAM 10

ADAM 10 is a catalytically active member of the ADAMs family, which has been
implicated in the development of cancer, although at a lesser extent than some other
members of the ADAMs family (Edwards et al., 2008, Parkin and Harris, 2009, Reiss
and Saftig, 2009). ADAM 10 contains the catalytic protease domain that is required to
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act as a functional metalloproteinase and therefore is involved in the cleavage of cell
surface proteins (Parkin and Harris, 2009, Duffy et al., 2011). Human ADAM 10 is
primarily synthesised as a precursor of 748 amino acids in length which undergoes
maturation to become the transmembrane glycoprotein that is typical of the ADAMs
family (Tousseyn et al., 2006, Parkin and Harris, 2009). It has been shown that prodomain removal, by PC7 and furin, is required for ADAM 10 maturation and
subsequent activation of its proteolytic activity (Anders et al., 2001, Moss et al., 2007).
The mechanism by which the ADAM 10 prodomain inhibits its proteolytic activity
differs to other members of the ADAMs family, which typically require a cysteine
residue for the inhibition (Milla et al., 2006, Moss et al., 2007, Edwards et al., 2008).
Importantly, ADAM 10 does not possess an EGF-like domain, which is typical of other
family members (Janes et al., 2005) ADAM 10 has been shown to be involved in the
shedding of various types of cell surface proteins (seen in Table 1.1 below), triggering
signalling mechanisms and subsequently influencing cellular properties such as
adhesion, migration and signalling (Parkin and Harris, 2009).
Table 1.1: Known ADAM 10 Substrates (adapted from Edwards et al. (2008))

ADAM 10 Substrate

References

Amyloid precursor protein (APP)

Fahrenholz et al. (2000)

Delta-like ligand 1 (DLL-1)

Six et al. (2003)

Epidermal growth factor (EGF)

Sahin et al. (2004)

Pro-betacellulin

Sahin et al. (2004); Sanderson et al. (2005)

TNF-α

Lunn et al. (1997); Mężyk-Kopeć et al. (2009)

Heregulin

Ebbing et al. (2016)

E-Cadherin

Maretzky et al. (2005); Maretzky et al. (2008)

N-Cadherin

Reiss et al. (2005)

Notch

Hartmann et al. (2002); van Tetering et al. (2009)

ErbB-2

Liu et al. (2006)

CD44
RANKL

Nagano et al. (2004); Anderegg et al. (2009); Pan et al.
(2012)
Hikita et al. (2006)
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Collagen XVII

Franzke et al. (2009)

c-Met

Kopitz et al. (2007)

L1

Pan et al. (2012)

Fas-ligand (FasL)

Kirkin et al. (2007); Schulte et al. (2007)

1.8.1

ADAM 10 in Cancer

The implication of ADAM 10 in cancer progression is less characterised in comparison
to some of the better studied ADAM family members such as ADAM 17. The results of
various studies have provided a somewhat conflicting view of the role of ADAM 10 in
cancer development and progression, dependent on context and cancer type. ADAM 10
has been found to be upregulated in numerous cancer types including: gastric, head and
neck, prostate, breast and oral (McCulloch et al., 2004, Xu et al., 2010, Wang et al.,
2011a, Bulstrode et al., 2012, Jones et al., 2013, Mullooly et al., 2015). Several
immunohistochemical studies have shown that increased staining for ADAM 10 is
present in tumour tissue samples, with intensity of staining correlating to higher tumour
histological grade, as well as metastatic status (Arima et al., 2007, Xu et al., 2010,
Wang et al., 2011a). Studies have identified that ADAM 10 is significantly upregulated
at both protein and mRNA level when directly compared to non-cancerous counterparts
(Xu et al., 2010, Wang et al., 2011a, Jones et al., 2013). However, some conflicting
studies have provided evidence for non-altered expression of ADAM 10 in cancerous
conditions (McCulloch et al., 2004, Lendeckel et al., 2005). Such findings indicate that
the role of ADAM 10 in the development of cancer may vary between cancer types.
Interestingly, the subcellular localisation of ADAM 10 can be altered in cancer.
Specifically, it has been shown that ADAM 10 translocates form the plasma membrane
to the nucleus (McCulloch et al., 2004, Arima et al., 2007, Wang et al., 2011a).
Specifically, McCulloch et al. (2004) reported that, in benign prostate tissue, the
majority of ADAM 10 staining was found on the cell surface whereas in cancerous
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prostate tissue samples the majority of ADAM 10 staining was nuclear, with cell
surface staining visibly diminished. Similar findings in prostate cancer by Arima et al.
(2007) identified that, after translocation, ADAM 10 binds to the androgen receptor in
the nucleus. The authors hypothesised that this causes ADAM 10 to act like a
transcription factor, transactivating several genes key for cancer cell proliferation
(Arima et al., 2007). Studies such as those by Arima et al. (2007) and Wang et al.
(2011a) indicated that the translocation of ADAM 10 directly correlated with the grade
and prognostic value in both prostate and gastric cancer, thus further implicating
ADAM 10 in cancer progression.
Alteration of ADAM 10 expression in cancer strongly implicates it in the development
of the disease, with further evidence provided from research showing its involvement in
the metastatic progression. Various studies have demonstrated that the knockdown of
ADAM 10 reduces such metastatic characteristics (Xu et al., 2010, Jones et al., 2013).
Xu and colleagues showed that, when ADAM 10 was knocked down in highly
metastatic cells, their proliferation and migration was significantly reduced (Xu et al.,
2010). Similar results were reported by Maretzky et al. (2005), Jones et al. (2013), and
(Mullooly et al., 2015). In oral cancer, it was reported that silencing of ADAM 10
resulted in reduced migration and invasion of cells (Jones et al., 2013). Additionally, in
breast cancer ADAM 10 was associated with higher grade samples, and cells were
found to migrate less after ADAM 10 knockdown (Mullooly et al., 2015). These
findings, amongst others, further implicate ADAM 10 in the progression of various
cancers and make it a strong target for future research.
1.8.2

ADAM 10 and Hypoxia

Evidence for the involvement of ADAM 10 in hypoxia-mediated tumour development
and progression is extremely limited and somewhat conflicting (Webster et al., 2002,
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Marshall et al., 2006, Barsoum et al., 2011). One key study by Barsoum et al. (2011)
showed that ADAM 10 expression was significantly upregulated in hypoxic conditions
(0.5% O2) in breast and prostate cancer. It was shown that there was a link between
HIF-1α and ADAM 10, as when HIF-1α was knocked down ADAM 10 upregulation
was absent (Barsoum et al., 2011). It was also shown that ADAM 10 may play a role in
the evasion of the innate immune system under hypoxic conditions through the
regulation of MHC class I chain-related molecule A (MICA). Under hypoxic conditions
MICA is inhibited via shedding action and it has been shown that ADAM 10 regulates
this, as when ADAM 10 was down-regulated the decrease/inhibition of MICA was
absent, thus allowing the ADAM 10 knockdown cells to be targeted by the innate
immune response (Barsoum et al., 2011). This study strongly implicates ADAM 10 in
the hypoxia-mediated tumourigenesis and highlights a link between HIF-1α and ADAM
10. Interestingly, both Webster et al. (2002) and Marshall et al. (2006) observed that in
neuroblastoma, under hypoxic conditions (2.5% O2) ADAM 10 expression was
decreased, with both the pro-form and mature form being affected. The fact that there
are only a few studies on ADAM 10’s role in hypoxia mediated tumour progression and
that they are conflicting of one another highlights the need for further research into
ADAM 10 in hypoxia.
1.8.3

ADAM 10 Post-Translational Modifications (PTMs)

PTMs are known to mediate protein diversity and subsequently affect a variety of
aspects of cellular functionality including protein structure and stability, signal
transduction and cellular interactions (Wang et al., 2014, Duan and Walther, 2015).
Previous research has revealed that ADAMs family members are modified by posttranslational events such as glycosylation and phosphorylation (Maretzky et al., 2008,
Gooz, 2010). One of the main PTMs affecting ADAMs family members is the removal
of the pro-domain by pro-protein convertases (as discussed in Section 1.7.2). In the case
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of ADAM 10, the pro-domain, has been shown to inhibit the proteolytic activity of the
protein (Anders et al., 2001, Moss et al., 2007). Only upon removal of the pro-domain
does the metalloproteinase domain becomes active, allowing for proteolytic activity,
thus making pro-domain removal a crucial PTM of ADAM 10 (Anders et al., 2001,
Moss et al., 2007). The removal of the ADAM 10 pro-domain is catalysed by either proprotein convertase 7 (PC7) or furin, however it has been shown that in furin-negative
cells prodomain cleavage is still seen, indicating that furin is not essential for prodomain removal (Anders et al., 2001).
Further types of PTMs affecting the ADAMs family include glycosylation and
phosphorylation (Izumi et al., 1998, Suzuki et al., 2000, Diaz-Rodriguez et al., 2002,
Zhang et al., 2006, Escrevente et al., 2008, Yin and Yu, 2009, Gooz, 2010).
Glycosylation is one of the most common post-translational modifications to affect
proteins, and in the context of cancer biology, deregulated protein glycosylation is a key
characteristic of the disease and thus understanding such processes is important (Zhang
et al., 2014b, Pinho and Reis, 2015, Stowell et al., 2015). Glycosylation of proteins can
greatly alter their structure, stability and conformation (Shirato et al., 2011, Roth et al.,
2012, Tian and Zhang, 2013). Protein glycosylation in cancer is acknowledged as a key
promoter of cancer progression through alterations in cellular growth, survival,
metastatic phenotype and signalling (Freire-de-Lima, 2014, Zhang et al., 2014b, Pinho
and Reis, 2015, Stowell et al., 2015). Phosphorylation of proteins is also known to be
central to cancer biology and tumour progression (Reimand et al., 2013). As one of the
most studied PTMs, phosphorylation is involved in nearly all cellular processes,
including mediating cellular signalling and the activity of many proteins, with
dysregulations widely reported in cancer (Cohen, 2002, Radivojac et al., 2008,
Humphrey et al., 2015, Lim, 2005).
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PTMs of ADAM 10 have been revealed in the form of N-linked glycosylation, with
mutated models showing a role of N-glycosylation in protein folding and activation,
maintenance of enzymatic activity and protection from protease degradation
(Escrevente et al., 2008). It was shown that ADAM 10 possesses four N-linked
glycosylation sites, three of which are located within the active, metalloproteinase
domain and the final one within the disintegrin domain (Escrevente et al., 2008). The
residues at which the N-linked glycosylation was identified are 267, 278, 439 and 551
respectively. The study determined that all four sites were occupied within mature
ADAM 10, suggesting that glycosylation of the protein has occurred upon maturity.
Furthermore, it was shown that mutation of residue 278 resulted in accumulation within
the endoplasmic reticulum, indicating that it is retained in its precursor form and
thereby implicating it in protein folding (Escrevente et al., 2008). Importantly, it was
shown that N-linked glycosylation was required for ADAM 10 proteolytic activity, and
that mutation of residue 439 increased the susceptibility of ADAM 10 protease action,
which may allow for protease mediated degradation (Escrevente et al., 2008).
A further PTM that affects ADAM 10 is its ectodomain cleavage by other ADAMs
members, primarily ADAM 9 and ADAM 15 (Parkin and Harris, 2009, Tousseyn et al.,
2009). It was reported that ADAM 10 could be identified within the conditioned media
from neuroblastoma cell lines, and that treatment with an ADAMs inhibitor prevents
this presence (Parkin and Harris, 2009). Furthermore, ADAM 9 was identified as a
mediator of ADAM 10 ectodomain cleavage, as increased presence of ADAM 10 in
conditioned media was observed after ADAM 9 overexpression (Parkin and Harris,
2009). Similar findings were reported by Tousseyn et al. (2009) in murine fibroblasts,
however, ADAM 15 was also identified as a mediator of ADAM 10 ectodomain
cleavage. Notably, ADAM 10 was shown to retain its proteolytic activity after
undergoing ectodomain cleavage (Tousseyn et al., 2009). Furthermore, it was also
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shown that ADAM 10 undergoes a further PTM, through γ-secretase mediated cleavage
of the intracellular domain (ICD) (Tousseyn et al., 2009). The released ICD of ADAM
10 was then observed to undergo nuclear translocation, which is believed to mediate
gene activation (Tousseyn et al., 2009).
ADAM 17, the most closely related ADAMs member to ADAM 10, has been shown to
possess six N-linked glycosylation sites, three within the metalloproteinase domain, two
within the disintegrin domain then the final site is within the cysteine-rich domain.
Furthermore, it has been shown that there are a further three N-glycosylation sites
within the pro-domain region of the protein (Gooz, 2010). However, despite this
knowledge, little is known about how this glycosylation impacts on ADAM 17 activity.
ADAM 17 has also been shown to undergo phosphorylation by a variety of molecules
including extracellular signal-related kinase (ERK), phosphoinositide-dependent kinase
1 (PDK1) and gastrin-releasing peptide (GRP) (Diaz-Rodriguez et al., 2002, Zhang et
al., 2006, Yin and Yu, 2009).
1.8.3.1 Proteomic Methodologies in Analysis of PTMs

Mass Spectrometry techniques can be used to identify post-translational modifications,
including those known to affect the ADAMs family, such as glycosylation and
phosphorylation (Aebersold and Mann, 2003, Escrevente et al., 2008, Chen and
Pramanik, 2009, Yates et al., 2009, Yin and Yu, 2009). Such methods include
glycoproteomics to identify glycosylation and phosphoproteomics for the identification
of phosphorylation (Aebersold and Mann, 2003, Anderegg et al., 2009, Chen et al.,
2009, Yates et al., 2009). Several biochemical techniques are available for the
characterisation of glycosylation including the use of glycosylation inhibitors such as
tunacimycin or endoglycosidases such as PNGase F (Escrevente et al., 2008, Wojtowicz
et al., 2012). Glycoprotein analysis can be undertaken in a number of ways including
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staining, enzymatic protocols and affinity-based separation. Staining of glycoproteins
can be undertaken after separation by SDS-PAGE, and are typically reliant upon the
periodic acid-Schiff (PAS) and the production of a fluorescent signal (Roth et al., 2012).
Affinity-based protocols are more specific in nature and see the use of immobilised
lectins for glycan binding. Glycan specificity varies amongst lectins, and thus can be
used to identify the type of glycosylation present (Tian and Zhang, 2013, Zhang et al.,
2014b). For example Concanavalin A affinity purification is typically used for N-linked
glycosylation binding (Roth et al., 2012, Tian and Zhang, 2013). Enzymatic-based
glycan removal can also help with characterisation of glycosylation, as specific glycans
are cleaved by different enzymes. PNGase F is glycosidase responsible for removal of
N-linked glycans, and is more generic than Endo H for example, which is known to
cleave high-mannose N-glycans (Escrevente et al., 2008). By exploiting the varying
specificities of the enzymes the type of glycosylation on a protein can be identified.
Additionally, inhibition of glycosylation can also lead to identification of glycan type.
Tunicamycin, one example of a glycosylation inhibitor, blocks the biosynthesis of Nglycans, thus preventing their binding to proteins (de Freitas Junior et al., 2011,
Wojtowicz et al., 2012). By inhibiting such processes knowledge can be gained
regarding the type of glycans affecting proteins.
Glycoproteomic analysis can also be undertaken by MS methodologies and these are
aimed at identifying the location of glycosylation on the protein, the structure and
identification of the various glycans and finally the point to which they bind the protein.
Quantifiable data regarding the extent of protein glycosylation can also be gathered
(Sagi et al., 2005, Anderegg et al., 2009, Pasing et al., 2012, Zhang et al., 2014b).
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1.9

ADAMs and Regulation of Signalling Pathways in Cancer

1.9.1

Cell Proliferation

Cellular proliferation is reported to be dysregulated in the vast majority of cancer types,
and ADAMs family members have been implicated in regulatory roles of cellular
proliferation in cancer (Edwards et al., 2008). Their upregulation in many cancer types
has been reported to result in increased cellular proliferation. Indeed, ADAM 12 has
been shown to be involved in cell proliferation in bladder, lung and breast cancer
(Frohlich et al., 2006, Rocks et al., 2008a, Roy and Moses, 2012, Shao et al., 2014). In
small cell lung cancer it was identified that cellular proliferation was reduced after
ADAM 12 silencing, and conversely was enhanced upon ADAM 12 overexpression
(Shao et al., 2014). Furthermore, ADAM 12 was shown to mediate bronchial epithelial
cell proliferation, with ADAM 12 overexpressed cells displaying an increased
proliferative phenotype (Rocks et al., 2008a). Similarly, overexpression of ADAM 12 in
breast cancer cells was shown to promote proliferation (Roy and Moses, 2012).
ADAM 17 has been implicated in regulating cellular proliferation within breast, lung,
liver, prostate and glioma (Lin et al., 2012, Zheng et al., 2012, McGowan et al., 2013,
Liu et al., 2014, Lv et al., 2014). In prostate cancer overexpression of ADAM 17 was
identified to increase PC-3 proliferation, as assessed by a variety of methods including
CCK-8 assay and BrdU analysis (Lin et al., 2012). Notably, overexpression of ADAM
17 also mediated G1-S phase transition. Such findings were reversed in DU145 cells
with ADAM 17 knockdown (Lin et al., 2012). In lung cancer it was shown that ADAM
17 silencing significantly reduced cellular proliferation in vitro and tumour growth was
impaired in vivo (Lv et al., 2014). Similarly, in glioma, ADAM 17 overexpression was
identified to promote cellular proliferation in vitro, whereas ADAM 17 silencing
resulted in significant decrease. In vivo ADAM 17 overexpression increased tumour
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growth and ADAM 17 silencing conversely reduced tumour volume (Zheng et al.,
2012). Furthermore, McGowan et al. (2013) showed a significant correlation between
inhibition of ADAM 17 and reduced cell proliferation in triple-negative breast cancer
cell lines.
ADAM 10 has also been implicated in the regulation of cellular proliferation, albeit less
research has been undertaken in this area. It has been shown that ADAM 10 is linked to
cell proliferation in bladder, tongue and liver cancer (Yuan et al., 2013, Fu et al., 2014,
Liu et al., 2015b, Shao et al., 2015). In hepatocellular carcinoma ADAM 10 silencing
reduced the proliferation and clonogenic capacity of HepG2 cells (Yuan et al., 2013).
Such results were corroborated by Liu et al. (2015b), who also demonstrated that
ADAM 10 silencing reduced HepG2 proliferation in vitro. Additionally, in vivo ADAM
10 silencing corresponded to reduced tumour growth (Liu et al., 2015b). Similarly,
ADAM 10 silencing also resulted in reduced cellular proliferation in both bladder
cancer and tongue carcinoma (Fu et al., 2014, Shao et al., 2015).
1.9.2

EGFR Signalling Cascade

The EGFR signalling cascade is one of the most prominent linked to cancer
development and is known to mediate the proliferation, migration, survival and
differentiation of cancer cells (Gee and Knowlden, 2003, Blobel, 2005, Normanno et al.,
2006, Seshacharyulu et al., 2012). EGFRs are part of the receptor tyrosine kinase (RTK)
family, which encompasses the ErbB proteins, of which EGFR is one (ErbB-1; HER1).
Other family members include ErbB-2 (HER2), ErbB-3 (HER3) and ErbB-4 (HER4).
All EGFR/ErbB family member proteins are transmembrane bound with a ligandbinding extracellular region (Normanno et al., 2006, Seshacharyulu et al., 2012). ErbB
receptors are activated by a number of ligands, including transforming growth factor
alpha (TGF-α), epidermal growth factor (EGF), betacellulin (BTC), and heparin-binding
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EGF-like growth factor (HB-EGF) (Borrell-Pages et al., 2003, Gee and Knowlden,
2003, Blobel, 2005, Kataoka, 2009, Maretzky et al., 2011). Upon activation by
extracellular ligand binding, the receptors undergo dimerization which leads to
phosphorylation within the cytoplasmic tail, subsequently, proteins containing Src
homology 2 and phosphotyrosine binding (PTB) sites are recruited (Normanno et al.,
2006, Seshacharyulu et al., 2012). Subsequently, intracellular signalling pathways are
activated, including Ras-Raf-MEK-ERK and PI3K-AKT pathways. An illustrative
diagram of EGFR signalling, including downstream pathways and molecules included
can be seen in Figure 1.8.
The phosphoinositide 3-kinase (PI3K) pathway containing AKT is a major signalling
pathway implicated in cancer progression, of which AKT is the main effector, and
promotes cellular proliferation and survival (Engelman, 2009). As such, aberrant,
increased expression of AKT is reported in numerous cancer types, including lung,
breast, prostate, colorectal and ovarian cancer (Cheng et al., 1992, Page et al., 2000,
Brognard et al., 2001, Roy et al., 2002, Setia et al., 2014, Liu et al., 2015c).
Furthermore, altered expression of AKT has been linked to increased cellular
proliferation and survival, as shown through modulation of AKT expression by targeted
therapies. Downregulation or inhibition of AKT has been shown to reduce the
proliferative capacity of cancer cells (Festuccia et al., 2008, Holland et al., 2015, Mu et
al., 2015, Zheng et al., 2015). Notably, it has previously been shown that modulation of
AKT expression can increase sensitivity of cancer cells to other therapeutics (Shin et al.,
2010, Puglisi et al., 2014, Mehta et al., 2015).
The Ras-Raf-MEK-ERK signalling pathway is also activated by ligand binding to ErbB
receptors, and consists of a number of signalling molecules including rapidly
accelerated fibrosarcoma (Raf), mitogen-activated protein kinase kinase (MEK) and
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Figure 1.8: EGFR Signalling Cascade
The EGFR signalling cascade is extremely complex in nature and encompasses numerous
downstream signalling pathways including Ras-Raf-MEK-ERK and PI3K-AKT. Activation of
the EGFR cascade is through binding of ligands to ErbB receptors, which in turn activates a
number of downstream pathways which promote cellular proliferation, survival and
differentiation. A number of the ligands known to activate EGFR signalling are shed from the
cell surface by members of the ADAMs family, including ADAM 10 and ADAM 17.
Dysregulation of EGFR signalling is widely reported in a number of cancer types, and thus has
become a key target for research and therapeutic development.
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extracellular signal-regulated kinase (ERK) (McCubrey et al., 2007, Roberts and Der,
2007). Ras is one the of the main downstream effectors of the EGFR signalling
pathway, and one member of the Ras family, KRAS, is known to be mutated within
CRC, resulting in dysregulated cellular proliferation (Roberts and Der, 2007, Phipps et
al., 2013). Raf is the substrate to Ras and once it is activated it phosphorylates MEK,
which subsequently phosphorylates and activates ERK (Fang and Richardson, 2005).
Activation of ERK results in the downstream targeting of transcription factors involved
in cellular proliferation (Fang and Richardson, 2005). Upregulated expression of
downstream target ERK 1/2 is reported in cancer, and research has shown that
downregulation of ERK, typically through MEK inhibition, leads to a reduction in
cellular proliferation (Wiesenauer et al., 2004, Lefloch et al., 2008, Joseph et al., 2010,
Doldo et al., 2015, Shao et al., 2015, Kress et al., 2010).
Research has implicated ADAMs family members in the EGFR signalling cascade, as
they are known sheddases of various EGFR ligands including: TNF-α (Tumour
Necrosis Factor- α), TGF-α (Transforming Growth Factor- α), EGF (Epidermal Growth
Factor), HB-EGF (Heparin Binding EGF-like Growth Factor) and TNF-R1 (Tumour
Necrosis Factor Receptor 1) (Borrell-Pages et al., 2003, Gee and Knowlden, 2003,
Sahin et al., 2004, Blobel, 2005, Kataoka, 2009, Maretzky et al., 2011). The shedding of
such ligands releases them from the membrane, where they activate the ErbB receptors
and trigger the signalling cascade. Previous research has strongly implicated ADAM 17
activity in the activation of EGFR signalling. Studies have demonstrated that ADAM 17
is responsible for the cleavage of TNF-α, with knockdown of the gene resulting in
reduced TNF-α mature form present within cells (Black et al., 1997, Moss et al., 1997).
Furthermore, overexpression of ADAM 17 showed an increased in TNF-α processing
(Moss et al., 1997). ADAM 17 has also been shown to be involved in the processing of
TGF-α, HB-EGF, betacellulin, epiregulin and amphiregulin (Peschon et al., 1998,
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Sunnarborg et al., 2002, Borrell-Pages et al., 2003, Sahin et al., 2004, Maretzky et al.,
2011) ADAM 17-deficient keratinocytes displayed reduced soluble TGF-α in
comparison to wild-type counterparts. Similar results were identified in ADAM 17
deficient fibroblasts, with less TGF-α processing seen compared to wild-type
comparatives (Peschon et al., 1998). Furthermore, overexpression of ADAM 17 results
in increased TGF-α, amphiregulin and HB-EGF cleavage, however ADAM 17 showed a
greater affinity for TGF-α cleavage compared to other molecules (Sunnarborg et al.,
2002). Notably, it has been shown that inhibition of ADAM 17 processing results in the
membrane bound TGF-α interacting with, but not activating, EGFR receptors (BorrellPages et al., 2003). ADAM 10 has been lesser studied within the context of EGFR
ligand cleavage, however it has been shown that ADAM 10 is involved in the cleavage
of TNF-α, EGF and betacellulin (Lunn et al., 1997, Sahin et al., 2004, Sanderson et al.,
2005, Mężyk-Kopeć et al., 2009, Armanious et al., 2011, Maretzky et al., 2015).
Notably, it was identified that in murine embryonic fibroblasts ADAM 10 was not
responsible for the cleavage of HB-EGF, amphiregulin or epiregulin (Sahin et al.,
2004). The role of ADAM 10 in TNF-α cleavage was confirmed by the observation that
TNF-α cleavage was significantly reduced in ADAM 10 silenced fibroblasts and Jeko-1
cells (Lunn et al., 1997, Mężyk-Kopeć et al., 2009, Armanious et al., 2011). Similarly, it
was shown that overexpression of ADAM 10 resulted in increased betacellulin
cleavage, whereas when inactivated ADAM 10 was overexpressed there was a decrease
(Sanderson et al., 2005).
Based on evidence that knockdown or inhibition of ADAMs family member’s results in
decreased cellular proliferation and induction of cell cycle arrest, it is feasible that this
is a result of decreased EGFR ligand shedding. For example, upon ADAM 17 silencing
levels of phosphorylated AKT and ERK were downregulated in glioblastoma cells, and
resulted in decreased migration and invasion capabilities (Chen et al., 2013). Similarly,
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in inducible ADAM 10 knockout cells, ADAM 17 was shown to mediate the levels of
phosphorylated ERK, which were reduced upon ADAM 10 knockdown, with the
proliferative capacity of the cells also impaired (Maretzky et al., 2011). It was reported
that ADAM 17 mediated proliferation and cellular viability in breast cancer and upon
ADAM 17 silencing these were reduced, along with TGF-α cleavage and phosphorEGFR and phosphor-AKT levels (Zheng et al., 2009). ADAM 10 has also been
implicated in the control of cancer progression through activation of the EGFR
pathway. In hepatocellular carcinoma it was shown that silencing of ADAM 10 resulted
in reduced cellular proliferation, migration and invasion in vitro and in vivo it was
shown that tumour growth was significantly impaired (Liu et al., 2015b). Furthermore,
phosphorylation of both PI3K and AKT was reduced upon ADAM 10 silencing (Liu et
al., 2015b). In addition, a correlation was identified between ADAM 10 and EGFR
expression. In ADAM 10 silenced cells EGFR expression was found to be reduced, as
was the proliferation, migration and invasion potential of tongue cancer cells (Shao et
al., 2015). Conversely, in non-small cell lung cancer cells it was shown that whilst
ADAM 10 knockdown did affect cellular migration and invasion, no effects were seen
on the levels of phosphorylated ERK 1/2 (Guo et al., 2012).
Hypoxia is known to influence the expression of ADAMs members and upregulation of
downstream EGFR effectors have also been reported. As previously described in
Section 1.8.1 it has been shown that ADAM 10 mediates proliferation and migration,
and as a known sheddase of EGFR ligands it’s feasible that such actions may be through
EGFR signalling activation. ADAM 17 on the other hand, has been somewhat
characterised within the remit of hypoxia. For example, in glioma it was found that
ADAM 17 was responsible for the hypoxia-mediated increase in invasiveness, and that
it played a role in the phosphorylation of EGFR and AKT (Zheng et al., 2007). Both
ADAM 17 and the invasiveness of U87 cells were upregulated under hypoxic
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conditions, and the invasive potential of cells was reduced upon ADAM 10 silencing.
Furthermore, hypoxia mediated an increase in the expression of EGFR and AKT
phosphorylation, however these increases were reduced after ADAM 17 knockdown
(Zheng et al., 2007). Notably, it has also been shown that EGFR targeted therapies
result in a reduction of hypoxic related genes and proteins, along with reduced hypoxic
CRC tumour volume post treatment (Greening et al., 2015). Furthermore, EGFR
antagonist treatment can reduce the hypoxia-mediated angiogenesis response within
tumours (Lee and Wu, 2015, Wang et al., 2015b, Wang et al., 2015c).
1.9.3

Notch Signalling Pathway

Notch signalling is strongly implicated in promoting cancer progression and various
associated characteristics, including proliferation, differentiation, migration and
invasion. Dysregulated Notch signalling has been identified in a number of cancer
types, including colorectal; breast; lung and prostate cancer (Shou et al., 2001, Bolos et
al., 2013, Dai et al., 2014, Hassan et al., 2014, Yuan et al., 2015c). There are five Notch
ligands: delta-like ligand 1, 3 and 4 (DLL-1; DLL-3, DLL-4) and Jagged-1 and 2
(JAG1, JAG2), which are responsible for the activation of Notch receptors, and
subsequently Notch signalling (Sethi and Kang, 2011, Yuan et al., 2015b). There are
four Notch receptors available for ligand binding, Notch 1-4, and such binding occurs
on the cell membrane. Notch receptors are single-pass, transmembrane proteins and are
primarily conserved within the ER and Golgi apparatus, as a pre-cursor form (Vinson et
al., 2015). Here, it undergoes fucosylation by O-fucosyltransferase in the ER before
being glycosylated within the Golgi and cleaved by Furin to produce a heterodimer. The
receptor is then transported to and assembled on the cell surface membrane, upon which
it is available for ligand binding (Vinson et al., 2015). Ligand-receptor interaction
occurs, upon which the ligand begins to be retracted via endocytosis back into the
signalling cell. This reveals a hidden cleavage site on the Notch receptor which is then
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cleaved by ADAMs family members, primarily ADAM 10 or ADAM 17, resulting in
the release of the extracellular part of Notch (Sethi and Kang, 2011, Vinson et al., 2015,
Yuan et al., 2015b). Subsequently, the remainder of the Notch receptor undergoes a
further cleavage by γ-secretase, at the point at which the intracellular region meets the
cell membrane. The Notch intracellular domain (NICD) is then released and translocates
to the nucleus, upon which it binds to the transcription factor CBF-1/Suppressor of
hairless/LAG1 (CSL) (Vinson et al., 2015). CSL becomes active upon binding and thus
acts as a transcriptional activator of Notch target genes, including members of the Hes
(Hairy/Enhancer of Split) and Hey (Hairy/Enhancer of Split related with YRPW motif)
families, Cyclin D1, c-MYC, p21 and Slug (Yuan et al., 2015b). Notch target genes
have been implicated in a range of characteristics of cancer progression, including the
regulation of cellular proliferation and EMT. An illustrative diagram encompassing the
various stages of Notch signalling can be seen in Figure 1.9. Impairment of Notch
signalling has been shown to result in reduced migration, invasion and cellular
proliferation in various cancer types including colorectal, lung and breast (Sikandar et
al., 2010, Bolos et al., 2013, Suman et al., 2013, Dai et al., 2014). In breast cancer it was
shown that downregulation of Notch signalling impaired both cellular viability and
EMT characteristics such as migration and invasion (Bolos et al., 2013, Suman et al.,
2013). In colorectal cancer it was shown that knockdown of Notch ligand, JAG1,
resulted in decreased cellular proliferation and induced cell cycle arrest. Furthermore,
Notch target genes were also downregulated, including Cyclin D1 and c-MYC and cells
displayed reduced migration and invasion capacities (Dai et al., 2014). Additionally,
such results translated in vivo, where it was shown that xenograft proliferation was
impaired and cells were less metastatic (Dai et al., 2014). Conflictingly, in small cell
lung cancer it has been shown that Notch1 silencing resulted in increased EMT
characteristics such as cellular adhesion and invasion (Hassan et al., 2014).
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Figure 1.9: Notch Signalling Pathway
Schematic diagram illustrating the Notch signalling pathway, and the role of ADAMs in
mediating Notch cleavage. Primary cleavage of Notch takes place in the Golgi apparatus by
Furin (1) before Notch is expressed on the cell surface as a heterodimer (2). Notch then binds to
a ligand, including delta-like ligand or Jagged, on a neighbouring cell. Upon binding the ligand
begins to be retracted into the cell via endocytosis, thus revealing a cleavage site on the Notch
receptor. ADAMs family members then cleave Notch and release the extracellular domain (3).
A further cleavage of Notch is then mediated by γ-secretase which released the intracellular part
(4). This then translocates to the nucleus where it is involved in the transcriptional activation of
genes known to promote cellular proliferation and EMT.
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ADAMs family members are heavily involved in the regulation of Notch signalling, due
to their role in mediating the cleavage of Notch receptors after activation. ADAM 10
and ADAM 17 in particular are known to mediate this cleavage (Hartmann et al., 2002,
Bozkulak and Weinmaster, 2009, van Tetering et al., 2009, Guo et al., 2013).
Previous research has shown that ADAM 10 is crucial for successful Notch signalling,
with one study showing that without ADAM 10 expression murine embryonic
development was impaired, with no viable embryos past day 9 (Hartmann et al., 2002).
Furthermore, embryonic development was significantly impaired, with many growth
defects present. Notably, expression of Notch1 remained unchanged in ADAM 10
deficient embryos, however aberration of other genes was reported (Hartmann et al.,
2002). Additionally, it was shown by van Tetering et al. (2009) that Notch signalling
was not impaired by knockout of ADAM 17, nor other members of the ADAMs family,
including ADAM 9, 12 and 15. Importantly, it was shown that ADAM 10 knockdown
inhibited Notch cleavage and subsequent signalling (van Tetering et al., 2009). Follow
up research to this indicated that the use of ADAM 10 or ADAM 17 in Notch signalling
is selective dependent upon activation circumstances (Bozkulak and Weinmaster, 2009).
It was shown that ADAM 10, and not ADAM 17, is required for cleavage of Notch1
activated by ligand binding, however it was also shown that ADAM 17 participated in
ligand-independent Notch signalling (Bozkulak and Weinmaster, 2009). Furthermore,
ADAM 10 has been shown to be a sheddase for DLL1, a known Notch ligand (Six et
al., 2003). Further evidence for the role of ADAM 10 in Notch signalling is seen after
the modulation of ADAM 10 expression, in various cell types. In non-small cell lung
cancer is was found that in vivo ADAM 10 expression positively correlated with that of
Notch1, and that higher expression levels were exhibited in metastatic tissue (Guo et al.,
2012). Furthermore, it was identified that ADAM 10 knockdown impaired the cleavage
of NICD of Notch1 and that subsequently a reduced migratory and invasive phenotype
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in vitro was exhibited (Guo et al., 2012). Additionally, ADAM 10 knockout mouse
brains displayed significantly decreased expression of Notch target genes, including
Hes1, Hes5, Hey1 and Hey2 (Jorissen et al., 2010, Zhuang et al., 2015).
It has also been shown that there is a link between tumour hypoxia and the activation of
Notch signalling (Chen et al., 2007, Ishida et al., 2013, Yu et al., 2013, Villa et al.,
2014). In lung cancer it was identified that Notch1 and its downstream target genes,
Hes1, Hey1 and Hey2, were significantly upregulated after exposure to hypoxia (1%
O2). Similarly in oral carcinoma, Notch receptor and ligand expression, along with
Notch target genes, were significantly upregulated after exposure to hypoxia (1% O2).
Additionally, it was also shown that hypoxic exposure induced EMT, with reduced ECadherin expression and increased cellular migration and invasion (Ishida et al., 2013).
In the case of hepatocellular carcinoma it was also shown that hypoxic exposure
resulted in an increased migratory and invasive phenotype. Furthermore, the expression
of Notch1 and Hes1 were upregulated, at both protein and transcript level, after hypoxic
exposure (Yu et al., 2013). Notch1 knockdown cells displayed a less aggressive
phenotype, with reduced cellular migration and invasion (Yu et al., 2013).
1.9.4

