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Abstract

Prostate cancer (PCa) cells predominantly metastasize to bone and the complex
crosstalk between PCa cells and osteoblasts (bone-forming cells) and osteoclasts
(bone-destroying cells) leads to increased tumour growth and worsening of bone
disease. Understanding the mechanisms of PCa bone metastasis can identify the
aggressive fraction of PCa resulting in earlier intervention. The ability of PCa
cells to express bone cell-specific features, termed osteomimicry, could potentially
explain the osteotropic nature of PCa cells. The aim of this study was to determine
the role of osteomimicry in the regulation of epithelial-mesenchymal transition
(EMT) in bone metastatic prostate cancer cells.

It was demonstrated that the osteoblast-specific marker alkaline phosphatase
(bone/liver /kidney) (ALPL) was overexpressed in bone metastatic (ARCaPM),
compared to non-metastatic (ARCaPE), human PCa cells. Knockdown of ALPL
resulted in decreased cell viability, increased cell death and a change from mes-
enchymal to epithelial morphology in ARCaPM and PC3 cells, and increased
CDH1 expression along with decreased migration in ARCaPM cells. Treatment
with extracellular ATP also resulted in decreased viability, increased expression
of epithelial markers (CDH1, KRT14) and decreased expression of mesenchymal
markers (VIM, ZEB1), and reduced expression of ALPL in ARCaPM cells. Small
RNA-sequencing identified microRNAs differentially expressed between ARCaPE
and ARCaPM PCa cell lines: miR-373 expression was lower in ARCaPM compared
to ARCaPE cells and its overexpression in ARCaPM cells resulted in a change to
epithelial morphology, increased expression of the epithelial marker CDH1 and
decreased expression of the mesenchymal markers VIM and ZEB1. Finally, the
development of a high-throughput screening method to identify novel microRNA
regulators of osteomimicry was described, which identified two microRNAs miR-
199a-5p and miR-212 as positive regulators of ALP activity. Taken together,
this thesis describes the identification of ALPL and ATP as novel regulators of
epithelial-mesenchymal transition in PCa cells and high-throughput ALP-activity
screening as a powerful tool to identify novel microRNA regulators of ALP expres-
sion.



Novel signalling pathways
regulating epithelial-mesenchymal
transition in bone metastatic
prostate cancer

Srinivasa Rao Rao
St. Edmund Hall

University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Trinity term 2014






Answers are like opium: the more you imbibe, the more
you need. Which is why the sober man finds solace in
mystery.

—R. Scott Bakker
The Darkness That Comes Before
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Any fool can see the limits of seeing, but not even the
wisest know the limits of knowing. Thus is ignorance
rendered invisible, and are all Men made fools.

—R. Scott Bakker, The White-Luck Warrior

Introduction

1.1 Introduction

Prostate cancer (PCa) is the most common cancer in men in the western world.
While primary prostate cancer is relatively non-lethal and indolent, resulting in
a proportion of men with asymptomatic lesions, the cases that do progress to a
metastatic disease, especially to the bone, often result in fatality. Up to 75% of all
distant metastases in prostate cancer occur in the skeletal system and the mean 5-
year survival of patients with bone metastases is estimated at around 25%. Skeletal
metastasis in prostate cancer often occurs to the pelvis and vertebral column,
although the involvement of long bones has also been reported and morbidity and
mortality are due to secondary complications like pathological fractures in addition
to increased tumour mass|[2|. Hence, a detailed study of prostate cancer progression
and bone metastasis is warranted, to identify the signalling pathways involved,
which could lead to identification of novel therapeutic targets and diagnostic and

prognostic markers.



