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Abstract

;rhe insulin-like growth factor (IGF) pathway consists of two ligands, IGF | and IGF II, their
two receptors, the IGF | receptor (IGF IR) and IGF IIR along with several soluble insulin-like
growth factor binding proteins (IGFBPs). The IGFBPs bind to and modify IGF activity.
However, proteases such as pregnancy associated plasma protein A (PAPP-A) can cleave
IGFBPs, releasing active IGF | to stimulate the IGF IR. Stimulation of the IGF IR leads to
activation of the Akt or mitogen-activated protein kinase (MAPK) pathway that can lead to
transformation, differentiation, proliferation and angiogenesis. Increased IGF IR expression
has been reported i.n prostate cancer tissue relative to normal or benign tissue. Therefore,
targeting the IGF pathway may prove useful in treating prostafe cancer.

Tissue microarrays of prostate tumours were stained with an antibody to the IGF IR.
IGF IR expression was significantly associated with Gleason grade with IGF IR expression
higher in Gleason grade 3 relative to normal/benign prostatic hyperplasia (BPH) tissue and
lower in Gleason grade 5 relative to Gleason grade 3 tissue. There was no significant
difference in plasma IGF | levels between BPH and prostate cancer patients (Gleason score
5 or Gleason score 7). However, there were significantly higher plasma levels of the IGFBP
4 protease, PAPP-A, in Gleason score 5 patients relative to BPH patients.

PC-3M-luc?2 cells are a human androgen independent cell line lacking the androgen
receptor. The PC-3M-luc2 cells stably express luciferase allowing them to be imaged in vivo
using bioluminescent imaging. Expression of the IGF pathway components was assessed in
these cells to ensure the IGF pathway was active. Western blot analysis showed that the
PC-3M-luc2 cells expressed the IGF IR which was activated by IGF I. IGFBP 3, IGFBP 4
and PAPP-A were also expressed. PC-3M-luc2 cells were shown to proliferate in response
to IGF (E3R) (an analogue of IGF | that cannot be bound by IGFBPs) by bromodeoxyuridine
(BrdU) assay. However, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
squophenyl)—2H-tetrazoIiﬁm (MTS) assay showed PC-3M-luc2 cells proliferated in response
to IGF I. IGF (E3R) also significantly increased vascular endothelial growth factor (VEGF1es)
expression in PC-3M-luc2 cells. _ -

We assesséd a PAPP-A resistant mouse IGFBP 4 (dBP4) as a strategy to neutralise
the IGF I ligand. dBP4 was developed by mutation of the PAPP-A cleavage site from 119-
KHMAKVRDIRSKMK-133 to 119-AAMAAVADASAMA-133 and cloned into pTriEx4 Neo
plasmid with C-terminal His-tag for expression in human embryonic kidney cells. Purified
dBP4 was resistant to PAPP-A cleavage and retained IGF | binding cépacity. In vitro, dBP4
significantly inhibited tubule formation by endothelial cells relative to controls or IGF | treated -
cells suggesting that dBP4 possesses anti-angiogenic properties.

A Tet inducible expression system was used in vivo to test the effect of dBP4 on

tumour growth and metastasis in subcutaneous, orthotopic and experimental metastasis
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models of prostéte cancer; The inducible Tet-On system allowed dBP4 expression to be
induced by doxycycline. Following implantation of PC-3M-luc2 dBP4 cells into non-obese
diabetic, severe combined immunodeficiency, gamma 2 receptor null (NSG) mice, tumours
and metastasis were monitored by bioluminescent imaging and/or caliper measurements. In
the subcutaneous tumour model, dBP4-expressing subcutaneous tumours were significantly
smaller than controls and in the orthotopic model, bioluminescence was reduced relative to
controls. Mice bearing dBP4-expressing subcutaneous tumours survived significantly longer
than controls. There was no survival difference between mice bearing dBP4-expressing
prostate tumours énd controls. IGF | expression within the dBP4-expressing subcutaneous
and prostate tumours was decreased relative to controls. Western blot analysis of tumour
lysates showed that dBP4 inhibited IGF IR activation in both the subcutaneous and prostate
tumours, which may b.e a consequence of reduced IGF | within the dBP4-expressing
tumours. However, activated Akt was only decreased in the subcutaneous tumours relative
to controls. As tumours require vasculature in order to supply oxygen and nutrients essential
for tumour growth, expression of VEGF was assessed in the subcutaneous tumours. Control
tumours expressed VEGFig1e5, Which was not expressed in the dBP4-expressing

subcutaneous tumours.

dBP4 expression inhibited tumour growth in both subcutaneous and orthotapic. .. . .

prostate cancer models. As dBP4 expression inhibited endothelial cell tubule formation and
abolished VEGF g4/165 €xpression within PC-3M-luc2 tumours growing subcutaneously, this
suggests that dBP4 has either anti-angiogenic or anti-proliferative properties and may

therefore have value as a therapeutic for prostate cancer.
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1.0 Introduction

1.1 Cancer
In 2008, 12.7 million new cancer cases and 7.6 million cancer deaths occurred worldwide.
The number of new cancer cases ranged from 3.7 million in Eastern Asia to 1,800 in
Micronesia/Polynesia. In men, the incidence of cancer is high in Northern America,
Australia/New Zealand and in Northern and‘Western Europe because of the high rates of
prostate cancer in these regicns. The regions with the highest incidence rates in females are
Northern America, Australia/New Zealand, Northern and Western Europe because of the
high rates of breast cancer in these regions (GLOBOCAN2008 Cancer Fact Sheet, (2008)).
Between 2005 and 2007, 27,023 new cases of cancer were diagnosed in Ireland
annually. The most common cancer excluding non-melanoma skin cancer (NMSC) was
prostate cancer (2,462), followed by breast cancer (2,335), colorectal cancer (2,156) and
lung cancer (1,810). Breast cancer was the most common cancer in women apart from
NMSC and prostate cancer was the most common in men. In 2006, Ireland héd the second
highest cancer rates in Europe, with lung cancer being the major cause of cancer related
mortality with over 1,600 deaths registered (National Cancer Registry, Cancer in Ireland
1994 - 2007 (2009). From this data, it is clear that cancer is a major problem affecting the
Irish ‘population. Cancer incidence is fisiig yearly; this may be dué to air increase ‘i
screening programmes available to the public. As the life expectancy of the population

increases, mortality rates from prostate cancer are also expected to rise.

1.2 Development of cancer
Carcinogenesis is the term used to describe cancer growth or development. Irrespective of
the cause of cancer, initiation of the disease involves transformation of healthy cells. This
causes a change in the cells’ genetic material, priming the cells to become cancerous. This
change can occur spontaneously as a consequence of inherited mutations or by exposure to
carcinogens. Tumours develop when a mutation occurs in key genes that are important in
control of cell growth (Whang et al., 1998). Key genes involved in cancer formation are
termed oncogenes and tumour suppressor genes (Pesche et al., 1998). C-myc is one such
oncogene that regulates cell proliferation and is overexpressed in prostate cancer (Ellwood-
Yen et al, 2003). Tumour suppressor phosphatase and tensin homolog (PTEN) is
commonly mutated or lost in prostate cancer, leading to overactivation of the Akt pathway
(Mc Menamin et al., 1999). Once the initial transformation event has occurred, other co-
factors such as growth factors and chemicals promote the growth of the cancerous cells
(Liotta and Kohn, 2001).

Tumours ¢an be broadly classed as either benign or malignant. Benign-tumours grow

slowly, are not aggressive, do not invade surrounding tissues and do not metastasise.
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In contrast, malignant tumours grow rapidly, are aggressive, invade surrounding tissues and
cause metastasis. Once the tumour cells invade local tissue they can access and circulate
in, the lymphatic or circulation system and cause metastasis in distant organs (Fidler ef al.,
2007).

1.3 Prostate Cancer

Prostate cancer is the second most common cancer in men following skin cancer. One in 12
men will be diagnosed with prostate cancer in their lifetime. In 2009, 2,758 men were
diagnosed with the disease in Ireland and over 500 deaths occur annually. The number of
cases of prostate cancer is rising annually (3 %) due to an increase in the life expectancy of
the population. One of the largest changes between 1994 and 2009 was in the 55 - 64 year
age group, with the number of cases increasing from 134 cases in 1994 to 859 in 2009 (15
% increase annually). However, the largest relative increase was seen in younger men less
than 55 years old (19 % annually). The number of men feceiving prostate specific antigen
(PSA) tests increased 5 fold from 1994 - 2004 and this may explain the increase in prostate
cancer rates in young men (National Cancer Registry, Cancer trend No.3. Recent trends in

prostate cancer (2010)).

1.3.1 Risk factors for prostate cancer
Risk factors increase an individual’s likelihood of developing a certain disease. In the case

of prostate cancer, the main risk factors are age, family history, race and diet.

