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Summary

The type II transmembrane serine proteases (TTSP) are cell surface proteolytic
enzymes that mediate a diverse range of cellular functions, including tumour invasion
and metastasis. Matriptase-2 is a relatively newly identified member of the TTSP
family whose role in cancer is currently poorly understood. Sanders et al 2008
investigated the effect of matriptase-2 in PC3 and DU145 prostate cancer cells. This
. study aims to further elucidate the role of matriptase-2 in cancer development and
progression. The relationship between matriptase-2 and f-catenin was examined as
previous preliminary data (unpublished) showed B-catenin to be a protein of interest
from a screen of molecules associated with cell:cell and cell:matrix adhesion performed
during previous studies.

To build on the data gained from Sanders e/ a/ 2008, normal prostate cell lines PZHPV7
and PNT2C2 had matriptase-2 stably knocked down and were used in assays to asses
cell functionality. Knock-down of matriptase-2 did not alter the growth or adhesion of
PZHPV7 or PNT2C2 cells but did however; cause a significant reduction in their motile
and invasive capabilitiecs. HECV cells were also used to examine the effect of
matriptase-2 on angiogenesis. The over-expression of matriptase-2 in these cells had no
effect on growth and adhesion but significantly reduced the motile and tubule formation
abilities of the HECV cells. This is a similar effect to that seen in the PZHPV7 and
PNT2C2 cells.

PC3 and DU145 cells over-expressing matriptase-2 were also used to examine possible
mechanisms of matriptase-2 action. Examination into the possible relationship between
matriptase-2 and fB-catenin revealed that a knockdown of matriptase-2 increased the B-
catenin fevels and conversely, over-expression decreased the B-catenin fevels in PC3
cells. In DU145 cells the B-catenin levels increased. This may be due to the differing
expression levels of key molecules such as E-cadherin. The HECV cells appeared to
show no change in B-catenin levels. Angiogenesis factor MMP-7 was found to be
altered in response to B-catenin levels. Additionally matritpase-2 over-expression was
found to reduce uPA and the converse with matriptase-2 knockdown in all cell lines
examined.

These results indicate that matriptase-2 may have a regulatory function over B-catenin
and uPA in prostate cells. This is possibly two mechanisms by which matriptase-2
protects against cancer metastasis and angiogenesis in normal cells and tissues.
However, due to the differences seen in the B-catenin experiments, there are obviously
other possible mechanisms to be considered. This study provides a valuable insight into
how this poorly understood protease functions in prostate cancer.
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Chapter 1

Introduction



1.1 Introduction to prostate cancer

1.1.1 Prostate cancer incidence, risk factors

Prostate cancer is the most commonly diagnosed cancer in men in the UK.
Approximately a quarter of new cancer cases diagnosed in men are prostate cancer.
In 2007 around 36,000 men were diagnosed with prostate cancer in the UK. In 2008,
there were 37,051 new cases of prostate cancer diagnosed in the UK, which is
around 101 men every day or one man every 15 minutes. The lifetime risk of being
diagnosed with prostate cancer is 1 in 9 for men in the UK. This was calculated in
January 2011 using incidence and mortality data for 2008 (CRUK 2010). Although
prostate cancer incidence rates appear to be rising, this is thought to be attributed to
the advancement in detection methods, such as the advancement in PSA serum

testing and ultrasound imaging.

The strongest known risk factor for prostate cancer is age, with very low risk in
men under 50 and rising risk with increasing age thereafter. Very few cases are
registered in men under 50 and around three-quarters of cases occur in men over 65
years. The largest number of cases is diagnosed in those aged 70+ (Figure 1.1). It is
estimated from post-mortem data that around half of all men in their fifties have
histological evidence of cancer in the prostate, which rises to 80% by age 80, but
only 1 in 26 men (3.8%) will die from this disease (Sakr et al., 1996).1t is

commonly believed that more men die with prostate cancer than from it. Another risk



factor is familial history. A family history of prostate cancer is one of the strongest
known risk factors for this disease. It has been estimated that 5-10% of all prostate
cancer cases and 30-40% of early-onset cases (men diagnosed <55 years) are caused
by inherited susceptibility genes (Bratt, 2002). If a first degree family member is
diagnosed with prostate cancer the risk of developing the disease increases two to

three times, which further increases as the person ages.

It has been noted that incidence rate vary round the world suggesting that risk is
associated with ethnicity. In the UK, black Caribbean and black African men have
around two to three times the risk of being diagnosed or dying from prostate cancer
than white men, while Asian men generally have a lower risk than the national

average (Wild e al., 2006).

Due to the large variations in the incidence of prostate cancer between different
cultures and their diet there has been interest in the potential risks involved. It has
been suggested that the ‘western’ diet may increase risk compared to that of the
lower incidence ‘asian’ diet, though there is little evidence supporting this. A recent
review of the evidence concluded that foods containing lycopenes and selenium
probably have a protective effect while diets high in calcium may increase risk.
Other risk factors that are being considered are alcohol, smoking, body weight,

endogenous hormones and diabetes mellitus.
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capsule, and progressively lengthens into fibrous tissue that terminates in loose
connective, and adipose tissue. Although the prostate lacks discernible lobes, it is
characterised as having a zonal architecture as defined by McNeal (McNeal, 1969,
1981, 1981). There are four major zones within the normal prostate: the peripheral

zone, the central zone, the transition zone and the anterior fibromuscular stroma

(Figure 1.2).

The peripheral zone extends posterolaterally around the prostate from the apex
to the base and has the largest volume, accounting for around 70% of the gland. The
central zone accounts for around 25% of the prostate gland and surrounds the
ejaculatory duct apparatus and constitutes the majority of the prostatic base. Finally
the transition zone, which is the smallest zone and accounts for 5% of total prostate
volume; comprises two small lobules that adjoin the prostatic urethra. The peripheral
zone is the most common site for the development of prostatic carcinomas whereas
the transition zone is region where benign prostatic hyperplasia (BPH) more
commonly originates. The prostate is believed to be enclosed by a capsule composed
of collagen, elastin, and abundant smooth muscle. Although this capsule may be
partially transgressed by normal glands making the determination of extracapsular

disease problematic.

On the whole, the prostatic glands are simply branched and tubuloalveolar in
structure, lined with both cuboidal and columnar secretory epithelial cells androgen-
dependant for their growth. These terminally differentiated columnar cells are rich

in secretory granules, keratin and enzymes such as prostatic acid phosphatase,



leucine amino peptidase and PSA. They are tightly packed together via cellular
adhesion molecules (CAMS), and attached to a basement membrane through integrin
receptors which connect them to the stromal cells via an extracellular matrix,
enhancing epithelial cell growth. The prostate also contains a pseudostratified
epithelium with three differentiated epithelial cell types: luminal, basal, and
neuroendocrine (Foster et al., 2002; Hudson, 2004; Peehl, 2005). The luminal
epithelial cells form a continuous layer of polarised columnar cells that produce
protein secretions and express high levels of the androgen receptor (AR). Basal cells
are located beneath the luminal epithelium and above the basement membrane,
express AR at much lower levels. Neuroendocrine cells are rare cells of unknown
function that express endocrine markers such as chromogranin A, but are AR

negative.
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development of solid tumours is generally thought to be a multi-step process in
which successive genetic events occur in a normal cell to render it increasingly
malignant. In prostate cancer the genetic and epigenetic processes that result in
cancer are poorly understood. It is believed that the occurrence of pre-malignant

lesions may pre-date the development of cancer by many years (Figure 1.3).

The umbrella term ‘prostatic intraepithelial neoplasia’ or ‘PIN’ describes the
heterogeneous morphologic lesions prostatic dysplasia or atypia. PIN is generally
characterised at the histological level by the appearance of luminal epithelial
hyperplasia, reduction in basal cells, enlargement of nuclei and nucleoli, cytoplasmic
hyperchromasiam and nuclear atypia (Bostwick and Foster, 1999). These
abnormalities are generally found within architecturally benign-appearing glands and
acini. PIN is graded depending on the degree of basal cell layer disruption (with
more disruption being present in high grade PIN): grade 1 is a mild manifestation;
grade 2 is moderate, and grade 3 is severe. Grades 2 and 3 are often combined as
‘high grade’ PIN. PIN is presumed to be a pre-malignant lesion due to its common

presence adjacent to prostate adenocarcinomas.
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1.1.4 Prostate cancer detection

The probability of developing prostate cancer rises with age, with an incidence
percentage of over 30% in men over the age of 50, and up to 80% by the age of 80.
As prostate cancer is typically a slow growing cancer, most never grow to the point
of causing symptoms. Because of this the majority of men die with prostate cancer
rather than of it. Due to this lack of symptoms, prostate cancer is often diagnosed in
an already advanced state. Around 75% of patients exhibit locally extensive or
metastatic disease, resulting in a poor prognosis of less than 15% surviving over 5
years (Foster, 1990). The patients that do present with symptomatic prostate cancer
experience bladder outlet obstruction resulting in reduced urinary flow, and bladder
emptying. However, these symptoms are also present in those with benign prostate
hyperplasia which makes the correct diagnosis of a malignant disease more
important. This also adds to the difficulties in managing the disease. Other
symptoms of prostate cancer include a feeling of pain in the pelvis and bones, fatigue
or blood in the urine, are usually associated with advanced or metastatic prostate

cancer (Foster and Abel, 1992).