Introduction

1.1.1 History and epidemiology

The prostate gland was first described by Niccolo Massa of Venice[3] and was il-
lustrated by Andreas Vesalius as early as 1543[4] (Fig. 1.1). Common diseases of
the prostate include benign prostatic hypertrophy (BPH), prostatitis and prostate
cancer. There is evidence of prostate cancer in ancient human samples. The old-
est known case of metastatic prostate cancer was diagnosed in the well-preserved
2700-year old body of a Scythian king, showing osteosclerotic and osteolytic le-
sions in the skeleton in addition to detectable prostate specific antigen in the bone
extracellular matrix[5]. The second earliest case of prostate cancer was discovered
in an Egyptian mummy from the Ptolemaic period (c. 285-30 BC); computerised
tomography of the mummy revealed multiple osteosclerotic lesions in the spine,
suggestive of prostate cancer bone metastasis|[6]. Initial methods of treatment for
prostate cancer were mainly surgical. Radical prostatectomy was first performed
by Hugh H. Young at the Johns Hopkins Hospital in 1905[7]. “Chemical castra-
tion”, using estrogen as an anti-androgen therapy, was first performed by Charles
B. Huggins in 1941 and he received the Nobel Prize in Physiology or Medicine in
the year 1966]8][9].
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Figure 1.1: Andreas Vesalius (1514-1564) first illustrated the prostate
gland (A) Chromolithograph of Andreas Vesalius at the dissection table, by
Edouard Hamman, 1819-1888. (Wikimedia Commons, public domain) (B) Il-
lustration of a dissected human body by Andreas Vesalius, depicting the male
urogenital system, including the prostate and bladder[4]. (Wikimedia Commons,

public domain)



Introduction

Prostate cancer is the second most common among all cancers in terms of
incidence and it is the third-most common cause of cancer-related deaths in the
United Kingdom[10][11](Fig. 1.2). Tt accounts for 13% of all cancer cases (41,736
men in 2011) and 7% of all cancer deaths (10,837 men in 2011). In the year 2012, it
was estimated that 417,000 new cases of prostate cancer were diagnosed in Europe
and more than a million cases were identified worldwide. The incidence rate per
100,000 population in the UK is 104.7 and the mortality rate is 23.1[12]. The
five-year survival rate for prostate cancer patients in England through the years
2005-2009 was 81.4%[12]. Survival rates in prostate cancer patients have improved
significantly in the past 20-30 years due mainly to better screening methods, but
also to some extent due to improved surgical outcomes. However, the survival
rate in men with bone metastasis is much less, at only 47.4%[13]. The incidence
of prostate cancer increases with age[14] and hence, in developed countries with
ageing populations, like the UK, the disease burden is likely to increase in the
future. This in turn leads to a heavy economic burden; prostate cancer in the
European Union accounted for 7% of health care cost of all cancers, amounting to
€8.43 billion in the year 2009[15].

The main and well established risk factors for prostate cancer are age, ethnicity
and family history. Prostate cancer is mainly a disease affecting the elderly, with
risk increasing with age. Incidence of prostate cancer is also known to vary in
men of different ethnic origin. Men of African heritage were found to have a 3-fold
higher risk of acquiring the disease compared to white males in the United States
and the United Kingdom[16]. Heredity is also an important factor; an individual
with a family history of prostate cancer in a first degree relative has twice the risk
of being diagnosed with the disease, and the risk increases if more than one first

degree relative is involved[17].
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1.1.2 Anatomy and physiology of the prostate gland

The prostate gland is a part of the male reproductive system located in the pelvic
cavity. It is situated inferior to the urinary bladder, surrounding the proximal part
of the urethra. The wider part of the prostate contiguous with the inferior wall of
the urinary bladder is called the base of the prostate whereas the narrower part at
the lower end is called the apex. It is separated from the surrounding organs and
connective tissue by a band of fibrous tissue called the prostatic capsule, which is
of importance in the clinical staging of prostate cancer[18]. The main function of
the gland is production of seminal fluid, an alkaline secretion that constitutes 15-
30% of semen. The alkalinity of the seminal fluid protects the spermatozoa from
the acidic environment of the female reproductive tract, improving their survival.
The prostate is the source of the proteins acid phosphatase and prostate specific
antigen (PSA) which are present in the seminal fluid[19]. The prostate consists of
3 types of cells: glandular epithelial cells, myoepithelial cells and stromal cells[20].
The glandular epithelial cells are further classified into basal cells and luminal
cells, which can be distinguished by their expression of specific cytokeratins, and
the much rarer neuroendocrine cells. Basal cells express keratins 5 and 14 whereas
keratins 8 and 18 are expressed by luminal cells[21]. Histologically, prostatic tissue
is divided into various zones based on arrangement of glandular ducts and proxim-
ity to the urethra and ejaculatory ducts: the peripheral zone consisting of nearly
70% of the total prostate, the central zone constituting 25% of the prostate gland
and surrounding the ejaculatory ducts (and encircled by the peripheral zone), the
transitional zone that consists of fibromuscular tissue and the periurethral zone

surrounding the urethra[22][23].
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1.1.3 Prostate tumourigenesis