Epithelial-Mesenchymal Transition

EMT is a complex biological process that cells undergo, encompassing a variety of
molecules, which results in a switch from an epithelial state to a mesenchymal
phenotype (Kalluri and Weinberg, 2009). Such phenotypical changes are identified as
being instrumental in enhancing the invasiveness and migratory potential of cancer
cells, which subsequently promotes metastasis (Kalluri and Weinberg, 2009, Yilmaz
and Christofori, 2009, Hanahan and Weinberg, 2011, Cao et al., 2015). Typically cells
possess an epithelial phenotype with close cell-cell contact and apical-basal polarity,
which allows for cell-cell communication, and expression of epithelial proteins such as
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E-Cadherin . Upon activation of EMT one of the primary alterations is the loss of
cellular adhesion and cell-cell junctions (Medici et al., 2006b, Medici et al., 2008,
Yilmaz and Christofori, 2009, Huang et al., 2012). These are deconstructed and
proteins, such as E-Cadherin, occludin and claudin, are degraded (Kalluri and
Weinberg, 2009, Lamouille et al., 2014). Transcriptional downregulation of E-Cadherin
is regulated by increased expression of transcription factors such as Slug, Snail and zinc
finger E-box binding homeobox (ZEB) 1 and 2 (Spaderna et al., 2008, Zhang et al.,
2015b). The loss of E-Cadherin is crucial to the development of EMT, and
downregulated expression is found across a variety of cancer types including prostate
(Umbas et al., 1992, Rubin et al., 2001); gastric (Joo et al., 2002, Almeida et al., 2010);
breast (Kowalski et al., 2003, Shargh et al., 2014); colorectal (Dorudi et al., 1993,
Kroepil et al., 2013) and liver cancer (Wei et al., 2002, Chen et al., 2014). As a result of
E-Cadherin degradation β-Catenin can no longer interact and therefore is typically
stabilised (via Wnt signalling, as discussed in Section 1.9.5). After loss of cell-cell
contact, apical-basal polarity is lost, under normal circumstances cells maintain such
polarity through contact through their basal surface with the basement membrane.
During EMT this contact is lost through the repression of polarity associated proteins
and the loss of E-Cadherin mediated adhesion (Lamouille et al., 2014). Cytoskeletal
alterations are also seen, which promote the motility of the changing cells, including the
formation of actin-rich lamelilipodia and filopodia. Such extensions facilitate basement
membrane degradation and subsequent metastasis (Yilmaz and Christofori, 2009,
Lamouille et al., 2014). Alongside the loss of epithelial markers, such as E-Cadherin,
EMT sees the gain of mesenchymal markers such as N-Cadherin, Vimentin, Slug, Snail
and β-Catenin (Medici et al., 2008, Kalluri and Weinberg, 2009, Lamouille et al., 2014,
Zhang et al., 2015b). A representative diagram illustrating the phenotypical changes of
EMT can be seen in Figure 1.10. A vast range of signalling pathways are known to

73

Figure 1.10: Epithelial-Mesenchymal Transition
EMT sees the switch of cells from a epithelial phenotype to a mesenchymal one. In a normal
epithelial state cells are tightly adhered and possess an organised arrangement. As such they are
relatively non-motile and stable. However, induction of EMT sees the loss of E-Cadherin, along
with other epithelial markers, which is progressive and correlates to the gain of mesenchymal
markers such as N-Cadherin and Vimentin. The loss of cell-cell contact and polarity, along with
formation of cytoskeleton projections allows a more migratory phenotype to be gained, and as
such cells are more aggressive and invasive in nature. Image adapted from Wang et al. (2011b).
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activate EMT and its downstream effectors, including EGFR, Wnt and Notch signalling
cascades (Yilmaz and Christofori, 2009). ADAMs family members have previously
been implicated in promoting EMT within cancer, with numerous studies showing
downregulation of ADAM 10 led to a less invasive phenotype. In the case of tongue
carcinoma it was shown that ADAM 10 silencing resulted in reduced migration and
invasion of cells. Furthermore, it was identified that E-Cadherin levels increased postADAM 10 silencing, thus implicating ADAM 10 in mediating the suppression of ECadherin (Shao et al., 2015). ADAM 10 has previously been shown to mediate the
cleavage of E-Cadherin in keratinocytes, which influenced the migratory capacity of the
cells. ADAM 10 overexpression saw increased cellular migration, and ADAM 10
inhibition saw increased cellular adhesion and E-Cadherin expression (Maretzky et al.,
2005). Additionally, it was shown in non-small cell lung cancer that ADAM 10
activated the Notch1 signalling pathway, which mediated a more migratory and
invasive phenotype (Guo et al., 2012). Furthermore, silencing of ADAM 10, both in
vitro and in vivo, reduced cellular migration and invasion (Liu et al., 2015b). Similar
effects of ADAM 10 silencing on migration in nasopharyngeal carcinoma have also
been reported in vitro (You et al., 2015).
Tumour hypoxia has also been attributed to promotion of EMT, with research indicating
that hypoxic exposure exerts an invasive phenotype on cells (Higgins et al., 2007,
Cannito et al., 2008, Zhang et al., 2013b, Gammon and Mackenzie, 2015, Zhang et al.,
2015b). In hepatocellular carcinoma hypoxia was found to induce EMT, through
modulation of EMT-related genes, including E-Cadherin, N-Cadherin and Vimentin
(Zhang et al., 2013b). Morphological alterations supporting a more mesenchymal
phenotype were also identified after hypoxic exposure, along with an increase in
cellular migration and invasion (Zhang et al., 2013b). Furthermore, in CRC
overexpression of HIF-1α resulted in a downregulation of E-Cadherin, alongside an
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upregulation of N-Cadherin and Vimentin. Additionally, it was found that there was an
increase in cellular migration which in vivo translated to an increase in metastasis
(Zhang et al., 2015b). Similar results have also been observed in breast cancer, with
hypoxic exposure resulting in increased cellular migration and invasion (Chen et al.,
2010). E-Cadherin expression was also reduced, along with upregulation of
mesenchymal markers such as Slug and Snail. In this study it was identified that
hypoxia mediated EMT through Notch signalling (Chen et al., 2010).
1.9.5

Wnt/β-Catenin Pathway

The Wnt/β-Catenin pathway is primarily responsible for mediating signalling involved
in embryonic cellular development, including axis development and stem cell
development and proliferation (MacDonald et al., 2009, Niehrs, 2012). Wnts are a
group of cysteine-rich proteins that are ligands for a variety of receptors and
subsequently activate downstream signalling. Such receptors include Frizzled, protein
tyrosine kinase 7 (PTK7) and low-density lipoprotein receptor-related protein (LRP),
amongst others (Niehrs, 2012). Upon receptor activation two pathways are activated and
are classified as either β-Catenin-dependent or β-Catenin-independent. The combination
between Wnt ligand and receptor denotes which pathway is activated (MacDonald et al.,
2009, Niehrs, 2012). Under non-stimulatory circumstances, glycogen synthase kinase 3
(GSK3) phosphorylates β-Catenin and subsequently targets it for degradation, through
interaction with a complex consisting of APC, Axin and casein kinase 1α (CK1α)
(Niehrs, 2012). However, upon activation by Wnt binding, β-Catenin becomes
stabilised and translocates to the nucleus where it binds to transcription factors such as
T-cell factor (TCF) and lymphoid enhancer factor (Lef), that mediate the transcription
of genes involved in cellular differentiation and proliferation (Mazumdar et al., 2010,
Niehrs,

2012,

Varela-Nallar

et

al.,

2014).

β-Catenin-independent

signalling

encompasses a number of pathways that do not use β-Catenin, and are involved in cell
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polarity, neurodegeneration and inflammation. Wnt/β-Catenin signalling is reported to
be aberrant in a number of cancer types, including but not limited to, breast, liver,
gastric and ovarian, and is often associated with a more invasive phenotype (Tien et al.,
2005, Nunez et al., 2011, Cai and Zhu, 2012, Yoshioka et al., 2012, Bodnar et al., 2014,
Gedaly et al., 2014, Jang et al., 2015a, Jang et al., 2015b, Xu et al., 2015).
Dysregulation of the Wnt/β-Catenin pathway is prevalent within sporadic colorectal
cancer. A number of epigenetic mutations present within CRC have been linked to
aberrant Wnt/β-Catenin signalling including KRAS and APC (Herbst et al., 2014,
Lemieux et al., 2015). The tumour suppressor APC is part of the β-Catenin degradation
complex within Wnt signalling and this gene has been shown to be downregulated
within CRC, particularly in the case of FAP patients. The mutation of APC allows for βCatenin to become stabilised and thus activate downstream signalling (Herbst et al.,
2014, Lemieux et al., 2015). Furthermore, it has been shown that KRAS signalling
activation within CRC subsequently activates Wnt/β-Catenin signalling and promotes
EMT. Upon KRAS or MEK activation through mutation EMT was induced in CRC
cells, with typical E-Cadherin downregulation present (Lemieux et al., 2015).
Additionally, it was found that oncogenic KRAS signalling triggered β-Catenin
activation through low density lipoprotein receptor-related protein 6 (LRP6), and that
downstream transcriptional activity of β-Catenin was dependent upon MEK signalling
(Lemieux et al., 2015). Due to the complex nature of Wnt/β-Catenin signalling, it is one
of the most difficult pathways to inhibit, thus making it hard to therapeutically target
(Gedaly et al., 2014).
One of the main links of β-Catenin expression in cancer is to regulation of EMT, which,
as discussed in Section 1.9.4, drives metastasis through cellular migration and invasion.
(Valenta et al., 2012). Wnt/β-Catenin signalling is known to activate a number of targets
genes that mediate E-Cadherin expression. Such targets include Twist, Slug and Snail,
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which are strongly attributed to driving EMT. Little research has been undertaken into
the role of ADAMs family members mediating Wnt/β-Catenin signalling, however it is
known that members, including ADAM 10, can mediate the cleavage of E-Cadherin
(Maretzky et al., 2005, Maretzky et al., 2008). It was shown that ADAM 10 was
responsible for the cleavage of E-Cadherin, which promoted cellular migration and
invasion and activation of the β-Catenin target gene Cyclin D1 (Maretzky et al., 2005).
Notably, ADAM 10 has previously been identified as a target gene of β-Catenin, along
with oncogenes Cyclin D1 and c-MYC (Herbst et al., 2014). Hypoxia has been linked to
Wnt/β-Catenin signalling, with research showing that HIF-1α modulates Wnt/β-Catenin
signalling (Mazumdar et al., 2010, Zhang et al., 2013c, Varela-Nallar et al., 2014, Liu et
al., 2015a). Reports of effect of hypoxia on Wnt/β-Catenin signalling are somewhat
conflicting, with research showing that hypoxia can inhibit the signalling pathway
through competitive binding with HIF-1α (Lim et al., 2008). It was shown that HIF-1α
binds to ADP-ribosylation factor domain protein 1 (ARD1) which prevents the
acetylation based activation of β-Catenin, and furthermore, HIF-1α was shown to bind
to TCF, which prevented downstream transcriptional activation of target genes (Kaidi et
al., 2007, Lim et al., 2008). Conflictingly, hypoxia has been shown to regulate stem cell
growth and EMT through Wnt/β-Catenin signalling (Mazumdar et al., 2010, Zhang et
al., 2013c, Varela-Nallar et al., 2014, Liu et al., 2015a). In the context of EMT and
invasive potential, a correlation between HIF-1α and β-Catenin expression was
identified in hepatocellular carcinoma cells. Notably, a decrease in Wnt signalling
activity was identified after hypoxic exposure, however, β-Catenin expression remained
unchanged, and after prolonged exposure upregulated (Zhang et al., 2013c).
Furthermore, it was found the HIF-1α directly interacts with β-Catenin, and that cells
with β-Catenin knockdown display a less invasive and EMT-typical phenotype (Zhang
et al., 2013c, Liu et al., 2015a).
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1.10

ADAMs as Therapeutic Targets in Cancer

The evidence showing involvement of ADAMs family members in cancer progression
is strong and therefore focus has turned to targeting them for therapeutic purposes.
ADAMs members, including ADAM 10 and ADAM 17 have been shown to mediate
the shedding of ligands which activate various cancer associated signalling pathways
and promote a tumourigenic phenotype, as discussed above (Edwards et al., 2008,
Murphy, 2008, Duffy et al., 2011). Furthermore, hypoxia has been shown to upregulate
the expression of ADAMs members in cancer. As such, a number of ADAMs inhibitors
have been developed for therapeutic use, albeit with limited success thus far (Duffy et
al., 2011). The main mechanism of action of anti-ADAMs therapies is to inhibit
proteolytic activity, thus preventing activation of downstream signalling pathways
(Duffy et al., 2011). Two of the most investigated ADAM 10 and ADAM 17 inhibitors
are INCB3619 and INCB7839, which have shown success in vitro (Zhou et al., 2006,
Fridman et al., 2007, Witters et al., 2008). It was observed that treatment with
INCB3619 prevented ADAM 10 and ADAM 17 mediated cleavage of numerous ErbB
ligands, including Heregulin, TGF-α, HB-EGF and EGF, in non-small cell lung cancer
(Zhou et al., 2006). Results showed that INCB3619 induced apoptosis, impaired EGFR
signalling, and in xenograft models, tumour growth was significantly impaired (Zhou et
al., 2006). Importantly, INCB3619 was observed to increase sensitivity to EGFR
tyrosine kinase inhibitor gefitinib (Zhou et al., 2006). Similar results were also reported
by Fridman et al. (2007), and xenograft models, of head and neck cancer, were shown to
have impaired tumour growth. Furthermore, combination of either INCB3619 or
INCB7839 with a lapatinib-like EGFR inhibitor impaired breast cancer cell or xenograft
growth, respectively (Witters et al., 2008). Early clinical trials of INCB7389 indicate
that it is fairly well tolerated, with a 50% response rate in HER2-positive breast cancer
when used in conjunction with trastuzumab (Duffy et al., 2011). More recently, a
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monoclonal antibody targeting the ADAM 17 cysteine rich domain has been shown to
reduce cellular proliferation and migration/invasion of triple-negative breast cancer cells
(Caiazza et al., 2015). ADAM 10 specific inhibitor, GI254023X, has shown positive
anti-migratory effects in keratinocytes and both ovarian and breast cancer (Maretzky et
al., 2005, Gooden et al., 2014, Mullooly et al., 2015). Research has shown that ADAM
10 ectodomain can be shed by ADAM 9 and ADAM 15, however further research is
required to determine the relevance of this in terms of the retention of proteolytic
activity after ectodomain shedding, as current research is somewhat conflicting (Parkin
and Harris, 2009, Tousseyn et al., 2009). If ADAM 10 proteolytic activity is retained
after ectodomain shedding then this may enhance substrate cleavage and subsequent
activation of cancer associated signalling pathways. If the implications of ADAM 10
ectodomain shedding are determined to be physiologically relevant in ADAM 10
mediated cancer progression, then it is feasible that through multi-approach inhibition
of ADAM 10 and ADAM 9/ADAM 15 the role of ADAM 10 in cancer progression
could be limited.

1.11

ADAMs in Gastrointestinal and CRC Signalling

In terms of gastrointestinal biology, ADAM 10 and ADAM 17 are the two most studied
members of the ADAMs family, as a number of ADAMs mediated pathways are
involved in homeostasis of the intestinal environment (Jones et al., 2016). Notch and
Wnt signalling pathways are heavily involved in intestinal homeostasis, particularly in
cellular proliferation and differentiation during intestine development (Jones et al.,
2016). Both ADAM 10 and 17 have been implicated in Notch and Wnt signalling, as
described above (Section 1.9.3 and Section 1.9.5, respectively). Intestinal stem cells
heavily utilise Notch signalling for regulation of function, proliferation and
differentiation (Zeki et al., 2011, Carulli et al., 2015). ADAM 10 is expressed in all cells
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within the intestinal tract and research has shown that it is profusely expressed on the
basolateral surfaces of intestinal epithelial cells (Jones et al., 2016). The crucial role of
ADAM 10 in mediating Notch signalling is essential for intestinal development, with
research reporting that knockout of ADAM 10 is embryonic lethal, at day 9.5, which
corresponds with mouse gut formation (Hartmann et al., 2002, Tsai et al., 2014, Jones et
al., 2016). Phenotypically, ADAM 10 knockout mice embryos displayed a number of
defects which are associated with lack of Notch signalling. Embryos were observably
smaller in size, with the caudal body region being particularly underdeveloped
(Hartmann et al., 2002). Cardiac development was also severely impaired, with
underdevelopment prevalent throughout ADAM 10 deficient mice. Wild-type
counterparts displayed folded heart phenotypes, with individual compartments visible,
whereas ADAM 10 knockout mice presented linearly arranged cardiac compartments
within an extremely enlarged pericardial sac (Hartmann et al., 2002). Importantly, at
day 9.5 embryos were still viable in terms of detectable heartbeats, however, past this
stage no viable ADAM 10 deficient embryos were detects. Irregularities within the
neural tube were also identifiable within ADAM 10 knockout embryos (Hartmann et al.,
2002). Severe disruption to somitogenesis, a process heavily regulated by Notch
signalling, was also evident throughout, with irregularities in lineation and size of
somites (Hartmann et al., 2002).
An alternative loss of function ADAM 10 mouse model demonstrated that no ADAM
10-deficient mice survived beyond 1 day post-natal. Using tamoxifen inducible ADAM
10-deficiency the loss of ADAM 10 in adult mouse intestines was examined, which
showed morbidity within 7-9 days post tamoxifen treatment (Tsai et al., 2014).
Histological analysis of both newborn and adult intestines showed increased goblet cell
numbers and reduced cellular burden within the epithelium as a result of decreased
cellular viability. Increases in differentiation of secretory cells was also evident
81

throughout both immature and adult mouse intestines, indicating a role for ADAM 10 in
regulating cell fate (Tsai et al., 2014). In this model, ADAM 10-deficiency resulted in a
reduction in the Notch target gene Hes1, whilst neither Notch receptors nor ligands were
affected (Tsai et al., 2014). Notch signalling has previously been implicated in CRC
progression, with previous research showing Notch signalling was crucial for the
evasion of apoptosis in colon cancer-initiating cells (CCICs) (Sikandar et al., 2010,
Gopalakrishnan et al., 2014, Fender et al., 2015). Similarly, a significant increase of
Notch in CRC cells has been shown to result in increased EMT as a result of signalling
activation (Fender et al., 2015).
Alongside Notch signalling ADAM 10 is known to activate other signalling pathways
involved in intestinal regulation through its sheddase of ligands such as EGF and ECadherin (Jones et al., 2016). In CRC, ADAM 10 expression and its downstream
signalling pathways become aberrant and promote cellular proliferation and
tumourigenesis, particularly via Notch, EGFR and Wnt signalling pathways (Jones et
al., 2016). Whilst altered ADAMs related signalling has been identified in CRC, little
research has shown a direct involvement of ADAM 10, thus making this a target for
future research. However, it has been observed that upregulation of ADAM 10
expression correlates with a higher stage in CRC, thus implicating it in promoting a
tumourigenic phenotype (Knösel et al., 2005, Gavert et al., 2007).
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1.12

Project Rationale

CRC is one of the most prevalent cancers worldwide and is highly metastatic. Solid
tumours, such as CRC, are known to possess hypoxic regions, which promote
metastasis. Evidence for the role of the ADAMs family in cancer progression is strong,
and research has implicated them in the hypoxia-driven tumour microenvironment.
However, ADAM 10 remains relatively uncharacterised in the context of hypoxiamediated cancer progression, thus making it a target of research. There is evidence for
the role of ADAMs, especially ADAM 10, in normal colon biology. Indeed, ADAM 10knockout mouse models display embryonic lethality at 9.5 days, with an array of
deformities present. Therefore, understanding the role of ADAM 10 in the CRC
hypoxic tumour microenvironment could provide crucial information regarding CRC
progression and become a potential therapeutic target. This thesis aims to characterise
ADAM 10 in the context of hypoxia-mediated CRC progression and elucidate
mechanisms by which ADAM 10 may be contributing to the progressive nature of
CRC.
1.12.1 Project Hypothesis
Hypoxia-induced ADAM 10 expression and activity mediates the progression of CRC
through promotion of cellular migration and proliferation.
1.12.2 Project Aims and Objectives


Determine the effects of exposure to severe hypoxia on ADAM 10 expression
within CRC cell lines (Chapter 3)



Elucidate the implications of hypoxia-mediated ADAM 10 on CRC
tumourigenic phenotypes (Chapter 4)

 Identify the effects of hypoxia-mediated ADAM 10 on cellular signalling
pathways linked to CRC progression (Chapter 5)
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Chapter 2 : Materials and Methods
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2.1

Materials and Methods

Unless otherwise stated all material and methods were obtained from Fisher Scientific
UK Ltd (Loughborough, UK).

2.2

Cell Lines

HCT116, HT29 and RKO colorectal cancer cell lines were used throughout the
experiments. HCT116 cells are from a carcinoma origin and were isolated from a male
patient with malignant colon carcinoma. HT29 cells originate from the primary tumour
of a 44 year old female with colon adenocarcinoma and present a well differentiated
phenotype. RKO cells are a poorly differentiated cell line that is of colon carcinoma
origin. All cell lines were purchased from ATCC, Middlesex, UK or ECACC,
Salisbury, UK.

2.3

Cell Culture

HCT116, HT29 and RKO cells were grown in T75 flasks (Greiner Bio-One,
Stonehouse, UK) containing Dulbecco’s Modified Eagle’s Medium (DMEM; High
Glucose; Lonza, Basel, Switzerland) supplemented with 10% Foetal Bovine Serum
(FBS; Gibco, Loughborough, UK) and 1 % sodium pyruvate (GE Healthcare,
Buckinghamshire, UK) in a humidified incubator (Nuaire IR Direct Heat CO2 Incubator
(Triple Red, Buckinghamshire, UK)) at 37 °C in 5% CO2. Faster BH-EN 2004 Laminar
flow hoods (Faster S.r.l, Ferrara, Italy) and aseptic techniques were employed for cell
culture work. All equipment and cell culture reagents were sterilised with 70% ethanol
prior to use within the laminar flow hoods. All reagents were stored at 4°C and heated
to 37°C prior to use.
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2.4

Cell Subculture

Cell passaging was undertaken at 70-80% confluency, in order to keep exponential
growth. Spent media was discarded and cells were rinsed in 1X Phosphate Buffered
Saline (PBS) (GE Healthcare, Buckinghamshire, UK) then detached using trypsinEDTA (GE Healthcare, Buckinghamshire, UK). Cells were re-suspended in growth
medium before being passaged to the desired ratio (1:3-1:12). Passage numbers were
recorded to track the number of passages undertaken.

2.5

Preparation of Frozen Cell Stocks

Cells were routinely frozen and stored in liquid nitrogen to maintain low passage stocks
of all cell lines. Confluent (~80-90%) T75 cm2 flasks were rinsed in 1X PBS and cells
trypsinised. Trypsin was then inactivated with complete media prior to being
centrifuged at 300 x g for 5 minutes. Supernatant was then removed prior to cells being
re-suspended in 1X PBS, before being spun at 300 x g for 5 minutes. Supernatant was
discarded and cells re-suspended, gradually, in 1.5 ml freeze mix (90% FBS, 10%
diemthyl sulphoxide (DMSO)). The freeze mix/cell suspension was then aliquoted into
cryovials (1:3, 500 µl/vial) and labelled. Cells were then stored at -80°C in a Nalgene
Mr Frosty overnight, prior to being transferred to liquid nitrogen for long term storage.

2.6

Reconstitution of Frozen Cell Stocks

Frozen cells were removed from liquid nitrogen and thawed rapidly by hand before
being transferred into complete medium and spun at 300 x g for 5 minutes. Supernatant
was then discarded and cells re-suspended in complete medium and transferred to a T25
cm2 cell culture flask.
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2.7

Viable Cell Count

Viable cell number in a cell suspension was determined prior to seeding for experiments
using the Trypan-blue exclusion method, which identifies non-viable cells through blue
staining. Cells were washed with PBS and detached using trypsin before being resuspended in growth medium. Cells were then centrifuged at 300 x g for 5 minutes. The
supernatant was then removed and the cells re-suspended in growth media. A 1:1
dilution of cells with 0.4% Trypan Blue solution (Gibco, Loughborough, UK) was
prepared, and cells were counted using a Neubauer Improved Haemocytometer
(Marienfeld Superior, Lauda-Königshofen, Germany). Cells were counted by
microscopy (Olympus CKX41 x 10 magnification) and cells in the four large corners of
the haemocytometer grid were counted. Viable cells were determined by the exclusion
of trypan blue, therefore non-viable, blue cells were excluded from cell counts. Cells
were then seeded according to the experiments specifications.

2.8

Mycoplasma Testing

Cell lines were regularly tested (~ every 3 months) for mycoplasma contamination using
EZ-PCR Mycoplasma Test kit (Geneflow, Staffordshire, UK). All mycoplasma testing
was undertaken by Ellie Beeby, Laboratory Technician. 1 ml cell culture supernatant
was removed from the flask and centrifuged at 250 x g briefly to exclude cell debris.
Supernatant was then transferred and re-spun at 21 000 x g for 10 minutes to pellet
mycoplasma. Supernatant was then discarded and pellet re-suspended in 35 µl buffer
solution added to each sample. Samples were mixed thoroughly and heated at 95 °C for
3 minutes. 2.5 µl of each sample was then prepared for PCR using reagents provided
(17.5 µl H₂O; 5 µl reaction mix) before being amplified using Techne TC-3000 thermal
cycler. PCR products were then separated by gel electrophoresis, alongside positive
control sample (2% agarose gel, 100V for 20 minutes) before being imaged using
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ChemiDoc XRS+ system (Bio-Rad, Hertfordshire, UK). Banding was then compared to
positive control for positive identification of mycoplasma contamination.

2.9

Hypoxic Treatment

Cells were seeded into dishes according to specific experimental conditions, and media
was refreshed prior to hypoxic exposure. Cells were then placed in a H35
Hypoxystation (Don Whitley Scientific, Shipley, UK). This instrument allows for an
accurate control and regulation of several micro environmental conditions, such as
temperature (37 °C), humidity (75%), CO2 (5%) and variable O2 conditions. Prior to an
experiment, the hypoxia chamber was programmed to the desired O2 concentration and
allowed to stabilise before the cells were placed into the hypoxic environment. Oxygen
tensions used in this thesis ranged from 0.5% to 0.1% O2. Cells were harvested within
the chamber up to the point of lysis. Incubation in a conventional humidified incubator
at 5% CO2 was used as a normoxic (tissue culture conditions) control (20% O2).

2.10

siRNA Transfection

Cells underwent a viable cell count (section 2.3) and were then seeded into 6 well plates
(Greiner Bio-One, Stonehouse, UK) at a density of 200 000 cells/well. Cells were left to
adhere overnight before transfection. Cells were then transfected with 25 nM siRNA
using DharmaFECT I (Thermo Scientific, Loughborough, UK) transfection reagent as
per manufacturer’s instructions (details of siRNA oligos can be found in Table 2.1). In
brief, siRNA oligos (Thermo Scientific, Loughborough, UK) were first diluted from the
stock concentration (100 µM) with sterile DEPC water to 2 µM. The 2 µM siRNA was
then mixed with an equal volume of serum-free media, whilst DharmaFECT was mixed
with serum-free media (1:70). Both of these solutions were then incubated for 5 minutes
at room temperature. The siRNA and DharmaFECT mixes were then combined and
incubated for a further 20-30 minutes at room temperature. Existing growth medium in
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the desired wells was then removed before being replaced with fresh growth medium
mixed with the siRNA solution. siRNA was used to target ADAM 10 (siADAM 10) and
a non-targeting control siRNA (siNT) was used in each experiment. Approximately 10
hours post-transfection the media was removed from the wells and the cells washed
with 1X PBS. The cells were then trypsinised and re-suspended in growth media before
being transferred into 6cm dishes (Greiner Bio-One, Stonehouse, UK) for the specific
experimental procedures.
Table 2.1: siRNA used for ADAM 10 Knockdown Experiments
siRNA

Target

Manufacturer

siADAM
10

ADAM
10

siGENOME
SMARTpool
(ThermoScientifi
c, UK) Ref: M004503-02-0005

Final
Concentration

Target Sequence
5’ GCUAAUGGCUGGAUUUAUU 3’
5’ GGACAAACUUAACAACAAU 3’

25 nM
5’ CCCAAAGUCUCUCACAUUA 3’
5’ GCAAGGGAAGGAAUAUGUA 3’

siNT

2.11

NonTargeting

siGENOME
SMARTpool
(ThermoScientifi
c, UK) Ref: D001210-02-20

Non-Targeting siRNA #2
25 nM

Cell Lysis and Protein Extraction

Cells were plated into 10 cm cell culture dishes and left to adhere overnight before
being placed into normoxia or hypoxia. At the time of lysis the media was removed
from the dishes and the cells washed with 1X PBS. The cells were then detached from
the dish surface into 1X PBS using a cell scraper, before being spun at 21000 x g for 2
minutes to pellet the cells. The supernatant was then removed before the cells were resuspended in 150 μl lysis buffer (20 mM Tris-HCl pH 7.4; 150 mM NaCl; 0.5% Triton
X-100; 0.1% Sodium dodecyl sulphate (SDS); 1 mM Ethylenediaminetetraacetic acid
(EDTA); 1x PhosStop phosphatase inhibitor cocktail (Roche, Sussex, UK) and 1x
cOmplete ULTRA EDTA-free protease inhibitor cocktail (Roche, Sussex, UK), as
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described in Kornfeld et al. (2011). The cells incubated on ice for approximately 45
minutes to allow for complete lysis, before being centrifuged at 21000 x g for 15
minutes at 4°C. The supernatant was then transferred to a fresh micro-centrifuge tube
before being stored at -20 °C ready for quantification.

2.12

Protein Quantification

The protein content of whole cell lysates was quantified using the BCA protein assay
(Expedeon, Cambridgeshire, UK) in a 96 well plate format. Samples were diluted 1:20
with lysis buffer and 10 µl sample was pipetted into a 96 well plate format. 260 µl of
working reagent (A:B; 50:1) was added before shaking the plate gently and incubating
at 37 °C for 30 minutes. Samples were quantified against known BSA standards (02000 µg/ml). Absorbances were read at 595 nm on a Biotek Absorbance Microplate
Reader (North Star Scientific, Leeds, UK).

2.13

Protein De-Glycosylation

Protein lysates were combined with 10% v/v glycobuffer and Milli-Q H2O before the
addition of 10% v/v PNGase F (New England Biolabs, Hitchin, UK) as per
manufacturer’s instructions. Samples were then incubated at 37°C for 24 hours before
the addition of a reducing sample buffer (3.3% w/v SDS, 6 M urea, 17 mM Tris-HCl pH
7.5, 0.07 M β-mercaptoethanol, 0.01% w/v bromophenol blue). Samples were then
heated to 100°C for 5 minutes to ensure complete protein denaturation.

2.14

γ-Secretase Inhibition

2.5 x 105 cells were seeded into 6 well plates and left to adhere overnight. Cells were
either pre-treated for 6 hours with 100 nM and 500 nM Dibenzazepine (DBZ) (Tocris
Bioscience, Bristol, UK) or treated at prior to hypoxic exposure. Cells were then placed
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in either normoxia or hypoxia (0.5% O2) for 24 hours before samples were lysed and
protein extracted, as above.