Three main strategies exist in the detection of prostate cancer; serum prostate
specific antigen (PSA) analysis, digital rectal examination (DRE), and trans-rectal
ultrasound (TRUS) detection. It has been shown that a higher rate of detection can be
achieved if a combination of these methods is used in diagnosis. PSA in combination
with DRE for example, leads to a doubling in detection rates, in comparison to DRE

alone (Littrup and Goodman, 1994).
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1.1.4.1 Serum PSA test

PSA is a glycoprotein, serine protease that is produced by the prostatic
epithelium and periurethral glands and is present in large amounts in prostatic
secretions. Although PSA is not cancer specific, a rising serum PSA level can
indicate the potential presence of prostate cancer. PSA was first described in 1966
and has revolutionised the diagnosis and management of prostate cancer. It i1s now
the most common screening test used for the detection of prostatic disease (Elgamal

et al., 1994).

A serum PSA level of 4-10 ng/ml indicates the presence of prostate cancer and
patients presenting with a serum PSA in this range usually have a needle biopsy to
confirm the presence of the disease. Around 2-3% of men screened for prostate
cancer using the PSA serum test will have prostate cancer. It is reported that a PSA
level of greater than 4ng/ml has a sensitivity of 80% in detecting prostate cancer in

asymptomatic men (Catalona et al., 1994).

PSA exists in several forms in the circulation, and although most is complexed
to protease inhibitors, a small fraction remains unbound. The percentage of free-PSA
(free:total PSA ratio) is lower in men with prostate cancer. A cut off value of less
than 25% free-PSA yielded a 95% cancer detection rate in men with total serum PSA

levels between 4 and 10ng/ml (Catalona e al., 1998).

Although PSA testing is used worldwide, questions have been asked involving

limitations that reduce the accuracy of the test. This is mainly due to data from
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several groups which showed that a significant number of men with PSA levels
within the ‘normal range’ actually had prostate cancer, some even of a high grade. In
addition, as BPH, prostatis, and ejaculation can also cause an increase in PSA levels,
patients who have PSA levels in the range of 4ng/ml-10ng/ml, sometimes have to
undergo unnecessary and painful biopsies (Thompson et al., 2005; De Angelis et al.,

2007).

Because of these limitations, attempts have been made to improve the specificity
of the PSA test. As PSA production from benign epithelium rises with age, age-
specific PSA cutoff points were developed (Oesterling et al., 1993). Another
modification is PSA density. The serum concentration of PSA appears to be
influenced by total prostate volume. The PSA concentration is divided by the total
gland volume as measured by TRUS. A PSA density of >0.15ng/ml increased the
specificity of detection of prostate cancer compared with total PSA, although the
optimal cut-off point is debated (Ohori ef al., 1995). Another common modification
is the monitoring of PSA velocity. This involves monitoring the rate of change (PSA
velocity) of serum PSA levels rather than PSA level. An increase of 0.75ng/ml per
year has reported a specificity of over 90% in distinguishing prostate cancer from

BPH (Carter et al., 1992)

1.1.4.2 Digital Rectal Examination (DRE)

Digital rectal examination (DRE) is the oldest detection test for prostate cancer

and was common before the development of PSA testing. It is still used today

12



alongside PSA testing and has the benefit of detecting non-PSA secreting tumours.
The process involves a physician inserting a gloved, lubricated finger into the rectum
in order to inspect the size, shape, and texture of the prostate, and any lumps or
nodules that may be present. Areas deemed irregular then go through further
evaluation to determine whether they are cancerous or not. The sensitivity of this test
is limited as the examining finger can only palpate the posterior and lateral aspects
of the prostate gland. Studies suggest that 25-35% of tumours occur in portions of
the prostate that are inaccessible to DRE (McNeal er al., 1986). Prostate cancer
tumours that are detected via DRE are often at a more pathologically advanced state
of disease compared to those found by PSA testing. Before PSA testing was
introduced most men diagnosed with prostate cancer ultimately died of their disease
(Smith and Catalona, 1995). Due to these limitations DRE is rarely used as the sole
diagnostic indicator of prostate cancer, rather in conjunction with other more reliable

tests.

1.1.4.3 Trans-rectal Ultrasonography (TRUS)

Trans-rectal ultrasonography was presented over 20 years ago and is the
preferred method by which to obtain prostate needle biopsies. The process involves
inserting an ultrasound probe into the rectum of the patient, and using the resulting
image to direct spring loaded 18-gauge biopsy needles into abnormal areas of the
prostate. Although TRUS is not recommended for the detection of early-stage
prostate cancer, it can however, image the outline of the prostate, identify cysts,
abscesses and calcifications within the prostate, and can be used to determine

prostate volume. The most commonly used biopsy technique is the six-core or

13



sextant biopsy, with 10 to 12 being carried out to sample the prostate as it leads to

significantly improved cancer detection rates (Borley and Feneley, 2009).

1.1.5 Tumour grading systems

To tailor the treatment of prostate cancer to a specific person the tumour first
needs to be graded and classified using well established cancer grading systems such

as the Gleason grading system and the TNM classification system.

1.1.5.1 The Gleason grading system

The Gleason grading system for prostate carcinomas is the dominant method
used around the world and was first described by Gleason and Mellinger in 1974.
The grading is based on the histological pattern of the distribution and growth of the
tumour cells in the prostatic stroma, as well as the degree of glandular differentiation
in H&E stained prostatic tissue samples from either a biopsy, or if after radical

prostatectomy, a whole prostate (Gleason and Mellinger, 1974).

The various growth patterns (shown in Figure 1.4) are combined to form 5 basic
grade patterns ranging from 1 (least aggressive) to 5 (most aggressiﬂze). This enables
the generation of a histological score ranging from 2-10, by the addition of the
primary grade pattern; the prevailing one in that area, to the secondary pattern, which
is the subsequently most widespread pattern. However, if only one grade is present,
or if the second grade covers less than 3% of the total tumour, its value is doubled in

order to give a corresponding Gleason score.
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The cell arrangement seen in each Gleason pattern is described in Table 1.1 and
ranges from the closely packed well-differentiated carcinoma cells seen in pattern 1,
to smooth rounded masses of necrotic and very poorly differentiated carcinoma cells

in pattern 5 (Humphrey, 2004).

PROSTATIC ADENOCARCINOMA
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Figure 1.4: Schematic drawing of Gleason histological grading (Taken from

(Humphrey, 2004).
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important prognostic factor for clinically localised prostate cancer, and is usually
carried out using DRE. Regional lymph node metastases meanwhile are strong
predictors of progression, and imaging using nomograms is essential for men who
have a greater risk of developing metastases. Finally, staging for bone metastases has
been widely used as the established norm for distinguishing outlying metastases of
the axial skeleton, with MRI being the most reliable means of detection (Borley and
Feneley, 2009). The TNM staging is fully described below in Table 1.2, and

represented in diagram form in Figure 1.5.
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1.1.6 Prostate cancer treatment and management

Treatment for prostate cancer may involve active monitoring, surgery, radiation
therapy including brachytherapy and external beam radiation, chemotherapy,
hormonal therapy, or a combination of these therapies. Which treatment is chosen
depends on the stage of the disease, the Gleason score and serum PSA level. Also to
be considered are the age and general health of the patient and his feelings about

possible treatments and their side effects.

1.1.6.1 Active monitoring

Active monitoring refers to the process of observing and monitoring without
invasive treatment. This is the standard treatment for those with Tla early stage
tumours as most men never develop metastases within 10-15 years. It is also used
when risks of surgery, radiation therapy, or hormonal therapy outweigh the benefits.
Active surveillance entails strict monitoring of a patient’s progression by carrying
out PSA serum tests, DREs, and tissue biopsies, until further action is carried out, if
required (Wu ef al., 2004). The age of the patient at the time of diagnosis must also
be taken into account when considering active monitoring. As most tumours remain
localised for up to 10 years, those with a life expectancy of less than 10 years may
view active monitoring as a preferred option to invasive treatment. In younger men a
period of three years of active monitoring is more common as the risk of metastasis
increases. This treatment delay would allow younger patients to avoid the quality of

life impact of invasive treatment until such treatment became necessary.
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1.1.6.2 Radical prostatectomy

Radical prostatectomy, which involves the complete removal of the prostate
gland, is currently the most common treatment in patients that have organ confined
prostate cancer (Bracarda et al., 2005). Previously radical prostatectomy was
associated in loss of sexual potency and incontinence. However, developing surgical
techniques have reduced the likelihood of patients encountering these complications

(Gamnick, 1993).