1.3.1.1 Age

Age is the strongest risk factor for prostate cancer. Prostate cancer is less common in men
under the age of 40, but the risk of developing the disease increases in men over 50 years
of age. The link with age may be due to an increase in oxidative stress seen with ageing.
Ageing is associated with many metabolic disorders (Furukawa et al., 2004) and various
- cancers (Szatrowski and Nathan, 1991). An increase in oxidative stress may explain the
increased incidence of prostate cancer with advancing age. Studies shdw an altered pro-
oxidant:anti-oxidant status in prostatic tissue, with décreased anti-okidaﬁt enzymes
observed in brostatic intraepithelial neoplasia (PIN) and prostate cancer (Bostwick et al.,
2000). In vitro, LNCaP cells, an androgen dependent human prostate cancer cell line,
treated with a synthetic androgen (R1881) showed an increase in oxygen consumption and
catalase activity relative to untreated controls (60% and 40%, respectively). R1881
treatment resulted in a decrease in intraceliular glutathione concentrations and an increase

in y-glutamyl transpeptidase activity in LNCaP cells relative to untreated controls suggesting
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that androgen receptor signalling may alter-the pro-oxidant:anti-oxidant balance of prostatic
cells (Ripple et al., 1997).

1.31.2 Family History

Family history is associated with an increased risk of prostate cancer. One study has shown
that men with first degree relatives (father or brother) with prostate cancer had double the
risk of developing prostate cancer and of early onset disease (Ahn et al., 2008). Men with a
positive family history were four times more likely to have advanced stage disease when
diagnosed (Ahn et al., 2008). Evidence also suggests that men are at a 70 % higher risk of
developing prostate cancer if there is a family history of breast and/or ovarian cancer,
indicating a possible genetic involvement (Cerhan et al., 1999). As family history is a strong
risk factor for prostate cancer, individuals with a family history of the disease should be
screened early on to prevent diagnosis at an advanced stage.

1.3.1.3 Race/Ethnicity

African-American men have a higher risk of prostate cancer development relative to non
African-Americans (Thompson et al., 2006). African-American men also have a higher risk of
high-grade disease (odds ratio: 2.61). Asian countries such as Japan have. the lowest
incidence and risk of prostate cancer. The difference in prostate cancer risk between the two
countries may be attributed to diet as well as genetic background, with higher consumption
of red meat in the USA compared with fish in Japan. Lack of access to healthcare and
health insurance was another factor involved in the higher rates of prostate cancer in

African-American men (Jones et al., 2008).

1.3.1.4 Diet
The involvement of a high fat diet in prostate cancer risk is conflicting, with pre-clinical
models showing that energy intake may be more important than dietary fat (Mukherjee et al.,
1999). However, a correlation was established between increased body weight and
increased risk of prostate cancer (Andersson et al., 1997). Obesity has a strong link with
prostate cancer risk; in particular men with a body mass index (BMI) greater than 30 are at a
higher risk of high grade prostate cancer (Gong et al., 2006). This illustrates the importance
of physical activity and weight control in prostate cancer development.

Vitamin E (a-tocopherol) is an anti-oxidant. Long-term supplementation with Vitamin
E reduced prostate cancer incidence and mortality in smokers (Heinonen et al., 1998). In
lung cancer, female A/J mice were injected with urethane to initiate tumour development,
Vitamin E inhibited cell proliferation in the promotion phase of lung tumourigenesis via
blockade of the ERK pathway (Yano et al., 2000). A derivative of Vitamin E called Vitamin E

4



succinate (VES) inhibited the growth of androgen dependent LNCaP prostate cancer cells in
vitro by suppressing androgen receptor function and expression of PSA (Zhang et al.,
2002b). ' ,

Low Ievelé of Vitamin D are hypothesised to be associated with increased cancer
incidence and mortality in men (Giovannucci et al., 2006). Gene polymorphisms in the
Vitamin D receptor (VDR) are thought to be associated with prostate cancer risk (Habuchi et
al., 2000). Men with a particular polymorphism (Bsml) in the VDR were protected against
prostate cancer and benign prostatic hyperplasia (BPH) in a Japanese cohort (Habuchi et
é!., 2000). However, further studies are needed to verify the correlation with age and other
racial groups. Prostate cancer cells express the VDR (Skowronski ef al., 1993) and in vitro,
1,25 dihydroxy vitamin D;, a metabolite of Vitamin D, inhibited the growth of androgen
dependent LNCaP prostate cancer cells (BILitt et al., 1997). By decreasing calorie intake and
increasing Vitamin D and E intake prostate cancer risk may be decreased substantially
(Dunn et al., 1997, John et al., 2004, Heinonen et af., 1998). However, changing dietary
habits does not completely rule out development of prostéte cancer as other risk factors

previously mentioned also play a role.

1.3.2 Treatment of prostate cancer N -
Stage, grade, age, size of tumour, PSA levelys and general health of the patient are all taken
into account when deciding on treatment options. The most commonly available treatment
options include active surveillance, surgery, external beam radiotherapy, brachytherapy,

hormone therapy and chemotherapy.

1.3.2.1 Active Surveillance

In early stage prostate cancer, the tumour is usually slow growing. Some specialists may
wait to see if the cancer is growing before deciding on a treatment. Advanced age may aiso
be a clinical indicator for active surveillance. Active surveillance is also recommended if the
cancer is small and localised to one area within the prostate and not causing any symptoms.
Active surveillance involves regular check ups to monitor PSA levels with rectal examination
and prostate biopsy carried out if needed. If PSA levels increase dramatically and symptoms
begin to occur, other treatment options are then considered (Irish Cancer Society (2010)).

1.3.2.2 Surgery

In 2007, 27 % of prostate cancer patients in Ireland had a radical prostatectomy (National
Cancer Registry, Cancer trend No.3. Recent trends in prostate cancer (2010)). A radical
prostatectomy involves removal of the whole prostate. This can occur only if the tumour is

localised within the prostate. This procedure can be carried out by open surgery or “key-
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hole” surgery. The main side effects associated with radical prostatectomy are incontinence -

and impotence (Irish Cancer Society (2010)).

1.3.23 Rédiation Therapy

The number of prostate cancer patients receiving radiotherapy has increased from 19 % in
1996 to 41 % in 2007 (National Cancer Registry, Cancer trend No.3. Recent trends in
prostate cancer (2010)). Radiation therapy damages the DNA within a cell when it is dividing
and as cancerous cells divide more rapidly than healthy cells, damage to healthy cells is
reduced. This therapy is useful in the treatment of early stage prostate cancer and it is used
if the cancer cannot be completely removed or a recurrence occurs. There are two types of

radiation therapy available, external beam radiotherapy and brachytherapy.

1.3.2.3.1  External Beam Radiotherapy 4

External beam radiotherapy uses high energy X-rays to destroy cancer cells and cause as
little harm to normal cells as possible. Side effects of this therapy include impotence,
inconﬁnence, tiredness, skin irritation, diarrhoea, upset stomach and burning urination
(Prostate Cancer Treatment Guide, (2010)).

1.3.2.3.2 Brachytherapy

Brachytherapy is radiation therapy given within the body. Small radioactive pellets are
placed into the tumour. Radiation is emitted slowly over time, but this therapy is only useful if
the tumour is confined within the prostate. Commonly used radioactive isotopes are iodine-
125 and palladium-103. Side effects include impotence, incontinence and blood in the urine
(Prostate Cancer Treatment Guide, (2010)). '

1.3.2.4 Chemotherapy

Chemotherapy is used in advanced prostate cance} with bone metastasis (Prostate
Treatment Guide, {2010)). 1t is ineffective. against dormant metastases that are not
proliferating. Chemotherapy is given intravenously and the most commonly used drugs are
paclitaxel (Morris, 2006) and docetaxel (Petrylak, 2006). Similar to radiation therapy these
chemotherapeutics specifically target dividing cells in the body. As chemotherapy is not
directed at any particular organ, chemotherapeutics kill normal proliferating cells, as well as
cancer cells. Normal cells affected include those of hair follicles, gastr_o-intestihai (Gl) tract
and bone marrow resulting in the side effects associated with chemotherapy - nausea,

vomiting, hair loss, immunosuppression and infertility (Prostate Treatment Guide, (2010)).



1.3.2.5 Hormone Therapy

The male hormone testosterone promotes the growth of androgen receptor positive prostate
cancer, hence blocking its activity inhibits androgen dependent tumour growth (Ross et al.,
1998). Hormone therapy can be given before surgery with the aim of shrinking primary
tumours to allow surgical excision or as an adjuvant alongside another therapy (Aus et al.,
2002, Bolla et al., 2002) and also in metastatic prostate cancer (Messing et al., 1999). An
orchidectomy can be carried out, which removes the testes thus removing the source of
androgen production. Other hormone therapies include anti-androgens (flutamide) and
luteinising hormone releasing hormone agonists (Tolis et al., 1982). The percentage of
prostate cancer patients receiving hormone therapy has decreased from 46 % in 2000 to 35
% in 2007. (National Cancer Registry, Cancer trend No.3. Recent trends in prostate cancer
(2010)). Hormone therapies can be taken in tablet form as an outpatient, which avoids
hospital visits and improves the patient’s quality of life. This may explain the apparent
decrease in patient's receiving hormone therapy, as all cases are not recorded by the
National Cancer Registry (National Cancer Registry, Cancer trend No.3. Recent trends in
prostate cancer (2010)). However, inhibition of testosterone production can lead to
unwanted side effects: hot flashes, memory loss, erectile dysfunction and osteoporosis.
Blocking testosterone production does not eradicate the tumour, but prevents disease,
progression. Within 18 - 24 months of hormone therapy, the cancer may becomé resistant
(Rau et al., 2005) particularly in advanced disease. This is known as hormone refractory or

androgen independent.(Al) disease.