2.15

SDS-PAGE

SDS-Polyacrylamide gels (7.5 or 10%) were prepared using a 7.5 or 10% resolving gel
mix (1.5 M Tris-HCl pH 8.8, 30% Acrylamide, 10% (w/v) SDS, 10% (w/v) Ammonium
persulphate (APS), 10% Tetramethylethylenediamine (TEMED)) in the appropriate
volumes. The gel was then pipetted into the Mini-PROTEAN casting system (Bio-Rad,
Hertfordshire, UK). A thin layer of Milli-Q H2O was then pipetted over the top of the
gel to dissipate bubbles and ensure a flat gel. The gel was then left to polymerise. Once
set the H2O was removed and the stacking gel (H2O, 0.5 M Tris-HCl pH 6.8, 30% (w/v)
Acrylamide, 10% (w/v) SDS, 10% (w/v) APS and 10% TEMED) in the appropriate
volumes mixed and pipetted on top of the resolving gel. Spacing combs were then
placed into the casting system and the gels left to polymerise. Protein samples were
prepared prior to usage. Each sample was prepared to contain 30 µg protein using lysis
buffer as a diluent with a reducing sample buffer added (3.3% w/v SDS, 6 M urea, 17
mM Tris-HCl pH 7.5, 0.07 M β-mercaptoethanol, 0.01% w/v bromophenol blue).
Protein samples were then heated to 100°C for 5 minutes to ensure complete protein
denaturation.

2.16

Western Blotting

Polyacrylamide gels were assembled into the Mini-PROTEAN tank (Bio-Rad,
Hertfordshire, UK) and the combs removed. The inner reservoir and wells were then
flooded with 1X running buffer (1:10 dilution 10X (30.20 g/L Tris, 144 g/L Glycine,
1% w/v SDS)) prior to the remainder of the tank being filled to the specified level. The
protein samples were then loaded into the wells slowly alongside a BLUeye PreStained
Protein Ladder as a molecular weight marker (Geneflow, Staffordshire, UK) which
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allows for identification of proteins via molecular weight. Samples were separated by
molecular weight by electrophoresis at 100V for approximately 1.5 hours. When the
dye front reached the bottom of the gel the electrophoresis was stopped. A
Polyvinylidene fluoride (PVDF) membrane was cut to size prior to usage and then
activated in methanol for a few seconds before being left to equilibrate in 1X blotting
buffer (1:10 dilution of 10X blotting buffer (30.20 g/L Tris, 144 g/L Glycine, 20% v/v
methanol)). The blotting cassette was assembled for the Mini Trans-Blot system (BioRad, Hertfordshire, UK), which was filled with blotting buffer. An ice pack was placed
in the tank to minimise the heat produced by the blotting process. The buffer was also
stirred during the blotting process to ensure continuous buffer mixing. The transfer was
done at 100V for 1.5 hours, allowing the complete transfer of the proteins to the PVDF
membrane. The membrane was incubated for 1 hour at room temperature using
blocking buffer: 5% milk-TBST (5% w/v non-fat milk, 1X Tris buffered saline – tween
(TBST) (1:10 dilution of 10X (88 g/L NaCl, 24 g/L Tris, 0.1% v/v Tween 20)). After
blocking the membrane was washed in TBST for 3 x 5 minutes. Primary antibodies
(detailed in Table 2.2) were diluted in 1% w/v milk-TBST or 5% BSA (Bovine Serum
Albumin)-TBST at appropriate dilutions (see Table 2.2). The membrane was incubated
with the primary antibody overnight at 4°C, whilst rolling. After incubation, the primary
antibody was removed before the membrane was washed for 3 x 10 minutes in TBST
whilst shaking. The HRP (horse radish peroxidise)-conjugated secondary antibody
(details in Table 2.2) was diluted in 1% w/v milk-TBST and was added to the
membrane for 1 hour at room temperature and incubated whilst shaking. The membrane
was then washed for a further 3 x 10 minutes in TBST as before. The membrane was
incubated with an enhanced chemiluminescence (ECL) Clarity chemiluminescence
reagent (Bio-Rad, Hertfordshire, UK) in order to allow for specific band detection, as
per manufacturer’s instructions. The signal generated was imaged using the ChemiDoc
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XRS+ system (Bio-Rad, Hertfordshire, UK). Densitometric analysis of band intensity
was performed using the ImageLab Software (Bio-Rad, Hertfordshire, UK). Band
intensity values were normalised to β-actin band intensity for the corresponding lane.
Table 2.2: Antibodies Used Within this Project
Table detailing the range of antibodies used for Western Blotting within this research, both
primary and secondary antibodies included.
Target
β-Actin
ADAM 10
β-Catenin
E-Cadherin
c-MYC
Cyclin D1
Slug
Snail
p21
pAKT
pEGFR
pERK 1/2
pGAB1
pStat5

Source
Santa Cruz
Abcam
Cell Signalling
Santa Cruz
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling

Reference
Sc-69879
Ab1997
8480
Sc-8426
13987
2978
9585
3879
2946
4060
3777
4370
3233
4322

Origin
Mouse mAb
Rabbit pAb
Rabbit mAb
Mouse mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb
Mouse mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb

Dilution
1:10 000 in 1% milk-TBST
1:1000 in 1% milk-TBST

Rabbit HRP
Mouse HRP

Dako
Dako

P 0448
P 0161

Goat pAb
Rabbit pAb

1:2000 in 1% milk-TBST
1:2000 in 1% milk-TBST

2.17

1:1000 in 5% BSA-TBST
1:1000 in 1% milk-TBST

1:1000 in 5% BSA-TBST
1:1000 in 5% BSA-TBST
1:1000 in 1% milk-TBST
1:1000 in 1% milk-TBST
1:2000 in 1% milk-TBST
1:1000 in 5% BSA-TBST
1:1000 in 5% BSA-TBST

1:1000 in 5% BSA-TBST
1:1000 in 5% BSA-TBST
1:1000 in 5% BSA-TBST

Immunoprecipitation

Immunoprecipitation is utilised for the purification of proteins from whole cell lysates
and sees the use of an antibody targeting the desired protein immobilised to a solid
support such as magnetic beads or agarose beads.
Cells were plated into 15 cm cell culture plates and left to adhere overnight before being
placed into normoxia or hypoxia for the specified time. At the time of lysis the media
was removed from the dishes and the cells washed twice with 1X ice cold PBS. The
cells were then detached from the dish surface into 1X PBS using a cell scraper, before
being spun at 21000 x g for 2 minutes to pellet the cells. The supernatant was then
removed before the cells were re-suspended in 500 µl of lysis buffer (20 mM Tris-HCl
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pH 7.4; 150 mM NaCl; 0.5% Triton X-100; 0.1% SDS; 1 mM EDTA; 1x PhosStop
phosphatase inhibitor cocktail (Roche, Hertfordshire, UK), 1x cOmplete ULTRA
EDTA-free protease inhibitor cocktail (Roche, Hertfordshire, UK), as described in
Kornfeld et al. (2011). Lysates were allowed to lyse completely at 4°C for 20 minutes
whilst being rotated, before being centrifuged at 21000 x g at 4°C for 20 minutes to
collect clarified lysate. Input samples were taken at this stage for each condition. 50 µl
Protein A Dynabeads (Invitrogen, Loughborough, UK) were washed 3 x in lysis buffer
on ice. Beads were then incubated with 2 μg of antibody for 30 minutes at 4°C whilst
rotating to allow complete antibody conjugation. Beads were then washed 1 x with lysis
buffer, as before. Clarified cell lysates were then added to the antibody conjugated
beads. The lysate and bead slurry was then incubated for 4 hours at 4°C whilst rotating.
After incubation, the supernatant was removed as the beads washed 3 x in lysis buffer
on ice, as before. After removal of the final wash, the beads were re-suspended in 2X
Laemmli buffer (65.8 mM Tris-HCl, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01%
bromophenol blue (Bio-Rad, Hertfordshire, UK)) diluted in lysis buffer, before heating
for 5 minutes at 100°C. Samples were then stored at -20°C.

2.18

Coomassie Protein Stain

Samples were run by SDS-PAGE then stained for protein with Coomassie Blue solution
(50% v/v MeOH, 10% v/v Acetic acid, 0.1% w/v Coomassie Brilliant Blue-R250
(Fisher, UK)). Gels were stained for 1 hour at room temperature whilst gently shaking,
before being de-stained in a destain solution (40% v/v MeOH, 10% v/v Acetic Acid)
until protein bands were visible. Gels were then stored in MilliQ water before being
imaged using the ChemiDoc XRS+ system (Bio-Rad, Hertfordshire, UK).
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2.19

MALDI-MS

MALDI-MS (Matrix Assisted Laser Desorption/Ionisation-Mass Spectrometry) is a
mass spectrometry based technique, which separates proteins and analyses them to
allow for positive identification according to peptide sequence and molecular weight.
Samples for MALDI-MS analysis were run by SDS-PAGE on 7.5% polyacrylamide
gels before being stained for protein using Coomassie Blue. Bands of interest were then
excised from the stained gel using a scalpel, before being placed into eppendorf tubes
and sent for MALDI-MS analysis at the University of York proteomics facility, as per
the protocol provided by the facility. In brief, gel pieces were washed twice with 50%
v/v acetonitrile containing 25 mM ammonium bicarbonate. A further wash with 50%
v/v acetonitrile was undertaken before drying in a vacuum concentrator for 20 minutes.
Porcine trypsin (Promega, Hampshire, UK) in 50 mM acetic acid, diluted five-fold with
25 mM ammonium bicarbonate (final trypsin concentration 0.02 µg/µl) was added to
the gel pieces, with enough 25 mM ammonium bicarbonate to cover the pieces before
incubating overnight at 37 °C. 1 µl of sample was applied to MALDI target plate
followed by equal volume of 5 mg/ml 4-hydroxy-α-cyano-cinnamic (Sigma Aldrich,
Dorset, UK) in 50% v/v acetonitrile with 0.1% v/v trifluoroacetic acid. MALDI analysis
was undertaken using a Bruker Ultraflex III (Bruker UK Ltd, Coventry, UK) across a
spectra of 800-5000 m/z. Calibration was against a 6 peptide mix with a signal-to-noise
(S/N) threshold of set to 2. Samples with a S/N greater than 30 were selected for
MS/MS fragmentation with Bruker flexAnalysis software 3.3 (Bruker UK Ltd,
Coventry, UK) used to perform processing and peak generation. Data was compared to
Mascot database (Matrix Science Ltd, London, UK) through the Bruker ProteinScape
2.1 interface (Bruker, Coventry, UK). Data was compared against the human subset of
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the UniProt database and filtered to accept peptides with an expect score of 0.05 or
lower.

2.20

LC-MS

LC-MS (Liquid chromatography mass spectrometry) is also a mass spectrometry based
principle, which sees the separation of proteins by liquid chromatography prior to mass
spectrometry analysis, allowing for protein identification.
Samples for LC-MS analysis were run by SDS-PAGE on 7.5% polyacrylamide gels (as
detailed in Section 2.15). Gels were then stained using Coomassie Blue before the bands
of interest were excised from the gel. Bands were then cut into small, approximately 1
mm2 pieces and placed into an eppendorf tube. Samples were then prepared for LC-MS
analysis using a Trypsin Profile In-Gel Digestion kit (Sigma Aldrich, Dorset, UK). Gel
pieces were incubated with Destaining solution at 37 °C for 30 minutes twice before
being dehydrated in a SpeedVac (Thermo Scientific, Loughborough, UK) at 45 °C for
30 minutes. 20 µl Trypsin Solution (1 mM HCl; 20 µg/ml trypsin; 40 mM ammonium
bicarbonate and 9% v/v acetonitrile) was added to the pieces in conjunction with 50 µl
Trypsin Reaction Buffer (40 mM ammonium bicarbonate and 9% v/v acetonitrile) and
incubated for 4 hours at 37 °C. The trypsin digest was then separated from the gel
pieces and then analysed by LC-MS by Dr Kevin Welham in the Department of
Chemistry at the University of Hull. In brief, a liquid chromatography Thermo Dionex
Ultimate 3000 nanoLC system was used with samples maintained at 8 °C in a
refrigerated sample tray throughout the experiment. A Thermo Scientific Acclaim
PepMap 100 75 µm x 250 mm NanoViper column was used at 40 °C for a total run time
of 70 minutes. Samples and blanks were injected in volumes of 5 µl, with solvent blanks
run between each pair of sample injections. MS analysis was undertaken using a Bruker
Impact qQTOF MSMS in autoMSMS mode with a threshold of 500 counts per 3 second
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cycle. The captive ion source used in positive ion mode. Peptide scan range was from
50 to 2200 daltons. All data was processed using Bruker ProteinScape 3.1 software with
protein identification by MASCOT 2.1. For detailed settings of LC-MS analysis see
Appendix 1.

2.21

Refining of LC-MS Data

Potential contaminants of the LC-MS samples were identified using the CRAPome
(Contaminant Repository for Affinity Purification) database (Mellacheruvu et al.,
2013). The repository details known contaminants of immunoprecipitation and affinity
purification and the LC-MS data was compared to the 411 affinity purification studies
to determine whether any contaminants were present. A threshold of 10% was set,
which determined any proteins present in ≤ 10% of studies within the repository were
true protein hits. Proteins identified ≥ 10% of studies were determined to be
contaminants.

2.22

Glycoprotein Affinity Purification using Concanavalin A

Concanavalin A based affinity purification utilises Concanavalin A lectins bound to
sepharose resin beads, which bind sugar residues on glycoproteins and subsequently
purify these glycoproteins for further analysis.
Cells were plated into 10 cm dishes and lysed in 200 μl as per protein extraction
procedure, detailed above (Section 2.11). Input samples were taken after lysis and
frozen until required. Concanavalin agarose beads (Sigma Aldrich, Dorset, UK) were
washed twice in ice cold lysis buffer. 60 μl of washed beads were added to the cell
lysates (FLAG agarose beads were used for control) and incubated at 4°C for 2 hours
whilst rotating. After incubation samples were spun at 2000 x g at 4°C for 2 minutes,
supernatant was then removed. Beads were then washed 3 x in 500 μl ice cold lysis
97

buffer. After last wash the supernatant was discarded. Beads were resuspended in 2X
sample buffer (0.0625 M Tris-HCl pH 6.8, 20% v/v glycerol, 5% w/v SDS, 0.05% w/v
bromophenol blue, 5% v/v β-mercaptoethanol) diluted in lysis buffer, before heating
samples for 5 minutes at 100°C. Samples were then stored at -20°C.

2.23

mRNA Extraction

Cells were plated into 6 cm dishes and mRNA extraction was carried out using the BioRad Aurum Total RNA kit (Bio-Rad, Hertfordshire, UK) after hypoxic exposure. Cells
were rinsed with 1X PBS before being lysed with 350 µl provided lysis solution. Cells
were harvested and re-suspended to ensure complete lysis. 350 µl 70% ethanol was then
added to the samples and re-suspended thoroughly. Samples were then transferred to
RNA binding columns and centrifuged at 21000 x g for 30 seconds. The flow through
was discarded and 700 µl low stringency wash solution was added to the columns, prior
to spinning at 21000 x g for 30 seconds. Flow through was then discarded and 15:1 mix
of DNAse 1 dilution solution and DNAse 1 added to the columns and incubated at room
temperature for 15 minutes. 700 µl high stringency wash solution was then added to the
columns and centrifuged at 21000 x g for 30 seconds. Flow through was discarded
before 700 µl low stringency wash solution was added to columns and centrifuged at
21000 x g for 1 minute, then a further 2 minutes after discarding flow through. 80 µl
elution solution was then added to columns before centrifuging at 21000 x g for 2
minutes to elute RNA. Extracted mRNA was then stored at -80°C.

2.24

mRNA Quantification

mRNA samples were quantified using the NanoDrop 1000 Spectrophotometer (Thermo
Fisher Scientific, Loughborough, UK). The loading platform was cleaned prior to use
with H₂O before being blanked with elution solution (from Bio-Rad Aurum Total RNA
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kit (Bio-Rad, Hertfordshire, UK)). 2 µl each sample was loaded onto platform and RNA
concentration measured in ng/ml.

2.25

cDNA Synthesis

Reverse transcription was undertaken using a RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Loughborough, UK). 1 µg of extracted total
RNA was combined with 1 µl oligo (dT)18 primers and 12 µl H₂O before being
combined with 8 µl reaction mix (4 µl 5X Reaction Buffer; 1 µl Ribolock RNase
Inhibitor (20 u/µl); 2 µl 10 mM dNTP mix and 1 µl RevertAid Minus M-MuLV Reverse
Transcriptase (200 u/µl)). The reaction was performed in a Bio-Rad C1000 Thermal
Cycler (Bio-Rad, Hertfordshire, UK), using the following cycling conditions: heated for
60 minutes at 42°C followed by heating at 70°C for 5 minutes to terminate the reaction.
Synthesised cDNA was then stored at -20°C until required for qPCR analysis.

2.26

Real Time quantitative PCR Analysis

Real Time quantitative PCR (RT-qPCR) was undertaken using SYBR Green
technology. QuantiFAST SYBR Green master mix and QuantiTECT pre-designed
primer assays (both from Qiagen, Manchester, UK) were used, and reactions were
performed in a StepOnePlus Real Time PCR machine (Applied Biosystems,
Loughborough, UK). (Details of all QuantiTECT primer assays used can be found in
Table 2.3). The qPCR reaction was setup as follows, using the cycling protocol noted in
Table 2.4. cDNA samples were diluted 1:5 with sterile Diethylpyrocarbonate (DEPC)
water. A master mix solution was prepared containing SYBR Green (1:2, v/v)
QuantiTECT primer assays (1:10, v/v), diluted in sterile DEPC water. The diluted
cDNA samples were added to a 96-well plate, with sterile DEPC water used for the no
template control NTC wells, to give a final concentration of 1:10 (v/v). Triplicate wells
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were prepared for each sample and primer assay, with triplicate of NTC for each primer
assay. Β-2 microglobulin (B2M) was used as the housekeeping gene within all
experiments and all results were normalised to B2M levels.
Table 2.3: QuantiTECT Primer Assays used for qPCR
Target

Catalogue Number

Length of Amplicon

ADAM 10
SLC2A1 (GLUT-1)
B2M

QT00032641
QT00068957
QT00088935

87 bp
77 bp
98 bp

Table 2.4: Sigma Custom Primers used for qPCR
Target Gene

Sequence

Notch1 – F
Notch1 – R
Hes1 – F
Hes1 – R
Hes5 – F
Hes5 – R
Hey1 – F
Hey1 – R
Hey2 – F
Hey2 – R
c-MYC – F
c-MYC – R
CCND1 (CyclinD1) – F
CCND1 (CyclinD1) – R

TACTCCTCGCCTGTGGACAA
CAGTCGGAGACGTTGGAATG
TCAACACGACACCGGATAAA
CCGCCAGCTATCTTTCTTCA
TCAGCCCCAAAGAGAAAAAC
TAGTCCTGGTGCAGGCTCTT
TGGATCACCTGAAAATGCTG
TTGTTGAGATGCGAAACCAG
GTACCTGAGCTCCGTGGAAG
AGTTGTGGAGAGGCGACAAG
GGCTCCTGGCAAAAGGTCA
CTGCGTAGTTGTGCTGATGT
CTCCTGTGCTGCGAAGTGG
CTTCTGTTCCTCGCAGACCTCC

Amplicon
length
128bp
128bp
150bp
150bp
232bp
232bp
200bp
200bp
241bp
241bp
119bp
119bp
204bp
204bp

Reference
Chen et al.
(2007)
Chen et al.
(2007)
Chen et al.
(2007)
Chen et al.
(2007)
Chen et al.
(2007)
Dai et al.
(2014)
Self-designed

Table 2.5: Cycling Protocol for qPCR
Initial
Denaturation
95°C
5min
1x

Denaturation

Annealing/Extension

Melt Curve

95°C
10 sec

60°C
3 sec

95°C
15 sec

x 35 Cycles

60°C
1 min

+ 0.3°C per step

100

95°C
15 sec

2.27

Scratch Assay

Scratch assays allow for the assessment of cellular migration through cell monolayer
wounding and observation to determine migratory distance over a specified period of
time.
2.27.1.

GI254023X Treatment

2 x 105 – 2 x106 cells were seeded into 6 well plates and left to adhere overnight.
Cells were then treated with 1 μM and 5 μM GI254023X (Tocris Bioscience,
Bristol, UK) in media for 6 hours. The media was then removed and the confluent
monolayer of cells scratched 3 times using a P200 tip. Cells were then washed once
with 1X PBS and media containing 0.5% FBS added to the wells. A horizontal line,
perpendicular to the scratches, was then drawn onto the under surface of the well.
Images were then obtained of the point at which the line intercepted the scratches,
using Axio Vert.A1 inverted microscope and ZEN 2012 software, using the 5X
objective (Carl Zeiss, Cambridge, UK). Cells were then placed in either normoxia or
hypoxia (0.5% O₂) for 16 hours before being re-imaged. Scratches were then
measured by hand.
2.27.2.

siRNA Transfection

Cells were transfected as above (Section 2.10). The confluent monolayer of cells
was scratched 3 times with a P200 tip. Cells were then washed once with 1X PBS,
before 0.5% FBS media was added to the wells. A line, perpendicular to the
scratches, was then drawn on the underneath of the wells and the scratches imaged
using Axio Vert.A1 inverted microscope and ZEN 2012 software, using the 5X
objective (Carl Zeiss, Cambridge, UK). Cells were then incubated for 16 hours in
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either normoxia or hypoxia (0.5% O₂) before being re-imaged. Scratches were
measured by hand.

2.28

MTS Assay

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium) assays measure cellular viability through the metabolic reduction of
tetrazolium salts to formazan. This colorimetric based assay assumes that that formazan
reduction will be proportional to the exponentially growing, viable cells in the sample.
2.28.1.

GI254023X Treatment

5000 cells/well were seeded into 96 well plates (Greiner Bio-One, Stonehouse, UK)
and left to adhere overnight. Cells were then treated with a range of GI254023X
concentrations, 0.2 μM – 135 μM, with DMSO as the vehicle control, with a final
volume per well of 100 μl. Cells were then placed into either normoxia or hypoxia
(0.5%

O₂)

for

16

hours.

20

μl

(3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)

(MTS)

reagent

(Promega, Hampshire, UK) was added per well and incubated at 37 °C for 2 hours.
Absorbance was then read at 490 nm on a Biotek Absorbance Microplate Reader
(North Star Scientific, Leeds, UK).
2.28.2.

siRNA Transfection (16h timepoint)

200 000 cells/well were seeded into 6 well plates for transfection (Section 2.10).
Cells then underwent a viable cell count and 5000 cells/well were re-seeded into 96
well plates, in a final volume of 100 μl/well. Cells were then left to adhere for
approximately 8 hours before being placed in either normoxia or hypoxia (0.5% O₂)
for 16 hours. 20 μl of MTS reagent was then added to each well and incubated for 2
hours at 37°C. Absorbance was then read at 490 nm.
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2.28.3.

siRNA Transfection (24-72h timepoints)

200 000 cells/well were seeded for transfection (Section 2.10). Cells then underwent
a viable cell count before 3000 cells/well were re-seeded into 96 well plates, in a
final volume of 100 μl/well. Cells were then left to adhere overnight before being
placed in either normoxia or hypoxia (0.5% O₂) for 24, 48 or 72 hours. The outer
wells of each plate were filled with 200 μl PBS to minimise evaporation of media.
After specified time of incubation 20 μl of MTS reagent was added to each well and
incubated at 37°C for 2 hours. Absorbance was then read at 490 nm.

2.29

Clonogenic Survival Assay

Clonogenic assays assess the capability of cells to form colonies and undergo unlimited
replication. The premise of clonogenic assays is that if a cell possesses reproductive
capability then it is likely to be an actively proliferating cell.
The appropriate plating density and period of incubation to obtain approximately 200
colonies was determined for each cell line. Specifically, 250 cells/well (HCT116) or 500
cells/well (HT29) were seeded into a well of a 6 well plate, with 6 wells
seeded/condition. Cells were left to adhere overnight before being placed in normoxic
or hypoxic (0.5% O2) conditions for 24 hours. Cells were then transferred to a dedicated
humidified incubator at 37 °C and 5% CO2, and left for 7-10 days to allow macroscopic
colony formation (colonies comprised of more than 50 cells). Once colonies reached the
desired size, media was carefully removed from the wells, and carefully washed with
1X PBS. Colonies were then fixed and stained with crystal violet (0.1% w/v crystal
violet; 70% v/v methanol and 30% v/v H2O) for 1 hour. Excess crystal violet solution
was then removed and plates carefully washed in distilled water before being left to air
dry. Colonies were then counted using a GelCount™ (Oxford Optronics, Oxfordshire,
UK). CHARM (compact Hough and radial map) algorithm settings were determined for
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each cell line. Plating efficiency was calculated as the average number of colonies
divided by the number of cells seeded. The surviving fraction was calculated as the
average number of colonies divided by the plating efficiency of the control, multiplied
by the seeding density.

2.30

Cell Cycle Analysis

Propidium iodide (PI) staining allows for assessment of cell cycle as PI is a fluorescent
dye which binds to DNA and its fluorescence emission, as assessed by flow cytometry,
is proportional to the amount of DNA within a cell. Different cell cycle stages of
proliferating cells display different DNA content, thus allowing for cell cycle analysis.
200 000 cells/well (HCT116) were seeded for transfection (Section 2.10) before being
placed in either normoxia or hypoxia (0.5% O2) for 24 hours. Media was then collected
and cells washed 1X in PBS before being trypsinised and re-suspended in collected
media. Cells were then centrifuged at 500 x g for 5 minutes before being re-suspended
in 1X ice cold PBS. Cells were then centrifuged at 500 x g for 5 minutes before -20°C
70% ethanol was added slowly to fix the cells. Cells were then stored at -20°C until
ready to proceed with staining. Cells were then centrifuged for 5 minutes at 500 x g
before being re-suspended with 1X ice cold PBS. A cell strainer was then used to
produce a single-cell suspension before cells were centrifuged at 500g for 5 minutes.
Cells were then re-suspended in 1X PBS; 5 μg/ml propidium iodide (PI; Sigma Aldrich,
Dorset, UK); 10 μg/ml RNase A. PI staining was then measured and analysed using a
FACSCalibur (BD Biosciences, Oxford, UK).
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2.31

ADAM 10 Activity Assay

ADAMs family members are known sheddases and Peptide A and B (detailed below)
can be used to assess ADAMs activity through emission of a fluorescent signal upon
their cleavage by ADAMs family members.
2.31.1

GI254023X or GM6001 Treatment

5000 cells/well (HCT116) were seeded into 96 well plate format (fluorescent
compatible plates) and left to adhere overnight. Cells were then treated with 5 μM or 10
μM GI254023X or GM6001 (Tocris Bioscience, Bristol, UK), in DMEM, with DMSO
used as vehicle control, for 6 hours before being placed into normoxia or hypoxia (0.5%
O2) for 16 hours. Media was removed and fresh drug treatment in combination with 20
μM MOCAc-Lys-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH2 (Peptide A; Peptides
International, Kentucky, USA) or Ala-Gln-Ala-Val-Arg-Ser-Ser-Ser-Arg-Dap(Dnp)NH2 (Peptide B; Peptides International, Kentucky, USA) in DMEM was added to cells.
Cells were then incubated for 1 hour at 37 °C in the dark before fluorescence was
measured at excitation 328 nm, emission 393 nm (Peptide A) or excitation 320 nm,
emission 420 nm (Peptide B) using a Tecan i-control infinite 200 plate reader.
2.31.2

siRNA Transfection

200 000 cells/well (HCT116) were seeded for transfection (Section 2.10) before
undergoing a viable cell count (Section 2.5) and 5000 cells/well were seeded into a 96
well plate (opaque black – fluorescence compatible). Cells were then left to adhere for 8
hours before being placed into normoxia or hypoxia (0.5% O2) for 16 hours. 20 μM
Peptide A or Peptide B was then added to each well, in DMEM, and incubated in
darkness for 1 hour at 37°C. Fluorescence was then measured at excitation 328 nm,
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emission 393 nm (Peptide A) or excitation 320 nm, emission 420 nm (Peptide B) using
a Tecan i-control infinite 200 plate reader.

2.32

Statistical Analysis

Experiments were replicated three times, unless otherwise stated, and appropriate
statistical analysis undertaken to determine any significance in observable differences.
Student t-tests were used to compare two groups and ANOVAs were undertaken to
compare three or more groups with one another. Types of test undertaken for each
experiment can be identified within the appropriate figure legend. The standard
deviations (STDEV) and standard error mean (SEM) were calculated and displayed in
graphs as error bars, as indicated within figure legends. All graphs were generated and
statistical analysis undertaken using Graphpad Prism 6 software (Graphpad, California,
USA).
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Chapter 3 : Characterisation of ADAM 10 in Hypoxia in Colorectal
Cancer
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3.1

Introduction

3.1.1

ADAMs and hypoxia

ADAM 10 is one of the lesser-studied members of the ADAMs family, particularly in
the context of cancer, as discussed in Section 1.8.1 (Edwards et al., 2008, Reiss and
Saftig, 2009, Mullooly et al., 2015). In particular, not many studies have evaluated the
effects of hypoxia on ADAM 10 expression and function. Previous research is
somewhat conflicting, suggesting that the effects of hypoxia on ADAM 10 are cancer
type specific (Webster et al., 2002, Marshall et al., 2006, Barsoum et al., 2011) (Section
1.8.2). Specifically, exposure to hypoxia (2.5% O2) has been shown to decrease the
expression of ADAM 10 in neuroblastoma (Webster et al., 2002, Marshall et al., 2006).
On the other hand, in prostate and breast cancer, exposure to severe hypoxia (0.5% O2)
was shown to result in the upregulation of ADAM 10 expression (Barsoum et al., 2011).
However, other members of the ADAMs family have been more widely characterised in
the hypoxic tumour microenvironment and are known to be altered under hypoxic
conditions (Zheng et al., 2007, Rzymski et al., 2012, Wang et al., 2013).
3.1.2 Regulation of ADAM10 Activity and Stability by Post-translational
Modifications

ADAM 10 is known to undergo a variety of PTMs including pro-domain removal for
activation of its catalytic activity (Section 1.8.3) (Anders et al., 2001, Peiretti et al.,
2003, Leonard et al., 2005, Moss et al., 2007). Furthermore, ADAM 10 is known to
have four potential N-linked glycosylation sites, within the mature form of the protein,
with three of the sites residing within the active, metalloproteinase domain (Escrevente
et al., 2008). Research in the context of ADAM 10 PTMs has also shown the
ectodomain cleavage of ADAM 10 by other ADAMs family members and the removal
of ADAM 10 cytoplasmic tail by γ-secretase.
108

3.1.3

Proteomic Methodologies in Protein and PTM Identification

Mass spectrometry (MS) has long been established as a key technique for the
identification of proteins and their post-translational modifications (Aebersold and
Mann, 2003). The many advantages of mass spectrometry see it emerging as the method
of choice for protein characterisation within the proteomic field (Aebersold and Mann,
2003, Susnea et al., 2013, Schlage and auf dem Keller, 2015). Such advantages include
high sensitivity, accuracy, small sample size and rapid analysis. Mass spectrometry
methodologies rely on the ionisation of samples, with the various methodologies
ionising the samples in differing ways (Aebersold and Mann, 2003, Gonnet et al., 2003,
Susnea et al., 2013). Matrix-assisted laser desorption ionisation mass spectrometry
(MALDI-MS) allows for analysis of proteins through sample ionisation and subsequent
separation according to their mass (Yates et al., 2009, Susnea et al., 2013). Liquid
chromatography mass spectrometry (LC-MS) demonstrates a higher levels of sensitivity
than MALDI-MS and is capable of analysing more complex protein mixes, and
therefore is emerging as a more popular method for protein characterisation (Chen and
Pramanik, 2009, Karpievitch et al., 2010). Glycoproteomics sees the study of
glycosylation-based alterations to proteins and several biochemical techniques can be
used for this purpose (Section 1.8.3.1). Such methodologies include PNGase F for
glycan removal, inhibition of glycosylation through usage of tunicamycin and
Concanavalin A for affinity based purification of N-linked glycosylated proteins
(Escrevente et al., 2008, Wojtowicz et al., 2012, Roth et al., 2012, Tian and Zhang,
2013). More detailed glycoproteomic analysis can also be undertaken through MS based
approaches, which aim to identify the location of glycosylation on the protein, the
structure and identify the various glycans and the point to which they bind the protein
(Sagi et al., 2005, Anderegg et al., 2009, Pasing et al., 2012, Zhang et al., 2014b).

109

3.1.4

Rationale, Aims and Objectives of this Chapter

It is established that ADAM 10 is altered within CRC, however there is limited research
characterising the role that ADAM 10 plays within the hypoxic tumour
microenvironment. Previous studies have reported conflicting results in terms of
ADAM 10 expression within tumour hypoxia, suggesting expression patterns and the
role of ADAM 10 may be cancer specific. This chapter aims to identify the effects
severe hypoxia has upon the expression of ADAM 10 in CRC cell line models.
The experimental work within this chapter was designed to test the hypothesis
‘Exposure to severe hypoxia will increase ADAM 10 expression in CRC cell lines’ and
subsequently address the following questions:


Does exposure to severe hypoxia result in alterations in expression of
ADAM 10 at both protein and transcript levels in CRC cell line models?



Is hypoxia responsible for mediating the formation of the ADAM 10 mature
form doublet band?