1.1.6.3 Androgen ablation therapy

The male sex hormones, androgens, are essential for the development of the
prostate gland and for the growth of early stage hormone-dependent prostate cancer.
Locally confined tumours are able to be treated with surgery or radiation but
disseminated disease presents a more difficult problem. Early metastatic prostate
cancer is usually hormone dependant; this means that it can be treated with androgen
ablation treatments that would slow the continued spread of the cancer. Prostate
cancer survival depends on the signalling initiated by the androgen receptor in the
nucleus of the cells. If androgen receptor activation is prevented then the cell is
unable to survive. Unfortunately, androgen ablation therapy rarely cures prostate
cancer. This is due to the development of androgen insensitive cancer cells that are
able to survive without the presence of androgens. These hormone insensitive cancer

cells then continue to disseminate and further treatment measure must be utilised.
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Androgen ablation therapy must take into account the complex negative
feedback loop that stimulates the production of androgens and their subsequent
translocation in to the prostate cell nucleus to initiate transcription of cell survival
factors. The majority of androgens are produced by the testes (95%) and the rest is
produced by the adrenal glands (5%). Androgens bind to androgen receptors (AR)
present in the hypothalamus and stimulate production of luteinising hormone
releasing hormone (LHRH). LHRH travels to the pituitary where it interacts with
LHRH-receptors. This stimulates the release of luteinising hormone (LH) which is
released by the pituitary to bind to LH-receptors in the testes, inducing the
production of testosterone, which is synthesised from cholesterol. The testosterone
enters the prostate cell and is converted to dihydrotestosterone (DHT) by the enzyme
5a-reductase. DHT has an even higher affinity for the AR than testosterone, and
binds tightly to the AR. The binding of DHT causes the AR to be released from the
heat shock proteins (HSP) that hold it inactive in the cytoplasm. AR then dimerises
and is translocated to the nucleus where is activates the transcription of genes that
promote cell survival and growth. Increased testosterone levels can also decrease
LHRH and LH production through a negative feedback loop. This maintains the
serum testosterone at a physiological level. The testosterone that is produced by the
adrenal gland enters the feedback loop alongside the testosterone produced by the

testes (Lytton, 2001; Denmeade and Isaacs, 2002).

There are currently two methods to achieve androgen ablation: chemical and

physical castration. Physical castration (orchiectomy) involves the removal of one or

both (bilateral orchiectomy) of the testes. As the testes produce 95% of testosterone,
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orchiectomy results in a massive drop in serum testosterone levels. This in turn
results in the atrophy of the tumour. However, due to the psychological effects of

orchiectomy, chemical castration is the preferred method (Fan, 2002).

The first method of chemical castration was developed by Huggins and Hodges
in 1941. They developed the synthetic oestrogen diethylstilbestrol (DES) for use as a
reversible form of chemical castration. DES inhibits the release of luteinising
hormone releasing hormone (LHRH) from the hypothalamus. However, this drug
induced significant side effects including cardiovascular complications (Blackard et
al., 1970) and new drugs were developed. The most commonly used drugs are
LHRH agonists, these include goserelin, leupolide and buserelin. Treatment with
these agonists causes LHRH receptor desensitisation and inhibition of LH and
testosterone production. LHRH agonists initially cause in increase in LH production
which in turn causes increased production of testosterone (Tammela, 2004). This
testosterone ‘flare’ can result in severe bone pain, obstructive renal failure, spinal
cord compression and fatal cardiovascular problems (Heidenreich et al., 2008) for
some patients for the first 1-2 weeks of treatment. However, with continued use,
after around 2-3 weeks, the high levels of testosterone act to down-regulate LHRH
receptors of the pituitary, resulting in a reduction in LH and testosterone levels
(Vilchez-Martinez et al., 1979). Side effects are rather mild and include; hot flashes,
fatigue, reduced libido, impotence, and weight gain. This method therefore proves to
be a successful form of chemical castration, and results compare to surgical and DES
castration with significant reductions in PSA levels in 70-80% of patients, and a

decrease in pain in 60-80% (Tolis ez al., 1982).
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Another form of drug affecting LHRH is the LHRH antagonists such as,
abarelix, degarelix and cetrorelix. These antagonists occupy the LHRH receptors on
the anterior pituitary and prevent LHRH binding. This causes a major and rapid
reduction of LH and serum testosterone levels. LHRH antagonists also have the
advantage of not inducing a testosterone flare that is present with LHRH agonists

(Kirby et al., 2009).

The final type of androgen ablation drugs are the anti-androgens such as, the
non-steroidal Flutamide, Bicalutamide, and Finasteride. These drugs function by
competitively inhibiting the binding of testosterone and DHT to the AR and by
inhibiting the activity of 5-a reductase. This prevents the activation of the AR and
subsequent transcription of growth and survival factors (Vis and Schroder, 2009).
However, these drugs have the ability to cross the blood-brain barrier raising the LH
secretions and, therefore testosterone secretion in the testes making monotherapy

with anti-androgens a less preferable method of androgen ablation (Tammela, 2004).

Also important for the achievement of total androgen blockade is the removal of
adrenal androgens. The removal of the adrenal glands, adrenalectomy, is often
performed along with chemical or surgical castration to produce total androgen
blockade. This offers the complete removal of serum testosterone and offers a
survival benefit to those with only a testicular androgen blockade (Samson et al.,

2002). See figure 1.6 for a diagrammatical overview of androgen ablation therapy.
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1.1.6.4 Radiation therapy

Radiation therapy is used to treat all stages of prostate cancer and uses
ionising radiation to cause DNA damaging in the cells receiving the radiation.
Cancer cells are less able to repair the damage and subsequently have a higher rate of
death. There are two main types of radiation therapy: external beam radiotherapy and
brachytherapy. External beam radiotherapy involves targeting the prostate and
immediately surrounding tissue with a high level radiation beam. This allows a
specific area to be treated, although inflammation of the bladder and rectum is
inevitable due to the placement of the prostate gland. Treatment occurs over a
number of weeks during which time the inflammation to surrounding structures
occurs. Brachytherapy involves inserting a number of small radioactive ‘seeds’
directly into the prostate, guided by TRUS imaging, under either general or spinal
anaesthesia. These seeds emit lower-level radiation that only travels a short distance
enabling the radiation to be confined to the prostate. This method minimises the
damaging effects on the bladder and rectum that are caused by external beam

radiation therapy (Garnick, 1993).

1.1.6.5 Chemotherapy

While many patients initially respond well to androgen ablation therapy, in
time the patients develop hormone refractory disease. This form of disease does not
depend on androgen for survival and therefore is immune to conventional hormone
ablation therapy and is often fatal. Chemotherapy is the last resort for those with
hormone refractory disease, although treatment with cytotoxic compounds will only

extend the life of the patient for a number of months. A combination of compounds
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is often used in treatment, such as estramustine, vincristine, etoposide, doxorubicin
and the taxanes paclitaxel and docetaxel (Pienta et al., 1994; Sella et al., 1994,

Hudes et al., 1997, Savarese et al., 2001).

1.1.6.6 Angiogenesis inhibitors

Angiogenesis is a necessary requirement for the metastasis of cancer. As
cancer growth is dependent on the diffusion of nutrients and waste, establishing a
blood supply is crucial for the continued enlargement of the tumour. Investigation
into the mechanisms that initiate angiogenesis has led to the development of novel
therapies that target the angiogenic pathway. There is some possible advantage to
using angiogenesis inhibitors over cytotoxic chemotherapy. As most cells are not
actively relying on angiogenesis, treatment with angiogenesis inhibitors will be more
accurately targeted to cancer cells than a cytotoxic compound and will have a lower
level of toxicity to normal non-cancerous cells. Some of the angiogenesis inhibitors
that are cumrently being investigated are Bevacizumab, Sorafenib, Sunitinib,

Thalidomide and Imatinib (Hwang and Heath, 2010).

1.2 Cancer metastasis

The metastasis of cancer to secondary sites in the body is responsible for the
majority of cancer related deaths. There is however, no curative treatment for cancer
metastasis. Due to this fact metastasis is the subject of intense research in the hope of

producing treatments to delay or even prevent the process of metastasis. Prostate
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cancer metastasis is a complex multi-stage process that involves several crucial steps
that facilitates the spread of the cancer cells to secondary sites. The steps involve
mutation of cells, epithelial to mesenchymal transition (EMT), degradation of the
extracellular matrix (ECM), invasion, angiogenesis, intravasation, extravasation and

colonisation of secondary sites.