1.4  Androgen independent prostate cancer _

Androgens are involved in normal prostate growth as well as prostate cancer cell growth
and proliferation. Androgens mediate their effects via the androgen receptor (AR) to
promote growth and survival (Xu et al., 2006). Testosterone is the main circulating androgen
that is primarily secreted by the testes. Testosterone enters the cell and is converted to
dihydrotestosterone (DHT) by the enzyme Sa-reductase. DHT is a more active hormone
with a higher affinity for the AR than testosterone (Kp=4.4 nM vs. 10.9 nM, respectively)
(Deslypere et al., 1992, Kumar et al., 1999). The AR is a member of the steroid-thyroid-
retinoid receptor superfamily. It contains an activating domain, a ligand-binding domain and
a DNA-binding domain. In the resting state, the AR is bound to heat shock proteins that
prevent DNA binding. Upon binding of DHT, a conformational change in the AR leads to
dissociation from the heat shock proteins and receptor phosphorylation occurs (Nazareth
and Weigel, 1996). The ligand induced conformational change allows the AR to form
homodimers that bind to androgen response elements (ARE) in promoter regions of target

genes. Once the AR is bound to the DNA co-activators, co-regulatory proteins or co-
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repressdrs are recruited. During androgen indebendent progression, prostate cancer cells
' develop numerous cellular pathways to survive in an androgen depleted environment. The
main mechanisms are hypersensitive pathway, a promiscuous pathway, an outlaw pathway

and a bypass pathway (Pienta and Bradley, 2006).

1.4.1 Hypersensitive Pathway

One mechanism by which prostafe cancer cells circumvent androgen blockade is by
~ developing the ability to respond to low levels of androgen. AR amplification has been
observed in Al prostate cancer, with a 6 fold higher expression of AR in Al prostate cancer
patients relative to androgen dependent patients (Linja et al., 2001). It has also been shown
that prostate cancer cells (CWR22, LNCaP, LuCap23, LuCap35, LuCap41, LAPC-4 and
LAPC-9) grown subcutaneously in castrated nude mice (andfogen-depleted) required 80 %
lower concentrations of androgen relative to the same cells growing in non-castrated nude
mice (androgen sensitive) (Chen et al., 2004). Alternatively, increasing AR expression
allows for enhanced ligand binding even in an androgen-depleted environment.

A second mechanism is increased sensitivity of the AR to androgens. Gregory et al
(2001) used androgen dependent LNCaP cells and cell lines derived from recurrent prostate
cancer tumours to show that in the absence of androgen.the-AR was more stable.in the
recurrent tumours relative to the LNCaP cells and this stability was associated with
hypersensitivity to DHT. The concentration of DHT needed to stimulate growth in the
recurrént tumour cell lines was 4 orders of magnitude lower than that needed for the
androgen dependent LNCaP cells (Greg'ory et al., 2001). .

The third hypersensitive mechanism proposed is increased local production of
androgens by prostate cancer cells. This most likely occurs by increased rate of conversion
of testosterone to DHT by 5a-reductase. Several studies support this mechanism. One
study showed that ethnic groups with higher levels of 5a-reductase activity had a higher rate
of prostate cancer (Makridakis et al., 1997). Also, genes involved in steroid biosynthesis
have been found to be overexpressed in recurrent prostate tumours (Holzbeierlein et al.,
2004).

1.4.2 Promiscuous Pathway

The AR is specifically activated by testosterone and DHT, but mutations in the AR broaden
its specificity. The majority of the AR mutations are present in the ligand-binding domains
(Mc Phaul et al., 1992). These mutations allow non-androgenic steroid molecules, usually in
circulation within the body and anti-androgens to activate the AR (Miyamoto et al., 1998,
Zhao et al., 2000). Mutations in the AR are more frequent in metastatic Al prostate cancer

(Taplin et al.;, 1995) and mutations in the AR are involved in the progression of prostate
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cancer to androgen independence (Tilley et al., 1996). An anti-androgen syndrome has
been associated with a mutated AR. Flutamide, a commonly used anti-androgen can
activate the mutated AR (Miyamoto et al., 1998). Metastatic prostate cancer patients
(n=107) given flutamide showed a progression in disease, however upon withdrawal- of
flutamide, PSA levels decreased by 50-80 % (Small and Srinivas, 1995). Androgen ablation
may lead to clonal selection of prostate cancer cells harbouring the AR mutations thus
conferring a.growth advantage. Alterations in proteins that act together with the AR, such as
co-activators or co-repressors, which act as intermediaries between the AR and
transcriptional .machinery, have been observed in Al disease. An increase in co-activator
levels such as- cell division cycle 25b has been shown in higher Gleason score tumours

relative to lower Gleason score tumours (Comuzzi et al., 2003, Ngan et al., 2003).

143 Outlaw Pathway

The outlaw pathway involves activation of the AR independent of androgens. Growth and
proliferation of tumour cells is no longer under androgen control. Growth factors including
insulin-like growth factor [ (IGF [) and epidermal growth factor (EGF) directly phosphorylate
and activate the AR (Culig et al., 1994). Androgen dependent genes can be activated by de-

regulated signal transduction pathways. The HER2/Neu receptor is a member of the EGF

receptor family and overexpression of this receptor in androgen dependent LAPC-4 prostate

b cancer cells converted them to Al cells. HER2/Neu expression led to activation of androgen
receptor dependent genes in the absence of ligand (Craft et al., 1999). PTEN, a tumour
suppressor, which negatively regulates Akt activity (Stambolic et al., 1998) is often lost or
mutated in advanced prostate cancer (Li et al,, 1997, Mc Menamin et al., 1999). Akt has
been implicated in tumourigenesis due to its anti-apoptotic activity. In Zhou et al, (2000b)
Akt phosphorylated and inactivated the pro-apoptotic proteins Bcl-2 associated death
promoter (BAD) and procaspase-9 in hybrid motor neuron 1 cells. Therefore, by blocking Akt
activity, PTEN allows cells to undergo apoptosis. Therefore, loss of PTEN results in
resistance to apoptosis (Stambolic et al,, (1998)). Prostate cancer cells that have lost PTEN
function have increased Akt activity (Graff et al, 2000). Graff et al (2000) established
androgen independent cell lines (LNAI) from xenografts of LNCaP cells grown
subcutaneously in castrated male nude mice. In that study, increased Akt activity was
observed in the Al LNAI cells relative to the parental androgen depehdent LNCaP cells.
High levels of phospho Akt in prostate cancer is a strong predictor of biochemical recurrence
(Ayala et al., 2004). Akt may also be an alternative pathway by which HER2/Neu activates
the AR signalling as the HER2/Neu receptor activates Akt (Zhou et al., 2000).



1.4.4 Bypass Pathway

This mechanism does not require the AR and its signalling cascade allowing Al prostate
cancer cells to proliferate independently of ligand mediated AR activation. The most studied
bypass pathway involves modulation of apoptosis. In androgen dependent cells the AR
stimulates éell proliferation and survival, therefore depletion of androgens leads to death of
~ the androgen dependent cells. However, in Al cells, anti-apoptotic molecules are frequently
up-regulated. Bcl-2 levels are higher in Al prostate carcinomas relative to androgen
dependent prostate carcinomas, suggesting that Bcl-2 is involved in the progression from
androgen dependent to Al disease (Mc Donnrell ef al.,, 1992). Overexpression of Bcl-2
protects androgen dependent LNCaP prostate cancer cells from apoptosis in vitro and in a
subcutaneous nude mouse model. LNCaP/bcl-2 tumours grew in castrated mice compared
‘with parental LNCaP cells, which did not form tumours in castrated mice (Raffo et al.,
| 1995). However, overéxpression of Bcl-2 is not essential for the development of Al prostate
cancer (Furuya et al., 1996) suggesting a role for other bypass mechanisms or substitution

by one of the other pathways mentioned.

1.5  Metastasis
Metastasis occurs. when cancer spreads from where it first arose (primary tumour) to other
organs in the body. Metastases that arise from the primary tumour prior to removal can I‘ie‘
dormant before they are detected, making them difficult to treat. Metastasis occurs more
often in advanced cancers where cells become more invasive and aggressive. The
formation of metastases is a highly selective process consisting of many interrelated steps.
In order for cancer cells to metastasise they must first disseminate from the primary tumour.
Some tumour cells detach from neighbouring cells and then invade the extracellular matrix,
which requires motility, migration of the tumour cells and breakdown of the extracellular
matrix (Hasan et al., 1998, Hazan et al., 2000, Webber ef al., 1995). Tumour cells can then
penetrate blood vessels and the lymphatic system thus entering the circulation. While
circulating in the blood, tumour cells must evade immune cells and the mechanical stress of
blood flow. Tumour cells that survive will leave the blood circulation and develop a
secondary tumour at another site. This complex process involves factors and events such as
invasion, migration, angiogenesis, interaction between tumour cells and the
microenvironment (Fidler et al., 2007). Microenvironment is important in establishment of
metastasis, which was first shown by Stephen Paget (1889) - The ‘seed and soil
hypothesis’. He proposed that the tumour cell (seed) has a specific affinity for a particular
organ (soil) and the metastases would only grow if they were compatible (Paget, 1889).