Is the formation of the doublet band as a result of a hypoxia-mediated posttranslational modification, and if so, what type of post-translational
modification is ADAM 10 undergoing?
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3.2

Methods

3.2.1

Western Blotting

CRC cell lines were exposed to hypoxia for a range of time point (Section 2.9) lysed
and protein extracted (Section 2.11) and quantified (Section 2.12). 30 µg of protein
lysates were separated by SDS-PAGE (Section 2.15) and then protein expression
analysed by Western Blotting (Section 2.16). A polyclonal anti-ADAM 10 antibody
was used for detection of ADAM 10 protein expression, and β-Actin was used as the
loading control, as per dilutions specified in Table 2.2, to which all values were
normalised.
3.2.2

qPCR

CRC cell lines were exposed to hypoxia (Section 2.9) for a range of time points and
mRNA extracted (Section 2.23). mRNA was then quantified (Section 2.24) and 1 µg of
extracted RNA underwent cDNA synthesis (Section 2.25). qPCR was then undertaken,
as described in Section 2.26. QuantiTECT primer assays (as described in Table 2.3)
were used for detection of ADAM 10 expression. SLC2A1 expression was analysed to
serve as a control for a hypoxic environment and B2M expression was used as the
housekeeping control, to which all results were normalised. qPCR was carried out as per
the cycling protocol in Table 2.5.
3.2.3

ADAM 10 Immunoprecipitation

HT29 cells were exposed to normoxia or hypoxia (Section 2.9) before undergoing
immunoprecipitation (Section 2.17) for purification of ADAM 10. An anti-ADAM 10
antibody (as detailed in Table 2.2) was used at a concentration of 2 µg. Samples were
then separated by SDS-PAGE (Section 2.15) and then either stained with Coomassie
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Blue (Section 2.18) or ADAM 10 expression analysed by Western Blotting (Section
2.16) with an anti-ADAM 10 antibody used as specified in Table 2.2.
3.2.4

MALDI-MS

HT29 cells were exposed to normoxia or hypoxia (Section 2.9) and underwent ADAM
10 immunoprecipitation (as above; Section 2.17). Proteins were then separated by SDSPAGE (Section 2.15) and total protein content stained with Coomassie Blue (Section
2.18) before undergoing MALDI-MS analysis (Section 2.19).
3.2.5

LC-MS

HT29 cells were exposed to either normoxia or hypoxia (Section 2.9) and underwent
ADAM 10 immunoprecipitation (as above; Section 2.17). Proteins were then separated
by SDS-PAGE (Section 2.15) and total protein content stained with Coomassie Blue
(Section 2.18) before undergoing LC-MS analysis (Section 2.20). The LC-MS data was
then refined using the CRAPome database (Section 2.21).
3.2.6

γ-Secretase Inhibition

HCT116 cells were treated with 100 nM or 500 nM DBZ for inhibition of γ-secretase
(Section 2.14) before being exposed to normoxia or hypoxia for 16 hours (Section 2.9).
Cells were then lysed and protein extracted (Section 2.11) and quantified (Section
2.12). 30 µg of protein lysates were separated by SDS-PAGE (Section 2.15) and
ADAM 10 protein expression analysed by Western Blotting (Section 2.16), using an
anti-ADAM 10 antibody. β-Actin was used as the loading control, to which all values
were normalised. All antibodies were used as per dilutions specified in Table 2.2.
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3.2.7

Concanavalin A Pull Down

CRC cell lines were exposed to either normoxia or hypoxia (Section 2.9) and lysed
(Section 2.11) before undergoing glycoprotein affinity purification using Concanavalin
A (Section 2.22). Samples were then separated by SDS-PAGE (Section 2.15) and
ADAM 10 protein expression analysed by Western Blotting (Section 2.16). An antiADAM 10 antibody was used as specified in Table 2.2.
3.2.8

Protein De-Glycosylation

HCT116 cells were exposed to normoxia or hypoxia (Section 2.9) and lysed (Section
2.11). Samples were then quantified (Section 2.12) and 30 µg of each protein lysate
treated with PNGase F, as detailed in Section 2.13. Experimental controls were
implemented including whole cell lysate with normal ADAMs lysis buffer (Section
2.11); whole cell lysate with H2O and glycobuffer, both +/ 24 hours at 37 °C. All
samples were then separated by SDS-PAGE (Section 2.15) and ADAM 10 protein
expression analysed by Western Blotting (Section 2.16) using an ADAM 10 antibody as
detailed in Table 2.2.
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3.3

Results

3.3.1

Characterisation of the Effects of Hypoxia on ADAM 10 Expression

In order to determine the effects of hypoxia on ADAM 10 expression, colorectal cancer
cell line models were exposed to two different oxygen tensions (0.5% or 0.1% O2) for a
range of time points and the protein and transcript expression patterns of ADAM 10
analysed by Western Blot and qPCR, respectively.
3.3.1.1 ADAM 10 is Expressed across a Panel of CRC Cell Lines and is Induced by
Hypoxia

Western blotting was used to identify any alterations in ADAM 10 expression at protein
level, after exposure to severe hypoxia. Densitometry was subsequently carried out on
the blots, Figure 3.1 and Figure 3.2 depict the expression of ADAM 10 in HCT116
colorectal cancer cells after exposure to 0.5% O2 and 0.1% O2 respectively, for a range
of time points. It can be observed that, whilst there is no clear alteration in expression
levels of what has been identified as the pro-form of ADAM 10 (80 kDa), there are
visible alterations in the levels and nature of the mature form of ADAM 10 (65 kDa).
After 2 hours in both severe hypoxia oxygen tensions, an apparent doublet band was
visible in the mature form of ADAM 10, and remained present for the duration of the
hypoxic exposure (Figures 3.1 A and 3.2 A). Despite clearly observable alterations in
the banding pattern of mature ADAM 10, when analysed by densitometry this did not
correspond to a statistically significant increase. Limitations of densitometry analysis in
the context of the aforementioned results can be seen in Figure 3.3. Individual
experimental repeats of ADAM 10 expression in HCT116 cells after exposure to 0.5%
O2. all showed the same pattern of expression, with little or no alteration in pro-form
levels but clear alterations in the expression of mature form ADAM 10 were visible
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Figure 3.1: Expression of ADAM 10 in Severe Hypoxia (0.5% O2) in HCT116 Cells
A - HCT116 cells were exposed to hypoxia (0.5% O2) for a range of time points. Cells were
lysed, 30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM
10 protein was analysed by Western Blotting. The mature form of ADAM 10 is visible as a
doublet, comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin
was used as a loading control. Blots shown are representative of three independent
experiments.
B - Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10
was carried out using Image Lab software. All values were normalised to the loading control.
Results are expressed as fold change relative to the 0h control of n=3 experiments. Error bars
represent +/- SEM. Statistical analysis by one way ANOVA, with Dunnett’s post-hoc
correction. All results deemed non-significant.
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Figure 3.2: Expression of ADAM 10 in Severe Hypoxia (0.1% O2) in HCT116 Cells
A - HCT116 cells were exposed to hypoxia (0.1% O2) for a range of time points. Cells were
lysed, 30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM 10
protein was analysed by Western Blotting. The mature form of ADAM 10 is visible as a
doublet, comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin
was used as a loading control. Blots shown are representative of three independent experiments.
B - Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10 was
carried out using Image Lab software. All values were normalised to the loading control.
Results are expressed as fold change relative to the 0h control of n=3 experiments. Error bars
represent +/- SEM. Statistical analysis by one way ANOVA, with Dunnett’s post-hoc
correction. All results deemed non-significant.
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Figure 3.3: Comparative Figure Illustrating Individual Repeats for HCT116 Cells after
Exposure to Severe Hypoxia
Blots shown represent the three independent experiment repeats (A, B & C) to illustrate the
deviation in densitometry analysis between them.
HCT116 cells were exposed to hypoxia (0.5% O2) for a range of time points. Cells were lysed,
30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM 10
protein was analysed by Western Blotting. The mature form of ADAM10 is visible as a doublet,
comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin was used as
a loading control.
Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10 was
carried out using Image Lab Software. All values were normalised to the loading control.
Results expressed as fold change relative to the 0h control.
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(Figure 3.3). It can be consistently observed that, a faint doublet band is present at the 0
hours time point (normoxic control), which intensifies after exposure to severe hypoxia.
Band B of the doublet is repeatedly clearly increased during the hypoxic exposure.
However, when quantitatively analysed by densitometry, due to the varying levels of
quantification among experimental repeats, no significance is present.
Expression of ADAM 10 in HT29 colorectal cancer cells after exposure to 0.5% O2 and
0.1% O2 can be observed in Figure 3.4 and Figure 3.5 respectively. Western blot
banding patterns indicate an increase in both the pro and mature forms of ADAM 10,
with a doublet band visible for mature ADAM 10 after hypoxic exposure, similar to that
observed for HCT116 (Figures 3.1 A and 3.2 A). However, when quantitatively
analysed by densitometry no statistical significance was found for changes of either pro
or mature forms of ADAM 10 upon exposure to hypoxia. No clear increases in ADAM
10 pro-form protein were observed for RKO cells after exposure 0.5% O2 and 0.1% O2
(Figure 3.6 and Figure 3.7 respectively). However, as with HCT116 and HT29 cells, a
doublet form of mature ADAM 10 was visible, with increases after exposure to
hypoxia. However, any visible increases did not correlate to significant upregulation in
protein levels when quantitatively analysed. Whilst non-significant in nature, it is
clearly observable from these data that even a short exposure of CRC cells to severe
hypoxia (0.1% - 0.5% O2) lead to a resolution of mature ADAM 10 into a doublet band.
3.3.1.2 ADAM 10 is Induced by Hypoxia at Transcript Level

In order to assess any contribution of transcriptional changes to the alterations in
ADAM 10 protein expression, ADAM 10 mRNA levels were assessed by qPCR. Figure
3.8 depicts the expression of ADAM 10 after exposure to severe hypoxia in HCT116
cells. Little alteration is seen in the expression of ADAM 10 after exposure to either
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Figure 3.4: Expression of ADAM 10 in Severe Hypoxia (0.5% o2) in HT29 Cells
A – HT29 cells were exposed to hypoxia (0.5% O2) for a range of time points. Cells were lysed,
30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM 10
protein was analysed by Western Blotting. The mature form of ADAM 10 is visible as a
doublet, comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin
was used as a loading control. Blots shown are representative of three independent experiments.
B - Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10 was
carried out using Image Lab software. All values were normalised to the loading control.
Results are expressed as fold change relative to the 0h control of n=3 experiments. Error bars
represent +/- SEM. Statistical analysis by one way ANOVA, with Dunnett’s post-hoc
correction. All results deemed non-significant.
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Figure 3.5: Expression of ADAM 10 in Severe Hypoxia (0.1% O2) in HT29 Cells
A – HT29 cells were exposed to hypoxia (0.1% O2) for a range of time points. Cells were lysed,
30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM 10
protein was analysed by Western Blotting. The mature form of ADAM 10 is visible as a
doublet, comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin
was used as a loading control. Blots shown are representative of three independent experiments.
B - Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10 was
carried out using Image Lab software. All values were normalised to the loading control.
Results are expressed as fold change relative to the 0h control of n=3 experiments. Error bars
represent +/- SEM. Statistical analysis by one way ANOVA, with Dunnett’s post-hoc
correction. All results deemed non-significant.
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Figure 3.6: Expression of ADAM 10 in Severe Hypoxia (0.5% O2) in RKO Cells
A – RKO cells were exposed to hypoxia (0.5% O2) for a range of time points. Cells were lysed,
30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM 10
protein was analysed by Western Blotting. The mature form of ADAM 10 is visible as a
doublet, comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin
was used as a loading control. Blots shown are representative of three independent experiments.
B - Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10 was
carried out using Image Lab software. All values were normalised to the loading control.
Results are expressed as fold change relative to the 0h control of n=3 experiments. Error bars
represent +/- SEM. Statistical analysis by one way ANOVA, with Dunnett’s post-hoc
correction. All results deemed non-significant.
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Figure 3.7: Expression of ADAM 10 in Severe Hypoxia (0.1% O2) in RKO Cells
A – RKO cells were exposed to hypoxia (0.1% O2) for a range of time points. Cells were lysed,
30 μg of each protein sample were separated by SDS-PAGE and expression of ADAM 10
protein was analysed by Western Blotting. The mature form of ADAM 10 is visible as a
doublet, comprised of higher (Band A) and lower (Band B) molecular weight bands. β-Actin
was used as a loading control. Blots shown are representative of three independent experiments.
B - Densitometry analysis of band intensity for the pro-form and mature form of ADAM 10 was
carried out using Image Lab software. All values were normalised to the loading control.
Results are expressed as fold change relative to the 0h control of n=3 experiments. Error bars
represent +/- SEM. Statistical analysis by one way ANOVA, with Dunnett’s post-hoc
correction. All results deemed non-significant.
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Figure 3.8: Expression of ADAM 10 in severe hypoxia in HCT116 cells
HCT116 cells were exposed to hypoxia 0.5% O₂ (A & B) or 0.1% O₂ (C & D) for a range of
time points. mRNA was extracted (as described in Section 2.23), and ADAM 10 (A & C) or
SLC2A1 (B & D) expression analysed by qPCR (as described in Section 2.26). All results are
normalised to the housekeeping gene, B2M. SLC2A1 expression used as a control for
confirmation of hypoxic induction. Results are expressed as fold change relative to the 0 h
control (normoxia). A & C) n=3 experiments; Error bars represent +/- SEM; Statistical analysis
by one way ANOVA, with Tukey’s post-hoc correction. * p<0.05. B & D) n=2 experiments;
Error bars represent +/- STDEV.
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0.5% O2 or 0.1% O2, however a statistically significant, albeit small increase (1.24 ±
0.1-fold), was observed after 24 hours in 0.5% O2.
3.3.1.3 ADAM 10 is Induced by Hypoxia at Transcript Level

In order to assess any contribution of transcriptional changes to the alterations in
ADAM 10 protein expression, ADAM 10 mRNA levels were assessed by qPCR. Figure
3.8 depicts the expression of ADAM 10 after exposure to severe hypoxia in HCT116
cells. Little alteration is seen in the expression of ADAM 10 after exposure to either
0.5% O2 or 0.1% O2, however a statistically significant, albeit small increase (1.24 ±
0.1-fold), was observed after 24 hours in 0.5% O2. Similarly, little or no increase is seen
for HT29 cells exposed to either 0.5% O2 or 0.1% O2 (Figure 3.9). However, a small
(1.18 ± 0.1-fold) but significant increase is observed after 24 hours in hypoxia (0.5%
O2). RKO cells show a similar trend after hypoxic exposure (0.5% O2; and 0.1% O2; )
but with no significance seen (1.72 ± 0.3-fold change) (Figure 3.10). In all cell lines the
trends indicating a small increase in ADAM 10 expression are consistent across both
oxygen tensions examined (0.5% O2 and 0.1% O2). These data indicate that ADAM 10 is
not a canonical hypoxia-inducible gene in CRC. Analysis of SLC2A1 expression shows
increases after 8 and 24 hours in both 0.5% and 0.1% O2, thus confirming presence of
hypoxia.
3.3.2

ADAM 10 is Identified by Mass Spectrometry

Mass-spectrometry analysis was undertaken to confirm the identity of the mature form
ADAM 10 doublet described earlier in this chapter. Figure 3.11 depicts the Coomassie
stained SDS-PAGE gel separation of the HT29 ADAM 10 immunoprecipitation (IP)
samples, in preparation for the mass-spectrometric analysis. HT29 cells were selected
due to their complete lack of doublet band in normoxic ADAM 10, in comparison to
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Figure 3.9: Expression of ADAM 10 in severe hypoxia in HT29 cells
HT29 cells were exposed to hypoxia 0.5% O₂ (A & B) or 0.1% O₂ (C & D) for a range of time
points. mRNA was extracted (as described in Section 2.23), and ADAM 10 (A & C) or SLC2A1
(B & D) expression analysed by qPCR (as described in Section 2.26). All results are normalised
to the housekeeping gene, B2M. SLC2A1 expression used as a control for confirmation of
hypoxic induction. Results are expressed as fold change relative to the 0 h control (normoxia).
A & C) n=3 experiments; Error bars represent +/- SEM; Statistical analysis by one way
ANOVA, with Tukey’s post-hoc correction. * p<0.05. B & D) n=2 experiments; Error bars
represent +/- STDEV.
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Figure 3.10: Expression of ADAM 10 in severe hypoxia in RKO cells
RKO cells were exposed to hypoxia 0.5% O₂ (A & B) or 0.1% O₂ (C & D) for a range of
time points. mRNA was extracted (as described in Section 2.23), and ADAM 10 (A & C) or
SLC2A1 (B & D) expression analysed by qPCR (as described in Section 2.26). All results are
normalised to the housekeeping gene, B2M. SLC2A1 expression used as a control for
confirmation of hypoxic induction. Results are expressed as fold change relative to the 0 h
control (normoxia). A & C) n=3 experiments; Error bars represent +/- SEM; Statistical
analysis by one way ANOVA, with Tukey’s post-hoc correction. * p<0.05. B & D) n=2
experiments; Error bars represent +/- STDEV.
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Figure 3.11: Visualisation of MS Sample Location
HT29 cells were exposed to severe hypoxia (0.5% O2) for 2 hours before being lysed and
undergoing ADAM 10 immunoprecipitation. Samples were then separated by SDS-PAGE and
underwent either Western Blotting for ADAM 10 protein (A) or were stained with Coomassie
Blue (B). After confirming success of ADAM 10 pull down via Western Blot (A) gel bands in
the locations of ADAM 10 pro-form and mature form were cut and sent for MALDI-MS or LCMS analysis.
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HCT116 and RKO cells that have faint doublet expression. The locations of the excised
bands sent for MALDI-MS analysis can be observed within Figure 3.11, where faint
bands, expected to be the pro-form and mature form of ADAM 10, can be seen within
the excised regions. The bands cut out and sent for analyses are identified by A1, A2,
B1 and B2. These correspond to the predicted molecular weight regions of both the pro
(~80kDa) and mature (~60kDa) forms of ADAM 10. A1 or A2 bands were excised from
the normoxic sample, whereas B1 or B2 bands were taken from the hypoxia exposed
sample. Initially, MALDI-MS analysis was carried out on excised SDS-PAGE bands by
the Proteomics and Analytical Biochemistry Laboratory, University of York. However,
the only peptide hits obtained were for known IP contaminants (such as Heat shock
protein 90 and Heat shock cognate 71), which indicates that a more sensitive approach
needed to be utilised. LC-MS was therefore utilised next, as it is a more sensitive
analytical methodology. Immunoprecipitation of ADAM 10 was undertaken, followed
by separation by SDS-PAGE, band excision, processing and analysis (as for the
MALDI-MS). Peptides belonging to ADAM 10 protein were identified through
MASCOT database analysis and then mapped to the ADAM 10 amino acid sequence
(Figure 3.12) to identify which domain they originate from within the ADAM 10
protein.
ADAM 10 peptides were successfully identified by LC-MS, and mapped onto the
domains within the ADAM 10 protein to which they belong (Table 3.1 - Table 3.4).
Table 3.1 - Table 3.4 were compiled from two intra-experimental LC-MS repeats. As
peptides identified within each run were the same, albeit varying in numbers, the results
were amalgamated into one. Table 3.1 shows the peptides identified within the
normoxic (0h) pro-form band. It can be observed that peptides originating from the prodomain of the ADAM 10 protein are present. Such peptides are also present in
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Figure 3.12: ADAM 10 Protein Sequence and Domain Location

A) Amino acid sequence for ADAM 10, colour coded to denote the domains of the
ADAM 10 protein.
B) Table detailing the amino acid locations for each domain and the amount of amino
acids present within each
C) Schematic diagram of the ADAM 10 structure, including the different domains,
colour coded to correspond to the amino acid sequence above
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Table 3.1: ADAM 10 Peptides as Identified by LC-MS for 0h Pro-Form (80 kDa band)
Peptide Sequence
HYEGLSYNVDSLHQK
DTSLFSDEFKVETSNK
EAVIAQISSHVK
AIDTIYQTTDFSGIR
AIDTIYQTTDFSGIR
NISFMVK
ENGNYIMYAR
ENGNYIMYAR
ENGNYIMYAR
LVDADGPLAR
LVDADGPLAR
LPPPKPLPGTLK

Amino Acid Location
31-45
78-93
240-251
252-266
252-266
267-273
411-420
411-420
411-420
647-656
647-656
710-721

Domain Location
Pro
Pro
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Cysteine Rich
Cysteine Rich
Cytoplasmic

Table 3.2: ADAM 10 Peptides as Identified by LC-MS for 0h Mature Form (65 kDa band)
Peptide Sequence
EAVIAQISSHVK
EAVIAQISSHVK
AIDTIYQTTDFSGIR
AIDTIYQTTDFSGIR
NISFMVK
FPNIGVEK
FPNIGVEK
SLNTGIITVQNYGSHVPPK
ENGNYIMYAR
ENGNYIMYAR
ENGNYIMYAR
ENGNYIMYAR
LVDADGPLAR
LVDADGPLAR
LPPPKPLPGTLK
LPPPKPLPGTLKR
RRPPQPIQQPQR
ESYQMGHMR

Amino Acid Location
240-251
240-251
252-266
252-266
267-273
292-299
292-299
357-375
411-420
411-420
411-420
411-420
647-656
647-656
710-721
710-722
723-734
739-747

Domain Location
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Cysteine Rich
Cysteine Rich
Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic

Table 3.3: ADAM 10 Peptides as Identified by LC-MS for 2h Pro-Form (80 kDa band)
Peptide Sequence
HYEGLSYNVDSLHQK
LDFHAHGR
FEGFIQTR
EAVIAQISSHVK
EAVIAQISSHVK
AIDTIYQTTDFSGIR
AIDTIYQTTDFSGIR
NISFMVK
FPNIGVEK
SLNTGIITVQNYGSHVPPK
ENGNYIMYAR
ENGNYIMYAR

Amino Acid Location
31-45
62-69
124-131
240-251
240-251
252-266
252-266
267-273
292-299
357-375
411-420
411-420

130

Domain Location
Pro
Pro
Pro
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase

LVDADGPLAR
LVDADGPLAR
LPPPKPLPGTLK

647-656
647-656
710-721

Cysteine Rich
Cysteine Rich
Cytoplasmic

Table 3.4: ADAM 10 Peptides as Identified by LC-MS for 2h Mature Form (65 kDa band)
Peptide Sequence
GGTFYVEPAER
EAVIAQISSHVK
EAVIAQISSHVK
AIDTIYQTTDFSGIR
AIDTIYQTTDFSGIR
FPNIGVEK
FPNIGVEK
SLNTGIITVQNYGSHVPPK
ENGNYIMYAR
ENGNYIMYAR
LVDADGPLAR
LVDADGPLAR

Amino Acid Location
132-142
240-251
240-251
252-266
252-266
292-299
292-299
357-375
411-420
411-420
647-656
647-656

Domain Location
Pro
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Metalloproteinase
Cysteine Rich
Cysteine Rich

Table 3.3, which details peptides found within the 2h hypoxic pro-form sample. There
was only one pro-domain peptide present within the two mature form samples (Table
3.2 & Table 3.4). The majority of peptides identified within all analysed samples
originate from the metalloproteinase domain, with peptides from the cysteine rich and
cytoplasmic domains also being identified. Some peptides identified were identical to
those found within other analysed samples and some were detected more than once
within the same sample. A number of other protein peptides were also identified
alongside the ADAM 10 peptides. As contaminants were observed in the MALDI-MS
analysis, the obtained datasets were analysed using the CRAPome database, to eliminate
known contaminants of protein immunoprecipitation. After this analysis, a list of noncontaminant proteins was compiled (Appendix 1).
3.3.3

Characterisation of ADAM 10 Doublet Banding Pattern

Attempts to characterise potential alterations to ADAM 10 expression in hypoxic
conditions identified the occurrence of a potential hypoxia-associated doublet form of
ADAM 10 (Section 3.3.1.1). Alongside the direct protein ID, via the proteomic analysis
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(Section 3.3.2), potential post-translational modifications, such as cleavage and
glycosylation, which are known to affect ADAM 10, were investigated. First, the
cleavage of ADAM 10 by γ-secretase was analysed using specific inhibitor DBZ.
Furthermore, the glycosylation status of ADAM 10 in the CRC cell lines in normoxia
and hypoxia was also analysed.
3.3.3.1 γ-secretase Inhibition does not Prevent ADAM 10 Doublet Formation
In order to determine whether exposure to severe hypoxia exerts a γ-secretase mediated
cleavage of mature ADAM 10, HCT116 cells were treated with 100 nM or 500 nM
DBZ, a known inhibitor of γ-secretase. ADAM 10 protein expression was then analysed
by Western Blotting (Figure 3.13). As observed previously, the doublet form of mature
ADAM 10 was clearly identifiable in hypoxic samples, with only a single band visible
in the normoxic samples (Figure 3.13). Treatment with γ-secretase inhibitor, DBZ, did
not prevent ADAM 10 doublet band formation under hypoxic conditions. The mature
ADAM 10 doublet band was still present after treatment with both DBZ concentrations
in hypoxia (Figure 3.13). Neither of the two DBZ treatment regimes had an effect on
doublet formation either. These data indicated that it is unlikely that the hypoxic doublet
formation is associated with a cleavage of mature ADAM 10 by γ-secretase in low
oxygen conditions.
3.3.3.2 ADAM 10 Glycosylation is Altered under Hypoxic Conditions in CRC
Cells

In order to evaluate if the doublet observed for hypoxic mature ADAM 10 is the result
of glycosylation, Concanavalin A affinity purification pull-downs were performed for
all cell lines in normoxic and hypoxic conditions (2 hours exposure at 0.5% O2). As it
can be observed in Figure 3.14 - Figure 3.16, input samples for all three cell lines,
display the ADAM 10 banding pattern described earlier in this chapter, with both pro132

Figure 3.13: Effect of γ-secretase Inhibition on ADAM 10 Doublet Formation in HCT116
cells
HCT116 cells were treated with 100 nM or 500 nM DBZ before being exposed to severe
hypoxia (0.5% O2). Pre-treatment cells were treated for 6 hours prior to hypoxic exposure (as
described in Section 2.14). Cells were lysed, 30 μg of each protein samples were separated by
SDS-PAGE and expression of ADAM 10 protein analysed by Western Blotting. HCT116 cells
were treated with DMSO as the vehicle control and β-Actin was used as a loading control. Blot
is representative of two individual experiments.
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Figure 3.14: Expression of N-glycosylated ADAM 10 in HCT116 Cells
HCT116 cells were exposed to severe hypoxia (0.5% O2) for 2 hours and lysed, before
undergoing Concanavalin A pull down (as described in Section 2.21). Whole cell lysates (inputs
collected prior to pull down) were separated by SDS-PAGE and ADAM 10 protein expression
was analysed by Western Blotting. Normoxic control (0h) and FLAG agarose beads used for
negative control. Blot is representative of three individual repeat experiments. NS denotes nonsignificant bands.
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Figure 3.15: Expression of N-glycosylated ADAM 10 in HT29 Cells
HT29 cells were exposed to severe hypoxia (0.5% O2) for 2 hours and lysed, before undergoing
Concanavalin A pull down (as described in Section 2.21). Whole cell lysates (inputs collected
prior to pull down) were separated by SDS-PAGE and ADAM 10 protein expression was
analysed by Western Blotting. Normoxic control (0h) and FLAG agarose beads used for
negative control. Blot is representative of three individual repeat experiments. NS denotes nonsignificant bands.
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Figure 3.16: Expression of N-glycosylated ADAM 10 in RKO Cells
RKO cells were exposed to severe hypoxia (0.5% O2) for 2 hours and lysed before undergoing
Concanavalin A pull down (as described in Section 2.21). Whole cell lysates (inputs collected
prior to pull down) were separated by SDS-PAGE and ADAM 10 protein expression was
analysed by Western Blotting. Normoxic control (0h) and FLAG agarose beads used for
negative control. Blot is representative of three individual repeat experiments. NS denotes nonsignificant bands.
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form and mature form visible, including the doublet mature form band. Importantly,
ADAM 10 was identified as one of the proteins pulled down using Concanavalin A
(Figure 3.14 - Figure 3.16). Specifically, in the normoxic samples, bands for the
molecular weight corresponding to both the pro- and mature form of ADAM 10 could
be detected. However, after a 2 hour hypoxic exposure, the intensity of the band at the
molecular weight corresponding to the mature form of ADAM 10 was reduced (Figure
3.14 - Figure 3.16). There was no observable reduction of the pro-form of ADAM 10 in

the Concanavalin A samples in HT29 cells (Figure 3.15), whereas in both HCT116 and
RKO cells (Figure 3.14 & Figure 3.16, respectively) a reduction in pro-form ADAM
10 was observed under hypoxic conditions. These data indicate that, both the pro and
mature form of ADAM 10 appear to be glycosylated in normoxic samples, there is a
clear and robust reduction in the glycosylated form of the mature ADAM 10 form in
hypoxic conditions.
In order to further evaluate the nature of this glycosylation, whole cell lysates prepared
from HCT116 cells exposed to normoxic and hypoxic (0.5% O2) conditions were
treated with a known de-glycosylating enzyme, PNGase. In Figure 3.17, it can be
observed that PNGase F treatment results in a downward shift of the pro-form of
ADAM 10, of approximately 5 kDa. This is consistent between both normoxia and
hypoxia. The mature form remains largely unaffected by PNGase F treatment, with no
observable downwards shift (Figure 3.17), however a potential slight decrease is
observable in mature form levels, making the doublet band less visible, in both
normoxia and hypoxia. Incubation at 37°C also has a slight effect on ADAM 10,
particularly the pro-form. In the incubated control samples the pro-form undergoes a
slight downward shift, albeit not to the extent of PNGase F treatment (Figure 3.17).
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Figure 3.17: ADAM 10 Expression after N-glycan Removal of HCT116 Whole Cell Lysates
HCT116 cells were exposed to normoxia or severe hypoxia (0.5% O2) for 2 hours and lysed
before undergoing PNGase F treatment. 30 μg of each protein lysate was treated with PNGase F
treatment for 24 hours at 37°C (as described in Section 2.21). Experimental controls included
whole cell lysates containing lysis buffer, protein lysate with water and glycobuffer +/- 24 hours
at 37 °C. All samples were then separated by SDS-PAGE and ADAM 10 protein expression
examined by Western Blotting. Blot is representative of three independent repeat experiments.
NS denotes non-specific bands.
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3.4