1.2.1 Metastatic process

Metastasis has long remained poorly understood due to its increasing
complexity. In order for cancer cells to metastasis they must undergo several
epigenetic changes that facilitate their spread around the body. In order for the
primary tumour to arise it must accumulate genetic changes that drive the cell toward
a cancerous phenotype from which the cells can progress to metastasis. An overview

of this process is given in figure 1.7.
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Local invasion is a crucial step in early metastasis. Without the ability to
invade through surrounding tissues, metastasis cannot occur. In order to begin the
process of local invasion the cells must acquire an invasive and motile phenotype by
down-regulating cell-cell, and cell-matrix adhesion. A major mechanism in the loss
of adhesion is the loss of the tumour suppressor gene, E-cadherin. The loss of E-
cadherin induces cell detachment and invasive potential (Frixen et al., 1991). The
loss of E-cadherin can also potentially indicate outcome for cancer patients (Hong et
al., 2011). E-cadherin also plays an important role in epithelial to mesenchymal
transition (EMT). Cells are required to undergo this process to become metastasising
cells. The transition involves the loss of cell polarity, and cell-cell binding, as the
cells take on a mesenchymal phenotype and increase their expression of N-cadherin,
granting them with the ability of invading the extracellular matrix (ECM) and
breaking through the basement membrane (BM). It does this by using degrading
enzymes such as those in the matrix metalloprotease (MMP) family (Overall and
Lopez-Otin, 2002). Over-expression of MMP-21 is associated with poor survival of

colorectal cancer patients (Huang et al., 2011).

Cell motility is also a key factor in the metastasis of many types of cancer
cells. Cell motility and migration depend on GTP-binding proteins such as Ras and
Rho, which are involved in processes such as cytoskeletal construction, intracellular
signalling, as well as whole cell, and cell membrane movement (Oxford and
Theodorescu, 2003). Ras for example, regulates cell proliferation, gene transcription,
apoptosis, and invasion. Rho GTPases act downstream of Ras, and regulate actin

dynamics to lead cell growth and movement, important during cell migration and

30



prostate metastasis. Their importance was proven when the use of inhibitors to the
Rho-Ras pathway resulted in a reduction of the migratory and motile capacity of
prostate cancer cells, suggesting that the pathway is activated during metastasis
(Sequeira et al., 2008). RhoC especially has been highly implicated in the
development, invasion and metastasis of prostate cancer (liizumi ef al., 2008; Bu et
al.,2011).

As a primary tumour grows, it requires more oxygen and nutrients in order to
progress. In order to overcome this problem, it starts to develop new blood vessels
through the secretion of angiogenic factors such vascular endothelial growth factor
(VEGF), reviewed in (Saharinen ef al., 2011), allowing a greater flux of resources to
build up, and the tumour to grow. In addition, these blood vessels offer a means of
escape for the cancer cells to leave the primary tumour, penetrate into the vessel, and
shed into the blood’s circulatory system through a process called intravasation. This
process involves multiple adhesive interactions, and is facilitated by the loss of
CD82, normally responsible for anchoring tumour cells to the endothelium

(Bandyopadhyay et al., 2006).

Alternatively, some tumour cells might also enter the circulation through the
lymphatic system. Cancer cells can invade the lymphatics in the primary site, where
they are drained into the lymph nodes, and enter the blood circulation either via
efferent lymphatic vessels that end up in the venous system, or by newly formed
blood vessels serving the lymph node metastases (Paget, 1989). Tumour cells are
then disseminated throughout the body, where the vast majority are destroyed during

cellular clearance from the circulation, mainly due to their large size. The 0.1% that
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do survive, probably do so by aggregating with platelets in the blood, concealing
them from immune surveillance through the production of chemokines, cytokines,
and growth factors (Im et al., 2004). These cells need to survive long enough in

order to colonise a distant site of preference.

The idea that metastasising cancer cells can ‘home’ to a specific organ was first
recognised by Paget over a hundred years ago with the proposal of the ‘seed and
soil’ hypothesis. This states that certain cancer cells (seeds) will only capably grow
in a specific site (soil) (Paget, 1989). The specificity of certain cancers to metastasise
to a specific organ is often seen in the propensity of prostate and breast cancer to
spread commonly to the bone. However, more recent research has proposed that this
propensity is likely due to the ability of a particular cancer type to grow in the
microenvironment of a specific organ, so ‘the compatibility of the ‘seed’ with the

‘soil’.

Upon arrival at the distant site, the cancer cells arrest on the endothelial
surface of the blood vessel and undergo transendothelial migration, a process
involving numerous adhesive interactions initially involving selectins and stabilised
by integrin binding (1995). Once within the secondary site, the new micro-
environment surrounding the metastatic cells is initially hostile and the survival of
the cells depends on their molecular features and the ability to successfully engage in
cmss-talk with their surrounding environment. In addition, growth-factor receptor
ligand interactions between the cancer cells and host cells result in an interactive

signalling loop, thereby up-regulating survival pathways and angiogenesis (Derynck
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et al., 2001). These processes allow the cells to survive and establish themselves in

their new environment, developing a secondary tumour.

1.3 Prostate cancer metastasis

Advanced prostate cancer has a very high tendency to metastasise. This presents a
huge clinical challenge in treating the disease. The most common sites of prostate
cancer metastasis are the bone, lymph nodes, liver, lungs and dura (Edwards et al.,
2003; Taplin et al., 2003). Bone metastases are most common in the red bone
marrow of the axial skeleton and occur in approximately 90% of patients with
advanced disease and are a leading cause of morbidity (Bubendorf et al., 2000).
Once the tumours spread to the bone they are virtually incurable and lead to several
complications such as severe pain, pathological fractures, hypercalcaemia and
compression syndromes. Due the almost incurable nature of these metastases the

treatments currently available are mostly palliative.

1.3.1 Bone metastases

As stated above the bone is the most common site of prostate cancer metastasis.
Bone metastasis initiates in the same manner as in section 1.2.1 but undergo several
genetic and phenotypic changes that enable the metastasising cells to interact with
the bone micro-environment. One theory for the propensity of bone metastasis is the
placement of the Batson’s Plexus. This is a collection of veins that surround the

prostate and connects to the venous drainage of the spine and may provide a short-
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cut for metastasising tumour cells (Batson, 1995). Elevated expression of BMPs and
TGF-B in prostate cancer cells has been implicated in bone metastases (Paget, 1989,
Autzen et al., 1998; Shariat et al., 2001). Vascular endothelial growth factor (VEGF)
secreted by the tumour cells may also contribute to bone metastasis because of the
promotion of angiogenesis and activation of osteoblasts (Chen er al., 2004; Dai et
al., 2004). These features can direct the metastases to the bone. Another theory that
was proposed over a century ago is the ‘seed and soil’ theory by Steven Paget. He
compared the distribution of cancer cells to the dispersal of plant seeds. He proposed
that osteotropic cancer cells possess certain attributes that enable them to grow in a
particular environment and the bone micro-environment provides a fertile soil in

which the cancer cells can thrive (Paget, 1889).

1.3.1.1 Bone micro-environment

The bone micro-environment is as important to facilitating bone metastases as the
metastasising cancer cells themselves. Bone is a highly mineralised tissue that
provides mechanical support and metabolic functions to the skeleton. It can be
formed by either intramembranous ossification or endochondral ossification.
Intramembranous ossification occurs when mesenchymal precursor cells
differentiate directly into bone-forming osteoblasts, a process utilised in adding new
bone to the outer surfaces of long bones as well as in generating the flat bones of the
skull. In comparison, endochondral bone formation involves the conversion of an
initial cartilage template into bone. This process is responsible for generating the

majority of the bones of the skeleton (Erlebacher er al., 1995).
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The bone itself is an organic matrix that is strengthened by deposits of calcium salts.
Type-1 collagen constitutes approximately 90-95% of the organic bone matrix and
non-collagenous proteins comprise the remaining 5-10%. Crystalline salts deposited
in the matrix are primarily calcium and phosphate in the form of hydroxyapatite
(Erlebacher et al., 1995). The non-collagenous proteins can be sub-divided into 1)
cell attachement proteins, 2) proteoglycans, 3) y-carboxylated (gla) proteins, and 4)
growth factors (Robey et al., 1993). Adult bone is being constantly remodelled in a
process that ensures that the rate of bone formation is in equilibrium with bone
resorption. Most bones have a centre that consists of spongy bone or a bone cavity,
which are lined by endosteal cells. These spaces are occupied by red or yellow bone
marrow. The bones containing red bone marrow are the flat bones, such as the iliac
crest and sternum, and at the proximal ends of the long bones femur and humerous.
These bones are the most often affected by cancer metastases indicating the red bone

marrow may have a role in cancer metastasis (Galasko, 1986).

1.3.2 Osteoblastic metastases

Prostate cancer predominantly produces osteoblastic metastases. Osteoblasts are
derived from mesenchymal cells and their growth and differentiation are regulated
by complex signalling pathways mediated by growth factors such as bone
morphogenetic proteins (BMPs), insulin-like growth factor (IGF)-I and IGF-II,
transforming growth factor-p1 (TGFB1) and TGFp2, fibroblast growth factor (FGF),
platelet-derived growth factor (PDGF), and Wnt (Canalis, 1980; Hauschka et al.,

1986; Globus er al, 1988; Wang et al., 1990). The cells secrete a collagen-
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proteoglycan bone matrix known as osteoid, capable of binding calcium salts which
induces its mineralisation, converting it to bone. This bone matrix deposition occurs
in both intramembraneous and endochondral bone formation, and is regulated with
spatiotemporal coordination by a variety of endocrine, paracrine, and autocrine

factors (Ducy et al., 1999).