Almost all prostate carcinomas originate in the peripheral zone whereas BPH is
primarily due to continued growth of the transitional zone with increasing age.
There is no clear consensus on the cell of origin of prostate cancer. Both lumi-
nal and basal cells have been proposed in this role and considerable controversy
exists in the field regarding this[24][25][26]. Regardless of the cell type, prostate
tumours start as intraepithelial neoplasias (PIN), which are confined to the glandu-
lar epithelium limited by the basement membrane. Subsequently, the tumour cells
escape through the basement membrane and form larger tumours in the prostate
mesenchyme. Early stages of carcinoma that is confined to the prostate are of-
ten asymptomatic or the patient may present with difficulty in urination due to
obstruction of the prostatic urethra(Fig. 1.3A). Later, the tumour cells invade
through the prostatic capsule into the surrounding tissues. Tumour cells also
spread to lymph nodes in the pelvic region through the lymphatic drainage and
to distant organs through the blood supply[27](Fig. 1.3B).

Prostate
cancer
pressing on

urethra Bladder

Prostate

Cancer has
| |_spread to
the lymph

‘J/

Figure 1.3: Clinical features of prostate cancer (A) Illustration of the
prostate gland, with a tumour compressing the urethra. (Cancer Research UK
/ Wikimedia Commons, CC BY-SA 4.0) (B) Malignant tumours arising in the
prostate gland can spread to the regional lymph nodes through the lymphatic
supply. (Cancer Research UK / Wikimedia Commons, CC BY-SA 4.0)
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1.1.4 Clinical features

Diagnosis

Digital Rectal Examination (DRE)

Palpation of the prostate gland by rectal examination is an important diagnostic
technique to identify prostate cancer. Identification of an abnormal mass or hard-
ness of the prostate by DRE is an indication for a biopsy.

Prostate Specific Antigen (PSA)

PSA is a serine protease normally expressed by the glandular epithelial cells of the
prostate gland. Its level in serum is increased in prostate cancer, but this is not
a specific marker of malignant disease as it is also increased in benign conditions
like BPH and prostatitis. Despite this, it has been the mainstay of prostate cancer
screening and is thought to have helped in early diagnosis and treatment since the
development of a serum test in 1980[28]. However, there is considerable contro-
versy over its use, with concerns that over-diagnosis and over-treatment may in fact
be harmful to the patient when used as an indiscriminate screening method[29].
Randomized controlled trials have shown that PSA screening provides no overall
survival benefit[17].

Prostate biopsy

A biopsy allows histological examination of the prostate gland and is necessary for
a diagnosis of prostate cancer. A decision to perform a biopsy is based on DRE
and PSA levels[17].

Diagnosis of bone metastasis

The presence of bone metastases in prostate cancer is determined by X-ray imaging
and radionuclide bone scintigraphy (bone scan). X-ray images may show abnormal
shadows or opacities in the axial skeleton, suggestive of osteolytic and osteoblastic

bone metastases(Fig. 1.4A). A bone scan involves administration of radioactive
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technetium which has a tendency to localise in bones, particularly in areas of high
bone turnover. Metastatic sites show up as dark spots in the bone scan due to

higher radioactivity[30](Fig. 1.4B).

A B

Figure 1.4: Bone metastasis in prostate cancer (A) Radiograph of a 70 year-
old prostate cancer patient, with white arrows pointing to areas of osteoblastic
bone metastasis[31]. (Open Access under CC-BY-2.0) (B) Radionuclide scintig-
raphy of a patient with prostate cancer bone metastases. (Wikimedia Common-
s/radswiki.net, CC BY-SA 3.0)
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Clinical staging

Based on the extent and spread of the tumour, prostate cancer is classified using
the TNM system[17]. Broadly, organ confined tumour is considered less aggressive
whereas extension of the tumour beyond the prostatic capsule, involvement of
surrounding tissues, lymph nodes and distant metastasis being considered as signs

of increasing severity and poorer prognosis(Table 1.1).