Discussion

Research into the role of ADAM 10 in hypoxia-mediated cancer progression is lacking,
with only three prior investigations into the effects of hypoxia on ADAM 10 (Webster
et al., 2002, Marshall et al., 2006, Barsoum et al., 2011). As such, this study aimed to
characterise the role of this protein in hypoxia-mediated CRC progression. Specifically,
this chapter aimed to investigate whether exposure to severe hypoxia (0.5% or 0.1% O2)
resulted in alterations in ADAM 10 expression at either protein or transcript level.
Analysis of ADAM 10 at protein level identified an upregulation in the expression of
the mature, active form of the protein. Importantly, a hypoxia-mediated doublet band
was identified for mature ADAM 10, after a short exposure of 2 hours in hypoxia,
which remained for the duration of the time course. Examination of ADAM 10 at
transcript level identified small but significant upregulations after hypoxic exposure.
Furthermore, ADAM 10 was identified by LC-MS, however biochemical attempts to
characterise the nature of the ADAM 10 doublet were unsuccessful.
0.5% and 0.1% oxygen tensions were selected for these experiments based on previous
induction of ADAMs members at these levels, albeit in different cancer types. Barsoum
et al. (2011) showed induction of ADAM 10 in 0.5% O2 in both prostate and breast
cancer, and Rzymski et al. (2012) identified that in HCT116 cells levels of ADAM 17
were considerably higher when exposed to 0.1% than 1% O2. Therefore, this study
aimed to identity whether ADAM 10 expression was altered by severe hypoxia, and
whether severity of the hypoxic exposure influenced ADAM 10 expression. Induction
of ADAM 10 expression after exposure to 0.1% O2 was found to be at a lesser extent
than the induction seen at 0.5% O2. It is feasible that such differences between oxygen
tensions are simply as a result of the large variations in generated densitometry values.
This is supported by the lack of visual alteration in banding intensity between the two
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oxygen tensions. However, it is possible that it is indicative of altered ADAM 10
biology under more severe oxygen tensions and could be a target for further
investigation. Time scales for examination of ADAM 10 expression at protein and
transcript level were selected based on the knowledge that whilst transcriptome changes
take place prior to protein level alterations, other factors can influence the protein level
quicker than transcriptome-mediated protein alterations would be evident (Walsh et al.,
2005). Such factors include PTMs which can rapidly modify a protein to exert control
over its functionality in terms of its structure, processing and involvement in cellular
signalling processes (Wang et al., 2014, Duan and Walther, 2015).
No prior studies on the effects of hypoxia on ADAM 10 in CRC have been identified
and what few studies exist in other cancer types present a conflicting view. In prostate
and breast cancer an upregulation in ADAM 10 at both protein and transcript level was
reported, after exposure to severe hypoxia (24 hours; 0.5% O2), which is in agreement
with the findings presented here (Barsoum et al., 2011). However, in neuroblastoma it
has previously been shown that ADAM 10 is downregulated at both protein and mRNA
levels after prolonged hypoxic exposure (24 and 48 hours; 2.5% O2) (Webster et al.,
2002, Marshall et al., 2006). The differences in previous results would indicate that
alterations to the expression of ADAM 10 under hypoxic conditions may be cancer type
specific and/or dependent upon the severity of the hypoxic exposure. Previous research
has shown a hypoxia-mediated upregulation of ADAM 17, ADAM 10’s closest family
member, in a number of cancer types (Szalad et al., 2009, Rzymski et al., 2012, Wang et
al., 2013). Szalad et al. (2009) showed that after exposure to hypoxia (<1% O2) ADAM
17 was upregulated at both protein and transcript level in glioma. Rzymski et al. (2012)
reported similar upregulations in glioma, ovarian, breast, and importantly, colorectal
cancer. Thus, indicating that a hypoxia-mediated upregulation of ADAMs members is
prevalent within cancer. In the context of CRC such upregulations have been linked to
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poor prognosis within patients, thus implicating ADAM 10 in mediating CRC
progression (Knösel et al., 2005).
One limitation of these experiments is the lack of confirmation of a hypoxic
environment at protein level. Whilst SLC2A1 expression was used as the positive
control at transcript level, steps should have been taken to also confirm this at protein
level through blotting for HIF-1α expression. Both HIF-1α and SLC2A1 (the gene
encoding for GLUT1 (glucose transporter 1)) are induced by hypoxia (Behrooz and
Ismail-Beigi, 1997, Ouiddir et al., 1999, Zhang et al., 1999, Ke and Costa, 2006,
Nagaraju et al., 2015). Attempts were undertaken to probe for HIF-1α, however due to
the delicate nature of the lysis buffer used to extract ADAMs proteins and the intranuclear localisation of HIF-1α, it was not possible to detect HIF-1α within the samples.
Further clarification was attempted using more stringent lysis buffers, which confirmed
induction of HIF-1α expression, however this was not undertaken alongside other
experiments within this and latter chapters, and as such is a limitation of this study. A
further limitation of this study is the use of densitometry to quantitatively analyse
Western Blots. Densitometry typically analyses the differences in signal from the
chemiluminescence applied to the Western Blots prior to imaging (Taylor et al., 2013,
Taylor and Posch, 2014). Generated figures are corrected to account for any background
signal and normalised to a housekeeping control. However, the methodology is widely
recognised to have limitations, including poor reproducibility of quantitative values
between experimental repeats (Gassmann et al., 2009, Taylor et al., 2013, Taylor and
Posch, 2014). As documented in this chapter, clear visual alterations in banding patterns
may not translate to significant results when quantitatively analysed due to the large
degree of variability between values from experimental repeats (Gassmann et al., 2009,
Taylor et al., 2013, Taylor and Posch, 2014).
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Attempts to identify the nature of the ADAM 10 doublet band were unsuccessful,
however detection of ADAM 10 within samples was confirmed by LC-MS analysis.
Western Blotting confirmed that ADAM 10 was successfully pulled down by IP,
however, there is more mature form ADAM 10 present after IP than is endogenously
expressed in the cells, whilst the pro-form remains unaffected. It is possible that it is due
to conformational alteration to the protein structure (Keskin, 2007). In standard SDSPAGE the antibody is interacting with separated, denatured ADAM 10 proteins,
whereas during the IP process the antibody is interacting with the ADAM 10 proteins in
their native form. It is possible that the structural conformation of the protein in its
native form is more conducive to antibody binding than in its denatured form (Braden
and Poljak, 1995, Davies and Cohen, 1996, Keskin, 2007). Alternatively, the antibody
used during ADAM 10 IP is more concentrated than that used for Western Blotting so
it’s possible that there is more opportunity for mature form binding as the concentration
is high enough to eliminate saturation by ADAM 10 pro-form (Reverberi and Reverberi,
2007).
The majority of detected ADAM 10 peptides corresponded to the metalloproteinase
domain, the largest and catalytically active part of ADAM 10 (Rosendahl et al., 1997,
Prinzen et al., 2005, Moss et al., 2007). Pro-domain peptides were identified within proform samples but were primarily absent in mature form samples, which corresponds to
the knowledge that this domain is cleaved upon maturation of the protein, for activation
of the catalytic activity (Anders et al., 2001, Moss et al., 2007). ADAM 10 was
identified to be present after CRAPome analysis in all samples (Appendix 1), thus
strengthening the identification of ADAM 10 within the samples, as the possibility of it
being a contaminant was eliminated (Mellacheruvu et al., 2013). Further, more detailed
analysis of proteins within the IP samples could be undertaken by electrospray
ionisation (ESI) coupled with MS (ESI-MS). ESI-MS is another important methodology
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capable of highly sensitive protein identification, and both structural and quantitative
protein analysis (Loo, 2000, Ho et al., 2003). Such methodology would be suitable for
detection of lower abundant peptides within samples, that may not be detected by less
sensitive methodologies, such as MALDI-MS or LC-MS. Absence of protein peptides
within samples is not definitively indicative of their absence, it may be that a more
sensitive approach, such as ESI-MS, is required (Loo, 2000, Ho et al., 2003). Despite
the identification of ADAM 10 within IP samples further investigation is required to
definitively identify the doublet band as mature ADAM 10. One methodology that
could be employed for such purposes is the overexpression of ADAM 10 to identify
increased intensity in doublet banding, thus identifying the doublet band as mature
ADAM 10.
It was hypothesised that the doublet band seen for mature ADAM 10 was the result of a
hypoxia-mediated post-translational modification or processing of the protein. As such,
various biochemical methodologies were utilised to try and identify the modification
behind the doublet band. Members of the ADAMs family are known to be susceptible to
post-translational

modifications

including

phosphorylation

and

glycosylation

(Escrevente et al., 2008, Yin and Yu, 2009, Marcello et al., 2010, Schwarz et al., 2013).
Indeed, it is a post-translational modification, mediated by pro-protein convertases, that
is responsible for the cleavage of the pro-form and subsequent activation of ADAM 10
(Anders et al., 2001, Moss et al., 2007, Le Gall et al., 2010).
Preliminary experiments investigated re-oxygenation of HCT116 cells, however after 8
hours hypoxic exposure and 16 hour re-oxygenation in normoxia the ADAM 10 doublet
band was still visible, albeit possibly reduced. (Appendix 1). As such, this is indicative
that a non-reversible modification to mature ADAM 10 under hypoxic conditions is
responsible for the doublet band formation (Walsh et al., 2005). Previous research has
shown the cleavage of the intracellular region of ADAM 10 by γ-secretase (Parkin and
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Harris, 2009, Tousseyn et al., 2009). Therefore, it was hypothesised that ADAM 10
doublet formation may be as a result of a hypoxia-mediated cleavage of ADAM 10 by
γ-secretase, which plays a role in Notch signalling alongside ADAM 10 (Bozkulak and
Weinmaster, 2009, Christian, 2012, Guo et al., 2013). However, the doublet band was
not resolved upon γ-secretase inhibition, thus rejecting this hypothesis. Two γ-secretase
treatment schedules were used, pre-treated for 6 hours prior to hypoxic exposure and
treated immediately prior to hypoxic exposure. As ADAM 10 doublet formation occurs
after as little as two hours in hypoxia it was important to ensure efficient γ-secretase
inhibition was achieved at the point of hypoxic exposure. It would be expected that the
pre-treatment set up would exhibit greater γ-secretase inhibition due to longer exposure
to DBZ. Previous studies have also used a 6 hour pre-treatment regime, which indicated
a sufficient length of treatment prior to undertaking experiments (Groth et al., 2010).
However, a limitation of this experiment is the lack of confirmation of successful γsecretase inhibition. As such, it cannot be determined which treatment type resulted in
most efficient γ-secretase inhibition. Whilst DBZ concentrations were selected based on
previous usage within the literature (Groth et al., 2010), due to lack of controls for
confirmation of γ-secretase inhibition, it cannot be confirmed that the concentrations
selected were sufficient to inhibit γ-secretase activity in this experiment. To confirm
successful γ-secretase inhibition Western Blotting for NICD should be undertaken, and
only when confirmation of inhibition is achieved can γ-secretase be ruled out of
mediating the ADAM 10 doublet.
Furthermore, it is known that ADAM 10 can undergo ectodomain shedding by other
ADAMs members, and this should be another focus for future investigation (Parkin and
Harris, 2009, Tousseyn et al., 2009). Importantly, Tousseyn et al. (2009) showed a
doublet banding pattern for the remaining C-terminal fragment, after ectodomain
shedding of ADAM 10, albeit at a much lower molecular weight (~10 kDa) compared
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to that shown in this study. However, it is possible that hypoxia is mediating some form
of cleavage of ADAM 10, such as partial ectodomain shedding. Through the use of
ADAMs 9 and 15 specific inhibitors, or generic ADAMs inhibitors, such as GM6001,
shedding could be inhibited and the doublet banding pattern could be examined, with an
absence suggesting ectodomain shedding may be responsible for the doublet formation.
Furthermore, pro-protein convertases, such as Furin and PC7, are known to cleave the
ADAM 10 pro-domain, and it is feasible that under hypoxic conditions these may exert
an extra cleavage of the protein, resulting in the doublet band formation (Anders et al.,
2001, Moss et al., 2007). If pro-protein convertases were responsible for cleavage of
ADAM 10, resulting in doublet band formation, then the inhibition of them would
prevent the doublet band from appearing.
As one of the most frequent PTMs affecting proteins, the glycosylation of ADAM 10
under hypoxic conditions was investigated (Walsh et al., 2005). It was hypothesised that
the doublet band was as a result of altered glycosylation of mature ADAM 10 under
hypoxic conditions. It is known that ADAM 10 possesses sites for N-linked
glycosylation, the most common form of glycosylation, and it is known that hypoxia
affects glycosylation rates (Escrevente et al., 2008, Shirato et al., 2011, Pasing et al.,
2012, Zhang et al., 2014b). Furthermore, upregulated glycosylation has been reported
in CRC patient samples, in comparison to healthy tissue (Nicastri et al., 2014). Notably,
of the 54 upregulated glycoproteins, 9 were overexpressed in over 80% of samples
examined, including two members of the PLOD (procollagen-lysine, 2-oxoglutarate 5dioxygenase) family (PLOD1 and PLOD2) (Nicastri et al., 2014). Previous research has
shown that hypoxia-mediated upregulation of HIF-1α is responsible for activation of
PLOD family members, which are involved in tissue remodelling (Hofbauer et al.,
2003). Notably, over 50% of identified cancer biomarkers are glycosylated proteins
(Zhang et al., 2014b). Such findings strongly implicate glycosylation within cancer
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progression, and indicate a role within hypoxia-mediated CRC progression.
Concanavalin A affinity based purification showed a reduction in N-glycosylated
ADAM 10 pulled down in CRC cells after exposure to hypoxia, particularly in the
mature form, thus indicating that the glycosylation of ADAM 10 is indeed affected by
hypoxic exposure (Roth et al., 2012, Tian and Zhang, 2013). As such, it was
hypothesised that the ADAM 10 doublet may be as a result of glycan removal or
decreased glycosylation under hypoxic conditions. A downward shift in molecular
weight, such as that seen in the doublet band, would be consistent with removal of
glycans from ADAM 10, as it is known that glycosylation itself increases the molecular
weight of proteins (Bartels et al., 2011). Furthermore, a similar downward shift in the
molecular weight of ADAM 10 was observed after glycan removal in ovarian cancer
(Escrevente et al., 2008). However, PNGase F treatment, to remove N-linked glycans,
showed no alteration to the doublet banding pattern of mature ADAM 10 in HCT116
cells. A downward shift was seen in the pro-form of the protein, which is consistent
with previous findings by Escrevente et al. (2008). As such, it can be determined that
whilst there appears to be an alteration to the glycosylation of ADAM 10 in hypoxia,
the doublet band is not mediated by N-linked glycan removal from mature ADAM 10
under hypoxic conditions. To further confirm whether glycosylation plays any role in
mediating the doublet band of mature form ADAM 10, glycoproteomic analysis could
be used to analyse the proteomic differences in ADAM 10 between normoxia and
hypoxia. Such studies would allow for identification of the location of glycosylation
sites within the protein, the type of glycans, including structure, and to which site within
the protein they bind (Sagi et al., 2005, Pasing et al., 2012, Zhang et al., 2014b).
Furthermore, it would determine to what extent ADAM 10 is glycosylated under
hypoxic conditions (Zhang et al., 2014b). Commonly glycoproteomics will see the use
of affinity (e.g Concanavalin A) or chemical (e.g PNGase F) based separation prior to
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MS (Zhang et al., 2014b). This technology could be utilised to determine specifically, in
the context of glycosylation, what is altered in mature ADAM 10 under hypoxic
conditions. Additionally, alternative methods for glycan removal, such as tunicamycin
treatment, could be tried, which prevents the biosynthesis of N-glycans through
inhibition of the pre-cursor (de Freitas Junior et al., 2011). Research has shown that Nlinked glycan removal by tunicamycin reduced cellular proliferation in CRC cells (de
Freitas Junior et al., 2011).
Here, the effects of hypoxia on ADAM 10 in CRC cell lines have been shown, allowing
the hypothesis of ‘Exposure to severe hypoxia will increase ADAM 10 expression in
CRC cell lines’ to be accepted. ADAMs family members have been linked to a more
progressive phenotype in a variety of cancers, and their alteration under hypoxic
conditions has been linked to this. As such, the hypoxia-mediated upregulation of
ADAM 10 in CRC identified here may be indicative of a role in promoting the
progression of CRC. Therefore, to further investigate the significance of the ADAM 10
upregulation observed here, the tumourigenic phenotypes and ADAM 10 activity will
be examined in CRC cell lines.
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Chapter 4 : Biological Impact of ADAM 10 in Hypoxia
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4.1

Introduction

In Chapter 3 it was shown that exposure to severe hypoxia increases expression of
ADAM 10 in CRC cell lines. Furthermore, a previously unidentified doublet band for
mature ADAM 10 was identified, however attempts to characterise this proved
unsuccessful. This chapter will investigate the tumourigenic and phenotypical effects of
hypoxia-mediated ADAM 10 upregulation on CRC cell lines.
4.1.1

Cellular Proliferation and Migration in Cancer

In 2000, Hanahan and Weinberg identified six hallmarks of cancer, which encompass
six key biological alterations that promote cancer development, as discussed in Section
1.1 (Hanahan and Weinberg, 2000, Hanahan and Weinberg, 2011). Deregulated cellular
proliferation is one of the most important acquired phenotypes of cancer cells (Hanahan
and Weinberg, 2011, Feitelson et al., 2015). Numerous mechanisms are attributed to
promoting the dysregulation of cell proliferation in CRC, and previous research has
shown the involvement of multiple signalling pathways, including EGF, β-Catenin and
Notch signalling, amongst others (Sections 1.9.2 - 1.9.4)

(Rocks et al., 2008b,

Przemyslaw et al., 2013, Minder et al., 2012, Huynh et al., 2015, Vidal et al., 2011, Li et
al., 2015a, Yang et al., 2015, Feng et al., 2015, Danielsen et al., 2015).
Hypoxia-modulated cancer cell proliferation has been well reported, however, previous
findings present a somewhat conflicting picture. Some studies reported a significant
upregulation in the proliferation of a range of cancer cells after exposure to hypoxia,
whereas other studies have presented a conflicting view, with decreased cellular
proliferation after hypoxic exposure (Section 1.5) (Tang et al., 2015, Liang et al., 2015,
Ma et al., 2011, Zhu et al., 2010, Yu and Hales, 2011, Westwood et al., 2014). The
conflicting nature of existing research suggests that the effect of hypoxia on cellular
proliferation is dependent upon the exposure conditions and cell type. Furthermore,
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evidence indicates that hypoxic modulation of cellular proliferation is a complex
system, encompassing a variety of signalling pathways that differ amongst cancer types.
Cell migration is another key feature in cancer progression, particularly in highly
metastatic cancer types, such as CRC (Peddareddigari et al., 2010, Cao et al., 2015). In
order for cancer cells to be able to migrate, they must undergo epithelial-mesenchymal
transition (EMT), which sees the acquisition of a mesenchymal phenotype, leading to
increased cellular migration and invasion (Section 1.9.4) (Kalluri and Weinberg, 2009,
Lamouille et al., 2014, Cao et al., 2015). Hypoxia has previously been shown to result
in increased EMT and subsequently an increase in cellular migration and invasion
(Higgins et al., 2007, Cannito et al., 2008, Zhang et al., 2013b, Gammon and
Mackenzie, 2015, Zhang et al., 2015b).
4.1.2

ADAMs in Cellular Proliferation and Migration

ADAMs family members have been strongly linked to promoting proliferation and
metastasis within cancer (Edwards et al., 2008). ADAM 10 has also been shown to be
involved in the regulation of proliferation and migration/invasion within various cancer
types (Section 1.9) (Arima et al., 2007, Gavert et al., 2007, Armanious et al., 2011,
Bulstrode et al., 2012, Jones et al., 2013, Yuan et al., 2013, Gangemi et al., 2014,
Mullooly et al., 2015, Shao et al., 2015, You et al., 2015). However, despite evidence
suggesting ADAM 10 plays a role in cellular proliferation and migration, no previous
research has identified a link between this role and hypoxia, which is prevalent in solid
state tumours, such as CRC.
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4.1.3

Rationale, Aims and Objectives of this Chapter

Previous research has indicated an involvement of ADAM 10 in the regulation of both
proliferation and migration in various cancer types. Based on the earlier findings that
ADAM 10 is upregulated under severe hypoxia (Chapter 3), this chapter aims to
identify the role of ADAM 10 on the regulation of CRC cell proliferation and migration
under severely hypoxic conditions.
The experimental work within this chapter was designed to test the hypothesis
‘Hypoxia-induced ADAM 10 expression will promote cellular proliferation and
migration in CRC cell lines’ and subsequently answer the following questions:


Does ADAM 10 play a role in the regulation of migration of CRC cell line
models, and if so does severe hypoxia exacerbate such effects?



Is ADAM 10 involved in the regulation of CRC cell line proliferation, and what
effect does severe hypoxia have on this role?



Are any alterations in CRC cellular proliferation as a result of alterations in cell
cycle control, mediated by ADAM 10?

151

4.2

Methods

4.2.1

Scratch Assay

CRC cell lines were either treated with ADAM 10 targeting siRNA (Section 2.10) or
ADAM 10 inhibitor GI254023X (Section 2.27.1) before being exposed to hypoxia
(Section 2.9) and utilised for a scratch assay to assess cellular migration (Section 2.27).
4.2.2

MTS Assay

CRC cell lines were seeded and underwent either siRNA transfection (Sections 2.10,
2.28.2 and 2.28.3) or ADAM 10 inhibition using GI254023X (Section 2.28.1). Cells
were then exposed to either normoxia or hypoxia (Section 2.9) for 16 – 72 hours before
MTS assay was undertaken (Section 2.28).
4.2.3

Clonogenic Survival Assay

HCT116 and HT29 cells were seeded at a density of 250-500 cells/well and left
overnight before being exposed to normoxia or hypoxia (Section 2.9) for 24 hours.
Cells were then left for formation of colonies, before being fixed and stained with
crystal violet as described in Section 2.29.
4.2.4

Cell Cycle Analysis

HCT116 cells underwent siRNA transfection as described in Section 2.10 and were
exposed to either normoxia or hypoxia for 24 hours (Section 2.9). Cells were then
stained with PI for cell cycle analysis by flow cytometry (Section 2.30).
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4.3

Results

The experiments here and in Chapter 5 required the usage of ADAM 10 targeting
siRNA to knockdown ADAM 10 expression. The efficiency of knockdown was
confirmed through use of Western Blotting and qPCR. Figure 4.1 illustrates
representative images of ADAM 10 expression at both protein (A) and transcript (B)
level after use of ADAM 10 targeting siRNA. It can be observed that there is a clear
reduction in ADAM 10 expression, at both pro- and mature form levels, after ADAM
10 knockdown. A significant knockdown was also observed when ADAM 10
expression was checked at transcript level by qPCR (Figure 4.1, B). This is consistent
in both normoxia (20% O2, 0.9 ± 0-fold decrease) and hypoxia (0.5% O2, 0.88 ± 0-fold
decrease).
4.3.1

Role of Hypoxia-mediated ADAM 10 in CRC Cell Migration

In order to determine the effects of hypoxia-induced ADAM 10 upregulation on CRC
cellular migration, scratch assays were performed on CRC cell lines and these were then
exposed to hypoxia (0.5% O2). Scratch assays were done in conjunction with ADAM 10
targeting siRNA or ADAM 10 specific small molecule inhibitor, G1254023X, as
described in Section 2.27.1.
4.3.1.1 CRC Cellular Migration is Unaffected by ADAM 10 Knockdown in Severe
Hypoxia

Scratch assays were used to identify whether ADAM 10 knockdown had any effects on
CRC cell line migration, and whether hypoxia played any role in mediating cellular
migration. Images within Figure 4.2 A depict scratches to confluent RKO cells after
ADAM 10 knockdown, before and after hypoxic or normoxic exposure. The scratches
were measured to calculate percentage of closure of the scratch, as can be seen in.
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Figure 4.1: ADAM 10 Expression after ADAM 10 Knockdown by siRNA Transfection
A) HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or nontargeting siRNA (siNT) and exposed to severe hypoxia (0.5% O2) for a range of time points.
Cells were then lysed and 30 μg of each protein sample were separated by SDS-PAGE and
expression of ADAM 10 protein was analysed by Western Blotting. β-Actin was used as a
loading control. Blot shown is representative image of ADAM 10 knockdown at protein
level.

B) HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a nontargeting siRNA (siNT) and exposed to severe hypoxia (0.5% O2) for 24 hours. mRNA was
extracted and relative ADAM 10 expression was determined by qPCR. All results were
normalised to the housekeeping gene B2M. Results are expressed as fold change relative to
the corresponding siNT of n=3 experiments. Error bars represent +/- SEM. Statistical
analysis by two-way ANOVA with Tukey’s post-hoc correction. **** = p<0.0001.
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Figure 4.2: Migration of RKO Cells with ADAM 10 Knockdown in Severe Hypoxia (0.5%
O2)
A – RKO cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a nontargeting siRNA (siNT), used as a control. Once confluent the cell monolayer was scratched to
create a scratch wound (Section 2.27.2). Scratches were imaged and incubated in hypoxia (0.5%
O2) or normoxia (20% O2) for 16 hours before being re-imaged. Images representative of three
intra-experimental scratches and two individual experimental repeats. Images were acquired
using an Axio Vert.A1 inverted microscope and ZEN 2012 software, on a 5X objective.
B – Scratches were measured at 0 and 16 hours and migration fold change in comparison to
normoxic siNT calculated. n=2; error bars represent +/- STDEV
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Figure 4.2 B. Visual observation of the representative images show no closure of the
scratches after 16 hours in either hypoxia (0.5% O2) or normoxia (20% O2). This is
consistent amongst both the scrambled control cells (siNT) and the ADAM 10
knockdown cells (siADAM 10). However, a degree of variation was present amongst
the inter-experimental repeats (n=2), resulting in large error bars, as seen in Figure 4.2
B.
4.3.1.2 CRC Cellular Migration is Unaffected by ADAM 10 Inhibition in Severe
Hypoxia

Scratch assays were used to assess whether inhibition of ADAM 10 through the use of
G1254023X, an ADAM 10 specific inhibitor, impacted on the migratory phenotype of
CRC cell lines under severe hypoxia (0.5% O2). RKO and HT29 cells were treated with
the inhibitor for 6 hours before being scratched and exposed to either hypoxia (0.5% O2)
or normoxia (20% O2). It can be seen (Figure 4.3) that neither hypoxia nor ADAM 10
inhibition has any significant effects on the migratory capabilities of RKO cells. Neither
concentration of GI254023X inhibitor used has a greater degree of effect on RKO cell
migration. There was a large degree of variation between the three independent
experimental repeats, resulting in a large SEM and consequentially large error bars. As
such, the results were deemed non-significant as per two-way ANOVA analysis with
post-hoc Tukey’s analysis. Similar results were seen for HT29 cells (Figure 4.4), where
no significant differences in migration were observed in response to hypoxia or ADAM
10 inhibition. As with the RKO cells there was a large degree of inter-experimental
variation which resulted in no significance amongst the results when analysed by twoway ANOVA with post-hoc Tukey’s analysis.

156

A)

1.5

20% O2
0.5% O2

1.0

0.5

M
5

1

M

0.0

D
M
SO

Fold Change in Migration
Relative to Control

B)

GI254023X Concentration

Figure 4.3: Migration of RKO Cells with ADAM 10 Inhibition in Severe Hypoxia (0.5%
O2)
A - RKO cells were treated with ADAM 10 inhibitor, G1254023X, and after 6 hours were
scratched to create a wound (Section 2.27.1). Scratches were then imaged, and incubated in
hypoxia (0.5% O2) or normoxia (20% O2) for 16 hours before being re-imaged. DMSO used as
a vehicle control. Images representative of three intra-experimental scratches and three
individual experimental repeats. Images were acquired using an Axio Vert.A1 inverted
microscope and ZEN 2012 software, on a 5X objective.
B – Scratches were measured at 0 and 16 hours and fold change in migration in comparison to
normoxic vehicle control (DMSO) calculated. n=3; error bars represent +/- SEM. All results
deemed non-significant by two-way ANOVA analysis, with Tukey’s post-hoc correction.
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Figure 4.4: Migration of HT29 Cells with ADAM 10 Inhibition in Severe Hypoxia (0.5%
O2)
A – HT29 cells were treated with ADAM 10 inhibitor, G1254023X, and after 6 hours were
scratched to create a wound (Section 2.27.1). Scratches were then imaged, and incubated in
hypoxia (0.5% O2) or normoxia (20% O2) before being re-imaged. DMSO used as a vehicle
control. Images representative of three intra-experimental scratches and three individual
experimental repeats. Images were acquired using an Axio Vert.A1 inverted microscope and
ZEN 2012 software, on a 5X objective.
B – Scratches were measured at 0 and 16 hours and fold change in migration in comparison to
normoxic vehicle control (DMSO) calculated. n=3; error bars represent +/- SEM. All results
deemed non-significant by two-way ANOVA analysis, with Tukey’s post-hoc correction.
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4.3.2

CRC Cellular Viability is Affected by Severe Hypoxia

To identify whether the proliferative activity of CRC cell line models was affected by
severe hypoxia (0.5% O2), CRC cell lines were exposed to hypoxia for a number of time
points and their viability was measured by MTS assay, as a measure of proliferation.
Figure 4.5 shows the cellular viability of HCT116 cells after exposure to severe
hypoxia for 16, 24, 48 and 72 hours (A-D respectively). Initially, exposure to severe
hypoxia induced an increase in HCT116 cell viability after 16 hours (23 ± 4.4%
increase, Figure 4.5 A). However, 72 hour exposure to severe hypoxia lead to a highly
significant decrease in cellular viability (Figure 4.5 D, 38 ± 0.9% decrease, p<0.001).
HT29 cells displayed a significant increase in viability only after 24 and 48 hours in
severe hypoxia (Figure 4.6 B (24 ± 2.9% increase) & C (20 ± 4.5% increase), p<0.05),
but no decrease at 72 hours (Figure 4.6 D). RKO cells showed an increase in viability
after 16 hours (Figure 4.7 A, 25 ± 5.2% increase, p<0.05), which was then decreased
after 48 hours in severe hypoxia (Figure 4.7 C & D, 33 ± 6.8%, p<0.05 and 45 ± 2.5%,
p<0.01, respectively).
These data indicate that CRC cellular viability, as a measure of proliferation, is altered
under severe hypoxia in all cell lines examined, albeit to different degrees.
4.3.2.1 CRC Cellular Viability is Decreased after ADAM 10 Knockdown

To assess the role of ADAM 10 in regulating cellular proliferation under hypoxic
conditions, CRC cell lines were transfected with ADAM 10 targeting siRNA and
exposed to severe hypoxia (0.5% O2) for a range of time points, before MTS assays
were undertaken. Figure 4.8 depicts the cellular viability in HCT116 cells after ADAM
10 knockdown, in both normoxia (20% O2) and hypoxia (0.5% O2). After 16 hours it
can be observed that there is a highly significant downregulation of cellular viability in
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Figure 4.5: Viability of HCT116 Cells after Exposure to Severe Hypoxia (0.5% O2)
HCT116 cells were exposed to severe hypoxia (0.5% O2) for a range of time points (A-D). MTS
assays were then carried out to determine cellular viability as a measure of proliferation. All
results normalised to the normoxic (20% O2) control and results are expressed as relative
percentage change in viability of n=3 experiments. Error bars represent +/- SEM. Statistical
analysis by unpaired, two-tailed T-test, with Welch’s correction. * = p<0.05, *** = p<0.001.
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Figure 4.6: Viability of HT29 Cells after Exposure to Severe Hypoxia (0.5% O2)
HT29 cells were exposed to severe hypoxia (0.5% O2) for a range of time points (A-D). MTS
assays were then carried out to determine cellular viability as a measure of proliferation. All
results normalised to the normoxic (20% O2) control and results are expressed as relative
percentage change in viability of n=3 experiments. Error bars represent +/- SEM. Statistical
analysis by unpaired, two-tailed T-test, with Welch’s correction. * = p<0.05.
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Figure 4.7: Viability of RKO Cells after Exposure to Severe Hypoxia (0.5% O2)
RKO cells were exposed to severe hypoxia (0.5% O2) for a range of time points (A-D). MTS
assays were then carried out to determine cellular viability as a measure of proliferation. All
results normalised to the normoxic (20% O2) control and results are expressed as relative
percentage change in viability of n=3 experiments. Error bars represent +/- SEM. Statistical
analysis by unpaired, two-tailed T-test, with Welch’s correction. * = p<0.05, ** = p<0.01.
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Figure 4.8: Viability of HCT116 Cells after ADAM 10 Knockdown in Severe Hypoxia
(0.5% O2)
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a nontargeting siRNA (siNT), used as a control. Cells were exposed to severe hypoxia (0.5% O 2) for
16 – 72 hours. MTS assays were then carried out to determine cellular viability as a measure of
proliferation (Section 2.28.2 & 2.28.3). All results were normalised to the corresponding siNT
control (indicated by dotted line) and results are expressed as relative percentage change in
viability of n=3 experiments. Error bars represent +/- SEM. Statistical analysis by two-way
ANOVA with Tukey’s post-hoc correction. * = p<0.05, **** = p<0.0001.
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HCT116 cells after siRNA knockdown of ADAM 10 (Figure 4.8 A, p<0.0001). The
decrease in viability was consistent between both normoxia and hypoxia, with a 31 ±
2.5% downregulation present in normoxia, and a 23 ± 1.4% decrease present after
exposure to severe hypoxia. A significant downregulation in cellular viability can also
be seen after 24 hours; which again was consistent between both normoxia (23 ± 1.5%
decrease) and hypoxia (25 ± 9.1% decrease) (Figure 4.8 B, p<0.05). For longer
experimental time points, ADAM 10 knockdown has a reduced effect on cellular
viability, with significance only seen at 48 hours in normoxia (Figure 4.8 B, 20 ± 1.6%
decrease; p<0.05). No significant differences after ADAM 10 knockdown were seen in
HT29 and RKO cell lines (Figure 4.9 & Figure 4.10). There were no observable
differences between normoxia and hypoxia, and no difference is present amongst the
time points investigated. All results were deemed non-significant by two-way ANOVA
analysis.
4.3.2.2 CRC Cellular Viability is Mildly Affected by ADAM 10 Inhibition

To determine whether CRC cellular viability was affected by inhibition of ADAM 10
activity, GI254023X, an ADAM 10 inhibitor, was used. It can be observed in Figure
4.11 that treatment of HCT116 cells with GI254023X resulted in a trend indicating
upregulation of viability. This trend was consistent between both normoxia (20% O2)
and hypoxia (0.5% O2). The data showed an increase in cellular viability after treatment
with GI254023X concentrations up to 15 μM, at which point the viability decreases
with increasing concentrations (up to 135 μM), back to baseline level (Figure 4.11).
Significant differences were seen in normoxia only after treatment up to 15 μM (Figure
4.11). HT29 and RKO cells showed no alteration to cellular viability after GI254023X
treatment (Figure 4.12 & Figure 4.13).
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Figure 4.9: Viability of HT29 Cells after ADAM 10 Knockdown in Severe Hypoxia (0.5%
O2)
HT29 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a non-targeting
siRNA (siNT), used as a control. Cells were exposed to severe hypoxia (0.5% O2) for 16 - 72
hours. MTS assays were then carried out to determine cellular viability as a measure of
proliferation (Section 2.28.2 & 2.28.3). All results were normalised to the corresponding siNT
control (indicated by dotted line) and results are expressed as relative percentage change in
viability of n=3 experiments. Error bars represent +/- SEM. Statistical analysis by two-way
ANOVA with Tukey’s post-hoc correction. All results deemed non-significant.
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Figure 4.10: Viability of RKO Cells after ADAM 10 Knockdown in Severe Hypoxia (0.5%
O2)
RKO cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a non-targeting
siRNA (siNT), used as a control. Cells were exposed to severe hypoxia (0.5% O2) for 16 - 72
hours. MTS assays were then carried out to determine cellular viability as a measure of
proliferation (Section 2.28.2 & 2.28.3). All results normalised to the corresponding siNT control
(indicated by dotted line) and results are expressed as relative percentage change in viability of
n=3 experiments. Error bars represent +/- SEM. Statistical analysis by two-way ANOVA with
Tukey’s post-hoc correction. All results deemed non-significant.
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Figure 4.11: Viability of HCT116 Cells after ADAM 10 Inhibition in Severe Hypoxia
(0.5% O2)
HCT116 cells were treated with a variety of GI254023X concentrations before being exposed to
severe hypoxia (0.5% O2) or normoxia (20% O2) for 16 hours. MTS assays were then carried out
to determine cellular viability as a measure of proliferation (Section 2.28.1). DMSO was used as
the vehicle control. All results were normalised to corresponding DMSO control. Results
expressed as relative percentage change in viability of n=3 experiments. Non-treated control
n=1 only. Error bars represent +/- SEM. Statistical analysis by two-way ANOVA with Tukey’s
post-hoc correction. p<0.05, p<0.01.
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4.3.3

Clonogenic Survival of CRC Cells is Reduced after ADAM 10 Knockdown

To assess the impact of ADAM 10 knockdown on long term CRC cell viability
clonogenic survival assays were performed (Section 2.29). Figure 4.14 shows that there
was a significant downregulation in the surviving fraction of HCT116 clonogenic
colonies after ADAM 10 knockdown. This was consistent between both normoxia and
hypoxia (Figure 4.14). A 28 ± 0.1% and 25 ± 0.1% decrease in surviving fractions were
seen in normoxia and hypoxia, respectively, after ADAM 10 knockdown. The decreases
seen at both oxygen tensions were deemed statistically significant by two-way ANOVA
analysis (20% O2: p<0.01; 0.5% O2: p<0.05). It can be observed that HT29 cells
displayed no significant reductions in surviving fractions after ADAM 10 knockdown
(Figure 4.15). Again, this finding was consistent between both normoxia and hypoxia.
4.3.4