Analysis of prostate cancer bone metastases has typically shown that a large number
of osteoblasts adjacent to the prostate cancer cells. This is in contrast to other cancer
metastases, which usually contain a large number of osteoclasts (Logothetis and Lin,
2005). tases from other cancers (such as breast, lung, and kidney), which largely
contain osteoclasts. The increase in prostate cancer bone-forming activity gives rise
to a woven bone, characterized by an osteosclerotic appearance distinct from the
typical lamellar structure seen in normal bone. These lesions are associated with an
increase in bone mass at the lesion site, and often have an elevated osteoid surface
area, osteoid volume, and mineral apposition rate. An increase in serum levels of
osteoblast proliferation markers, such as bone-specific alkaline phosphatise and
type-1 protocollagen C-propeptide, has been observed in patients with metastatic
prostate cancer (Jung et al., 2004). Several studies have confirmed the involvement
of osteoblast cells in prostate cancer metastasis. One study showed that factors
secreted by bone fibroblasts, but not other cells, accelerated prostate cancer growth
(Gleave et al., 1991)and the stimulation of prostate cancer cells grown in osteoblast-

like cell culture medium (Fizazi et al., 2003).
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1.3.3 The role of B-catenin in prostate cancer

The nuclear signalling molecule B-catenin has long been widely accepted as an
oncogene in human cancer. It acts a co-factor for the AR which further substantiates the
ability of B-catenin to promote cancer development and progression (Mulholland et al.,
2002). The downstream targets of B-catenin, such as cyclin-D1 and c-myc, play a large
role in the development of prostate cancer which adds to the evidence of the importance

of B-catenin in human cancer.

In normal epithelial cells, B-catenin is found at the plasma membrane where it provides
a mechanical linkage between cell-to-cell junctional proteins (e.g., E-cadherin) and
cytoskeletal proteins (e.g., a catenin and actinin-4) (Morin, 1999). By contrast, in
tumour cells, B-catenin is often found in the cytoplasm and nucleus where it associates
with TCF family members to form a complex, which activates transcription of pro-
mitotic proteins including c-Myc and cyclinD1 (Figure 1.9). Nuclear transduction of B-
catenin also occurs as part of the epithelial-mesenchymal transition (EMT) process,
which is essential to organ development in the embryo. The importance of EMT in the
progression of prostate cancer is widely known. As B-catenin plays a central role in

EMT this reiterates the importance of f-catenin in prostate cancer progression.

A great deal of current biomedical research is directed towards determining the signal
transduction pathways that modulate §-catenin localisation, degradation, and function.
It has been recently established that phosphorylation of B-catenin by Src is necessary
for its dissociation from E-cadherin (Coluccia et al., 2006). B-catenin is additionally

phosphorylated by the glycogen synthase kinase 3-B: adenomatous polyposis coli
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(GSK:APC) complex leading to its ubiquination and proteosome-mediated degradation.
Significantly, GSK3 activity is decreased by the canonical Wnt signaling pathway,
which involves the growth factor Wnt, the Wnt receptor Frizzled, and associated
regulatory proteins such as Disheveled and Frat (Krishnan et al., 2006). Thus, increased
Wnt signaling results in diminished phosphorylation and reduced degradation of B-

catenin, and accumulation of B-catenin in the cytoplasm and nucleus.

Downstream components of the f-catenin signalling pathway have been implicated in
several human cancers, not just in prostate. Abberant up-regulation of f-catenin nuclear
activity is possibly due to APC deficiency or B-catenin mutations that prevent its
degredation and leads to accumulation of B-catenin in the cytoplasm. This accumulation
subsequently results in increased nuclear transduction and therefore to increased f-
catenin target gene transcription. Because of this there has been huge interest in
developing therapeutics to block the signalling of B-catenin for treatment of cancer. To
date many therapeutics aim to disrupt TCF/ B-catenin interaction and to stabilise axin as

this promotes the degredation of B-catenin.

There is very little information regarding the involvement of B-catenin with serine
proteases. The TTSP family members are in an ideal location to affect the signals that
are passed across the plasma membrane. As the regulation of B-catenin is dependent on
signalling cascades initiated from the cell membrane, TTSP family members are ideally
locatéd to affect signals that originate on the extracellular surface. B-catenin was
selected to be examined in this study based on unpublished data from a previously

conducted study. As matriptase-2 was found to affect the migratory and adhesive
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1.4 Type II Transmembrane Serine Proteases (TTSP)

Cell surface proteolysis has become known as an important mechanism for the
activation of proteins involved in managing a wide range of cellular functions. The
chymotrypsin (S1) fold group, of which trypsin and chymotrypsin are prototypic
members, are one of the largest subfamilies of the serine proteases, one of the largest
and most conserved (Rawlings and Barrett, 1994) family of proteases. Recently, a
group of S1 serine proteases has been recognized that possess domains which anchor
them directly to cell membranes. These are the type I and type II serine proteases. Type
I serine proteases are anchored to the cell membrane with a carboxy-terminal
transmembrane domain (Wong et al., 1999) . The type Il transmembrane serine
proteases (TTSPs) are anchored to the membrane via an amino-terminal transmembrane
domain with a cytoplasmic extension (Netzel-Amett er al., 2003). Members of the
TTSP family include enteropeptidase (Maestracci et al., 1975) matriptase/MT-SP1 (Lin
et al., 1999), matriptase-2/TMPRSS6 (Velasco et al., 2002), matriptase-3/TMPRSS7
(Szabo et al., 2005), TransMembrane PRoteaSe Serine 1 (TMPRSS1) /Hepsin (Leytus
et al., 1988), TransMembrane PRoteaSe Serine 2 (TMPRSS2) (Paoloni-Giacobino et
al., 1997), TransMembrane PRoteaSe Serine 3 (TMPRSS3) (Scott er al., 2001),
TransMembrane PRoteaSe Serine 4 (TMPRSS4) (Wallrapp et al., 2000),
TransMembrane PRoteaSe Serine 5 (TMPRSSS5)/spinesin (Yamaguchi et al., 2002),
TransMembrane PRoteaSe Serine 9 (TMPRSS9)/polyserase-1 (Hayama et al., 2007),
- Corin/TMPRSS10 (Yan et al., 1999), Differentially expressed in squamous cell
carcinoma gene 1 (DESC1) (Lang and Schuller, 2001) and Human airway trypsin-like

(HAT) (Yamaoka et al., 1998) (See Table 1.3 for summary) (Figure 1.10).
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1.4.1 General structure and function

The TTSPs are characterized by a single pass transmembrane domain which
separates the short intracellular region from the larger, more variable, extracellular
section of the protease. The extracellular section is composed of a stem region of
variable length and a C-terminal serine protease domain containing histidine (H),
aspartate (D), and serine (S) residues essential for catalytic function (Hooper et al.,
2001; Szabo et al., 2003; Choi et al., 2009). The N-terminal cytoplasmic domain of
TTSPs may allow signal transduction across the plasma membrane and effect changes

within the cell (Fig. 1.11).
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Figure 1.11 Potential for intracellular signalling through membrane bound
proteases.

Metalloproteases (MTMMPs, ADAMs), membrane anchored serine proteases
(SPs), TTSPs, and the plasminogen/plasmin system are adequately positioned at
the plasma membrane to participate in a cascade of protease activation, to activate
receptors, growth factors, and cytokine/chemokines, to shed cell surface
molecules, and to participate in extracellular matrix (ECM) remodelling. Taken

from Noel et al (Noel et al., 2004).
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The stem region of TTSPs is believed to regulate diverse processes and contain as
many as 11 structural domains that may serve as regulatory and/or binding domains
(Hooper et al., 2001; Choi et al., 2009)Figure 1.11). These include a low density
lipoprotein (LDL) receptor domain class A, which binds Ca2+ and is involved in the
binding of lipoproteins (van Driel et al., 1987, Esser et al., 1988), Cls/Clr urchin
embryonic growth factor (CUB) domain, a (SEA) domain named after the first three
proteins it was identified in (sperm protein, enterokinase and agrin), a group A
scavenger receptor domain (SR), frizzled (FRZ) and meprin, A5 antigen and receptor
protein phosphatise u domain (MAM) in various combinations in each of the TTSPs
(Hooper et al., 2001; Netzel-Amett et al., 2003; Szabo and Bugge, 2008). The catalytic
activity of the serine protease domain is dependent on the presence of the previously
mentioned residues histidine, aspartate and serine (Szabo and Bugge, 2008). This
domain activates or degrades protease activated receptors (PARs) (Choi et al., 2009),
cytokines, growth factors and components of the extracellular matrix (Del Rosso et al.,
2002; Lopez-Otin and Matrisian, 2007). Soluble forms of several TTSPs have been
detected. This suggests that the extracellular domains of these proteases may be shed
from the cell surface (Louvard et al., 1973; Yamaoka et al., 1998; Lin ef al., 1999, Afar
et al., 2001). The mechanisms involved in the regulated release of these extracellular
domains and whether release may occur in response to specific cellular signals or

environments have yet to be fully characterized.
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Although the functional purpose of these proteases is largely unknown, the TTSPs
have gained intense attention from the field of cancer research. This interest in TTSPs
stems from the observation that many of them are aberrantly expressed in tumours
compared to normal tissue. Increasing evidence demonstrates that this aberrant
expression of TTSPs is a hallmark of several cancers and recent studies have attempted
to define the molecular mechanisms underlying TTSP-promoted carcinogenesis. Loss
of the basement membrane is a mandatory step that occurs during local invasion early
in the metastatic process (Abate-Shen and Shen, 2000; Robinson et al., 2004). To
accomplish local invasion, tumour cells use extracellular and cell surface proteolytic
enzymes to degrade the basement membrane proteins (Chang and Werb, 2001; Del
Rosso et al., 2002). The TTSP family is ideally located to perform this crucial task.
Many recent studies have focused on the expression of specific TTSPs during
tumourigenesis and their potential to influence tumour cell proliferation, motility and

invasion (Szabo and Bugge, 2008).