The role of microenvironment in cancer involves the host tissue participating in the

progression of the disease, such as secreting certain growth factors which can enhance
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migration, proliferation and survival of tumour cells (Liotta and Kohn, 2001). Interaction with

the host's microenvironment results,.in phenotypic differences between cells from the
primary tumour and cells from the metastasis. Cells that form the metastasis have.
encountered many different stimuli, which can make them more aggressive than the primary
tumour cells. -

One factor which contributes to metastasis is hypoxia, which develops as the tumour
grows. Hypoxia up-regulates a transcription factor called hypoxia inducible factor (HIF 1),
which then activates vascular endothelial growth factor (VEGF) and other hypoxia regulated
genes. Under normoxia HIF 1« is degraded by an enzyme called VHL (Von Hippel Lindau),
but in many cancers this enzyme is mutated resulting in de-regulated expréssion of HIF 1a
(Gnarra et al., 1994). It has been reported that in breast cancer cells, (DU-4475, MCF-7, T-
47D, Hs578T, MDA-MB-468, MDA-MB-361, MDA-MB-231,) normal VHL decreased CXCR4
receptor expression (chemokine receptor). Binding of this receptor to its ligand (CXC4),
allows migrating cells to navigate to épecific organs where there are also high levels of the
ligand (Muller et al., 2001).

1.5.1 Bone metastasis

Bone is the most common metastatic sits ¢f prostate cancer, with SC % of-palients with |

advanced prostate cancer having skeletal metastasis (Bubendorf ef al,, 2000). Skeletal
metastases result in complications that affect the patients quality of life such as bone pain,
impaired mobility and spinal cord compression. Certain factofs account for the frequency of
"bone metastasis in prostate cander. The blood supply to the prostate may facilitate’
dissemination of tumour cells to certain bone types. A venous plexus surrounds the prostate
and this connects to the vénous drainage in the spine. This collection of vei'ns may
potentially be one of the reasons why lumbrosacral metastases are common in advanced
prostate cancer (Batson, 1940). However, anatomical explanation does not account for
other areas of bone involved in bone metastasis. As previously mentioned the ‘seed and soil
hypothesis’ may provide more information about the formation of bone metastases. Tumour
cells express adhesion molecules that allow them to bind to bone marrow stromal cells. In
particular o,B; integrin is highly expressed in androgen independent PC-3 cells and it may
play a role in the attachment of tumour cells to bone cells (Zheng et al., 1999). Bone itself is
a rich source of growth factors including IGF |, transforming growth factor B (TGF B),
fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) (Hauschka et al.,
1986), all of which can stimulate growth of prostate cancer cells. in prostate cancer,
osteoblastic lesions are commonly seen (Hall et al.,, 2005). Osteoblasts are bone-forming
cells: Osteoblastic bone metastases result in an imbalance between bone resorption and

bone formation, the latter being favoured. Prostate cancer cells secrete numerous factors
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that stimulate osteoblasts, such as |IGFs, VEGF, endothelin-1 (ET-1), urckinase
plasminogen activator (UPA) and PSA (Achbarou ef al., 1994, Granchi et al., 2001, Kawada
et al., 2006, Wang and Klein, 2007, Webber et al., 1995). Plasma levels of IGFBP 3 are
lower in prostate cancer patients with bone metastases relative to controls and IGFBP 3
levels were an independent predictor of biochemical progression (Shariat et al., 2002).
VEGF promotes bone formation by directly activating osteoblasts and facilitating
angiogenesis (Ackerstaff ef al., 2004). Evidence suggests ET-1, a potent vasoconstrictor, is
a central mediator of osteoblastic metastasis (Yin et al,, 2003). Serum levels of ET-1 are
increased in prostate cancer patients with osteoblastic lesions relative to controls or organ
confined prostate cancer patients (Nelson et al., 1995). ET-1 mediates its effects via the ET,
receptor. Atrasentan, an ET, receptor antagonist was used in a clinical trial in Al metastatic
prostate cancer. Atrasentan delayed PSA progression, attenuated acid phosphatase and
reduced skeletal morbidity (Carducci et al., 2003). Proteases such as uPA and PSA are
also implicated in osteoblastic bone metastasis. uPA is produced by prostate cancer cells
and overproduction of uPA in Mat LyLu rat prostate carcinoma cells following intracardiac
injection (Copenhagen rats) led to increased skeletal metastases relative to controls
(Achbarou et al., 1994). uPA can also cleave IGFBP 3 resulting in an increase in free IGF |
(Bang and Fielder, 1997). PSA is a kallikrein serine proteinase secreted by, pro<t9fn r‘anr‘nr
cells. Like uPA, PSA can also cleave IGFBPs (IGFBP 3, 4 and 5) (Rehault et al 2001)
enhancing the effects of IGF |. While osteolytic lesions are more commonly seen in
metastatic breast cancer patients (Park et al., 2007), metastatic prostate cancer patients can
also develop osteolytic lesions. Osteolytic bone metastases involve destruction and
resorption of bone with the involvément of osteoclasts. Elévated serum levels of bone
resorption markers such as alkaline phosphatase are seen in prostate cancer patients and
can be used as marker for the presence of bone metastasis (Jung et al., 2004).

In prostate cancer and many other cancers, the major clinical challenge is metastasis
as the primary tumour can normally be- effectively treated by surgery, chemotherapy,
radiotherapy or a combination of these therapies. Treatment options for metastatic disease
are limited and commonly involve radiation therapy, chemotherapy and bisphosphonates.
Treatment of PC-3, DU145 and LNCaP cells with pamidronate or zoledronate significantly
reduced the growth of all three cell lines in vitro (Lee et al., 2001). Long-term treatment with
zoledronic acid reduced the incidence of skeletal related events (pathologic fracture, spinal
cord compression, radiation therapy or surgery to bone) in Al metastatic prostate cancer
patients compared with placebo controls (Saad et al., 2004). Bisphosphonates block bone
resorption when administered to breast cancer patients at 'a high risk of bone metastasis.
Administration of the bisphosphonate, clodronate, decreased the incidence of bone

metastasis along with the death rate in high risk breast cancer patients (Powles et al.,
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2002). As metastases are heterogeneous from organ to organ and tissue specific, it makes
it difficult to develop a therapy that will target all metastases. Therapies targeting growth
factors and proteases present either on the tumour cells or in the microenvironment may be

of benefit in inhibiting the formation of metastases.

1.6  Insulin-like growth factor (IGF) pathway

The IGF pathway is important in cell growth, proliferation and differentiation (Coolican et al.,
1997). The two ligands, IGF | and IGF Il, are single chain polypeptides and have 62 %
homology in their amino acid sequences; their structure also resembles that of proinsulin
(Rinderknecht and Humbel, 1978). The main production sites for both ligands are the liver
and bone marrow. IGF | is a potent mitogen for a number of cells and it exerts its mitogenic
activity by increasing DNA synthesis (Dufourny et al., 1997). IGF | also inhibits apoptosis by
stimulating the expression of Bc! proteins which block the apoptosis pathway (Parrizas and
Leroith, 1997). IGF Il is thought to play a less important role in postnatal growth than IGF I.
IGF |l is crucial during embryonic and foetal growth (Chen et al., 2010). IGF { levels change
with age as levels increase from birth to puberty and then decrease with age. However, IGF
Il levels remain stable after puberty. The actions of both IGF | and IGF Il are mediated
through the insulin-like growth factor | receptor (IGF IR); IGF. 1l can.also interact.with the IGF
I1 R. IGF. 1 has a 15-fold higher binding affinity for the IGF IR thén IGF Il (Germain-Lee et al.,
1992). The IGF IR and IGF IIR are glycoproteins expressed on the cell surface. Moreover,
these receptors differ structurally and functionally. The IGF IR is a receptor tyrosine kinase
consisting of two identical a subunits and two identical B subunits. The a subunits are
located extracellularly forming the ligand-binding domain and the B subunits are located
intracellularly forming the tyros.ine kinase domain. The IGF IR shares 60 % homology with
the insulin receptor (IR) (Ullrich et al., 1986). Hybrid receptors also form composed of one
subunit and one B subunit of the IGF IR and one o subunit and one B subunit of the IR, its
binding affinity for IGF | higher than that for insulin. Therefore, hybrid receptors are thought
to function predominantly as an IGF | receptor (Jochansson and Arnqvist, 2006).

The IGF 1IR is monomeric, has no tyrosine kinase activity and binds only IGF I
(Morgan et al., 1987, Oates et al., 1998). Binding of IGF Il to IGF IIR leads to degradation of
IGF I, therefore the IGF IIR acts an antagonist to IGF Il reducing its biological activity
(Oates et al., 1998). Ligand binding to the IGF IR leads to a conformational change resulting
in autophosphorylation of tyrosine residues located on the B subunit, éllowing docking of
adaptor proteins, insulin receptor substrate 1 (IRS 1) and Src homology (SH)-2 containing
protein (Shc) (Tartare-Deckert 6t al.. 1995). The IGF IR activates two signal transduction
pathways, the RAS mitogen-activated protein kinase (MAPK) and the phosphatidylinositol 3
kinase (PI3K)/Akt pathway (Valentinis et al.,, 1999). Activation of the MAPK and PI3K/Akt
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pathway results in activation of anti-apoptotic pathways, cell proliferation and differentiation
(Gao et al., 2000, Ge et al., 2007, Parrizas et al., 1997b). Figure 1.1 summarises the IGF

pathway components.