CRC Cell Cycle is Unaffected by ADAM 10 Knockdown

To establish the impact of ADAM 10 knockdown on the cell cycle HCT116 cells
underwent cell cycle analysis by PI staining (DNA content analysis). Representative
histograms indicate an upregulation in cells in sub-G1 phase after ADAM 10
knockdown, in normoxia (Figure 4.16 A & B). However, when quantitatively analysed
this was found to be non-significant (Figure 4.17). No alterations can be observed in
either G1, S of G2/M phases after ADAM 10 knockdown in normoxia (Figure 4.16 &
Figure 4.17). A trend indicating increased number of cells in G1 phase can be observed
after ADAM 10 knockdown in hypoxia, albeit non-significant (Figure 4.16 C & D;
Figure 4.17). It can be observed that hypoxic exposure increases the number of cells
with a sub-G1 DNA content, however, when analysed by one-way ANOVA this was
deemed to be non-significant (Figure 4.16 A & C; Figure 4.17). The error bars in
Figure 4.17 indicate a noticeable degree of variation between experimental repeats.
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Figure 4.12: Viability of HT29 Cells after ADAM 10 Inhibition in Severe Hypoxia (0.5%
O2)
HT29 cells were treated with a variety of GI254023X concentrations before being exposed to
severe hypoxia (0.5% O2) or normoxia (20% O2) for 16 hours. MTS assays were then carried out
to determine cellular viability as a measure of proliferation (Section 2.28.1). DMSO was used as
the vehicle control. All results were normalised to corresponding DMSO control. Results
expressed as relative percentage change in viability of n=3 experiments. Non-treated control
n=1 only. Error bars represent +/- SEM. Statistical analysis by two-way ANOVA with Tukey’s
post-hoc correction. All results deemed non-significant.
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Figure 4.13: Viability of RKO Cells after ADAM 10 Inhibition in Severe Hypoxia (0.5%
O2)
RKO cells were treated with a variety of GI254023X concentrations before being exposed to
severe hypoxia (0.5% O2) or normoxia (20% O2) for 16 hours. MTS assays were then carried out
to determine cellular viability as a measure of proliferation (Section 2.28.1). DMSO was used as
the vehicle control. All results were normalised to corresponding DMSO control. Results
expressed as relative percentage change in viability of n=3 experiments. Non-treated control
n=1 only. Error bars represent +/- SEM. Statistical analysis by two-way ANOVA with Tukey’s
post-hoc correction. All results deemed non-significant
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Figure 4.14: Clonogenic Survival of HCT116 Cells after ADAM 10 Knockdown in Severe
Hypoxia (0.5% O2)
HCT116 cells were transfected with ADAM 10 siRNA (siADAM 10) or a non-targeting siRNA
(siNT). 250 cells were then seeded (6 wells/condition), and exposed to normoxia (20% O2) or
severe hypoxia (0.5% O2) for 24 hours. Cells were then incubated in normoxia for 8 days to
allow for colony formation. Colonies were then fixed and stained with crystal violet before
being counted and surviving fraction determined (as described in Section 2.29). Scrambled
siRNA (siNT) used as a control. Results expressed as fold change in surviving fraction relative
to respective control (siNT). N=3 experiments, error bars represent +/- SEM. Statistical analysis
by two-way ANOVA with Tukey’s post-hoc correction. * = p<0.05, ** = p<0.01.
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Figure 4.15: Clonogenic Survival of HT29 Cells after ADAM 10 Knockdown in Severe
Hypoxia (0.5% O2)
HT29 cells were transfected with ADAM 10 siRNA (siADAM 10) or a non-targeting siRNA
(siNT). 500 cells were then seeded (6 wells/condition), and exposed to normoxia (20% O2) or
severe hypoxia (0.5% O2) for 24 hours. Cells were then incubated in normoxia for 10 days to
allow for colony formation. Colonies were then fixed and stained with crystal violet before
being counted and surviving fraction determined (as described in Section 2.29). Scrambled
siRNA (siNT) was used as a control. Results expressed as fold change in surviving fraction
relative to respective control. N=3 experiments, error bars represent +/- SEM. Statistical
analysis by two-way ANOVA with Tukey’s post-hoc correction. All results deemed nonsignificant.
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Figure 4.16: HCT116 Cell Cycle Profiles after ADAM 10 Knockdown in Severe Hypoxia
HCT116 cells were transfected with ADAM 10 siRNA (siADAM 10) or non-targeting siRNA
(siNT), used as a control. Cells were then incubated in normoxia (20% O2) or hypoxia (0.5%
O2) for 24 hours. Cells were fixed prior to staining with PI, before being analysed by flow
cytometry (Section 2.30). Histograms are representative of three independent experiments.
Gates represented by M1-M4 on histograms. Each gate represents different a cell cycle phase.
M1 = sub-G1; M2 = G1; M3 = S and M4 = G2/M. For non-transfected and mock transfected
controls see Appendix 1.
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Figure 4.17: Quantitative HCT116 Cell Cycle Profiles after ADAM 10 Knockdown in
Severe Hypoxia
HCT116 cells were transfected with ADAM 10 siRNA (siADAM 10) or non-targeting siRNA
(siNT), used as a control. Cells were then incubated in normoxia (20% O2) or hypoxia (0.5%
O2) for 24 hours. Cells were fixed prior to staining with PI, before being analysed by flow
cytometry (Section 2.30). Cell counts for each phase were expressed as a percentage of the total
count, for each of three independent experiments. n=3; error bars represent +/- SEM. Statistical
analysis by one-way ANOVA, with Tukey’s post-hoc correction. All results deemed nonsignificant by analysis.
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4.4

Discussion

In the previous chapter an upregulation of ADAM 10 in CRC cell lines after exposure to
hypoxia was reported. The hypoxic tumour microenvironment is known to promote
metastasis and ADAMs family members have also previously been linked to the
progression of cancer (Mochizuki and Okada, 2007, Edwards et al., 2008, Hongo et al.,
2013, Nagaraju et al., 2015). As such, it was hypothesised that the upregulation of
ADAM 10 under hypoxic conditions will promote the tumourigenic phenotype of CRC
cells and mediate increased migration and proliferation.
Results showed that neither ADAM 10 knockdown or inhibition had an effect on CRC
cellular migration, in either normoxia or hypoxia. An ADAM 10 mediated effect on
cellular viability was identified, although this was independent of hypoxia. However,
cell cycle analysis showed no alteration to the cell cycle after ADAM 10 knockdown.
GI254023X was selected for ADAM 10 inhibition due to its 100-fold specificity for
ADAM 10 over ADAM 17, making it one of the most specific ADAM 10 inhibitors
commercially available (Ludwig et al., 2005, Hoettecke et al., 2010, Pruessmeyer et al.,
2014). Concentrations of GI254023X were used in accordance with previous reports
(Maretzky et al., 2005, Pruessmeyer et al., 2014, Mullooly et al., 2015). No role of
ADAM 10 in mediating cellular migration was identified, either in normoxia or
hypoxia, which is in contrast to previously reported findings (Maretzky et al., 2005, Pan
et al., 2012, Jones et al., 2013, Yuan et al., 2013, Fu et al., 2014, Mullooly et al., 2015,
Shao et al., 2015, You et al., 2015). In bladder cancer ADAM 10 knockdown reduced
cellular migration, as assessed by scratch assay (Fu et al., 2014). Similarly, in
nasopharyngeal cancer, scratch assays showed that ADAM 10 silencing resulted in
decreased cell migration (You et al., 2015). Fewer investigations into ADAM 10
inhibition by SMIs and cellular migration are available in the literature. However,
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ADAM 10 inhibition by GI254023X has been shown to significantly reduce cell
migration in breast and ovarian cancers, which is also in contrast to the data presented
here (Gooden et al., 2014, Mullooly et al., 2015).
HT29 and RKO cells were two of the three CRC cell lines used throughout these
experiments, and as such were examined for their migratory capacity after ADAM 10
knockdown or inhibition. A number of studies have utilised these cell lines for
examination of migration previously, in the format of a scratch wound assay, and as
such, based on this evidence they were selected for utilisation here (Fang et al., 2009,
Kim et al., 2011, Lee et al., 2015b, Wang et al., 2015a, Yuan et al., 2015a). One
limitation of this set of experiments is that it is possible neither cell line possess a
particularly motile phenotype, and alternative cell lines may have been better suited for
investigation into the role of ADAM 10 in CRC cell migration. One limitation of these
experiments is the usage of scratch assays to assess cellular migration. Whilst it is a
commonly used technique for this purpose it’s not without its flaws, and as such an
alternative methodology may have been more appropriate (Kramer et al., 2013). One
main flaw in this technique is the poor reproducibility between experimental repeats,
which was a large problem in this study, as indicated by the large SEM. However,
others include the induction of a damage response from the wounded cell and the
prevention of migration as a result of damage to the growth surface (Liang et al., 2007,
Hulkower and Herber, 2011, Kramer et al., 2013). Alternative methodologies that may
be more reproducible include the Transwell assay, the Platypus assay and electric cellsubstrate impedance sensing (ECIS) assay, however these are not without their own
limitations (Hulkower and Herber, 2011, Kramer et al., 2013). Previous success in
measuring the effect of ADAM 10 migration has been had with Transwell assays, in a
number of cancer types. These studies showed ADAM 10 knockdown resulted in
decreased cellular migration in oral (Jones et al., 2013); hepatocellular (Yuan et al.,
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2013); tongue (Shao et al., 2015) and breast cancer (Mullooly et al., 2015). Usage of
Transwell assays would also have allowed for migration to be assessed in all three CRC
cell lines in this study. Both HCT116 and HT29 cells were found to be unsuitable for
scratch assays in conjunction with ADAM 10 siRNA, due to strong cell-cell adherence
and low cell numbers, respectively. Therefore, by switching methodology these
problems could be overcome. A further limitation of these experiments is the time scale
over which migration was assessed. A number of studies that reported an ADAM 10
mediated effect examined migration over a longer time scale (Fu et al., 2014, You et al.,
2015). It is feasible that the role of ADAM 10 in CRC migration was missed by
examining it over a shorter time scale, therefore this should be a target for further
investigation.
ADAM 10 silencing has also been shown to reduce the invasive capacity of cancer
cells, a phenotype that was not examined here due to time constraints. In breast, tongue,
hepatocellular, bladder and oral cancer similar findings have been reported (Mullooly et
al., 2015, Shao et al., 2015, Yuan et al., 2013, Fu et al., 2014, Jones et al., 2013),
respectively. It is feasible that in the case of CRC ADAM 10 may mediate an alteration
in the invasive capacity of cells, whilst not affecting their migration. Therefore, the
invasive phenotype of CRC cells should be investigated post-ADAM 10 knockdown
through the use of Transwell invasion assays (Kramer et al., 2013).
Results showed an increase in cellular viability after exposure to severe hypoxia, which
was reversed after chronic (72 hours) exposure. These results are indicative that hypoxia
may affect the proliferative capabilities of CRC cells under hypoxic conditions. This is
consistent with previous findings which showed that cellular viability was significantly
reduced under hypoxic conditions in LoVo cells, after 48 and 72 hours (Westwood et
al., 2014). However, this data contradicts previous research which has shown that both
HCT116 and HT29 cells exhibited decreased proliferation after exposure to severe
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hypoxia (0.1% O2) after only 16 hour exposure (Yao et al., 2005a, Yao et al., 2005b).
The downregulation observed increased in correlation to length of hypoxic exposure
(Yao et al., 2005a, Yao et al., 2005b). Similarly, other studies have also reported a down
regulation of CRC cell proliferation after hypoxic exposure (Westwood et al., 2014).
Such differences may be accounted for due to the oxygen tensions used between this
study and others. Here, 0.5% O2 was used which is higher than that used by Yao et al.,
2005a and Yao et al., 2005b (0.1% O2), which, at nearly anoxia, may result in cell death
earlier than a higher oxygen tension.
HCT116 cellular viability was significantly reduced after ADAM 10 knockdown,
independently of hypoxia, with no alteration seen in HT29 or RKO cells. Such findings
indicate a role of ADAM 10 in regulating the viability of HCT116 cells, which may be
indicative of altered proliferation. However, results indicate that the role of ADAM 10
in CRC cell viability/proliferation is more prominent in some cell lines than others.
Genetic differences between cell lines could account for such experimental variation,
particularly in the context of CRC related mutations known to promote cellular
proliferation. Such alterations and cell line differences will be discussed in further detail
in the concluding discussion (Section 6.1). In line with the results shown here, previous
studies have reported a role of ADAM 10 in regulating cell proliferation, in various
cancer types including prostate, bladder, hepatocellular, adenoid and glioma (Maretzky
et al., 2005, Arima et al., 2007, Xu et al., 2010, Bulstrode et al., 2012, Yuan et al., 2013,
Fu et al., 2014, Shao et al., 2015, You et al., 2015). In hepatocellular carcinoma ADAM
10 knockdown significantly reduced cellular proliferation across 96 hours (Yuan et al.,
2013). Similarly, in tongue cancer MTT analysis showed marked reduction in
proliferation after ADAM 10 silencing (Shao et al., 2015). Furthermore, in bladder
cancer similar results were seen post-ADAM 10 knockdown, albeit across a longer time
frame (5 days) (Fu et al., 2014). Long-term reduction (up to 8 days) in proliferation after
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ADAM 10 knockdown was also reported in adenoid cystic carcinoma (Xu et al., 2010).
Such results indicate that the impact of ADAM 10 silencing on cellular proliferation
may vary in length amongst cancer types. Previous studies have linked ADAM 10 to the
progression of CRC, albeit no direct investigations into proliferation have been
undertaken (Knösel et al., 2005, Gavert et al., 2007). Knösel et al. (2005) showed that
ADAM 10 expression correlated to more advanced disease and a higher tumour staging.
Furthermore, ADAM 10 overexpression in CRC cells was shown to mediate liver
metastasis in vivo (Gavert et al., 2007). Importantly, no previous studies have
investigated the link between colorectal cancer cellular proliferation and ADAM 10,
indicating the data presented here are novel.
ADAM 10 inhibition with GI254023X did not demonstrate the same results, with a
slight increase in HCT116 viability after treatment. However, when protein levels were
examined it was found that GI254023X treatment increased ADAM 10 protein
expression (Appendix 1). Therefore, further clarification on the effects of ADAM 10
inhibition on viability is required. It is possible that the increase in viability is as a result
of ADAM 10 protein stimulation, or alternatively the result of an intra-cellular negative
feedback mechanism. Nevertheless, the results presented here are in contrast to those
reported by Mullooly et al. (2015), where a reduction in proliferation after ADAM 10
inhibition by GI254023X was seen. The variability in results with GI254023X treatment
could have wide reaching implications, as ADAMs targeting small molecule inhibitors
have been trialled in the treatment of cancer (as discussed in Section 1.10) (Zhou et al.,
2006, Fridman et al., 2007, Witters et al., 2008, Duffy et al., 2011). Therefore, further
characterisation of the true effects of GI25423X treatment on CRC cells must be
determined before consideration of it for therapeutic use in CRC. Alternative SMIs are
available for the inhibition of ADAM 10 however, GI254023X is one of the most
specific, hence why it was chosen for study here (Ludwig et al., 2005, Hoettecke et al.,
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2010). Testing of alternative SMIs could be undertaken, to determine whether similar
effects on HCT116 cellular viability are seen. Additionally, to corroborate the findings
here the experimental conditions used by Mullooly et al. (2015) could be tested, to
determine whether results could be recreated. Thus, identifying problems with the
inhibitor or differences between the methodologies used to assess proliferation.
Furthermore, the proteolytic activity of ADAM 10 will be examined (Chapter 5), to
determine whether the treatment of cells with GI254023X and subsequent protein
upregulation translates to an alteration in activity.
One major limitation of MTS assays is their assessment of viability and whether this is a
reliable measurement of a cells proliferative capacity. MTS assays measure the
metabolic reduction of tetrazolium salts to formazan, and assumes that formazan
production will be proportional to the number of exponentially growing cells (Riss et
al., 2004, Berridge et al., 2005). As a result, MTS assays have long been used as a as a
readout of proliferation, however, a metabolically active cell may not be an actively
proliferating cell (Riss et al., 2004, van Tonder et al., 2015). As such, whilst the results
in this chapter indicate a role of ADAM 10 in mediating the viability of HCT116 cells it
cannot be definitively determined that this is indicative of cellular proliferation. A
reduction in viability can also be indicative of cell death and steps should be undertaken
to determine whether ADAM 10 decreases cellular proliferation or induces cell death in
HCT116 cells, thus affecting their viability. Appropriate methodologies for assessment
of induced cell death/apoptosis include apoptosis detection assays, such as ApoToxGlo, or measurement of Annexin V by flow cytometry (Cummings et al., 2004).
Annexin V binds to phosphatidylserine (PS) on cell surfaces, and offers a quick and
reliable measurement of apoptosis in cells (Cummings et al., 2004, Rieger et al., 2011).
TUNEL (terminal deoxynucleotidyl transferase-dUTP nick end labelling) assays would
also allow for identification of apoptosis through detection of DNA fragmentation
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(Huerta et al., 2007). One limitation of the experiments here is the lack of evidence
confirming successful siRNA knockdown of ADAM 10 during the MTS assays. Protein
lysates prepared alongside the MTS assays would allow for the knockdown efficiency
to be monitored by Western Blotting, however such blots are absent throughout these
experiments. Protein lysates were in fact prepared for this purpose, however due to
problems with protein stability during storage, when utilised, ADAM 10 protein was
found to be largely degraded and thus the lysates un-usable for their intended purpose.
The knockdown efficiency has been found to be consistent throughout other
experiments in this study, and as such it can be presumed that siRNA knockdown was
successful during this experiment.
To assess the long term effect of ADAM 10 knockdown on CRC viability clonogenic
assays were used. Clonogenic assays assess the capability of cells to form colonies and
their ability to undergo unlimited replication (Munshi et al., 2005, Franken et al., 2006,
Rafehi et al., 2011). A cell that has retained its reproductive ability, and therefore is an
actively proliferating and viable cell, will form a colony consisting of 50 plus cells
(Munshi et al., 2005, Franken et al., 2006, Rafehi et al., 2011). ADAM 10 knockdown
again resulted in reduced HCT116 viability, independently of hypoxia, which supports
the earlier MTS results. No effect was seen on HT29 cells. RKO cells, in this
experimental setup, resulted in a plating efficiency of over 100%. It is believed that their
low adherent nature and the experimental design may explain the discrepancies. ECadherin expression is poor in RKO cells compared to the other CRC cell lines
investigated, and previous research has shown them to be less adhesive as a result
(Byers et al., 1995, Buck et al., 2007). Here, cells had to undergo transportation from
the incubator to the hypoxia chamber, and vice versa after hypoxic exposure. It is
feasible that this movement and the less adherent nature of RKO cells resulted in
satellite colony formation and increased plating efficiency. It is widely acknowledged
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that movement or disruption of colonies during clonogenic assays can result in satellite
colony formation (Munshi et al., 2005). Furthermore, whilst dedicated incubators were
used for clonogenic storage, increased usage of the incubators, coupled with RKOs low
adherent nature, may be responsible for satellite colony production. The results here are
in conjunction with previous studies, albeit with slightly different methodologies. In
hepatocellular carcinoma, soft-agar colony formation assays previously showed that
ADAM 10 silencing resulted in a significantly reduced colony number (Yuan et al.,
2013). Similarly, in tongue cancer it was also shown that knockdown of ADAM 10
caused decreased colony formation, as assessed by soft-agar assays (Shao et al., 2015).
Here, a role for ADAM 10 in mediating the cellular viability of HCT116 cells has been
identified. As a result, cell cycle analysis was undertaken to determine whether the
alterations in viability seen were as a result of cell cycle arrest after ADAM 10
knockdown. PI staining and flow cytometry analysis was used, which allows for
detection of cellular DNA content and subsequent identification of current cell cycle
phase (Nunez, 2001, Riccardi and Nicoletti, 2006, Pozarowski and Darzynkiewicz,
2004). Results showed that ADAM 10 knockdown had no effect on cell cycle
progression, thus indicating that the alteration to viability reported in this study is not as
a result of cell cycle arrest. There was a degree of intra-experimental variation in this
study; and therefore experiments could be repeated further to clarify the role of ADAM
10 on CRC cell cycle regulation. These findings are in conflict to previous research
which has shown that ADAM 10 knockdown induces a G1 phase arrest in lymphoma
(Armanious et al., 2011). Similar findings have also been reported in nasopharyngeal
cancer (You et al., 2015). PI staining utilises stoichiometric staining of cellular DNA for
analysis of the cell cycle, however alternative methodologies such as the use of
bromodeoxyuridine (BrdU) staining may be considered more appropriate for cell cycle
analysis (Nunez, 2001, Riccardi and Nicoletti, 2006, Pozarowski and Darzynkiewicz,
182

2004). BrdU is incorporated into cellular DNA at S phase of the cell cycle, in place of
thymidine, so can be used as measurement of active cellular proliferation (Cecchini et
al., 2012). BrdU allows for a more distinguishable separation of cell cycle phases than
PI staining, and can also be used for cell cycle kinetic analysis (Nunez, 2001, Cecchini
et al., 2012, Pozarowski and Darzynkiewicz, 2004). However, PI staining offers a more
cost-effective, quick analysis of cell cycle stages than BrdU, and is considered less
hazardous than BrdU due to the lack of incorporation into DNA (Nunez, 2001, Riccardi
and Nicoletti, 2006).
One limitation of the experiments within this chapter is the lack of siRNA validation. It
was shown that siADAM 10 transfection resulted in efficient knockdown of ADAM 10
at both protein and transcript level, however further siRNA validation could have been
undertaken. The siRNA used within these experiments (and those in Chapter 5) are a
pool of four individual siRNA oligos, which is a commonly utilised strategy (Smith,
2006). However, to determine the effectiveness and any off target effects, each of the
four oligos could have been tested individually. This would have identified whether all
oligos exert the same effects on cellular viability, as reported in this chapter, or whether
this was caused by one specific siRNA oligo. Pool siRNA’s are recognised to cause less
off target effects than individual oligos, as the concentrations are lower in a pool format
than they would be as individual oligos (Smith, 2006, Parsons et al., 2009, Hannus et
al., 2014). Furthermore, research indicates that pool siRNA is more likely to generate a
phenotypical knockdown model in comparison to individual oligos (Parsons et al.,
2009). However, despite this, it is feasible that the effect on viability shown here could
be as a result of an off target effect. Therefore, characterisation of individual oligos
within the pool siRNA should be undertaken.
A further limitation of this chapter is the lack of confirmation of a hypoxic environment
throughout the experiments. As described in Chapter 3 attempts were made to analyse
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HIF-1α expression by Western Blotting, however the lysis buffer was not stringent
enough to extract HIF-1α from its nuclear localisation. To definitely confirm that all
experiments were undertaken in hypoxia such controls should have been implemented.
Here, a role of ADAM 10 in mediating CRC viability has been identified. Interestingly,
this was independent of hypoxia, thus rejecting the hypothesis that ‘hypoxia-induced
ADAM 10 expression will promote cellular proliferation and migration in CRC cell
lines’. As cell cycle analysis showed no alterations it’s important to elucidate the
mechanisms behind the role of ADAM 10 in CRC cell viability. As such, a variety of
signalling pathways linked to cell survival and proliferation in CRC will be
investigated. Furthermore, the proteolytic activity of ADAM 10 under hypoxic
conditions, which may activate such pathways, will be examined.
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Chapter 5 : Evaluation of ADAM 10 Activity in Hypoxia
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5.1

Introduction

In Chapter 4 it was shown that knockdown of ADAM 10 resulted in a significant
downregulation of cellular proliferation in HCT116 cells. However, no alterations to the
cell cycle were seen, thus indicating that other mechanisms are responsible. Therefore,
this chapter will aim to elucidate the underlying mechanisms involved in ADAM 10
modulated cellular proliferation.
5.1.1

ADAMs Activity and Signalling in Cancer

ADAMs family members have been shown to be responsible for cleavage of
transmembrane proteins, converting them into soluble forms and triggering downstream
signalling (Murphy, 2008, Duffy et al., 2011, Reiss and Saftig, 2009). ADAM 10 in
particular has been shown to be responsible for the shedding of a number of cancer
associated proteins (as discussed in Section 1.8.1) (Fahrenholz et al., 2000, Six et al.,
2003, Sahin et al., 2004, Maretzky et al., 2005, Reiss et al., 2005, Sanderson et al.,
2006, Maretzky et al., 2008, Guo et al., 2012, Woods and Padmanabhan, 2013, Groot et
al., 2014, Zhuang et al., 2015). Protein shedding by ADAMs members activates a
variety of cancer-associated signalling pathways in a range of cancer types (Hartmann et
al., 2002, Borrell-Pages et al., 2003, Bozkulak and Weinmaster, 2009, Baumgart et al.,
2010, Christian, 2012, Maretzky et al., 2011, Wang et al., 2013). Two of the main
ADAMs activated pathways are EGFR (Section 1.9.2) and Notch (Section 1.9.3), both
of which have been implicated in promoting cancer progression (Tol et al., 2010,
Peignon et al., 2011, Sethi and Kang, 2011, Mann et al., 2012, Yabuuchi et al., 2013,
Yuan et al., 2015b).
ADAM 10 is involved in the regulation of Notch signalling through cleavage of the
Notch receptor, resulting in promotion of cellular proliferation, survival and EMT
(Hartmann et al., 2002, Borggrefe and Oswald, 2009, Bozkulak and Weinmaster, 2009,
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Baumgart et al., 2010, Guo et al., 2013, Ishida et al., 2013, Hassan et al., 2014, Qiu et
al., 2015). Crucially, Notch signalling is one of the key pathways associated with colon
development, and it has been shown that ADAM 10 knockout models are embryonic
lethal, due to the poor development as a result of Notch signalling disruption (Section
1.11) (Hartmann et al., 2002). Furthermore, Notch signalling has been implicated in
CRC progression as Notch signalling is essential for evasion of apoptosis in CICCs
(Sikandar et al., 2010, Gopalakrishnan et al., 2014, Fender et al., 2015). Similarly, it has
been shown that increased Notch signalling within CRC results in increased EMT
(Fender et al., 2015). Cleavage of ligands by ADAMs family members contribute to the
activation of the EGFR signalling pathway resulting in altered cellular proliferation,
survival and angiogenesis, in a variety of cancer types (Banck and Grothey, 2009, Tol et
al., 2010, Ji et al., 2015, Song et al., 2015, Lim et al., 2016). EGFR signalling is of
particular importance in CRC as EGFR is upregulated in approximately 60-80% of
CRC tumours (Banck and Grothey, 2009, Li et al., 2011, Tan and Du, 2012, Hong et al.,
2015, Pabla et al., 2015).
Hypoxia has been linked to both pathways, with results showing that EGFR targeted
therapies result in a reduction of hypoxic related genes and proteins, along with reduced
hypoxic CRC tumour volume post treatment (Greening et al., 2015). Notch1 has
previously been found to be significantly upregulated in hypoxic tumour cells compared
to normoxic controls (Chen et al., 2007). Notably, studies have previously linked Notch,
EGFR and hypoxia together, showing that EGFR is linked to promotion of angiogenesis
in tumours through activation of Notch1 and HIF-1α signalling (Baumgart et al., 2010,
Wang et al., 2015b). It has previously been shown that the expression of ADAM 17 is
correlated to increased Notch1 signalling and EGFR expression, and that Notch1 was
responsible for modulating EGFR expression (Baumgart et al., 2010).
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5.1.2

Rationale, Aims and Objectives of this Chapter

ADAMs family members have been linked to promotion of cancer progression through
modulation of signalling pathways such as EGFR and Notch. Previous findings have
shown a reduction in cellular proliferation after ADAM 10 knockdown, without effect
on the cell cycle (Chapter 4). Therefore, this chapter aims to elucidate the underlying
signalling mechanisms that may be involved in the modulation of cellular proliferation
by ADAM 10. Furthermore, this chapter aims to identify what effects the hypoxiamediated ADAM 10 upregulation (Chapter 3) has upon ADAM 10 activity.
The experimental work within this chapter was designed to test the hypothesis that
‘Exposure to severe hypoxia will increase ADAM 10 proteolytic activity and
subsequently activate downstream signalling mechanisms linked to CRC progression’
and specifically answer the following questions:


Is ADAM 10 activity modulated by exposure to severe hypoxia (0.5% O2)?



Does ADAM 10 regulate cancer associated signalling pathways such as Notch,
EMT or EGFR, and does exposure to severe hypoxia (0.5% O2) mediate this?
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5.2

Methods

5.2.1

ADAM 10 Activity Assay

HCT116 cells underwent either ADAM 10 silencing by siRNA transfection (Section
2.10) or ADAM 10/generalised ADAMs family inhibition by GI254023X or GM6001,
respectively (Section 2.31.1). Cells were then exposed to either normoxia or hypoxia
(Section 2.9) for 16 hours before ADAM 10 activity was assessed through use of
ADAM 10 fluorogenic substrates, as described in Section 2.31.
5.2.2

Western Blotting

HCT116 cells were transfected with either ADAM 10 targeting or non-targeting control
siRNA (Section 2.10) before being exposed to hypoxia for a range of time points (0 –
48 hours). Cells were then lysed and quantified (Sections 2.11 & 2.12 respectively) and
30 µg protein separated by SDS-PAGE (Section 2.15). Expression of a number of
proteins was then assessed by Western Blotting (Section 2.16). Proteins analysed
include E-Cadherin, β-Catenin, Slug, Snail, Vimentin, pEGFR, pGAB1, pStat5, pAKT,
pERK 1/2, c-MYC, Cyclin D1 and p21. β-Actin was used as the loading control to
which all resulted were normalised. All antibodies were used according to details
specified in Table 2.2.
5.2.3

qPCR

HCT116 cells underwent siRNA transfection with either ADAM 10 targeting or nontargeting control siRNA before being exposed to either normoxia or hypoxia for 24
hours (Section 2.9). mRNA was then extracted and quantified (Sections 2.23 & 2.24
respectively). 1 µg of extracted RNA then underwent cDNA synthesis (Section 2.25)
before qPCR was undertaken as specified in Section 2.26 and Table 2.5. Expression of
Notch1, Hes1, Hes5, Hey1, Hey2, c-MYC and CCND1 at transcript level was undertaken
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using the custom designed primers specified in Table 2.4. SLC2A1 expression was
analysed to serve as a control for a hypoxic environment and B2M was used as the
housekeeping control, to which all results were normalised. Details of both SLC2A1 and
B2M QuantiTECT primers can be found in Table 2.3.
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5.3

Results

5.3.1

Effect of ADAM 10 Knockdown on ADAM 10 Activity in Severe Hypoxia

To determine the sheddase activity of ADAM 10 under hypoxic conditions two
fluorogenic peptide substrates were used, in conjunction with ADAM 10 siRNA (to
establish ADAM 10 specific activity). Results using the peptides are somewhat obscure
and indeterminable at times, with large variability amongst the results, a finding which
is consistent between both peptides. Nonetheless, use of peptide A suggests a
downregulation in ADAM 10 activity in control cells after exposure to severe hypoxia
(0.5% O2, Figure 5.1 A). The results after ADAM 10 siRNA transfection show no
alteration in ADAM 10 activity, with large error bars and negative values present
(Figure 5.1 B). Usage of peptide B indicates no alteration in ADAM 10 activity posthypoxic exposure (Figure 5.2 A). It can be seen that no alteration in activity was
present after ADAM 10 knockdown, when peptide B was used (Figure 5.2 B). All
results were deemed non-significant when statistically analysed.
5.3.2