1.4.2 Matriptase subfamily

1.4.2.1 Matriptase/MT-SP1

Matriptase, also known as MT-SP1, has been identified in the epithelial components
of the prostate, stomach, small intestine, colon, lung, kidney, placenta and peripheral
blood leukocytes (Takeuchi er al., 2000; Oberst er al., 2003). Matriptase protein is
95kDa in length and is composed of a short cytoplasmic extension with unknown
function, a transmembrane domain, a SEA domain, two CUB domains, four tandem

repeats of a LDLA domain and a C-terminal active serine protease (Netzel-Amett et al.,
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2003; Szabo et al., 2003; Uhland, 2006) (Figure 1.10). Matriptase is expressed as a
zymogen that has to be activated by proteolytic cleavage to gain its biological function.
The activation site is located directly N-terminal to the catalytic domain. Once
processed, the active catalytic domain stays attached to the membrane by a disulfide
bond linking the pro-domain to the catalytic domain (Lin et al., 1999; Takeuchi et al.,
2000) unless it is shed at either of the shedding sites at residues 190 or 205 (Oberst ef
al., 2003; Oberst et al., 2003). Shed matriptase has been found in a complex with
hepatocyte growth factor activator inhibitor (HAI-1) in human milk, indicating that
HAI-1 might be a cognate inhibitor of the protease. Paradoxically, HAI-1 has not only
inhibitory function, but is also required for matriptase activation (Oberst ef al., 2003).
This is thought to ensure that matriptase can be quickly inactivated once it is set free
from the membrane to protect the cells from uncontrolled matriptase activity (Uhland,
2006). However, a recent study by Miyake et a/ using stably transfected canine kidney

cells, proposes that matriptase activation does not require HAI-1 (Miyake et al., 2010).

Due to its notably consistent expression in tumours of epithelial origin, matriptase
has received significant attention in the field of cancer biology. This protease was first
described as a matrix degrading enzyme with major gelatinolytic activity in breast
carcinoma (Shi ef al., 1993; Lin ef al., 1997), and was later found to be expressed in a
wide variety of other benign and malignant tumours of epithelial, but not mesenchymal,
origin. In most carcinomas, tumour progression is associated with a significant increase
in matriptase mRNA and protein expression. Matriptase has been found to be up-
regulated in many epithelial tumours, including breast, colon, kidney, liver, lung,

mesothelioma, ovarian and prostate cancers, and is a potential diagnostic and prognostic
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biomarker (Jin et al., 2006; Uhland, 2006; Kobel et al., 2008; Szabo and Bugge, 2008;

Tsai et al., 2008; Darragh et al., 2010).

It is suggested that matriptase is able to promote cancer development and
progression by processing the pro-forms of urokinase-type plasminogen activator (pro-
uPA) and hepatocyte growth factor (pro-HGF), both of which are known to promote
invasive tumour growth (Lee ef al., 2000; Takeuchi et al., 2000; Uhland, 2006). In
addition, matriptase might promote tissue invasion by modulating cell—cell adhesion via
degradation of components of the extracellular matrix (Jin et al., 2006) or by activating
PAR-2 (Takeuchi et al., 2000; Bocheva et al., 2009), a regulator of inflammation and
cellcell adhesion. However, involvement of any of these targets in matriptase-
dependent tumourigenesis has yet to be tested and further investigation will be needed
to validate matriptase as a novel biomarker, a predictor of patient outcome, and as a

possible therapeutic target for at least some types of carcinoma.

A direct role for matriptase in tumourigenesis has been demonstrated with transgenic
mice that over-express the protease in skin. This study found that increased protease
expression in the epidermis induced strong proliferation of keratinocytes and squamous
cell carcinoma formation (List ez al., 2005). By contrast, double transgenic mice, which
expressed both matriptase and a cognate inhibitor, HAI-1, did not develop carcinomas.
Importantly, both the epidermal hyper-proliferation and the formation of matriptase-
induced skin tumours was completely abolished by co-expression of the cognate
inhibitor of matriptase, HAI-1, providing further evidence of matriptase proteolytic

activity being the underlying causative agent in the formation of these lesions.
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Interestingly stable knockdown of HAI-1 was shown to mimic the epithelial to
mesenchymal transition (EMT) in both pancreatic and lung cancer cell lines. Over-
expression of HAI-1 in these cell lines re-established epithelial morphology (Cheng et
al., 2009). There is also increasing evidence that an altered ratio of matriptase and HAI-
1 might have a role in cancer development. Indeed, increased matriptase expression
relative to HAI-1 expression has been demonstrated in several studies (Oberst ef al.,
2002; Vogel et al., 2006). It appears that matriptase is involved in both the development
and progression of diverse cancers and may be a viable biomarker and therapeutic
target. However, further characterization of this protease will be necessary to fully

elucidate its potential in the field of cancer therapy.

1.4.2.2 Matriptase-2

See section 1.5 below for full description of matriptase-2.

1.43 Hepsin/TMPRSS subfamily

1.4.3.1 Hepsin/TMPRSS1

Hepsin is a transmembrane serine protease that was originally identified from a
human hepatoma HepG2 cell library using a homology-based cloning strategy (Leytus
et al., 1988). Expression and characterization of recombinant hepsin show that the
protein is synthesized as a single-chain zymogen with an apparent molecular mass of
- 51kDa (Netzel-Amett et al., 2003). Hepsin expression is highest in the liver but has also

been indentified in several tissues including thymus, thyroid, lung, pancreas, pituitary

50



gland, prostate and kidney (Szabo and Bugge, 2008). Hepsin consists of a short
cytoplasmic amino terminal extension, a transmembrane domain, a SR domain and an
active serine protease at the carboxy terminal (Netzel-Amett et al., 2003; Szabo and

Bugge, 2008; Choi et al., 2009) (Figure 1.10).

Hepsin has become a high interest topic because of its marked over-expression in
prostate and ovarian cancer (Tanimoto et al., 1997, Dhanasekaran et al., 2001; Luo et
al., 2001; Magee et al., 2001; Stamey et al., 2001, Welsh et al., 2001; Rhodes et al.,
2002; Chen et al., 2003; Adib et al., 2004; Huppi and Chandramouli, 2004; Lai et al.,
2004; Herter et al., 2005; Wu and Parry, 2007), renal cell carcinoma (Zacharski et al.,
1998; Betsunoh e al., 2007) and endometrial cancer (Matsuo et al., 2008). Hepsin has
also been shown to be a potential biomarker for the presence of prostate cancer (Parekh
et al., 2007, Sardana et al., 2008; Leman et al., 2009; Talesa et al., 2009; Huang et al.,
2010) and to be associated with poor patient outcome (Betsunoh et al., 2007; Matsuo et
al., 2008). The physiological function of hepsin remains unknown, but within the
carcinogenesis pathway it appears to play a role in cancer cell migration/invasion rather
than cell proliferation (Holt er al., 2010). The effect of deregulated hepsin has been
shown to promote cancer progression and metastasis in mouse models by causing

disorganization of the basement membrane (Klezovitch et al., 2004).

Although it is clear that hepsin plays a role in cancer progression, the possible
mechanisms that may be responsible for this remain largely undetermined. However,
studies have begun to elucidate routes through which hepsin could exert its pro-

tumourigenic effect. It has been suggested that hepatocyte growth factor (HGF) is a
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possible substrate for hepsin with high degree of specificity (Herter et al., 2005; Qiu ef
al., 2007; Owen et al., 2010). Herter et al 2005 showed that hepsin can cleave sc-HGF
and that hepsin cleaved sc-HGF is biologically active in ovarian cancer cells, and may
influence tumourigenesis through inappropriate activation and/or regulation of the HGF
receptor c-met (Herter et al., 2005). Laminin-332 (Ln-332) is an ECM macromolecule
associated with prostate cancer cell motility, and its expression is lost in cancer
progression. Hepsin has been shown to cleave Ln-332, possibly aiding cancer
progression by increasing the motility of cancer cells. Cleavage is specific, since it is
both inhibited in a dose-dependent manner by a hepsin inhibitor (Kunitz domain-1) and
does not occur when catalytically inactive hepsin is used (Tripathi ef al., 2008; Li et al.,
2009). Hepsin has also been shown to efficiently activate pro-uPA, suggesting it may
initiate plasmin-mediated proteolytic pathways at the tumour/stroma interface that
could lead to basement membrane disruption and tumour progression (Moran et al.,
2006). In light of the evidence gained, hepsin appears to be a promising therapeutic

target for slowing or even preventing the development and progression of cancer.