1.6.1 Insulin-like growth factor binding proteins (IGFBPs)
Several insulin-like growth factor binding proteins (IGFBPs) regulate IGF bioavailability and
activity. IGFBPs share some structural homology, which is highly conserved. A conserved
amino terminal (N-terminal) domain contains disulfide bonds and the conserved carboxy
terminal (C-terminal) is cysteine rich. IGF binding occurs at the N terminal, but the C
terminal is also necessary for IGF binding (Qin et al., 1998). The central domain is not
conserved and contains sites for post translational modification and proteolytic cleavage
(Conover et al., 1995a). The major role of IGFBPs is to transport IGFs, protect IGFs from
degradation and regulate their interaction with the IGF IR. IGFBPs have a higher affinity for
IGFs than the IGF IR. Therefore, IGFBP binding to IGFs can inhibit 'activation of IGF IR
(Gockerman et él., 1995). o

The majority of IGF | in circulation is bound to IGFBP 3 in a complex with an acid

labile subunit (ALS), which acts as a reservoir for IGF | and increases the half life of IGF |

. within the .body (Payét et al., 2004). IGFBPs have IGF dependent and independent effects, .

which inhibit or enhance the actions of IGFs. IGFBP 1, IGFBP. 2 and IGFBP 5 have been
shown to have IGF independent roles effecting cell migration, apoptosis and cell growth
(Chesik et al., 2010, Frommer ef al., 2006, Tripathi et al., 2009). IGFBP 3 also exerts IGF
independent effects. One study discovered an IGFBP 3 death receptor which binds IGFBP 3
and induced apoptosis in breast (MDA-231) and prostate cancer (M12) cells implanted
subcutaneously in female athymic mice (Ingermann et al., 2010). Unlike the other IGFBPs,
IGFBP 4 énd IGFBP 6 do not enhance IGF activity. IGFBP 4 exclusively inhibits IGFs. It
exists in two forms, non-glycosylated (24 kDa} and N-glycosylated (28 kDa). IGFBP 4 binds
IGF I and IGF Il with equal affinity (Kiefer et al., 1992). Local administration of IGFBP 4 in
mouse bone inhibits bone formation (Miyakoshi et al., 1999). Overexpression of IGFBP 4 in
smooth muscle cells of transgenic mice using a smooth muscle a-actin-IGFBP 4 fusion gene
induced smooth muscle hypoplasia (Wang et al., 1998). This indicates that IGFBP 4 inhibits
IGF | actions. IGFBP 4 proteolysis is important in regulating IGF | bioavailability. PSA
cleaves IGFBP 3, IGFBP 4 and IGFBP 5 (Rehault et al., 2001) releasing active IGF I. The
metalloproteinase, pregnancy-associated plasma protein A (PAPP-A), is the main protease
involved in IGFBP 4 cleavage (Boldt and Conover, 2007). PAPP-A cleaves IGFBP 4 into two
fragments of 14 kDa and 18 kDa with reduced affinity for IGF | (Conover et al., 1995a).
Regulation of IGFBP proteolysis remains poorly understood. It has been shown that IGFs

modulate IGFBP degradation, suggesting IGFs work in an autocrine manner to regulate
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their own action (Angelloz-Nicoud and Binoux, 1995). Due to the importance of the |GF
pathway in cell growth and differentiation, deregulation of this pathway leads fo aberrant
growth of cells; which is seen in cancer. The involvement of the IGF pathway in numerous
cancers including prostate cancer has been well established (Browne et al.,, 2011, Chan et
al., 2002).

1.6.2 IGF pathway and prostate cancer

IGF | and IGF Il mitogenic effects have been shown in vitro in a wide variety of cell lines
including prostate and breast cancer cell lines (Connolly and Rose, 1994, Stewart et al.,
1990). In vivo experiments in transgenic mice show that overexpression of IGF | under the
control of the bovine keratin 5 promoter or IGF Il under control of mouse mammary tumour
virus promoter increased the likelihood of spontaneous tumour development in certain
tissues such as mammary ducts and lungs (De Ostrovich et al., 2008, Moorehead et al.,
2003). The IGF IR is involved in transformation and maintenance of a transformed
phenotype (Kaleko et al., 1990). Constitutively active IGF IR expression in normal mammary
epithelial cells caused transformation of cells and epithelial to meschenchymal transition
(EMT) in vitro (Kim et al., 2007). .

_ The IGF IR plays an important role-in numerous cancers: IGF IR is overexnressed,in,
certain cancers (breast, prostate, sarcoma) and is associated with more aggressive tumours
(Xie et al., 1999). As well as IGF IR involvement in primary tumours, the IGF IR has been
implicated in metastasis. Neuroblastoma metastasises to bone. Neuroblastoma cell lines
constitutively expressing high levels of IGF IR (highly aggressive, IMR32) or transfected with
IGF IR (SHEP/IGFR) adhered tightly to bone stromal cells following intratibial injecﬁon into
female SCID mice relative to non-aggressive cells (SHEP) expressing low levels of IGF IR
(Van Golen et al., 2006). Furthermore, inhibition of the IGF IR inhibits metastasis. MDA-MB-
435 breast cancer cells transfected with a dominant negative form of the IGF IR showed
decreased metastasis formation following implantation into the mammary fat pad of female
nude mice relative to veétor controls (Dunn et al., 1998). Specifically, in prostate cancer,
the IGF IR is overexpressed in primary tumours and remains expressed in metastatic
disease (Hellawell et al., 2002). Numerous studies have shown that elevated IGF | levels
increase the risk of prostate cancer development. An association between serum IGF |
levels and prdstate cancer risk was seen in a cohort study (n=210 newly diagnosed prostate
cancer patients). A strong association between elevated IGF | levels and prostate cancer
risk was observed in men younger than 70 years of age (odds ratio: 2.93) (Wolk et al.,
1998). In 1998, results of a prospective case control study of IGF | and IGFBP 3 was"
reported. Blood samples were taken in 1982 from 14,916 male physicians, frozen and
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archived. 10 years later in 1992, 520 individuals in this cohort were diagnosed with prostate
cancer. Plasma IGF | and IGFBP 3 levels were measured in the 1982 samples. Men with
high IGF | levels and low IGFBP 3 Ievelé had increased risk for advanced-stage prostate
cancer compared with men with low levels of both. The association was stronger in older '
men (Chan et al., 2002). Another cohort study (n=52) using blood samples from cases with
histologically confirmed prostate cancer in Sweden showed an age-adjusted odds ratio for
development of prostate cancer of 1.56. It was shown that the-association between IGF |
levels and prostate cancer risk was higher in the younger age group (Mantzoros et al.,
1997). Overéll, these studies show an increased risk of developing prostate cancer with
elevated IGF | levels.

As previously mentioned, IGFBPs regulate IGF | bioavailability. IGFBP 2 is increased
in malignant prostate tissue and IGFBP 3 is decreased, relative to normal epithelium
(Tennant et al., 1996b). PSA is elevated in prostate cancer and cleaves IGFBP 3 (Rehault et
al., 2001). IGFBP 3 inhibits IGF | interaction with IGF IR, therefore cleavage of IGFBP 3 by
PSA reverses this inhibition. IGFBP 2, iIGFBP 3 and IGFBP 5 expression changes with
Gleason score. High levels of IGFBP 2, IGFBP 5 and low levels of IGFBP 3 are observed in
high Gleason score tumours relative to low Gleason score or benign tissue (Figueroa et al.,
1998). Increased IGFBP 2 may play an important. role in positive growth requlation,,in
prostate cancer. As well as elevated IGFBP 2 and decreased IGFBP 3 in prostate cancer
tissue, serum IGFBP 2 is increased in prostate cancer relative to controls and is highly
correlated with a rise in PSA (r =0.619) (Cohen et al., 1993). Serum IGFBP 3 levels are
decreased in prostate cancer relative to controls (Kanety et al., 1993). As PSA levels rise
this allows for liberation of more IGF | suggesting that IGF | plays an active role in prostate
cancer progression. IGFBP 5 may enhance IGF | interaction with IGF IR as IGFBP 5 binds
the extracellular matrix (Jones et al., 1993).

Signal transduction pathways downstream of the IGF (R also become de-regulated in
cancer making the IGF pathway a target for inhibition in cancers overexpressing the IGF IR.
PTEN, a tumour suppressor, is frequently lost or mutated in prostate cancer (Li et al., 1997).
Loss of PTEN correlates with high Gleason score and advanced stage prostate cancer
(Mc Menamin et al., 1999). PTEN negatively regulates Akt, therefore loss of PTEN leads t6
increased activity of Akt (Graff et al, 2000). Phospho Akt is a strong predictor of
biochemical recurrence (Ayala et al., 2004) and is higher in high Gleason score (8 - 10)

prostate cancer relative to PIN or lower Gleason scores (Malik et al., 2002).

1.6.3 Targeting the IGF signalling pathway
Due to the involvement of the IGF signalling pathway in cancer development and

progression, numerous strategies have been developed to target this pathway, which
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include reducing IGF | production, neutralising IGFs, anti-sense strategies, monoclonal

antibodies (mAbs) against the IGF IR and IGF IR tyrosine kinase inhibitors.