Effect of ADAM 10 Inhibition on ADAM 10 Activity in Severe Hypoxia

To determine the effect of exposure to severe hypoxia (0.5% O2) and the effectiveness
of ADAM 10 inhibition using small molecule inhibitors, ADAM 10 activity was
assessed through the use of two fluorogenic peptide substrates, Peptide A and Peptide
B. The results are somewhat inconclusive and illustrate that large deviation between
repeats was present, along with generation of negative values post-background
fluorescence correction. It can be observed that in untreated cells there was no alteration
in ADAM 10 activity after exposure to severe hypoxia (0.5% O2), with either peptide
(Figure 5.3 A & Figure 5.4 A). Peptide A usage shows that there is a reduction in
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Figure 5.1: Effect of Severe Hypoxia (0.5% O2) and ADAM 10 Knockdown on ADAM 10
Activity (Peptide A)
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a nontargeting siRNA (siNT), prior to being re-seeded and left to adhere (B). None transfected cells
went through the same experimental process (A). Cells were then exposed to normoxia (20%
O2) or severe hypoxia (0.5% O2) for 16 hours. 20 μM Peptide A was then added and incubated
at 37°C for 1 hour. Fluorescence was then measured (Section 2.31.2). A) Results expressed as
fold change in fluorescence relative to normoxic control, n=3. Error bars represent +/- SEM.
Statistical analysis by unpaired, two-tailed T-test, with Welch’s correction. ** = p<0.01. B) All
results normalised to relative siNT control, n=3. Error bars represent +/- SEM. Statistical
analysis by two-way ANOVA with Tukey’s post-hoc correction. All results deemed nonsignificant.
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Figure 5.2: Effect of Severe Hypoxia (0.5% O2) and ADAM 10 Knockdown on ADAM 10
Activity (Peptide B)
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or a nontargeting siRNA (siNT), prior to being re-seeded and left to adhere (B). None transfected cells
went through the same experimental process (A). Cells were then exposed to normoxia (20%
O2) or severe hypoxia (0.5% O2) for 16 hours. 20 μM Peptide B was then added and incubated
at 37°C for 1 hour. Fluorescence was then measured (Section 2.31.2). A) Results expressed as
fold change in fluorescence relative to normoxic control, n=3. Error bars represent +/- SEM.
Statistical analysis by unpaired, two-tailed T-test, with Welch’s correction. ** = p<0.01. B) All
results normalised to relative siNT control, n=3. Error bars represent +/- SEM. Statistical
analysis by two-way ANOVA with Tukey’s post-hoc correction. All results deemed nonsignificant.
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Figure 5.3: Effect of Severe Hypoxia and ADAM 10 Inhibition on ADAM 10 Activity
(Peptide A)
HCT116 cells were seeded and left to adhere, they were then either left untreated (A) or treated
with GI254023X (B) or GM6001 (C). Cells were then incubated in either normoxia (20% O2) or
severe hypoxia (0.5% O2) for 16 hours. 20 μM Peptide A, alongside fresh treatment, was added
before fluorescence was measured (as described in Section 2.31.1). A) Results expressed as fold
change in fluorescence relative to normoxic control, n=3. Error bars represent +/- SEM.
Statistical analysis by unpaired, two-tailed T-test, with Welch’s correction. B & C) Results
expressed as fold change relative to corresponding vehicle control, DMSO. Error bars represent
+/- SEM, n=3. Statistical analysis by two-way ANOVA, with Tukey’s post-hoc correction. * =
p<0.05.
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Figure 5.4: Effect of Severe Hypoxia and ADAM 10 Inhibition on ADAM 10 Activity
(Peptide B)
HCT116 cells were seeded and left to adhere, they were then either left untreated (A) or treated
with GI254023X (B) or GM6001 (C). Cells were then incubated in either normoxia (20% O2) or
severe hypoxia (0.5% O2) for 16 hours. 20 μM Peptide B, alongside fresh treatment, was added
before fluorescence was measured (as described in Section 2.31.1). A) Results expressed as fold
change in fluorescence relative to normoxic control, n=3. Error bars represent +/- SEM.
Statistical analysis by unpaired, two-tailed T-test, with Welch’s correction. B & C) Results
expressed as fold change relative to corresponding vehicle control, DMSO. Error bars represent
+/- SEM, n=3. Statistical analysis by two-way ANOVA, with Tukey’s post-hoc correction. All
results deemed non-significant by analysis.
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ADAM 10 activity after usage of either ADAM 10 inhibitor, albeit not significant
(Figure 5.3 B & C). Significant reductions in ADAM 10 activity were seen at higher
concentrations of GM6001 compared to vehicle controls (DMSO, Figure 5.3 C). It can
be observed that there are no alterations in ADAM 10 activity after inhibition with
either small molecule inhibitor, when using Peptide B as a substrate (Figure 5.4 B &
C). Large margins of error can be seen throughout, as illustrated by the error bars. All
results were deemed non-significant by statistical analysis.
5.3.3 Effects of ADAM 10 Knockdown on Associated Signalling Pathways in
Severe Hypoxia

To determine the role of ADAM 10 in regulating cell signalling pathways associated
with cancer progression, CRC cell lines models, particularly HCT116 cells, underwent
ADAM 10 knockdown and were exposed to severe hypoxia (0.5% O2) for a variety of
time points. The expression of a number of molecules associated with ADAMs
signalling were then examined by Western Blotting or qPCR.
5.3.3.1 ADAM 10 Knockdown has no Effect on EMT Markers in Severe Hypoxia

Known markers of EMT, as discussed in Section 1.9.4, were selected for examination at
protein level to determine the role of ADAM 10 in mediating EMT in CRC. It can be
observed that there is a slight increase in E-Cadherin expression across the hypoxic time
course, however no effect of ADAM 10 knockdown can be observed (Figure 5.5). A
doublet band of E-Cadherin can be seen after 24 hours in hypoxia, which increases after
48 hours. β-Catenin expression is altered after exposure to severe hypoxia, however
ADAM 10 knockdown has no effect on β-Catenin expression (Figure 5.5). It can be
observed that after hypoxic exposure a laddering of bands is present, which increases in
number and intensity in correlation with the length of hypoxic exposure. However, this
pattern is not altered after ADAM 10 knockdown (Figure 5.5).
196

Figure 5.5: Effect of ADAM 10 Knockdown on EMT Markers in Severe Hypoxia (0.5%
O2)
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or non-targeting
siRNA (siNT) and exposed to severe hypoxia (0.5% O2) for a range of time points. Cells were
lysed, 30 μg of each protein sample were separated by SDS-PAGE and expression of various
EMT associated proteins were analysed by Western Blotting. β-Actin was used as the loading
control. Blots shown are representative of three independent experiments.
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5.3.3.2 ADAM 10 Knockdown has no Effect on EGFR Signalling in Severe
Hypoxia

ADAMs family members have been shown to activate EGFR signalling, although less is
known about the involvement of ADAM 10 in this pathway. EGFR signalling is known
to mediate cellular proliferation, and as alterations in proliferation were reported in
Chapter 4, EGFR signalling molecules that may be involved were examined. Analysis
of expression of EGFR signalling molecules after ADAM 10 knockdown in severe
hypoxia (0.5% O2) can be seen in Figure 5.6. The levels of pAKT phosphorylation
increase during exposure to severe hypoxia (0.5% O2) (Figure 5.6). However, ADAM
10 knockdown has no visible effect on the phosphorylation intensity of pAKT.
Similarly, levels of pERK 1/2 phosphorylation increased after exposure to severe
hypoxia (0.5% O2), with consistent increases observed across the time course (Figure
5.6). Particularly, the bottom band of pERK 1/2, which corresponds to pERK 1, with a
molecular weight of 42 kDa, is noticeably increased. ADAM 10 knockdown had no
effect on the intensity of pERK 1/2 phosphorylation (Figure 5.6).
5.3.3.3 Neither Severe Hypoxia or ADAM 10 Knockdown have an Effect on Notch1
Signalling

ADAM 10 is strongly implicated in Notch signalling, and downstream molecules of this
pathway have been shown to mediate cancer progression and cell proliferation.
Therefore, a number of downstream Notch signalling targets were examined. The
effects of ADAM 10 knockdown and severe hypoxia (0.5% O2) on Notch1 expression
were examined by qPCR. HCT116, HT29 and RKO cells were transfected with ADAM
10 targeting siRNA (siADAM 10) or scrambled control siRNA (siNT) and exposed to
severe hypoxia (0.5% O2) for 24 hours. It can be seen in Figure 5.7 that there was no
significant effect of either exposure to severe hypoxia or ADAM 10 knockdown in any
of the CRC cell lines investigated.
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Figure 5.6: Effect of ADAM 10 Knockdown on EGFR Signalling in Severe Hypoxia (0.5%
O2)
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or non-targeting
siRNA (siNT) and exposed to severe hypoxia (0.5% O2) for a range of time points. Cells were
lysed, 30 μg of each protein sample were separated by SDS-PAGE and the phosphorylation
status of various EGFR associated proteins were analysed by Western Blotting. β-Actin was
used as the loading control. Blots shown are representative of three independent experiments.
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Figure 5.7: Notch1 Expression in CRC Cells Lines after ADAM 10 Knockdown in Severe
Hypoxia
CRC cell lines were transfected with ADAM 10 targeting siRNA (siADAM 10) or nontargeting siRNA (siNT), and exposed to hypoxia (0.5% O2) for 24 hours. mRNA was extracted
and Notch1 expression analysed by qPCR. All results were normalised to the housekeeping
gene, B2M. Results are expressed as fold change in expression relative to the 0h control
(normoxia, 20% O2), of n=3 experiments. Error bars represent +/- SEM. Statistical analysis by
two-way ANOVA, with Tukey’s post-hoc correction. All results deemed non-significant.
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The same trend in Notch1 expression is consistent amongst the CRC cell lines
investigated, with a small increase in Notch1 after ADAM 10 knockdown in normoxia,
which is then reduced in hypoxia (Figure 5.7). However, no significance was
determined by two-way ANOVA analysis.
The effect of ADAM 10 knockdown on Hes1 expression was also evaluated in a panel
of CRC cell lines. A small increase in Hes1 expression in hypoxia can be observed for
HCT116 cells, albeit non-significant (Figure 5.8 A). A similar trend was also observed
for HT29 cells, albeit to a lesser extent. Again this was found to not be statistically
significant (Figure 5.8 B). It can also be observed that a non-significant, marginal
increase in Hes1 expression after ADAM 10 knockdown was present in HT29 cells,
consistent between both normoxia and hypoxia. A significant increase (2.14 ± 1.3-fold,
p<0.01) in Hes1 expression was observed for RKO cells, after exposure to severe
hypoxia, which was then significantly reduced (1.03 ± 0.2) upon ADAM 10 knockdown
(Figure 5.8 C, p<0.01). A small, non-significant reduction after ADAM 10 knockdown
was observed in normoxia (0.58 ± 0.1), in RKO cells.
5.3.3.4 ADAM 10 Knockdown Increases c-MYC Expression in HCT116 Cells

Expression of c-MYC was examined as it strongly implicated in the progression of
cancer. It is a downstream target of a number of cancer associated signalling pathways,
including Notch signalling. Therefore, expression of c-MYC was examined by qPCR to
determine the effects of ADAM 10 knockdown and exposure to severe hypoxia (0.5%
O2) in CRC cell lines. It can be observed that in HCT116 cells there was a significant
upregulation (p<0.01) in c-MYC after ADAM 10 knockdown (Figure 5.9 A). This
finding was consistent between both normoxia (1.67 ± 0.2-fold increase) and hypoxia
(1.55 ± 0.0-fold increase). An upregulation of c-MYC in normoxia (1.73 ± 0.3-fold)
after ADAM 10 knockdown, albeit non-significant, was also observed for HT29 cells
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Figure 5.8: Hes1 Expression in CRC Cells Lines after ADAM 10 Knockdown in Severe
Hypoxia
CRC cell lines were transfected with ADAM 10 targeting siRNA (siADAM 10) or nontargeting siRNA (siNT), and exposed to hypoxia (0.5% O2) for 24 hours. mRNA was extracted
and Hes1 expression analysed by qPCR. All results were normalised to the housekeeping gene,
B2M. Results expressed as fold change in expression relative to the 0h control (normoxia, 20%
O2), of n=3 experiments. Error bars represent +/- SEM. Statistical analysis by two-way
ANOVA, with Tukey’s post-hoc correction. ** = p<0.01.
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Figure 5.9: c-MYC Expression in CRC Cells Lines after ADAM 10 Knockdown in Severe
Hypoxia
CRC cell lines were transfected with ADAM 10 targeting siRNA (siADAM 10) or nontargeting siRNA (siNT) and exposed to hypoxia (0.5% O2) for 24 hours. mRNA was extracted
and c-MYC expression analysed by qPCR. All results were normalised to the housekeeping
gene, B2M. Results are expressed as fold change in expression relative to the 0h control
(normoxia, 20% O2), of n=3 experiments. Error bars represent +/- SEM. Statistical analysis by
two-way ANOVA, with Tukey’s post-hoc correction. * = p<0.05, ** = p<0.01.
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Interestingly, a significant downregulation (0.96 ± 0.2-fold decrease) in c-MYC
expression between normoxia and hypoxia, after ADAM 10 knockdown, was also
observed for these cells (Figure 5.9 B) Finally, an increase in c-MYC expression after
ADAM 10 knockdown was also observed for RKO cells, albeit non-significant (Figure
5.9 C).
5.3.3.5 ADAM 10 Knockdown and Severe Hypoxia Reduce CCND1 Expression in
CRC Cells

CCND1, the gene encoding Cyclin D1, was examined as a result of the downregulation
in proliferation reported in Chapter 4, after ADAM 10 knockdown. As a regulator of the
cell cycle CCND1 is a target of a number of cancer associated signalling pathways,
including Notch signalling, in which ADAM 10 is known to be involved. CCND1
expression was found to be altered in HCT116 cells after both ADAM 10 knockdown
and exposure to severe hypoxia (0.5% O2; Figure 5.10 A). Specifically, it was shown
that exposure to severe hypoxia led to a highly significant downregulation of CCND1
expression in the scrambled control cells (siNT) (0.30 ± 0.0-fold decrease, p<0.0001). A
significant decrease in the expression levels of CCND1, after ADAM 10 knockdown
was observed in normoxia and hypoxia (Figure 5.10 A, 0.26 ± 0.0-fold and 0.41 ± 0.0fold decreases, respectively). A highly significant downregulation (p<0.0001, normoxia
= 0.62 ± 0.0-fold decrease, hypoxia = 0.66 ± 0.1-fold decrease) in CCND1 expression
after exposure to severe hypoxia was observed for HT29 cells (Figure 5.10 B).
However, ADAM 10 knockdown had no effect on CCND1 levels (Figure 5.10 B). No
alteration in CCND1 after exposure to severe hypoxia or ADAM 10 knockdown was
observed for RKO cells (Figure 5.10 C).
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Figure 5.10: CCND1 Expression in CRC Cells Lines after ADAM 10 Knockdown in Severe
Hypoxia
CRC cell lines were transfected with ADAM 10 targeting siRNA (siADAM 10) or nontargeting siRNA (siNT) and exposed to hypoxia (0.5% O2) for 24 hours. mRNA was extracted
and CCND1 expression analysed by qPCR. All results were normalised to the housekeeping
gene, B2M. Results are expressed as fold change in expression relative to the 0h control
(normoxia, 20% O2), of n=3 experiments. Error bars represent +/- SEM. Statistical analysis by
two-way ANOVA, with Tukey’s post-hoc correction.** = p<0.01, **** = p<0.0001.
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5.3.3.6 ADAM 10 Knockdown has no Effect on Oncogenic Markers at Protein
Level

After examining c-MYC and CCND1 at transcript level and observing highly significant
alterations after ADAM 10 knockdown, these molecules were examined at protein level
by Western Blotting, in HCT116 cells across a hypoxic time course.
Exposure to severe hypoxia has an effect on the pattern of c-MYC protein expression
Figure 5.11. Specifically, a doublet band is visible after 2 hours exposure, which
remains present throughout the hypoxia time course. After 48 hours the doublet shifts to
lower molecular weight band, with evidence of possible PTM, degradation or
processing below. These changes in protein expression are consistent between both
siNT and siADAM 10 samples, indicating ADAM 10 knockdown does not contribute to
it. Exposure to severe hypoxia also appears to modulate Cyclin D1 protein expression
(Figure 5.11). It can be observed that protein expression appears reduced after a short
hypoxic exposure (2-8 hours), however after 24 hours the levels increase again (Figure
5.11). No alterations in expression pattern of Cyclin D1 can be observed after ADAM
10 knockdown, indicating no effect is present. Similarly, p21 expression also appears
un-altered by hypoxic exposure. However, there is a small increase in p21 expression
after ADAM 10 knockdown, particularly after a short hypoxic exposure (2-8 hours)
(Figure 5.11). However, when quantitatively analysed by densitometry a significant
difference was only seen at 2 hours, due to intra-experimental variability.
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Figure 5.11: Effect of ADAM 10 Knockdown on Cell Proliferation Markers in Severe
Hypoxia (0.5% O2)
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or non-targeting
siRNA (siNT) and exposed to severe hypoxia (0.5% O2) for a range of time points. Cells were
lysed, 30 μg of each protein sample were separated by SDS-PAGE and expression of various
proteins associated with oncogenesis were analysed by Western Blotting. β-Actin was used as
the loading control. Blots shown are representative of three independent experiments.
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5.4

Discussion

In the previous chapter the role of ADAM 10 in mediating the tumourigenic phenotype
of CRC cell lines was examined. A role in regulating cellular viability was identified
however this was not as a result of cell cycles arrest. As such, the potential underlying
mechanisms behind such a role were examined, as it was hypothesised that ADAM 10
may play a role in regulating cellular signalling cascades involved in cellular viability,
via its proteolytic activity.
Results for ADAM 10 activity under hypoxic conditions were inconclusive, as a result
of methodological problems. Hypoxia-mediated effects were identified on a number of
cellular signalling molecules, however only a few ADAM 10 mediated effects were
seen. Importantly, a role for ADAM 10 in regulating c-MYC and CCND1 expression
was identified, independently of hypoxia.
Chapter 3 showed an upregulation of ADAM 10 at protein level after exposure to
hypoxia, therefore it was hypothesised that this would coincide with an increase in
proteolytic activity. Assessment of ADAM 10 proteolytic activity was undertaken using
two fluorogenic peptides that mimic the sequence of known ADAMs substrates, and is a
previously used strategy for evaluating ADAM 10 activity (Jin et al., 2002, Neumann et
al., 2004, Escrevente et al., 2008). MOCAc-Lys-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-ArgNH2 (Peptide A) is based on the sequence of collagens, a known substrate of MMPs and
metalloproteinases, which emits a fluorogenic signal when cleaved at the scissile bond,
Gly-Leu (Neumann et al., 2004). Abz-Leu-Ala-Gln-Ala-Val-Arg-Ser-Ser-Ser-ArgDap(Dnp)-NH2 (Peptide B) is based upon the sequence of TNF-α, a known substrate of
ADAMs family members, and is cleaved at the scissile bond Ala-Val, thus emitting a
fluorogenic signal (Jin et al., 2002). Usage of these peptides produced inconclusive
data, with large margins of error, from which limited conclusions could be drawn. Some
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results were suggestive of a potential downregulation in ADAM 10 activity in hypoxia,
however further clarification is required due to the poor reproducibility. Such a finding
would potentially be indicative that the ADAM 10 doublet, seen in Chapter 3, may be as
a result of a hypoxia-mediated cleavage of ADAM 10, which subsequently inhibits its
proteolytic activity. Previous usage of both peptides has been reported to be successful,
thereby indicating that the inconclusiveness of the data presented here is not due to the
individual peptides (Jin et al., 2002, Neumann et al., 2004, Escrevente et al., 2008, Zhu
et al., 2011). It is possible that as the sequence of neither peptide is specific for cleavage
by ADAM 10 the results may be masked by other ADAMs activity, such as ADAM 17,
which is known to be altered in hypoxic conditions (Zheng et al., 2007, Rzymski et al.,
2012, Wang et al., 2013). Also, knockdown or inhibition of ADAM 10 may lead to a
compensatory upregulation of the activity of similar ADAMs, such as ADAM 17,
which may mask any subtle ADAM 10 dependent effects. It was also noted that
background readings were higher than the experimental readings for several samples,
which may be due to the presence of Phenol red in the media. This is known to
potentially cause interferences with fluorescent measurement, albeit not at the
wavelengths used here (Ettinger and Wittmann, 2014). Further optimisation of this
methodology is required before any conclusions can be drawn and alternative
techniques for measuring ADAM 10 activity should be investigated. A number have
studies have used alternative peptide substrates for readout of ADAM 10 activity, and it
is feasible that these may produce less variable results (Moss et al., 2007, Moss et al.,
2011). Alternative methodologies could include the measurement of ADAM 10
substrates (Section 1.8) in conditioned media by Western Blotting or ELISA, in
conjunction with ADAM 10 knockdown/inhibition (Ebsen et al., 2013, Isozaki et al.,
2015). Previously, shedding of ADAM 10 substrates was characterised through
transfection of alkaline phosphatase tagged ADAM 10 substrates into cells, the
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shedding of which was then stimulated with phorbol-12-myristate-13-acetate (PMA)
and resultant change in alkaline phosphatase activity determined (Sahin et al., 2004).
It was hypothesised that ADAM 10 may play a role in mediating CRC cellular
migration and EMT, therefore, a number of proteins associated with the EMT process
were examined. Whilst a hypoxia-mediated effect was seen on both E-Cadherin and βCatenin expression, there was no role for ADAM 10 in the regulation of these proteins
identified. An element of degradation or PTM was seen to the expression of both
proteins after exposure to hypoxia, again independent of ADAM 10 expression.
Previous research has shown downregulated E-Cadherin expression in hypoxia, which
is characteristic of cells undergoing EMT, a finding which is in contrast to data
presented here (Chen et al., 2010, Cheng et al., 2013, Yu et al., 2013, Zhang et al.,
2013b, Zhang et al., 2015b, Zuo et al., 2016). Chen et al. (2010) showed E-Cadherin
expression was upregulated at both protein and transcript level in breast cancer, after
exposure to hypoxia (1% O2). Similar findings were reported in hepatocellular
carcinoma by Yu et al. (2013) (3% O2; 48 hours). Importantly, in CRC cell lines,
overexpression of HIF-1α resulted in decreased E-Cadherin at protein level in vitro
(Zhang et al., 2015b). Notably, high presence of HIF-1α was observed in both CRC
primary and metastatic tissue, whereas expression of E-Cadherin was low (Zhang et al.,
2015b). E-Cadherin is a known substrate of ADAM 10, which cleaves the full-length
form, leaving a smaller C-terminal fragment which can also be detected (Gaida et al.,
2010). Previously, it has been shown that ADAM 10 overexpression in keratinocytes
resulted in reduced total E-Cadherin and increased cleaved form (Maretzky et al., 2008).
Similarly, ADAM 10 knockdown in fibroblasts caused a reduction in cleaved ECadherin, although total levels remained unchanged (Maretzky et al., 2005). However
in prostate cells, both the levels of total and cleaved E-Cadherin remained unchanged
(Gaida et al., 2010). As only total E-Cadherin was examined here it can only be
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concluded that ADAM 10 knockdown in CRC cell lines had no effect on full-length ECadherin expression.
It has previously been shown that hypoxia has no effect on β-Catenin expression at
protein level after exposure to hypoxia (1% O2) in HCT116 cells, and no protein
degradation was observed (Kaidi et al., 2007). However, the oxygen tension is more
moderate than that used here which may protect against protein degradation. Notably, βCatenin has been shown to correlate with HIF-1α expression in colon cancer tumours
(Wincewicz et al., 2010). Conflictingly, in CRC RKO cells, it was shown that exposure
of severe hypoxia (<0.01% O2) resulted in a significant downregulation of β-Catenin
protein expression, which conflicts the findings here (Verras et al., 2008). In gastric
cancer a hypoxia-mediated upregulation of β-Catenin, at protein and transcript level,
was previously been reported (Liu et al., 2015a), which suggests the effect of hypoxia
on β-Catenin expression is cell type and possibly oxygen tension dependent. Less
research has been undertaken on the effects of ADAM 10 on β-Catenin expression, with
one study showing inhibition of ADAM 10 decreased β-Catenin expression, which
conflicts the data presented here (Woods et al., 2015). However, in non-small cell lung
cancer, silencing of ADAM 10 had no effect on β-Catenin expression (Guo et al., 2012).
The mesenchymal markers Slug and Snail were also investigated, however neither was
detected at protein level in HCT116 cells, in either hypoxia or normoxia. This was
unexpected due to previous confirmation of protein expression for both Slug and Snail
in HCT116 cells (Fan et al., 2012, Qian et al., 2013). Therefore, it is reasonable to
assume that the lack of detection here is as a result of antibody problems, suggesting
further optimisation is required. Previous research has shown that hypoxia causes an
upregulation of Slug and Snail expression (Chen et al., 2010, Yu et al., 2013, Zhang et
al., 2013a). Little research has investigated the role of ADAM 10 in mediating Slug or