1.4.3.2 TMPRSS2

TMPRSS?2 is expressed widely in the epithelia of the gastrointestinal, urogenital and
respiratory tracts, with the highest levels detected in prostate luminal epithelial cells
(Szabo and Bugge, 2008). TMPRSS2 was originally cloned in 1997 and consists of a
short cytoplasmic amino terminal extension, a transmembrane domain, a LDLA
domain, a SR domain and an active serine protease at the carboxy terminal and forms a
protein of 53.6kDa in length (Paoloni-Giacobino ef al., 1997) (Figure 1.10). Activation

of the serine protease requires its cleavage, which is autocatalytic. The active serine
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protease with trypsin-like specificity is then shed into the extracellular space, where it is
predicted to interact with other proteins on the cell surface, as well as soluble proteins,

matrix components and proteins on adjacent cells (Afar et al., 2001).

TMPRSS?2 is a TTSP that has gained significant interest owing to its highly localized
expression in the prostate and its over-expression in neoplastic prostate epithelium
(Wilson et al., 2005). The detection of chromosomal abnormalities in tumours is not a
recent discovery but their significance has only recently become clear. A central aim in
cancer research is to identify recurrent chromosomal rearrangements that play a vital
role in cancer development. These rearrangements are of two general types. In the first,
the promoter and/or enhancer elements of one gene are aberrantly juxtaposed to a proto-
oncogene, thus causing altered expression of an oncogenic protein (Rabbitts, 1994). In
the second, the rearrangement fuses two genes, resulting in the production of a fusion
protein that may have a new or altered activity (Rowley, 1973; de Klein ez al., 1982).
Fusion proteins formed after chromosomal translocations are common in a range of
tumour types; these are unique tumour antigens and are therefore potentially valuable

targets for therapy design.

Recently a small number of fusion transcripts, specific to prostate cancer have been
discovered (Scheble et al., 2010), that were the result of a chromosomal rearrangement
involving two genes. The first gene, TMPRSS?2, is secreted by prostate epithelial cells
in response to androgen exposure (Afar et al., 2001). TMPRSS2 was fused to either
ERG or ETVI1, two members of the ETS family of oncogenes. It had earlier been

reported that the ERG gene was the most commonly over-expressed proto-oncogene in

53



prostate cancer (present in about 72% of cases of prostate cancer) (Petrovics et al.,
2005). It was discovered that both intra-chromosomal and inter-chromosomal genetic
rearrangements led to the creation of a fusion transcript called TMPRSS2-ETS
(Tomlins et al., 2005), it results in the translocation of an ETS (E26 transformation
specific) transcription factor (ERG or ETV1) to the TMPRSS2 promoter region, which
contains androgen responsive elements. ETS is a family of transcriptional activators and
inhibitors and their activity is regulated by phosphorylation and protein—protein
interactions (Seth and Watson, 2005). The TMPRSS2:ERG genetic rearrangement has
been reported to occur in approximately 40% of primary prostate tumours (ETV1
genetic rearrangements occur at a much lower frequency), and it results in the aberrant
androgen-regulated expression of ERG and could be a mechanism whereby the ETV1

or ERG oncogenes are over-expressed, leading to prostate cancer.

TMPRSS2:EGR fusion gene transcripts were found to promote proliferation,
motility and invasion of PNT1A cells (Wang e al., 2008) and Tomlins ef al. concluded
that ETS genetic rearrangements are sufficient to initiate prostate neoplasia. However,
Carver et al. have shown that ETS genetic rearrangements may in fact represent
progression events rather than initiation events in prostate tumourigenesis (Carver et al.,
2009). The role of TMPRSS2:ERG fusion protein in clinical outcome also remains
unclear, with 10 studies receiving contradictory results (Huang and Waknitz, 2009).
Another study, involving mice lacking TMPRSS2, showed no effect on the
development, fertility, overall survival or function of the prostate (Kim et al., 2006).
Despite the disparity in these findings there is promising evidence that TMPRSS2:ERG

fusion proteins may be a useful biomarker, present in urine, for early detection of
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prostate cancer (Laxman et al., 2006; Hessels et al., 2007; Han et al., 2008; Tomlins ef
al., 2009; Cao and Yao, 2010; Huang et al., 2010; Rice et al., 2010). There is also
evidence to suggest that TMPRSS2 is capable of cleaving and thereby activating the
PAR-2 receptor and this may be another method through which TMPRSS2 contributes
to cancer progression (Wilson ef al., 2005). Thus, TMPRSS2 and the TMPRSS2:ERG
gene fusion presents an exciting opportunity for use as a therapeutic target and drug
development for the treatment of patients with TMPRSS2:ERG expressing prostate

cancers.

1.4.3.3 TMPRSS3

The expression of TMPRSS3 was detected in several human tissues, including heart,
lung, kidney, liver, placenta, pancreas, small intestine, colon, spleen, ovary, prostate,
testis and thymus (Scott et al., 2001). TMPRSS3 is expressed as a 49kDa polypeptide
and consists of a short cytoplasmic extension, a amino terminal transmembrane domain,
a LDLA domain, a SR domain and an carboxy terminal active serine protease (Netzel-

Arnett et al., 2003) (Figure 1.10),

There is little information to date regarding the role of TMPRSS3 in the progression
bf cancer. A splice variant, TADG-12 has been shown to be over-expressed in ovarian
cancer (Underwood et al., 2000; Wallrapp et al., 2000). TADG-12 was also found to be
more highly expressed in advanced clinical stage ovarian cancer and this variant may be
useful both as a molecular target for therapy and/or a diagnostic marker (Sawasaki et

| al., 2004). A study by Bellone e al. identified potential immunogenic peptides derived

from TADG-12 for immunotherapy of ovarian carcinoma. The TADG-12
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YLPKSWTIQV peptide is an immunogenic epitope in ovarian tumours and may
represent an attractive target for immunotherapy of ovarian cancer (Bellone ef al.,
2009). This discovery may allow the development of a TADG-12 peptide-derived cell-
based therapy for the vaccination of ovarian cancer patients possessing chemotherapy-

resistant or residual disease.

1.4.3.4 TMPRSS4

TMPRSS4 expression has been detected on the cell surface in oesophagus, stomach,
small intestine, colon, kidney and bladder (Szabo and Bugge, 2008). It is also markedly
up-regulated in gastric, liver, lung, ovarian, pancreatic, primary basal cell carcinomas,
squamous cell carcinomas, thin melanomas and thyroid cancers (Jung et al., 2008;
Riker er al., 2008) although its oncogenic potential and mechanism of action remain
unclear. TMPRSS4 is expressed as a 68kDa protein which consists of a short
cytoplasmic extension, a amino terminal transmembrane domain, a LDLA domain, a
SR domain and an carboxy terminal active serine protease (Netzel-Amett ef al., 2003)

(Figure 1.10).

In pancreas cancer cells, TMPRSS4 is involved in the process of metastasis
formation and tumour invasion, and its expression is correlated with the metastatic
potential (Wallrapp er al., 2000). TMPRSS4 has also been identified as a possible
diagnostic marker in thyroid cancer and to improve the accuracy of fine needle
aspifation (FNA) biopsy (Jarzab et al., 2005; Kebebew e al., 2005; Kebebew et al.,
2006). Although the mechanisms of action of TMPRSS4 remain unclear several studies

have proposed potential pathways by which TMPRSS4 exerts its function. Dawelbait er
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al. 2007 proposed that the interaction between the up-regulated TMPRSS4 and the
down-regulated tissue factor pathway inhibitor 2 (TFPI2) in pancreas cancer cells could
explain the mechanism of metastasis that makes pancreatic ductal adenocarcinoma
(PDAC) a very aggressive type of cancer. TFPI2 is an extracellular protein that belongs
to the small Kunitz inhibitor family. TFPI2 plays a major role in extracellular matrix
degradation during tumour cell invasion and metastasis, wound healing and
angiogenesis and is known to be down-regulated in PDAC (Dawelbait er al., 2007).
Dawelbait ef al. hypothesized that TFPI2 acts as a natural inhibitor of TMPRSS4. Since
TFPI2 is down-regulated, the up-regulated TMPRSS4 is no longer inhibited and might

facilitate tissue invasion and metastasis.