1.6.3.1 Therapies targeting the IGF | ligand

As IGF | levels are associated with increased risk of prostate and breast cancer
(Schernhammer et al., 2005, Stattin et al., 2000), reducing circulating IGF | levels could
reduce the incidence of cancer. Growth hormone-releasing-hormone (GHRH) antagonists
have been developed. Growth hormone (GH) regulates synthesis and secretion of IGF |
within the liver (Mathews et' al., 1986). Therefore, GHRH antagonists inhibit GH release thus
inhibiting IGF 1 synthesis -and secretion. The peptide JV-1-38 is a GHRH antagonist that
inhibited growth of NCI-M838 non-small cell lung cancer cells in vitro and in athymic mice
(Szereday et al., 2003). JV-1-38 also exerted anti-tumour activity in prostate cancer models.
Nude mice bearing subcutaneous tumours of LNCaP (androgen dependent), MDA-PCa-2b
(androgen dependent) or DU145 (androgen independent) cells Were treated with JV-1-38.
Androgen sensitive models showed JV-1-38 potentiated anti-tumour effect following
androgen deprivation by castration only relative to castrated controls. JV-1-38 alone

inhibited the growth of androgen independent tumours (Letsch et al., 2003). Pegvisomant;

pegylated GH, is a. GH recepter antagoenist that was developed and approved, for treatment . ...

of acromegaly where GH excess is seen. Pegvisomant had anti-tumour activity in 15 primary
cultures of human meningiomas tumours implanted subcutaneously in nude mice (Mc
Cutcheon et al., 2001).

An additional strategy targeting the IGF pathway is to neutralise IGF I/IGF I
therefore inhibiting binding to the IGF IR. The inhibitory effects of IGFBPs on IGFs and the
IGF-independent effects of IGFBPs have been investigated as possible therapeutics in

cancer. In prostate cancér, epidemiological studies have demonstrated that high plasma .

levels of IGF | and low levels of IGFBP 3 are associated with an increased risk- of prostate
cancer development (Winter et al., 2001). IGFBP 3 is the most studied of the binding
proteins as the majority of IGF | (70 %) in circulation is bound to IGFBP 3 as a complex with
ALS (Baxter et al., 1989). Recombinant IGFBP 3 (rhIGFBP 3) inhibité the growth of HER2-
overexpressing breast tumours and potentiates Herceptin™ (Roche) activity in vitro and in
vivo. MCF-7/HER 2-18 (HER 2 transfected cells) xenografts (female athymic mice) were
treated with Herceptin™, rhIGFBP 3 or both for 3 weeks. Herceptin™ treatment did inhibit
tumour growth. However, when Herceptin™ and rhIGFBP 3 were given in combination, a
statistically significant reduction in tumour volume (76-106 %) was noted relative to controls
(Jerome et al., 2006). M12 (malignant prostate cancer cell line) cells transfected with IGFBP
3 implanted 'subcutaneously into male nude athymic mice resulted in smaller tumours

relative to controls. (Devi et af., 2002). Lung cancer (M-3LL) cells were used in vivo (female
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nude mice) to test the effect of rhiIGFBP 3 alone or with carboplatin (Bristol-Myers Squibb).
~In the lung cancer model, rhIGFBP 3 had a greater growth.inhibitory effect than carboplatin.
The combination of rhiIGFBP 3 and carboplatin did not result in an enhancement of the anti-
proliferative effects of either agent alone (Alami et al., 2008). IGFBP 3 binds specific

proteins on the cell surface such as the IGFBP-3R, which mediate inhibition of cell
proliferation (Ingermann et al., 2010, Oh et al., 1993a). A mutant IGFBP 3 unable to bind
IGF | and IGF Il stimulated apoptosis in androgen independent PC-3 prostate cancer cells in
vitro (Hong et ai., 2002). Ingermann et al (2010) identified a nove.l cell - death receptor
mediating IGFBP 3 induced apoptosis. This study discovered that the |IGFBP-3R binds
specifically to IGFBP 3. In breast and prostate cancer tissue, IGFBP 3 and IGFBP-3R levels
were significantly reduced relative to benign breast or prostate tissue, respectively. In
subcutaneous models vof breast (MDA-231 cells) and prostate (M12 cells) cancer,
intratumour injection of IGFBP-3R resulted in a 40% reduction in tumour mass with little
toxicity to the mice relative to controls (Ingermann et al., 2010). IGFBP 3 has been used in
combination with other drugs. The retinoid X receptor-a (RXR) has been identified as a
nuclear binding partner to IGFBP 3 which is involved in IGFBP 3 induced apoptosis (Liu et
al., 2005). A RXR ligand, VTP194204 (Vitae Pharmaceuticals) and rhIGFBP 3 in
combination were shown to have o synergistic effect on prostate cancer coll -apeptosiswin
vitro and in vivo in a LAPC-4 (androgen dependent) subcutaneous tumour model.- /n vivo,
treatment with both VTP194204 and rhIGFBP 3 inhibited tumour growth and reduced serum
PSA levels relative to either treatment alone (Liu ef al, 2005). Prostates of IGFBP 3
knockout mice (IGFBP 3 KO) failed to undergo apoptosis or develop prostate tumours.
Following castration, lung metastases developed in 55 % of IGFBP 3 KO mice relative to
controls. The IGFBP 3 KO was croésed with a c-Myc driven prostate cancer model, whicH
develops slow growing, non-metastatic tumours. Cell lines derived from the Myc:IGFBP 3
KO tumours were more aggressive in terms of proliferation, invasion and coldny formation
relative to Myc tumour cell lines in vitro (Mehta et al., 2011). However, human ectocervical
cells, immortalised by retroviral transduction with the human papillomavirus type 16 E6/E7
secreted high levels of IGFBP 3 and exerted an increased sensitivity to IGF |, including
increased cell proliferation (Baege et al., 2004). '

IGFBP 2 is the second most abundant IGFBP in circulation and it is often elevated in
prostate cancer and involved in cancer progression (Busund et al., 2005, Degraff et al.,
2009). Therapeutic strategies have been developed to block IGFBP 2 activity. In androgen
dependent LAPC-4 prostate cancer cells, IGFBP 2 stimulated growth, but had a growth
inhibitory effect on normal prostatic epithel-ial cells (Moore et al., 2003). MDA-MB-231BP-2
(oestrogen receptor negative) breast cancer cells constitutively overexpressing IGFBP 2

grew quicker and were more resistant to paclitaxel in vitro and in vivo relative to the parental
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cells (So et al., 2008). By using an antisense oligonucleotide to IGFBP 2 (OGX-225) the
aggressive phenotype of MDA-MB-231BP-2 cells was decreased in vitro and in vivo (So et
al., 2008). A Phase | clinical trial has been established in order to test the side effects of
using a DNA plasmid based vaccine encoding amino acids 1-163 of IGFBP 2 in advanced
ovarian cancer (www.blinicaltrials.gov, {2011)).

IGFBP 1 is the least studied of the IGFBPs and little 'is known about its role as a
possible therapy in cancer. IGFBP 1 has been reported to inhibit motility of the bone-seeking
metastatic breast cancer cell line, MDA-231BO in vitro by inhibiting the interaction of the
integrin aspB4 with the IGF IR (Zhang and Yee, 2002).

IGFBP 5 overexpression can accelerate progression to androgen independence in a
human prostate LNCaP tumour model. After castration tumour growth and serum PSA levels
increased faster in mice bearing IGFBP 5-transfected LNCaP tumours relative to controls
(Miyake et al., 2000). However, in human breast cancer cells (MDA-MB-231 and Hs578T),
IGFBP 5 inhibits growth in vitro and in vivo in nude mice {Butt et al., 2003). IGFBP 5 can act
as an inhibitor to tumour growth by inhibiting angiogenesis. Overexpression of IGFBP 5 in
HUVECs (human umbilical vein endothelial cells) treated with VEGF led to inhibition of tube
formation and cell proliferation. /In vivo, following injection of rhIGFBP 5, SKOV3 ovarian

cancer cells implanted subcutaneously ir nude mice showed a 70 % reduction dn t 'mou'(
volume relative to controls (Rho et al., 2008) Due to confllctlng data, IGFBP 5 needs to be
investigated further before being considered as a cancer therapeut|c.

IGFBP 6 has a high affinity for IGF Ii (Chandrashekaran .et al,, 2007). IGFBP 6
inhibits PC-3 (androgen independent) and LNCaP (androgen dependent) prostate cancer
cell proliferation following treatment with diethylstilbestrol (DES), a synthetic oestrogen used
as an androgen antagonist in the treatment of advanced human prostate cancer (Koike et
al., 2005). Upon treaiment of PC-3 cells with DES, an increase in IGFBP 6 was noted.
rhIGFBP 6 alone inhibited cell proliferation suggesting that IGFBP 6 may be involved in the
effect of DES in androgen independent human prostate cancer (Koike et al., 2005). IGFBP 6
induced programmed cell death in non-small cell lung cancer (NSCLC) cells transduced with
IGFBP 6 in vitro. Intratumoural injection of an adenovirus expressing IGFBP 6 under the
control of a cytomegalovirus (CMV) promoter (AdSCMV-BP6) in NSCLC subcutaneous
tumours established in nude mice reduced the size of NSCLC xenografts by 45% relative to |
controls (Sueoka et al., 2000). In a neuroblastoma model, IGFBP 6 inhibits cell proliferation
in SK-N-SH cells in vitro and subcutaneous tumour development in nude mice in vivo,
further supporting: IGFBP 6 as a candidate for cancer therapy (Seurin et al., 2002). As
IGFBP 6 binds IGF Il with higher affinity compared with IGF |, IGFBP 6 may be useful in
cancers where IGF Il is primarily involved. '
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The body naturally produces IGFBPs, therefore they may not stimulate an immune
response, making them tolerable to patients. IGFBPs can also have IGF dependent and
independent effects; under certain conditions the IGFBPs can enhance IGF activity thus
leading to an increase in proliferation and tumour growth (Baege et al., 2004, Miyake et al.,
2000). All of the IGFBPs are regulated by proteases. Such proteases include PAPP-A and
PSA, which cleave IGFBP 3 and 4 (Rehault ef al., 2001, Boldt and Conover, 2007). Recently
it has been shown that overexpression of PAPP-A in ovarian cancer cells (SKOV3) led to
accelerated anchorage-independent growth in soft agar relative to a SKOV3 cells
expressing a mutant PAPP-A with reduced proteolytic activi.ty. in vivo, accelerated growth of
PAPP-A-overexpressing SKOV3 cells was seen relative to mutant PAPP-A or controls (Boldt
and Conover, 2011). Therefore, IGFBPs may not have a Ibng half-life in circulation due to
cleavage by such proteases. IGFBP 4 is inhibitory to IGFs without any known IGF
independent actions. Therefore, a protease resistant IGFBP 4 would be useful to overcome
proteolytic cleavage of IGFBPs.