Gleason grade and score

Gleason grade is a system of prostate tumours based on their pathological ap-
pearance. Features such as conservation of normal glandular appearance, tumour
shape, invasion into surrounding stroma and shape of the tumour cells are used
to assign a grade. 5 grade patterns have been described and a primary grade
ranging from 1-5 is assigned based on the most common pattern seen in histology.
A secondary grade, also ranging from 1-5 is assigned to the second most common
pattern observed. The primary and secondary grades are then added to derive a
number ranging from 1-10, called the Gleason score. The Gleason grading system
and the Gleason score are considered to be a very important indicator of prognosis

in prostate cancer[32].
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Table 1.1: TNM classification of prostate cancer [17]

T - Primary tumour

TX Primary tumour cannot be assessed
TO No evidence of primary tumour
T1 Clinically inapparent tumour not palpable or visible by imaging
T1a Tumour incidental histological finding in 5% or less of tissue resected
T1b Tumour incidental histological finding in more than 5% of tissue re-
sected
T1lc Tumour identified by needle biopsy (e.g. because of elevated prostate-
specific antigen [PSA] level)
T2 Tumour confined within the prostate
T2a Tumour involves one half of one lobe or less
T2b Tumour involves more than half of one lobe, but not both lobes
T2c¢ Tumour involves both lobes
T3 Tumour extends through the prostatic capsule
T3a Extracapsular extension (unilateral or bilateral) including microscopic
bladder neck involvement
T3b Tumour invades seminal vesicle(s)
T4 Tumour is fixed or invades adjacent structures other than seminal vesicles:
external sphincter, rectum, levator muscles, and/or pelvic wall

N - Regional lymph nodes

NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Regional lymph node metastasis

M - Distant metastasis

MX Distant metastasis cannot be assessed
MO No distant metastasis
M1 Distant metastasis
M1la Non-regional lymph node(s)
M1b Bone(s)
MIlc Other site(s)

11
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1.1.5 Treatment and remission

Men diagnosed with low risk prostate cancer may be kept under active surveillance
or “watchful waiting” with no surgical intervention. This is because prostate
cancer is an indolent disease and is often asymptomatic in early stages; it has been
suggested that unnecessary surgical procedures and their associated complications
can be avoided in a large number of such low risk cases. In patients with low
to intermediate risk prostate cancer where the tumour is confined to the prostate
gland, the primary modality of treatment is radical prostatectomy which involves
the surgical resection of the entire organ. Regional lymph nodes may also be
removed as part of radical prostatectomy. In patients with intermediate to high
risk prostate cancer, in addition to radical prostatectomy, adjuvant external-beam
radiation therapy following surgery is deemed beneficial[33].

In patients with metastatic prostate cancer or in cases of relapse following
surgery and radiation therapy, hormonal therapy is the treatment of choice. Also
known as androgen deprivation therapy (ADT), hormonal therapy in prostate can-
cer involves the administration of luteinising hormone-releasing hormone (LHRH)
agonists and nonsteroidal antiandrogens. As the disease progresses to castrate
or castration resistant prostate caner (CRPC), the tumour growth is resistant
to hormonal therapy. At this stage, chemotherapeutic agents like Sipuleucel-T,
Abiraterone with prednisone and Docetaxel are recommended first-line treatment.
When the disease progresses to bone metastasis, the treatment is largely palliative,
to prevent bone disease and consequent pathological fractures. Zoledronic acid,
a bisphosphonate that reduces bone pain and destruction, Denosumab, an anti-
body against receptor activator of NF-xB ligand that reduces bone destruction,
and radium-223 which prevents excessive bone formation, are the recommended

treatments of choice at this stage[34].
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1.1.6 Metastasis in cancer

Metastasis is a process by which cancer cells from the primary tumour spread
to distant sites and establish secondary tumours. Along with invasion, it was
proposed as one of the original 6 hallmarks of cancer[35]. It is a multi-step process
that involves escape of tumour cells from the organ of origin, entry into blood or
lymphatic vessels (intravasation), traversal through circulation (circulating tumour
cells), escape from blood vessels (extravasation), and colonisation at secondary

sites[36](Fig. 1.5).