Jung et al. 2008 proposed that TMPRSS4 mediates the invasive and metastatic
potential of human cancer cells by facilitating an epithelial-mesenchymal transition
(Jung et al., 2008). Kim et al. 2010 further explored the mechanisms by which
TMPRSS4 mediates EMT and invasiveness in tumour cells. TMPRSS4 mediated FAK
signalling pathway activation and extracellular signal-regulated kinase (ERK) activation
via integrin a5 up-regulation, resulting in epithelial-mesenchymal transition (EMT) and
invasiveness. Furthermore, TMPRSS4 over-expression in human colorectal cancer
tissues correlated with enhanced expression of integrin a5. These observations implicate
integrin a5 up-regulation as a molecular mechanism by which TMPRSS4 induces
invasion and contributes to cancer progression (Kim et al., 2010). To further implicate
TMPRSS4 in EMT, Cheng et al. 2008 suggests that interactions between HAI-

- 1/SPINT1 and TMPRSS4 contribute to transcriptional and functional changes involved

in EMT in certain carcinoma cells (Cheng ef al., 2009). Although a specific substrate
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molecule of TMPRSS4 that initiates the EMT stimulatory pathway is still not defined,
recent studies have contributed to discovering the pathways through which TMPRSS4
may exert its function. Regulation of EMT by proteases such as TMPRSS4 may provide

novel therapeutic targets for the treatment of cancer metastasis.

1.4.4 HAT/DESC Subfamily
1.4.4.1 HAT

Human airway trypsin-like (HAT) protease was originally identified in the human
trachea and bronchi (Yasuoka et al., 1997, Yamaoka et al., 1998) and subsequently
found in diverse tissues including brain, spinal cord, skin, tongue, testis, prostate,
urinary bladder and the organs of the gastrointestinal tract (Hansen et al., 2004; Iwakiri
et al., 2004; Hahner ez al., 2005; Szabo and Bugge, 2008). HAT protein is 48kDa in
length and consists of a short cytoplasmic extension, a amino terminal transmembrane
domain, a SEA domain and a carboxy terminal active serine protease (Yamaoka ef al.,
1998) (Figure 1.10). Proposed physiological roles of HAT include mucus production
(Chokki et al., 2004), deposition of fibrin in the airway lumen (Yoshinaga et al., 1998),
proteolytic activation of hemagglutinin antigen of influenza virus (Bottcher ef al.,
2006), activation of protease-activated receptor 2 (PAR2) (Miki et al., 2003; Chokki et
al., 2004; Iwakiri et al., 2004; Matsushima ef al., 2006) and proteolytic inactivation of
the urokinase receptor (Beaufort ef al., 2007). HAT also appears to be released as a
soluble protein from the surface of tracheal serous glands of patients with chronic
airway disease (Yamaoka et al., 1998). There are currently no studies investigating the

possible involvement of HAT in tumourigenesis. A previous study even presented
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evidence against a role in adrenal tumourigenesis (Hahner et al., 2005). Further

investigation is required to determine the role, if any, of HAT in cancer.

1.4.4.2 DESC1

Differentially expressed in squamous cell carcinoma gene 1 (DESC1) is expressed in
a number of tissues derived from the head and neck, and in skin, prostate and testes.
Cell line studies demonstrate that DESC1 expression is epithelial-specific (Lang and
Schuller, 2001). The 47kDa DESCI1 protein consists of a short cytoplasmic extension, a
amino terminal transmembrane domain, a SEA domain and a carboxy terminal active
serine protease (Szabo and Bugge, 2008) (Figure 1.10). DESC1 was first investigated in
squamous cell carcinoma of the head and neck. A study by Lang et a/ 2001 (Lang and
Schuller, 2001), compared DESC1 expression between primary squamous cell
carcinoma and matched normal tissue and demonstrated that DESC1 expression was
reduced or absent in 11/12 SCC tissue specimens when compared to specimens of
matched normal tissue. A further study by Sedhgizadeh et a/ 2006 showed that down-
regulation of DESC1 occurs during squamous cell carcinoma progression and up-
regulation occurs during normal epithelial differentiation (Sedghizadeh et al., 2006). It
has also been reported that DESC1 hydrolyses extracellular components such as
fibronectin, gelatine and fibrinogen (Viloria et al., 2007). Madin-Darby canine kidney
(MDCK) cells expressing exogenous human DESC1 acquire properties associated with
tumour growth such as enhanced motility and an increase of tubular forms in a 3D
collagen lattice following HGF treatment (Viloria et al., 2007). A study investigating
the substrate specificities of a number of TTSPs demonstrated that DESC1 had a

preference for small non-polar amino acids and that antithrombin III has robust
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inhibitory properties toward DESC1, whereas plasminogen activator inhibitor-1 and
alpha(2)-antiplasmin inhibited DESC1 (Beliveau et al., 2009). In light of these findings
it appears that DESC1 could be considered as a potential therapeutic target in some

types of tumours.

1.4.5 CORIN Subfamily
1.4.5.1 Corin/TMPRSS10

Human corin was first cloned in the search for novel serine protease genes in the
cardiovascular system. The full-length human corin ¢cDNA 1is approxiametly 5 kb in
length and encodes a mosaic serine protease, which is named corin for its abundant
expression in the heart (Yan ez al., 1999). Independently, Hooper et al. (Hooper et al.,
2000) also cloned human corin cDNA from a cancer cell line while studying novel
serine protease genes in cancer. The human corin polypeptide is 116 kDa in length and
consists of a short cytoplasmic extension at the N-terminus followed by an integral
transmembrane domain, two frizzled-like cysteine-rich motifs, eight LDLA repeats, a
SR domain, and a serine protease domain at the C-terminus (Wu e al., 2005) (Figure

1.10).

Currently there are very few mentions of corin in the field of cancer research. Corin
mRNA has been found in cancer cells derived from osteosarcoma, leiomyosarcoma,
endometrial carcinoma, and small cell lung cancer (Hooper et al., 2000; Wu and Wu,

2003). It has been proposed that the ectopic expression of corin may contribute to the
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pathogenesis of the syndrome of inappropriate secretion of anti-diuretic hormone

(SIADH) associated with certain cancers (Wu and Wu, 2003).

1.5 Matriptase-2

1.5.1 Discovery

Matriptase-2 was identified in 2002 when screening for sequences common to the
TTSP family (Velasco e al., 2002). The matriptase-2 gene is found on chromosome 22
and encodes an 88,901 kDa protein. In humans matriptase-2 expression is limited to the
liver (Velasco et al., 2002), although expression in the kidney, uterus and nasal cavity
was seen in mice (Hooper et al., 2003). Matriptase-2 consists of a short cytoplasmic
extension with unknown function, a transmembrane domain, a SEA domain, two CUB
domains, three LDLA domains and a C-terminal active serine protease (Hooper ef al.,
2003; Szabo and Bugge, 2008) (Figure 1.10). Matriptase-2 shares a high homology with
matriptase, which is also over-expressed in different human cancers (Shi et al., 1993).
However, where the over-expression of matriptase leads to cancer progression (Uhland,
2006; Tsai et al., 2008) , matriptase-2 over-expression significantly reduces breast and
prostate cancer growth and reduced levels correlate with poor patient outcome (Parr et
al., 2007, Sanders et al., 2008). The molecular mechanisms involved in the activation of
matriptase-2 remain largely unknown. Active matriptase-2 has been found in both
membrane and soluble forms (Silvestri et al., 2008; Ramsay ef al., 2009). A recent
study by Stirberg et al 2010 demonstrated shed matriptase-2 in a two-chain form that

is highly active with a cleavage site located between ARG"’ and Val*® within the

second CUB domain of the non-catalytic stem region (Stirberg et al., 2010).
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1.5.2 Substrate specificity

Velasco ef al. examined the enzymatic function of matriptase-2 by producing a GST-
matriptase-2 fusion protein. This fusion protein was found to degrade fibronectin,
fibrinogen and type 1 collagen and to have limited action against pro-uPA but was
unable to process MMP-2, MMP-9 and plasminogen. It was also found to be inhibited
by serine protease inhibitors such as PMSF, leupeptin, aprotinin and plasminogen
activator inhibitor-1 but not by inhibitors of cysteine or metallo protease inhibitors
(Velasco e al., 2002; Beliveau et al., 2009). Recently, membrane bound hemojuvelin
(m-HJV) has also been identified as a substrate of matriptase-2 (Silvestri ef al., 2008),
giving matriptase-2 a previously unrecognized, but important, role in iron metabolism.
In a recent study Maurer et al 2011 used site-directed mutagenesis, kinetic and
molecular modelling studies to obtain insights into substrate/inhibitor-enzyme
interactions. Based on the active site structure of the related enzyme matriptase, amino
acids that enhanced (Phe665) or reduced (Asp 785, Tyr712) the affinity of peptide

ligands for matriptase-2 were identified (Maurer ef al., 2011).

1.5.3 Expression of matriptase-2 in normal and cancerous cells

Altered expression of matriptase-2 in cancer has been reported in several studies.
Matriptase-2 transcript was detected in mouse Leydig tumour cells (Odet et al., 2006)
and eievated levels of matriptase-2 have been reported in invasive ductal cell carcinoma
(Overall et al., 2004). Studies from within our laboratories showed that there were

reduced levels of matriptase-2 immunostaining in cancerous breast tissue sections
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