A protease resistant form of IGFBP 4 was used in a porcine model of neointimal
hyperplasia. Upon infusion of the protease resistant IGFBP 4 into the arteries of
hypercholesterolemic pigs, a significant decrease in lesion formation was observed in the
protease.resistant IGFBP 4 treatment group relative-to contrels.or pigs t_reatec.i_; with wildtype
IGFBP 4. A decrease of 53.3 + 6.1% in lesion development within blood vessels was seen |n
hypercholesterolemic pigs treated with protease resistant IGFBP 4 compared with controls

or wildtype IGFBP 4. The decrease in neocintimal expansion was due to decreased cell

proliferation (Nichols et al., 2007). Overexpression of wildtype IGFBP 4 delayed the onset of |

subcutaneous prostate tumour formation in athymic nude mice in vivo using M12 prostate
cancer cells transfected with IGFBP 4. In vitro, bverexpressed IGFBP 4 increased apoptosis
and decreased cell proliferation in the M12 transfected cells relative to controls, while in vivo
M12 cells transfected with IGFBP 4 grew significantly slower than controls (Damon et al.,

1998). In a subcutaneous nude mouse model of colon cancer, peritumoural injection of a

mammalian vector (pcDNA3) containing wildtype IGFBP 4 c¢cDNA increased apoptosis and ,

decreased mitosis of HT-29 colon cancer cells (Durai et al., 2007). In.the Harmey group, a
protease resistant IGFBP 4 was previously developed. /n vivo, following injection of 471.2
cells transfected with the protease resistant rat IGFBP 4 (dBP4) grew significantly slower
than controls or cells expressing wildtype IGFBP 4. Inhibition of tumour growth by dBP4 was

accompanied by increased endothelial cell apoptosis and mice bearing dBP4-expressing

tumours took longer to reach a mean fumour diameter (MTD) of 17 mm relative to controls -

or wildtype IGFBP 4 tumours (Ryan et al, 2009). Therefore, dBP4 may be a strong

candidate as a cancer therapeutic.
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A second strategy to neutralise IGFs is a soluble receptor. Dunn et al (1998) created
a soluble mutant IGF IR, which functioned as a decoy receptor. It was shown to inhibit cell
motility and adhesion in vitro in MDA-MB-435 breast cancer cells transfected with the
dominant negative form of the IGF IR. When MDA-MB-435 cells expressing the dominant
negative form of the IGF IR were injected into the mammary fat pad of female nude mice,
metastasis to the lungs, liver, lymph nodes and lymph vessels was significantly decreased
compared with vector controls (Dunn et al., 1998). .

Antibodies to IGF | and IGF |l have also been described. KM1468, a rat monoclonal

antibody neutralised IGF | and IGF Il and inhibited development of bone metastases in

MDA-PCa-2b prostate cancer cells injected into subcutaneously implanted human bone -

fragments (Goya et al., 2004).

1.6.3.2 Anti-sense oligonucleotides and RNAI to inhibit IGF IR expression
Overexpressing the IGF IR leads to transformation of cells which is important in cancer cell
development (Kaleko et al,, 1990). Therefore, decreased expression of the IGF IR may
inhibit IGF IR transforming ability along with-its cell proliferative and anti-apoptotic effects.
Antisense and ribonucleic acid (RNA) interference are two methods, to decrease IGF IR
expression. Antisense -RNA- involves the introduction..of. antisense RNA.. molécu.!_l."e}_.?.ﬁgn
oligonucleotides into the cell. Binding of the RNA molecules or Qligo‘nucleotides'to.'a
complementary sequence in the target mRNA inhibits translation of- mMRNA or causes
degradation by RNase H (Walder and Walder, 1988). Intratumour injection of antisense
oligonucleotides to IGF IR inhibits the growth of C4HD mammary adenocarcinomas in vivo
(Salatino et al., 2004). Treatment of the breast cancer cell line MDA-MB-435 with antisense
IGF IR showed a decrease in cell proliferation in vitro and when cells were injected
subcutaneously into SCID mice an increase in survival was reported. relative to controls
(Chernicky C.L. et al., 2000). An antisense oligonucleotide to the IGF IR was tested in"a
clinical trial for malignant astrocytomas. Ex vivo, IGF IR oligonucleotide treatment of
autologous glioma cells induced apoptosis. /n vivo, a host response was seen without
unusual side effects (Andrews et al.,‘2001). The efficacy of systemic administration of
antisense oligonucleotides is restricted by limited cellular uptake and non-specific toxicity
due to poor target sequence specificity.

RNA interference (RNAI) is a second method to decrease IGF IR expression. RNAI is
a process by which long double stranded RNAs are cleaved into short nucleotide fragments.
The cleavage products, short interfering RNAs (siRNAs) are incorporated into a RNA
inducing silencing complex where the siRNA acts as a guide to target the cleavage of
complementary mRNA (Fire et al., 1998). siRNAs have been used to decrease IGF IR levels
and signalling in cancer. /In vitro, silencing of the IGF IR in LNCaP, PC-3 and DU145
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prostate cancer cells enhanced their sensitivity to DNA damaging agents (mitoxantrone,
etoposide, nitrogen mustard and ionizing radiation) (Rochester et al., 2004). However, the

delivery of these agents has similar problems as that of the antisense oligonucleotides.

1.6.3.3 Monoclonal antibodies to inhibit IGF | and the IGF IR

Therapies targeted at inhibiting IGF IR activation are furthest along in terms of clinical
development. The two main IGF IR inhibiting strategies are monoclonal antibodies (mAb)
.and small molecule tyrosine kinase inhibitors.

Neutralising antibodies to block receptor-ligand interactions leads to receptor
internalisation and degradation (Burtrum et al., 2003). Down-regulation of the IGF IR is the
most important mechanism of action of these drugs. The first available mAb blocking the
IGF IR was «IR3, a mouse monoclonal IgG, antibody. aIR3 inhibited growth of MCF-7
breast cancer cells in vitro, but did not inhibit in vivo growth (Arteaga et al., 1989). However,
alR3 inhibited subcutaneous growth of other types of cancers including MDA-MB-231 breast
cancer cells (Arteaga et al., 1989) and rhabdomyosarcoma (Kalebic et al., 1994). However,
alR3 can act as an IGF | agonist stimulating phosphorylation of the IGF IR (Kato et al.,
1993). Therefore, this antibody was not developed clinically, but it led to development of fully
humanised mAbs. S : o

CP-751,871 (Figitumumab, Pfizer), a fully human IgG. antibody with high affinity for
the human IGF IR, has the largest clinical test to date compared with other IGF IR mAbs.
CP-751,871 induced down-regulation of the IGF IR protein in NIH 3T3/IGF-IR (IGF IR
overexpressed), MCF-7 breast cancer cells and RPMI 8226 multiple myeloma cells in vitro
and showed significant anti-tumour activity in athymic mice bearing subcutaneous
NIH3T3/IGF-1R tumours relative to controls (Cohen et al., 2005). A phase | pharmacokinetic
and pharmacodynamic study in patients with multiple myeloma showed no dose limiting
toxicities when CP-751,871 was administered (Lacy et al.,, 2008). Administration led to a
decrease in serum IGF | at high doses, thus suggesting systemic IGF IR inhibition. Phase |
dose escalation studies were also conducted in patients with refractory solid tumours. Some
of the most common adverse effects were hyperglycaemia, anorexia, nausea, diarrhoea and
fatigue. At a dose of 20 mg/kg, 10 out of 15 patients experienced disease stabilisation (Lacy
et al., 2008). Treatment with CP-751,871 increased serum insulin and GH levels and caused
a modest increase in blood glucose, suggesting target inhibition (Haluska et al., 2007). In a
phase Il study, CP-751,871 cqmbined with paclitaxel and carboplatin was shown to be safe
and effective in patients With treatment-naive, locally advanced, or metastatic lung cancer
(Karp et al., 2009).