Primary tumor formation Local invasion Intravasation

Arrest at a
Extravasation distant organ site Survival in the circulation

I I I I I . '
I a ' L T ' I

Clinically detectable

Micrometastasis . L macroscopic metastases
formation Metastatic colonization

Figure 1.5: Steps involved in metastasis of cancer cells to distant sites

[36] (reproduced with permission from Elsevier)
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1.1.7 Bone metastasis in prostate cancer

Prostate cancer cells have a predilection to metastasize to bone, although they are
known to less frequently metastasize to other organs like liver, lungs and adrenal
glands. Stephen Paget proposed the seed and soil hypothesis in 1889[37] to explain
the predisposition of breast cancer cells to metastasize to bone. This was revived in
1980 by Hart and Fidler[38] and has been used to explain organ-specific metastasis
in other cancers. The mechanisms underlying the propensity of prostate cancer
cells to metastasize to bone and the development of the associated bone disease are
poorly understood. Bone remodelling involves destruction of existing bone matrix
by osteoclasts and formation of new bone by osteoblasts. This process is regulated
by a crosstalk between osteoblasts and osteoclasts called “coupling”, which requires
a tightly regulated turnover of the bone matrix[39]. Prostate cells are known
to interact with both osteoblasts and osteoclasts and thereby upset the critical
balance required for bone-remodelling, resulting in the destruction or formation
of bone at undesirable locations. Although bone metastasis in prostate cancer are
conventionally thought to be predominantly osteoblastic, recent evidence suggests
that osteolysis is also significantly involved and may more accurately be termed as
mixed (osteoblastic + osteolytic) lesions. This is in contrast to the bone disease in
multiple myeloma and breast cancer; bone metastases in both these malignancies

produce purely osteolytic lesions.

1.2 The bone microenvironment

The skeletal system predominantly consists of bone, which is made up of the bone
matrix and bone cells. The majority (approximately 98%) of the bone matrix is in-
organic and composed of hydroxyapatite Cas(PO4)*(OH) whereas structural pro-

teins (mainly collagen and osteocalcin) constitute the organic matrix. New bone is
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formed by osteoblasts whereas bone is degraded by osteoclasts. Various signalling
pathways interconnect osteoblasts and osteoclasts, maintaining a fine balance be-
tween bone formation and destruction (coupling, described above)[40]. Changes
in the local concentration of endocrine factors, inflammation or factors secreted
by tumour cells may upset this balance, leading to excessive and/or abnormal
bone formation and destruction[41]. Osteocytes are ensconced in the mineralized
bone matrix and are involved in mechanosensing and communicate with each other
through long cytoplasmic processes[42]. Mesenchymal stem cells are present in the
bone microenvironment and can differentiate to osteoblasts or adipocytes[43]. In
addition to these, the bone marrow is home to a number of haematopoietic and

immune cells.

1.2.1 Osteoblasts

Osteoblasts are the main source of alkaline phosphatase in bone and also express a
number of structural proteins. They are thus the principal contributors of the bone
matrix[44]. Mesenchymal stem cells in bone initially differentiate into bipotential

precursor cells that can either further mature to osteoblasts or adipocytes[45].
Runx2

Runt-related transcription factor 1 (Runx2) also known as core-binding factor «
(CBFA) is a transcription factor that induces the expression of a number of skele-
tal genes, including tissue non-specific alkaline phosphatase, collagen, osteocalcin,
RANKL and osteopontin[46][47], and is a crucial mediator in the differentiation of

mesenchymal stem cells to osteoblasts[44].
Alkaline phosphatase (bone/liver/kidney)

Alkaline phosphatase (bone/liver/kidney) (ALPL), also known as tissue non-specific

alkaline phosphatase (TNAP) is a membrane-bound protein with an extracellular
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Figure 1.6: Factors expressed by an osteoblast The osteoblast, which is
responsible for the deposition of the organic and inorganic part of the bone matrix,
expresses many structural proteins like collagen, osteocalcin and bone sialoprotein,

as well as the enzyme alkaline phosphatase.