211

Snail expression in cancer cells, however one study has shown that ADAM 10 silencing
resulted in increased Slug expression (Doberstein et al., 2011).
EGFR signalling has been shown to regulate cellular proliferation and survival, and
ADAM 10 is known to shed a number of ligands which bind to ErbB receptors,
phosphorylating them and activating downstream signalling (Sahin et al., 2004, Blobel,
2005, Kataoka, 2009). Therefore, it was hypothesised that ADAM 10 may play a role in
regulating the activation of EGFR signalling molecules which may be involved in
controlling cellular viability. PI3K-AKT and Ras-Raf-MEK-ERK pathways are strongly
implicated in CRC progression, which made them key targets for investigation within
this study (Roberts and Der, 2007, Engelman, 2009). Phosphorylation of GAB1 acts as
a mediator between PI3K-AKT and Ras-Raf-MEK-ERK signalling after receptor
activation (Mattoon et al., 2004) and phosphorylation of STAT5 has been reported to be
upregulated in CRC and is known to promote cellular proliferation (Xiong et al., 2009).
No expression of phosphorylated EGFR, GAB1 or Stat5 was detected in HCT116 cells,
which was unexpected as studies have previously reported their expression in HCT116
cells (van Houdt et al., 2010, Weber et al., 2013, Bai et al., 2015). It is feasible that the
lack of detection here is due to antibody problems requiring further optimisation, or a
need to stimulate the pathway with a known substrate, such as EGF, to enable activation
of the signalling cascade. A hypoxia-mediated increase in the phosphorylation of both
AKT and ERK 1/2 was identified, however ADAM 10 knockdown had no effect.
Suggesting that ADAM 10 plays no role in regulating the phosphorylation and
activation of these proteins. Therefore, it is unlikely that ADAM 10 regulates HCT116
cell viability through these channels. It has previously been shown that ADAM 10
knockdown prevented the phosphorylation of AKT and ERK 1/2, which conflicts the
data presented here (Grabowska et al., 2012, Zhang et al., 2014a, Liu et al., 2015b). The
regulation of both AKT and ERK 1/2 phosphorylation in hypoxia appears to be
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somewhat conflicting (Beitner-Johnson et al., 2001, Kwon et al., 2006, Liu et al., 2010,
Du et al., 2011, Grabowska et al., 2012, Stegeman et al., 2012, Kilic-Eren et al., 2013,
He et al., 2016). However, the hypoxia-mediated upregulation of AKT phosphorylation
seen here is consistent with previous reports (Beitner-Johnson et al., 2001, Stegeman et
al., 2012). Further in agreement with data presented here, previous studies have shown
an upregulation of ERK 1/2 phosphorylation under hypoxic conditions (Liu et al., 2010,
Du et al., 2011, He et al., 2016). However, conflicting data for both proteins has been
shown (Kilic-Eren et al., 2013, Kwon et al., 2006, Grabowska et al., 2012). One
limitation of the experiments investigating the phosphorylation of various cancer
associated proteins, in this study, is the lack of normalisation to total protein levels.
Examination of total protein levels would identify any experimentally induced
alterations. Normalisation of phosphorylated proteins to total proteins allows for such
changes to be taken into account, thus allowing for changes solely in phosphorylation to
be identified. As such, further work should be undertaken to investigate the total protein
counterparts of the phosphorylated proteins examined in this chapter.
Notch signalling is strongly implicated in cancer progression and it was hypothesised
that the hypoxia-mediated upregulation of ADAM 10 in CRC may result in increased
Notch signalling and downstream gene activation. The pathway is responsible for the
activation of genes including Hes and Hey transcription factors, along with p21, CyclinD1 and c-MYC (Yuan et al., 2015b). Notch1 has previously been implicated in CRC
progression and therefore was the focus of investigation into Notch signalling in this
study (Sikandar et al., 2010, Fender et al., 2015, Vinson et al., 2015). However, Notch1
expression was unaltered in CRC cell lines after either hypoxic exposure or ADAM 10
knockdown. This is in disagreement to previous findings in various cancer types, where
Notch1 is significantly upregulated post hypoxic exposure (Chen et al., 2007, Yu et al.,
2013, Villa et al., 2014). Similarly, it has previously been shown that ADAM 10 is
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required for cleavage of Notch receptors and that knockdown of ADAM 10 inhibits
Notch signalling (Hartmann et al., 2002, van Tetering et al., 2009). Conversely,
previous reports have shown that ADAM 10 deficient mouse models displayed no
alteration in Notch1 expression in the intestinal compartments (Tsai et al., 2014).
However, a more representative image of ADAM 10 involvement would be gained by
looking downstream at cleaved NICD, this would show whether the hypoxia-mediated
upregulation of ADAM 10 results in increased Notch cleavage and subsequent NICD
generation by γ-secretase. Hes and Hey family genes are responsible for the
transcriptional regulation of cell proliferation, apoptosis, differentiation and cell cycle
regulation (Borggrefe and Oswald, 2009, Vinson et al., 2015). Expression of Hes5,
Hey1 and Hey2 was found in low abundance within the CRC cell lines investigated, and
thus were not further investigated. A hypoxia-mediated increase in Hes1 was reduced
upon ADAM 10 knockdown in RKO cells only, and this increase in Hes1 expression in
hypoxia is consistent with previous findings, in other cancer types (Asnaghi et al., 2014,
Moriyama et al., 2014, Irshad et al., 2015). Notably, the downregulation of Hes1
expression after ADAM 10 knockdown in RKO cells is supported by previous research
that has shown that ADAM 10 knockout mice displayed impaired Hes1 expression
compared to counterparts (Zhuang et al., 2015). Similar results have also been
evidenced in endothelial cells after ADAM 10 inhibition (Pabois et al., 2014). The
results here indicate that the role of ADAM 10 or hypoxia in regulating Hes1 expression
may be specific to individual CRC cell lines, a difference that may be explained by
epigenetic mutational differences amongst cell lines (Section 6.1).
Oncogenes are well reputed to promote cancer development through the dysregulation
of cellular processes, such as cell cycle controls and proliferative capabilities. c-MYC
and Cyclin D1 are known proto-oncogenes and are downstream targets of a number of
signalling cascades, including Notch signalling (Casimiro et al., 2012, Dang, 2012,
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Yuan et al., 2015b). It was hypothesised that the hypoxia-mediated upregulation of
ADAM 10 (shown in Chapter 3) was responsible for c-MYC activation, and a
downregulation would be seen after ADAM 10 knockdown. However, a suppressive
effect of ADAM 10 on c-MYC expression was seen in HCT116 cells, independently of
hypoxia, but this did not translate to protein level. At protein level hypoxia-mediated
alterations were seen but ADAM 10 had no effect, which corroborates previous results
showing that c-MYC expression in HCT116 cells does not alter under hypoxic
conditions, however changes are seen at protein level (Okuyama et al., 2010, Wong et
al., 2013). Few studies have investigated the role of ADAM 10 in c-MYC regulation,
however one study showed that ADAM 10 silencing in pancreatic cancer resulted in
downregulated c-MYC at protein level, a finding that is conflict to the data presented
here (Woods et al., 2015). Here, the CRC cells investigated displayed different trends to
one another, indicating that the effects of ADAM 10 on c-MYC regulation are cell type
specific.
Cyclin D1 is also a proto-oncogene that is strongly implicated in cell cycle checkpoint
dysregulation in cancer and subsequent promotion of cellular proliferation (Yang et al.,
2006). It was hypothesised that hypoxia-upregulated ADAM 10 may play a role in
modulating cellular viability through promotion of Cyclin D1. A hypoxia-mediated
downregulation of CCND1 was identified in CRC cell lines. Furthermore, in HCT116
cells ADAM 10 knockdown resulted in CCND1 downregulation, independently of
hypoxia. However, such results did not translate to protein level, where only a hypoxiadependent effect was seen. Such results indicate that ADAM 10 may promote CCND1
expression, which may affect cellular viability, as seen in Chapter 4, however further
investigation is required to clarify why only transcript mediated effects are seen.
Previously studies have identified a hypoxia-mediated upregulation of Cyclin D1 at
protein level (Joung et al., 2005, Joung et al., 2008, Lim et al., 2010). Previous research
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has indicated that hypoxia mediates a downregulation of CCND1, corroborating data
presented here, as a result of HIF-1 binding to the promoter region within Cyclin D1
(Wen et al., 2010). The cyclic pattern of Cyclin D1 expression, seen here at protein
level, may be due to the cell-cycle dependent regulatory mechanism behind Cyclin D1
expression, which is raised or lowered at different stages of the cell cycle (Yang et al.,
2006). Similar protein expression patterns after hypoxic exposure have previously been
shown in breast cancer (Joung et al., 2005). In lymphoma, it was shown that silencing of
ADAM 10 reduced CCND1 expression, which corroborates the findings in HCT116
cells in this study (Armanious et al., 2011). However, in pancreatic cancer ADAM 10
silencing leads to a downregulation of Cyclin D1 protein expression, which conflicts the
data presented here (Woods et al., 2015).
p21 is another key regulator of cell cycle, which is a member of the cyclin-dependent
kinase (cdk) inhibitor family shown to promote tumour suppression (Gartel, 2006,
Abbas and Dutta, 2009, Xia et al., 2011, Benson et al., 2014). Its expression is
upregulated by p53, which leads to a promotion of cell cycle arrest (Xia et al., 2011,
Benson et al., 2014). Here, a possible role for ADAM 10 in the regulation of p21 in
HCT116 cells was shown, however little significance was seen when quantitatively
analysed (Appendix 1) due to inter-experimental variability. Therefore, further
clarification is required to be able to definitively identify a role for ADAM 10 in p21
regulation. These results are in agreement with previous findings by Aramanious et al.,
2011, which showed ADAM 10 silencing resulted in increased p21 protein expression
in lymphoma. Little effect of hypoxia on p21 expression in CRC cells was shown here
and previous data is conflicting in this area. In mesenchymal stem cells expression of
p21 was downregulated in response to hypoxic exposure (1% O2), thus inhibiting its
tumour suppressor capabilities (Tsai et al., 2011). Furthermore, overexpression of HIF1α was shown to result in decreased p21 expression at protein level (Hu et al., 2015),
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and notably, high HIF-1α expression and low p21 expression correlated to poor
prognosis in patients with gastric cancer (Mizokami et al., 2006). However, conversely
it has been shown that hypoxia does not downregulate p21 expression, which is
attributed to the slowing of the cell cycle under hypoxic conditions (Cho et al., 2008,
Leontieva et al., 2012).
One limitation of the experiments in this chapter is the lack of confirmation of hypoxic
response at protein level, via analysis of HIF-1α expression. As previously discussed
extracting HIF-1α with the ADAMs lysis buffer was problematic and therefore no
confirmation was achieved for these experiments. However, confirmation of hypoxia
was undertaken for all mRNA experiments through analysis of SLC2A1 expression,
results of which can be seen in Appendix 1. This subsequently confirms that mRNA
experiments were undertaken in a hypoxic environment.
Here, a role for ADAM 10 in the regulation of c-MYC, CCND1 and p21 expression has
been identified, however these were primarily independent of hypoxia. Thus meaning
the hypothesis of ‘exposure to severe hypoxia will increase ADAM 10 proteolytic
activity and subsequently activate downstream signalling mechanisms linked to CRC
progression’ can be rejected. Such results may, in part, explain the effects of ADAM 10
seen on CRC cellular viability, however further clarification as to the implication of
these effects are required before such conclusions can be drawn.
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Chapter 6 : Concluding Discussion
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6.1 Discussion
Colorectal cancer is one of the most prevalent and deadliest cancers in the UK, affecting
over 40 000 patients every year (Massat et al., 2013). A number of risk factors are
associated with the development of CRC, with the disease predominantly affecting the
over 50s (Ballinger and Anggiansah, 2007). Environmental factors such as dietary and
lifestyle choices are believed to contribute to 54% of CRC and as a result of such
choices within the western world CRC incidence has risen in recent years (Parkin et al.,
2011, Ferlay et al., 2015). Typically CRC tumours are adenocarcinomas and are highly
metastatic in nature (Brenner et al., 2014). As some symptoms of CRC are somewhat
generalised in nature late diagnosis is a particular problem affecting CRC patients, and
as a result a comprehensive screening programme has been implemented throughout the
UK (Ballinger and Anggiansah, 2007, Cunningham et al., 2010, Brenner et al., 2014).
Predominantly, CRC is sporadic in onset as a result of epigenetic mutations and
tumours are extremely heterogeneous in nature, resulting in problems associated with
therapeutic targeting (Tan and Du, 2012, Lupini et al., 2015, Kocoglu et al., 2016).
Epigenetic mediated aberration of EGFR expression is particularly prevalent amongst
CRC tumours, with approximately 60 – 80% of CRC seeing an overexpression (Pabla et
al., 2015, Kocoglu et al., 2016). Whilst this mutation is well characterised in the context
of CRC, and targeted therapies have been developed, the heterogeneity of CRC tumours
can render such therapies ineffective (Tan and Du, 2012, Lupini et al., 2015, Kocoglu et
al., 2016). For example, KRAS mutations, which occur in approximately 35 – 45% of
CRC tumours, will render tumours less susceptible to EGFR targeted therapies (Tan and
Du, 2012, Lupini et al., 2015, Kocoglu et al., 2016). The heterogenic epigenetic
mutations with CRC tumours activate a vast range of downstream signalling pathways
associated with cancer progression and a tumourigenic phenotype (Banck and Grothey,
2009, Li et al., 2011, Tan and Du, 2012, Hong et al., 2015, Pabla et al., 2015, Kocoglu
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et al., 2016). Two pathways affected by attenuated EGFR expression in CRC are the
Ras-Raf-MAPK and PI3K-PTEN-AKT pathways, which promote cellular survival,
growth, proliferation and differentiation (Pabla et al., 2015, Kocoglu et al., 2016). As
solid tumours, hypoxic regions are present in CRC tumours, which further complicate
therapeutic approaches and also contribute to the high metastatic potential of the disease
(Cao et al., 2009). Although survival rates for CRC are increasing, currently 59%, a
greater understanding of the molecular basis for this disease is required for further
improvement in disease management and patient survival (Ferlay et al., 2015, Holleczek
et al., 2015).
ADAMs family members are strongly implicated in the progression of a variety of
cancer types, and as such research has shown their involvement in mediating cellular
proliferation and inducing a more migratory and invasive phenotype in cells (Edwards
et al., 2008, Duffy et al., 2011). As sheddases of a number of cancer associated
molecules ADAMs family members have increasingly become important targets of
research in recent years. Furthermore, there is increasing evidence for their involvement
in facilitating cancer progression within the hypoxic tumour microenvironment,
particularly ADAM 17 (Zheng et al., 2007, Rzymski et al., 2012). However, despite
some ADAMs being well characterised there are some family members that remain
somewhat understudied, particularly in the context of their involvement in hypoxiamediated cancer progression. ADAM 10 in particular is one of the lesser studied family
members, with very little hypoxia-focussed research carried out thus far, and what
research there exists is somewhat conflicting in nature (Webster et al., 2002, Marshall et
al., 2006, Barsoum et al., 2011). The inconsistency of current research highlights the
lack of thorough understanding of ADAM 10 under hypoxic conditions and the effects
this may have on cancer progression. Importantly, ADAM 10 has been shown to be
essential in normal colon biology, due to its involvement in Notch signalling, and is
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expressed within all intestinal cell types (Jones et al., 2016). Intestinal cells heavily
utilise Notch signalling for the regulation cellular function, proliferation and
differentiation, and as a result ADAM 10 knockout mouse models have been shown to
be embryonic lethal (Hartmann et al., 2002, Zeki et al., 2011, Tsai et al., 2014, Carulli et
al., 2015, Jones et al., 2016). Severe defects were identified in ADAM 10 knockout
mice, thus highlighting its importance in the regulation of cellular processes (Hartmann
et al., 2002, Tsai et al., 2014, Jones et al., 2016).
This project aimed to characterise ADAM 10 within severe hypoxia (0.5% O2) in CRC
cell lines, in the context of hypoxia-mediated CRC progression. Three CRC cell lines
were used to determine the effects of severe hypoxia on ADAM 10 itself, in terms of
expression levels (Chapter 3), and what subsequent downstream effects this may have
(Chapter 4 and 5). It was hypothesised that hypoxia-induced ADAM 10 expression and
activity would mediate the progression of CRC through promotion of a tumourigenic
phenotype. It is known that cancer progression is partly driven by uncontrollable
cellular proliferation and an increased migratory and invasive phenotype, as described
by Hanahan and Weinberg (2011). As such, this project was designed to characterise the
effects of hypoxia-mediated ADAM 10 on cellular proliferation and migration in three
CRC cell lines (Chapter 4). Furthermore, it aimed to elucidate the ADAM 10 related
signalling pathways that may drive such characteristics of CRC cancer progression
under hypoxic conditions (Chapter 5).
It was hypothesised that ADAM 10 would be upregulated in response to hypoxia in
CRC cell lines. This study identified an upregulation at both protein and transcript level
in ADAM 10 expression. Importantly, a hypoxia-mediated doublet band for mature
ADAM 10 was identified. This was hypothesised to be a hypoxia-regulated PTM or
cleavage of mature ADAM 10 protein, due to knowledge of a number of PTMs
affecting ADAM 10 (Anders et al., 2001, Moss et al., 2007, Parkin and Harris, 2009,
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Tousseyn et al., 2009). However, attempts to characterise the nature of the doublet band
were unsuccessful. An alteration in the glycosylation of ADAM 10 was identified under
hypoxic conditions, which may be indicative of either reduced glycosylation of ADAM
10 or availability of glycosylated ADAM 10 due to PTMs. Dysregulated protein
glycosylation is a key characteristic of cancer, and a hypoxia-mediated PTM of ADAM
10 could greatly affect the functionality of the protein, particularly in the context of
hypoxia-mediated CRC progression (Shirato et al., 2011, Roth et al., 2012, Tian and
Zhang, 2013). Therefore, it is important that the underlying mechanisms behind the
doublet band are identified.
ADAM 10 is known to be responsible for the shedding of a variety of molecules that
activate downstream signalling mechanisms (Hartmann et al., 2002, Borrell-Pages et al.,
2003, Bozkulak and Weinmaster, 2009, Baumgart et al., 2010, Christian, 2012,
Maretzky et al., 2011, Wang et al., 2013). It was hypothesised that the hypoxiamediated upregulation in ADAM 10 expression seen in this study could potentially
correlate with an increase in ADAM 10 proteolytic activity in hypoxic conditions
(Chapter 5). Methodological problems prevented clear conclusions from being drawn,
however the data indicates ADAM 10 activity may be reduced in hypoxia.
Downregulation of ADAM 10 activity in hypoxia would see reduced ligand shedding
and subsequent activation of signalling pathways, a finding which would be unexpected
in the context of CRC. A number of CRC implicated signalling pathways are activated
by ligands known to be substrates of ADAM 10 (Fahrenholz et al., 2000, Six et al.,
2003, Sahin et al., 2004, Maretzky et al., 2005, Reiss et al., 2005, Sanderson et al.,
2006, Maretzky et al., 2008, Guo et al., 2012, Woods and Padmanabhan, 2013, Groot et
al., 2014, Zhuang et al., 2015). Therefore it would be expected that increased ADAM 10
activity would be seen, to coincide with the increased activation of such pathways and
subsequent progression of CRC in the hypoxic tumour microenvironment. The effect of
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hypoxia on ADAM 10 activity has not previously been investigated, therefore it is
important further investigation is undertaken to clarify the regulation of ADAM 10
activity under hypoxic conditions.
ADAM 10 has previously been implicated in the promotion of cellular proliferation,
believed to be through the activation of associated signalling pathways (Maretzky et al.,
2005, Arima et al., 2007, Xu et al., 2010, Bulstrode et al., 2012, Yuan et al., 2013, Fu et
al., 2014, Shao et al., 2015, You et al., 2015). It was hypothesised that the hypoxiamediated upregulation of ADAM 10 would promote CRC cellular proliferation, which
is a key characteristic of the disease (Jones et al., 2016). A hypoxia-independent role for
ADAM 10 in regulating the cellular viability of HCT116 cells was identified, which
may be indicative of altered proliferation or cell death. However, alternative
methodologies are required to identify which is applicable in CRC cells after ADAM 10
knockdown. Cell cycle analysis determined that the alteration to viability is not as a
result of cell cycle arrest, so further clarification is required. Nevertheless, it can be
concluded that ADAM 10 plays a crucial role in the regulation of HCT116 cellular
viability, which may promote the progression and growth of CRC tumours. If similar
results were seen after stable knockdown of ADAM 10, in vivo studies would identify
whether such results were translatable and if CRC tumour growth was affected. If
corroborated, ADAM 10 could be identified as a new therapeutic target for CRC.
Both Notch and EGFR signalling are known to be attenuated in CRC, and therefore
contribute to the progression of the disease. ADAM 10 is known to be involved in both
pathways, particularly Notch signalling and previous data has linked such pathways to
the promotion of proliferation (Phipps et al., 2013, Joseph et al., 2010, Bolos et al.,
2013, Suman et al., 2013). ErbB receptors are activated by binding of ADAM 10 shed
ligands, subsequently activating EGFR downstream pathways, whereas in Notch
signalling ADAM 10 cleaves the Notch receptor as part of the pathway (Tol et al., 2010,
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Peignon et al., 2011, Sethi and Kang, 2011, Mann et al., 2012, Yabuuchi et al., 2013,
Yuan et al., 2015b). As such it was hypothesised that ADAM 10 would modulate the
expression of molecules involved in these pathways and regulate CRC cellular
proliferation. However, no alteration to molecules involved in either EGFR or Notch
was identified after ADAM 10 knockdown, thus rejecting the hypothesis. Therefore,
alternative mechanisms through which ADAM 10 may be regulating the cellular
viability of HCT116 cells were investigated. Proto-oncogenes c-MYC and Cyclin D1,
which are known to be associated with cancer progression and cellular proliferation,
were investigated to determine the role of ADAM 10 in mediating their expression in
CRC (Cappellen et al., 2007, Wang et al., 2008, Dang, 2012, Marampon et al., 2015). A
surprising suppressive effect of ADAM 10 on c-MYC expression was identified in
HCT116 cells, independently of hypoxia. Based on the knowledge that c-MYC is
widely upregulated in CRC it was hypothesised that hypoxia-induced ADAM 10 would
promote c-MYC expression, however this was not the case (Sikora et al., 1987, Rochlitz
et al., 1996, Smith and Goh, 1996, Toon et al., 2014, Boudjadi et al., 2015, Lee et al.,
2015a). Further investigation is required to elucidate the implications of this
suppression in the context of CRC progression, however as a result it cannot be
definitively concluded that ADAM 10 is modulating HCT116 viability through
attenuation of c-MYC expression. Cyclin D1 is a key regulator of the cell cycle and is
known to be overexpressed in CRC tumours, and furthermore this is often associated
with a more aggressive tumour phenotype (Kong et al., 2001, Bahnassy et al., 2004,
Wangefjord et al., 2011, Li et al., 2014b, Al-Maghrabi et al., 2015). Therefore, it was
hypothesised that hypoxia-mediated ADAM 10 would promote CCND1 expression in
CRC cell lines, which was shown to be the case in HCT116 cells. Previous research has
shown downregulation of Cyclin D1 results in decreased CRC cell proliferation, and it
is feasible that ADAM 10 may be modulating HCT116 cellular viability through
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attenuating CCND1 expression (Tsukahara et al., 2015, Al-Qasem et al., 2016). PI
staining however showed no role of ADAM 10 in regulating cell cycle progression,
however, without more detailed profiling through the use of BrdU it cannot be
definitively concluded that ADAM 10 has no effect on the cell cycle in HCT116 cells.
Further clarification could be taken from examining other cell cycle molecules, such as
CDK 4/6 and RB, which also display upregulation in CRC (Ali et al., 1993, Yamamoto
et al., 1999, Collard et al., 2012, Li et al., 2014a, Yoshida and Diehl, 2015, O'Leary et
al., 2016). RB protein is typically inactive in many tumour types, however in CRC it is
overexpressed and notably, in HCT116 cells, levels of phosphorylated RB are high, thus
promoting cell cycle progression (Yamamoto et al., 1999). The conflicting nature of the
results of c-MYC and CCND1 would indicate that ADAM 10 expression may influence
a number of different pathways that are targeting c-MYC and Cyclin D1 separately
from one another.
Another key facilitator of CRC progression is the induction of EMT, which is
associated with a switch to a more mobile and aggressive phenotype. ADAM 10 has
previously been shown to mediate migration and invasion in cancer, and thus it was
hypothesised that the hypoxia-mediated upregulation of ADAM 10 shown in this study
may be responsible for the induction of EMT in CRC cells (Maretzky et al., 2005, Liu et
al., 2015b, Shao et al., 2015). However, no such role was identified, with ADAM 10
having no effect on CRC migration or expression of EMT markers. Alternative
methodologies should be used to definitively rule out ADAM 10 in the modulation of
CRC cell migration, however, it is feasible that ADAM 10 may induce invasion and not
migration, as such this should also be a target for further investigation.
The use of SMIs within some experiments in this project was for the purpose of
assessing their suitability in the context of potential therapeutic agents in the treatment
of CRC. The hypothesis was that as an ADAM 10 specific agent GI254023X may be
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able to prevent the ADAM 10 driven effects on cell viability within CRC, however no
such evidence was found (Ludwig et al., 2005, Hoettecke et al., 2010, Pruessmeyer et
al., 2014). Thus, there is insufficient evidence presented in this study to suggest that
they may be suitable for further development in the prevention of ADAM 10 driven
CRC proliferation for a translational therapeutic perspective.
The positive and coherent evidence presented within this study was primarily identified
within HCT116 cells, as a lack of positive and consistent data was achieved in the other
CRC cell lines investigated. As such qualitative investigations were undertaken to
characterise the differences between the cell lines used in this study. To do this the
Cancer Cell Line Encyclopaedia (CCLE) was used, which details the molecular
mutations within cancer cell lines, thus allowing identification of alterations between
CRC cell lines within this study, which may in part explain the differences between
experimental results (Table 6.1) (Barretina et al., 2012, CCLE, 2013).
Table 6.1: Cancer Associated Mutations within CRC Cell Lines (Information gathered
from CCLE (2013))
HCT116
Cell origin

Carcinoma, colon

ADAM 10
HES-1

SNP in 3’UTR
Wild type

HT29
Adenocarcinoma,
colon
Wild type
Wild type

MYC

Wild type

Wild type

CCND1
CTNNB1
EGFR
KRAS
TP53
PTEN

Wild type
Frameshift deletion
Wild type
Missense mutation
Wild type
Deletion in 3’UTR

APC

Wild type

GSK3
EP300
CREBBP
TGF-β

Wild type
Frameshift deletion
Wild type
Wild type

Wild type
Wild type
Wild type
Wild type
Wild type
Wild type
Nonsense mutation &
frameshift insertion
Wild type
Deletion in 3’UTR
Wild type
Wild type

FOXO3

Wild type

Wild type

STAT3
JAK

Wild type
Wild type

Wild type
Wild type
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RKO
Carcinoma, colon
Wild type
Wild type
Missense mutation
(SNP)
Wild type
Wild type
Wild type
Wild type
Wild type
Wild type
Wild type
Wild type
Frameshift deletion x2
Splice site SNP
Wild type
Missense mutation
(SNP)
In frame deletion
Wild type

The cell lines were analysed for known mutations within a number of oncogenes,
tumour suppressors, transcription factors and signalling mechanisms involved in
cellular viability/proliferation, relevant to CRC and/or ADAM 10 biology (Jones et al.,
2016). The hypothesis was that mutational differences, in such molecules, between the
cell lines may account for the experimental result differences shown in this study. A
number of CRC specific mutations were examined, including KRAS, APC and EGFR, as
these are known to impact upon CRC progression (Phipps et al., 2013, Pabla et al.,
2015, Kocoglu et al., 2016). Whilst a number of mutations that may influence the
molecular response of the CRC cell lines were present, there were no consistent
indications separating HCT116 cells from the other two CRC cell lines. For example,
alteration in KRAS is common within CRC and is known to promote cellular
proliferation through downstream activation of AKT, and here it was shown that
HCT116 cells possess this mutation (Phipps et al., 2013, Pabla et al., 2015, Kocoglu et
al., 2016). However we reported no ADAM 10-mediated effect on AKT
phosphorylation (and therefore potentially, activity) in HCT116 cells, thus suggesting
that although KRAS is mutated ADAM 10 mediation of downstream effects is not
related. Notably, a SNP mutation of ADAM 10 was identified in HCT116 cells, which
was not present in the other two CRC cell lines examined, however as this is within the
UTR (untranslated region) it is unknown as to whether has any effects on the
functionality of ADAM 10 in this cell line. However, it is possible that this may affect
microRNA binding, as these modulators of gene expression bind within the 3’UTR
region (Zhang et al., 2015a). Such effects have previously been seen in the context of
ADAMs in CRC, with miR-30c being shown to suppress CRC progression through
direct interaction with ADAM 19 (Zhang et al., 2015a). However, no such studies have
been undertaken on ADAM 10 in HCT116 cells. Additionally, both MYC and CCND1
were found to be non-mutated within HCT116 cells. Notably, previous research has
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shown that the frameshift mutation of CTNNB1 (β-Catenin) present in HCT116 cells,
stabilises β-Catenin and activates Wnt signalling (Morin et al., 1997, Sparks et al., 1998,
Kaler et al., 2012). Furthermore, it was shown that HCT116 cells with this mutation
could be protected from apoptosis by Wnt signalling activation, which is known to
promote cell growth (Kaler et al., 2012). Based on the evidence presented in Table 6.1
it can be concluded that without further investigation there is insufficient evidence to
definitively identify a mutational difference between CRC cell lines as being
responsible for all experimental differences seen. However, based on findings by Kaler
et al. (2012) further investigation into Wnt signalling in HCT116 cells should be
undertaken. It is important to determine whether ADAM 10 mediates cellular
proliferation through Wnt signalling in HCT116 cells, as a result of the CTNNB1
mutation (Figure 6.1) (Sparks et al., 1998, Kaler et al., 2012, CCLE, 2013).
In summary, a hypoxia-mediated upregulation was reported in the three CRC cell lines
investigated. Furthermore, a previously unidentified doublet band was identified,
however attempts to characterise its nature were unsuccessful. There is insufficient
evidence to suggest that the hypoxia-mediated upregulation of ADAM 10 seen
promotes CRC progression. However, there was a clear role of ADAM 10 in regulation
of cellular viability identified in HCT116 cells. Furthermore, a role of ADAM 10 in the
regulation of c-MYC and CCND1 expression was identified within these cells. In
conclusion, it can be determined that hypoxia-driven ADAM 10 has little effect on CRC
cells and the characteristics of cancer progression, however there is scope for further
investigating the role of ADAM 10 (independently of hypoxia) in CRC viability and
progression (Figure 6.1).
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A)

B)

Figure 6.1: Hypothesised Mechanisms of Action of ADAM 10 on CRC Cellular
Proliferation
This project has shown a role for ADAM 10 in mediating the viability of HCT116 cells and this
figure illustrates the proposed underlying mechanisms (A). HCT116 cells are known to possess
mutated β-Catenin, which results in its stabilization and activation of Wnt signalling. This
activation is known to promote proliferation through a number of downstream targets, and these
should be investigated. It is hypothesised that activation of Wnt signalling results in the
promotion of CCND1 expression, which leads to complex formation with CDK 4/6. As a result
phosphorylation of RB is increased (a known characteristic of this cell line), resulting in its
inactivation. E2F family transcription factors are then able to promote gene expression and GI/S
phase transition, thus promoting cellular proliferation. In the absence of ADAM 10 (B) we have
reported a downregulation in CCND1 expression, thus reducing the complex formation with
CDK 4/6. Phosphorylation of RB is reduced, which prevents E2F transcriptional activity and
subsequent prevention of G1/S progression, resulting in decrease cellular proliferation.
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6.2 Future Work


Further characterisation into the nature of the ADAM 10 doublet band is needed,
and the mechanisms behind the doublet formation need to be clarified, with
focus on a hypoxia-mediated cleavage of the ADAM 10 protein. Furthermore,
the implications of such a modification on the protein should be examined in
terms of its functionality and possible role in CRC progression.



Alternative methodology for examining the effect of hypoxia on ADAM 10
activity in CRC is required. The technology employed within this study did not
produce any conclusive data and therefore alternative methodologies need to be
tested. Clarification is important to identify the ramifications of altered ADAM
10 protein on its activity.



Further clarification should be undertaken in the remit of the implications of cMYC and CCND1 modulation by ADAM 10 in CRC. No alteration to cell cycle
was observed however other downstream effects as a result of c-MYC or
CCND1 modulation by ADAM 10 should be investigated. Furthermore,
additional investigation into longer term effects of ADAM 10 on cell cycle
regulation should be investigated.



Investigation should be undertaken into Wnt signalling and the role ADAM 10
may play in its regulation of proliferation in CRC. Based on previous evidence
of Wnt involvement in CRC progression and that presented here, of ADAM 10
mediated CRC proliferation, links between the two should be elucidated.
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Appendix 1

Figure A1.1: ADAM 10 Doublet Band is not Resolved upon Re-oxygenation
HCT116 cells were exposed to hypoxia (0.5% O2) for a range of time points. Alongside these
one sample was exposed to hypoxia (0.5% O2) for 8 hours before being re-oxygenated in
normoxia for 16 hours (20% O2). Cells were lysed, 30 µg of each protein sample were separated
by SDS-PAGE and expression of ADAM 10 was analysed by Western Blotting. The mature
form of ADAM 10 is visible as a doublet, comprised of a higher (Band A) and lower (Band B)
molecular weight bands, which does not appear to completely resolve upon re-oxygenation. βActin was used as a loading control. Blot is representative of one, preliminary experiment.
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Table A1.1: LC-MS Methodology Settings

Equipment
Loading pump

Function
Reagents
Flow Rate
Solvent A

Separation Nano Pumps

Solvent B
Flow Rate
Cleaning

Sample Gradient
Gradient Elution

Column Washing

Sample Gradient

Mass Spectrometry

Capillary Voltage
Endplate Offset
Nebuliser
Drying Gas Temperature
Dry Gas Flow

261

Setting
2% acetonitrile, 98% H2O
with 0.1% trifluoroacetic
acid
8.0 µL min-1
5% acetonitrile, 95% H2O
with 0.1% formic acid
95% acetonitrile, 5% H2O
with 0.1% formic acid
300 nL min-1 throughout
the run
98% Reagent A, 2%
Reagent B for 5 minutes
2% Reagent B to 40%
Reagent B over 20 minutes.
Increased to 98% Reagent
B from 25 minutes to 27
minutes. Held at 98%
Reagent B for 5 minutes
then decreased back to 2%
Reagent B
95% Reagent B for 4
minutes, then decreased to
2% Reagent B for 1
minutes. Repeated 3 times
2% Reagent B for 22
minutes to re-equilibrate
1400 V
-500 V
0.0 Bar
150 °C
3.0 L min-1

Table A1.2: Post-CRAPome Analysis Results for 0h Pro-Form

Protein
ADAM 10
GSN
TGM2
EPS8L1
ALDH16A1
STAT1
BCAM
NCBP1

MW (kDa)
84.1
85.6
77.3
80.2
85.1
87.3
97.4
91.8

Rank
3
19
31
32
33
34
37
38

Found/Total
1/411
26/411
6/411
2/411
12/411
23/411
2/411
38/411

% of Studies
0.2
6.3
1.5
0.5
2.9
5.6
0.5
9.3

Table A1.3: Post-CRAPome Analysis for 0h Mature Form

Protein
ADAM 10
DLAT
PCK2
LTA4H
TRIM29
POR
CAPN1
SRPR
UBN1
LGALS3BP
TGM2
APOB
GRIN3A
RNPEP

MW (kDa)
84.1
69
70.7
69.2
65.8
76.6
81.8
69.8
121.4
65.3
77.3
515.3
125.4
72.5

Rank
4
28
29
30
32
44
50
51
57
58
59
62
64
65

Found/Total
1/411
38/411
5/411
14/411
5/411
16/411
19/411
25/411
8/411
25/411
6/411
11/411
2/411
10/411

% of Studies
0.2
9.3
1.2
3.4
1.2
3.9
4.6
6.1
2
6.1
1.5
2.7
0.5
2.4

Found/Total
26/411
2/411
1/411
17/411
19/411
22/411
34/411
41/411
7/411
25/411
23/411
15/411
34/411

% of Studies
6.3
0.5
0.2
4.1
4.6
5.4
8.3
10
1.7
6.1
5.6
3.6
8.3

Table A1.4: Post-CRAPome Analysis for 2h Pro-Form

Protein
GSN
EPS8L1
ADAM 10
FAM129B
PYGB
RRM1
CTNNA1
UBA2
HEATR2
LGALS3BP
STAT1
MOGS
TNPO2

MW (kDa)
85.6
80.2
84.1
84.1
96.6
90
100
50.1
93.5
65.3
87.3
91.9
101.3

Rank
11
12
13
14
19
27
32
36
43
48
54
60
65
262

NPEPPS
PEPD
XRCC1
PKP3
NAA15
NOC2L
BCAM
MVP
TGM2
GIT1
COG5
GYS1
DNAJC10
OPA1
PARP9
SYNE1
USP5
CARS
DPP9
FAM91A1
GSR
AGO2
DNM1
UFL1
CLPTM1
ACO2
EPS8L1
DTX3L
WASF2
SEC63
CAPN1
OSBP

103.2
54.5
69.4
87
101.2
84.9
67.4
99.3
77.3
84.3
92.7
83.7
91
111.6
96.3
1010.5
95.7
85.4
98.2
93.8
56.2
97.1
97.3
89.5
76
85.4
91.8
83.5
54.3
87.9
81.8
89.4

67
70
73
78
79
80
82
86
95
98
101
103
104
105
105
107
112
113
115
117
119
120
121
122
123
124
125
126
127
129
130
131

34/411
7/411
10/411
6/411
32/411
27/411
2/411
8/411
6/411
9/411
2/411
22/411
26/411
13/411
1/411
10/411
28/411
11/411
10/411
21/411
13/411
22/411
19/411
11/411
2/411
27/411
1/411
4/411
21/411
11/411
19/411
4/411

8.3
1.7
2.4
1.5
7.8
6.6
0.5
2
1.5
2.2
0.5
5.4
6.3
3.2
0.2
2.4
6.8
2.7
2.4
5.1
3.2
5.4
4.6
2.7
0.5
6.6
0.2
1
5.1
2.7
4.6
1

Found/Total
16/411
10/411
25/411
15/411
3/411
1/411
6/411
6/411
11/411
19/411

% of Studies
3.89
2.43
6.08
3.65
0.73
0.24
1.46
1.46
2.68
4.62

Table A1.5: Post-CRAPome Analysis for 2h Mature Form

Protein
POR
RNPEP
SRPR
CAPN2
GPD2
ADAM 10
XPNPEP
TGM2
AGPS
CAPN1

MW (kDa)
76.6
72.5
69.8
79.9
80.8
84.1
69.9
77.3
72.9
81.8

Rank
11
24
26
29
31
32
33
34
35
36
263

TOMM70A
AACS
TRIM29
TXNRD1
PREP
COLGALT1
LRRC40
NSF
SNX1
CTNND1
DPP3
ERMP1
APEH
SNX2
MIPEP
GFPT1
VPS35
SCFD1
DNM1L
ACSL1
NT5E
PYGB
NXF1
PICALM
LGALS3BP
CTNNBL1
NF2
GNL1
LARP7
SAMHD1
RBM47
ZWILCH
ORC3
ATG7
SYNE1
RANBP3
NDUFS1
GCLC
DLAT
PKP3
RELA
FAM129B
EPS8L1
OPA1
PGM2
EIF2AK2

97.4
75.1
65.8
70.9
80.6
71.6
68.2
82.5
59
108.1
82.5
100.2
81.2
58.4
80.6
78.8
91.6
72.3
81.8
77.9
63.3
96.6
70.1
70.7
65.3
65.1
69.6
68.6
66.9
72.2
64.1
67.2
82.2
77.9
1010.5
60.2
79.4
72.7
69
87
60.2
84.1
80.2
111.6
68.2
62.1

39
41
43
45
48
50
51
58
61
62
63
65
67
68
70
74
75
77
78
79
80
83
87
89
90
92
93
95
97
98
99
100
104
106
109
110
111
113
114
116
117
122
124
126
127
128
264

7/411
1/411
5/411
4/411
7/411
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Figure A1.2: ADAM 10 is Upregulated at Protein Level after GI254023X Treatment
RKO and HT29 cells were treated with ADAM 10 inhibitor, GI254023X and after 6 hours were
utilised for a scratch assay (as described in section 2.20.1). After completion of the scratch assay
cells were then lysed and 30 µg of each protein sample were separated by SDS-PAGE and
expression of ADAM 10 analysed by Western Blotting. β-Actin was used as a loading control,
however this also appears to be affected by GI254023X treatment. Blots are representative of
one experiment.
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Figure A1.3: Coomassie Stained Gel to Confirm Equal Protein Content in GI254023X
Stained Samples
As a result of abnormal β-Actin expression after GI254023X treatment (Figure A1.2) 30 µg of
GI254023X treated RKO scratch assay samples were separated by SDS-PAGE and stained for
total protein content with Coomassie Blue. Coomassie is representative of one experiment and
demonstrates equal protein content within samples.
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Table A1.6: CHARM Algorithm Settings for Clonogenic Assay Analysis
Function

Setting

Pre-Processed

Smoothing

5

Edge Detection

Edge Detection Sensitivity

91.6/100

Detection mode

Dark on light

Centre Detection Sensitivity

50/100

Centre Detection

Shape Controls

Soft Colony Diameter Range

Lower – 60 µm
Upper – 3000 µm

Min Centre to Centre Separation

60 µm (auto-select)

Smoothing

3

Circularity Factor

74/100

Edge Distance Threshold

0.85/1.00

Number of Spokes

32

Shape Filtering

Fast Gaussian Filter Size 5

Shape Processing

Best Fit Circle
Min Diameter – 60 µm

Colony Diameter Filter

Filtering Controls

Overlap Controls

Colony Intensity (OD)

Max Diameter – 3000 µm
Min Density – 0.10
Max Density – 2.00

Good Edge Factor

0.90/1.00

Borders from Centroids

Yes

Merge Overlapping Objects

Yes

Overlap Threshold

60%

Overlap Calculation

Area

Retain the

Most Intense

Calculate new Cluster Boundaries

Yes
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Table A1.7: Average Colony Numbers and Plating Efficiencies for Clonogenic Assays
Normoxia
Cell Line

or

Average
siRNA

Cells Seeded

Hypoxia

Normoxia
HCT116
Hypoxia

Normoxia
HT29
Hypoxia

Colony
Number

Average
Plating
Efficiency
(%)

siNT

250

146

58.5

siADAM 10

250

104

41.6

siNT

250

128

51.2

siADAM 10

250

97

38.8

siNT

500

359

71.8

siADAM 10

500

404

80.7

siNT

500

339

67.8

siADAM 10

500

379

75.6
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A)

B)

C)

D)

Figure A1.4: HCT116 Control Cell Cycle Profiles
HCT116 cells were left un-transfected or mock transfected for control purposes. Cells were then
incubated in normoxia (20% O2) or hypoxia (0.5% O2) for 24 hours. Cells were fixed prior to
staining with PI, before being analysed by flow cytometry (Section 2.30). Histograms are
representative of three independent experiments. Gates represented by M1-M4 on histograms.
Each gate represents different a cell cycle phase. M1 = sub-G1; M2 = G1; M3 = S and M4 =
G2/M.
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Figure A1.5: SLC2A1 Induction in Response to Hypoxic Exposure
CRC cell lines were exposed to hypoxia (0.5% O₂) for 24 hours. mRNA was extracted (as
described in Section 2.23), SLC2A1 expression analysed by qPCR (as described in Section
2.26). All results are normalised to the housekeeping gene, B2M. SLC2A1 expression used as a
control for confirmation of hypoxic induction. Results are expressed as fold change relative to
the 0 h control (normoxia). n=3 experiments; Error bars represent +/- SEM; Statistical analysis
by one way ANOVA, with Tukey’s post-hoc correction. * p<0.05. This figure acts as
confirmation of hypoxic environment for Figures 5.7 – 5.10.
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Figure A1.6: Densitometry Analysis of p21 Expression in HCT116 Cells
HCT116 cells were transfected with ADAM 10 targeting siRNA (siADAM 10) or non-targeting
siRNA (siNT) and exposed to severe hypoxia (0.5% O2) for a range of time points. Cells were
lysed, 30 μg of each protein sample were separated by SDS-PAGE and expression of p21
analysed by Western Blotting. β-Actin was used as the loading control, to which all results were
normalised. Fold change in expression relative to normoxic (0h) control. n=3 experiments; Error
bars represent +/- SEM; Statistical analysis by two way ANOVA, with Tukey’s post-hoc
correction. * p<0.05. This figure corresponds to Figure 5.12.
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