IMC-A12 (Cixutumumab, ImClone Systems) is a fully human IgG, antibody. IMC-A12
" inhibited subcutaneous growth of androgen dependent (LuCaP 35) and androgen
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independent (LuCaP 35V) prostate cancer cell lines and induced apoptosis and growth
cycle arrest (Wu et al., 2005). In MCF-7 breast cancer cells, IMC-A12 administration led-to
inhibition of both MAPK and Akt signalling and demonstrated strong anti-tumour activity in
subcutaneous tumour models (Burtrum et al., 2003). IMC-A12 works effectively alone and in
combination with the epidermal growth factor receptor (EGFR) blocking antibody cetuximab
(C225, Merck) in head and neck cancer cell lines (183A and TU159) and tumour xenografts
(Barnes et al.,-2007). IMC-A12 has been tested in phase | trials ih adults and children with
advanced solid tumours. Toxicities included hyperglycaemia, anaemia, psoriasis and
infusion related reaction (Higano et al., 2007).

AMG-479 (Amgen) is a fully human IgG, antibody with high affinity for the human
IGF IR and no cross reactivity with the insulin receptor. AMG-479 reduced cell viability in the
pancreatic cell lines BxPC-3 and MIAPaCa2. Its mechanism of action was different in the
two cell lines, being pro-apoptotic in BxPC-3 and anti-mitogenic in MIAPaCa2 cells. AMG-
479 inhibited subcutaneous tumour growth of BxPC-3 and MIAPaCa2 pancreatic carcinoma
xenografts relative to controls (Beltran et al, 2009). AMG-479 in combination with
cetuximab in cetuximab-refractory head and neck squamous' cell carcinoma showed a

decrease in phosphorylated IGF IR (Chung et al., 2010). Phase | trials performed with

patients with solid tumours and-non-Hadgkin's lymphoma, revealed no severe toxicity of this.

antibody (Tolcher et al., 2009). Clinical trials are now underway to determine the arrti tlrmour l
activity of AMG-479 in numerous cancers such as breast, colorectal, lung and pancreatic
cancer (www.clinicaltrials.gov (2011)).

R1507 (Roche), a recombinant human IgG; monoclonal IGF IR antibody, was first
tested in NSCLC cell lines, showing that high levels of total IGF IR and not phosphorylated
IGF IR are associated with relative sensitivity to the R1507 when administered as a single
agent. However, its effect was enhanced when used in combination with»the EGFR.smaII
molecule inhibitor Erlotinib (Roche) in R1507-sensitive NSCLC cells in vitro (Gong et al.,
2009). R1507 was tested in 6 osteosarcoma cell lines (0S1, OS2, 0S9, 0817, OS31 and
0OS33) implanted subcutaneously in SCID mice. R1507 was administered either as a single
agent or in combination with the mTOR inhibitor, rapamycin. R1507 alone delayed tumour

_growth in four of six osteosarcoma xenografts and rapamycin alone enhanced Akt
phosphorylationA in all the tumours. Phosphorylation of Akt was inhibited when rapamycin
was administered in combination with R1507 (Kolb et al., 2010). The safety and
pharmacokinetics of R1507 was evaluated in patients in a phase | trial with solid tumours
and lymphomas. Hyperglycaemia and lymphopenia were common side effects and a
significant reduction in IGF IR expression on peripheral blood mononuclear cells was
observed (Rodon et al., 2007). A phase Il trial was undertaken in patients with recurrent or

- refractory sarcomas (Patel et al., 2009) and while initial activity was observed subsequent
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findings following a portfolio review led to termination of the clinical development of this
agent.

SCH-717454 (Robatumumab, Schering-Plough), a fully humanised monoclonal
antibody previously known as 19D12, was tested in vitro and in vivo under the Paediatric
Preclinical Testing Program. In vitro tests of this antibody on 23 cell lines including
neuroblastoma, osteosarcoma, Ewing’s sarcoma, kidney/rhabdoid and gliomas showed little
effect on cell growth, whereas in vivo it possessed broad anti-tumour activity in 43 xenograft
models, the strongest effects seen in neuroblastoma, osteosarcoma and Ewing's sarcoma
models (Kolb et al., 2008). SCH-717454 was further evaluated in rhabdomyosarcoma,
neuroblastoma and osteosarcoma tumour xenografts. it was effective as a single agent with
enhanced activity in combination with cisplatin or cyclophosphamide." In vivo results showed
tumour growth inhibition by SCH-717454 was due to a reduction in cell proliferation and
angiogenesis (Wang et al, 2010). When SCH-717454 was initially tested in healthy
volunteers, no adverse side effects were seen 8 weeks post dosing (Seraj et al., 2007).
SCH-717454 is currently being evaluated in a Phase Il trial in patients with relapsed or
recurrent colorectal cancer and in patients with relapsing sarcomas (Ewing's sarcoma)

- (www.clinicaltrials.gov, (2011)).

Monaclonal -antibody EM164 (Immunogen) inhibited proliferation of several human.. - .

cancer cell lines in vitro, including breast, lung, colon, cervical, 6vérian, pa‘nc.:rééti"c,'
melanoma, prostate, neuroblastoma, rhabdomyosarcoma and osteosarcoma lines. Tumour
regression was also seen in established BxPC-3 human pancreatic subcutaneous tumours
treated with EM164 relative to untreated controls with increased anti-tumour efficacy in
combination with the cytotoxic agent, gemcitabine (Eli Lilly and Co.) (Maloney et al., 2003).
Treatment of MCF-7 breast cancer cells with AVE-1642, the humanized version of EM164
conjugated with quantum dots led to down-regulation of IGF IR levels and reduction of cell
proliferation in vitro (Zhang et al., 2009) . Intravenous (IV) injection of AVE-1642 conjugates
(with quantum dots or small-molecule fluorophores) to mice bearing subcutaneous tumours
of human-IGF IR expressing mouse embryo fibroblasts or MCF-7 breast cancer cells,
specifically targeted the tumour xenograft following in vivo fluorescent imaging and were
therefore suitable to detect the expression and down-regulation of IGF1R in vivo (Zhang et
al., 2009). AVE-1642 has also demonstrated activity in chemoresistance towards 5-
Fluorouracil (5-FU) and oxaliplatin (Sanofi-Aventis) for chemoresistant metastatic colorectal
cancer (HT-29 cells) in vitro (Dallas et al., 2009). A dose escalation study using AVE-1642
was conducted in multiple myeloma patients and was well tolerated (Moreau et al., 2007).
MK-0646, a humanised IgG; monoclonal antibody (Pierre Fabre), inhibited
subcutaneous tumour growth in nude mice bearing either human breast cancer cells (MCF-
7) or NSCLC cells (A549). Further inhibition of A549 tumour growth was observed in mice
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treated with the anti-IGF IR antibody combined with vinorelbine (Pierre-Fabre) or an anti-
EGFR antibody, C225 (Goetsch et al., 2005). MK-0646 also exhibited potent inhibition of
subcutaneous tumour growth in MDA-MB-231 breast cancer mouse models (Pandini et al.,
2007). MK-0646 is currently in phase Il clinical trial in combination with irinotecan (Pfizer)
and/or cetuximab in colorectal cancer (Watkins et al., 2009) '

_ Recently Biogen have developéd a range of monoclonal and bispecific antibodies
against the IGF IR. Combination of two inhibitory IGF IR antibodies with distinct epitopes for
the receptor (BlIB4 and BIIB5) were more effective in osteosarcoma (SJSA-1 cells) and
hepatocellular carcinoma (HepG2 cells) subcutaneous tumour models compared with the

use of the monospecific antibodies (Dong et al., 2010).

1.6.3.4 Tyrosine kinase inhibitors to block IGF IR activation

A second group of inhibitors targeting IGF IR activation are small molecule tyrosine kinase
inhibitors (TKIs). TKls inhibit tyrosine kinase activity by binding the adenine triphosphate
(ATP) binding site or substrate binding site in the kinase domain of the IGF IR. TKis have a
higher affinity for IGF IR than the IR, thus minimising cross-reactivity with the IR. One
advantage of TKls over mAbs is the ease of oral administration. A number of TKls are

currently in clinical development.

Some of the earliest TKls were tyrphostins such as AG1024 (Merck), a syn,tﬁetic‘
protein kinase inhibitor which was not specific to the IGF IR as it cross-reacted with the IR
(Parrizas et al., 1997a). This led to the production of NVP-AEW541 (Novartis), a novel
tyrosine kinase inhibitor to the IGF IR. NVP-AEW541 is 27-fold more selective for IGF IR
than the IR (Garcia—Echeverria et al., 2004). NVP-AEW541 has anti-proliferative effects in
vitro and in vivo in neuroblastoma (HTLA-230 or SK-NBEZ2c cells). In vitro, NVP-AEW541
also )’ncreased apoptosis relative to controls, while in vivo 100 mg/kg/day significantly
inhibited the growth of subcutaneous neuroblastoma tumours in nude mice relative to
controls without any major toxic effects (Tanno et al., 2006). In an SKBR3/Tr (breast cancer
cells resistant to trastuzumab (Roche)) model of acquired trastuzumab resistance, NVP-
AEWS41 inhibited growth of the resistant cells, to a comparable level to that of the
trastuzumab sensitive parental cells when given in combination with trastuzumab.
Therefore, NVP-AEW541 improved the response to trastuzumab in HER2-positive breast
cancer cells (Browne et al., 2011). Numerous studies have examined toxici;ty of NVP-
AEW541 due to high homology between the tyrosine kinase domains of IGF IR and IR
(Ullrich et al., 1986). In a mouse model of Ewing’s sarcoma, no increase in serum glucose
was seen. In contrast, there was a significant decrease in serum glucose due to increased
glucose uptake at a cellular level. However, this was only evident in cells expressing IGF R

and IR and was not observed when only IR was present (Manara et al, 2007). NVP-
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