catalytic domain. It is abundantly expressed in bone (osteoblasts), liver, kidneys,
lungs, blood (leukocytes) and to some extent in the brain and spinal cord[48]. It
cleaves phosphate groups from organic substrates like ATP and pyridoxal phos-
phate; in the bone microenvironment, the free phosphate reacts with calcium to
form hydroxyapatite. Homozygous knockout of alkaline phosphatase in mice re-
sults in decreased growth and seizures. The neurological effects in ALPL knockout
mice are due to the accumulation of pyridoxal phosphate, which is normally de-
phosphorylated by alkaline phosphatase[49]. Alkaline phosphatase plays a pivotal
role in bone mineralization; knockout of ALPL (Akp2), the mouse homologue of

the human ALPL gene, results in a significant decrease in mineralization[50][51].
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Reconstitution of vitamin B6 in ALPL knockout mice rescues the neurological phe-
notype but not the defect in mineralization, suggesting that both the phenotypes
are due to distinct functions of ALPL[52]. There is also strong in vitro evidence
demonstrating that alkaline phosphatase is necessary and sufficient to induce min-
eralization in cultured osteoblasts[53] and it is widely considered an early marker
of osteoblast differentiation. However, the role of alkaline phosphatase in other
tissues is largely unknown. Deficiency of functional alkaline phosphatase in hu-
mans, known as hypophosphatasia, is associated with impaired mineral deposition
in the bones[54]. Other isoforms of ALP are produced by three additional genes:
ALPI (intestinal or enteric), ALPP (placental) and ALPPL2 (placental-like)[55].
Unless otherwise specified, alkaline phosphatase is used in this thesis to refer to
alkaline phosphatase (bone/liver/kidney) (ALPL). While alkaline phosphatases in
hepatocytes, osteoblasts and renal cells (in the proximal convoluted tubules) are
all produced by the same gene ALPL, the resultant protein isoforms are thought
to be slightly different from each other in their structure due to post-translational

modifications like glycosylation[56].
Collagen 1o

Collagen 1« also known as type I Collagen is the most abundant matrix protein in
bone and is an early marker of osteoblast differentiation. It is also highly expressed
in other connective tissues, providing structural integrity and strength. The triple-
helical structure of Collagen, combined with its tendency to organise into fibres

makes it important in its structural role[57].
RANKL

The tumour necrosis factor ligand superfamily member 11 (TNFSF11), also known

as receptor activator of NF-xB ligand (RANKL) is a primarily secreted protein that
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binds to tumour necrosis factor receptor superfamily member 11A (TNFRSF11A),
also known as receptor activator of NF-kB (RANK). This initiates a signalling
cascade mediated by NF-xB, which is a crucial mechanism in the differentiation
of macrophage precursor cells to osteoclasts. RANKL is normally expressed by

osteoblasts, in addition to other tissues like thymus, lungs and lymph nodes[58].

1.2.2 Osteoclasts

Haematopoietic cells of the macrophage lineage differentiate into osteoclasts in the
bone microenvironment. Mature osteoclasts are multi-nucleated giant cells that
are formed by fusion of macrophage precursor cells[59]. Their primary function
is bone destruction, which is achieved by the secretion of tartrate resistant acid
phosphatase (TRAP) and the proteolytic enzyme Cathepsin K. These enzymes
help in degrading both the inorganic and organic components of the bone matrix.
Mature osteoclasts seal off a portion of the bone surface and pump H" ions that
maintain an acidic environment for optimal function of TRAP[60]. Osteoclast
activity may be deduced by the presence of resorption pits (areas of degraded
bone matrix) and staining for TRAP through immunohistochemistry[61]. RANK
receptors present on the osteoclast precursor cell surface bind to RANKL, which
results in osteoclastogenesis. The secreted protein osteoprotegerin also binds to
RANKL and is considered a decoy receptor, preventing RANKL binding to RANK.
[62].

1.2.3 Interaction of prostate cancer cells with the bone
micro-environment

Prostate cancer cells, when they reach bone, establish a cross-talk with cells in
the bone microenvironment. The major cell types of the bone and bone mar-

row are osteoblasts, osteoclasts, and cells of the haematopoietic niche. RANKL
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is an important factor in the formation of osteolytic lesions in prostate cancer
bone metastasis. Prostate cancer cells express elevated levels of RANKL, which
induces osteoclast differentiation, thus increasing the destruction of bone[63][64].
The mechanisms involved in the formation of osteoblastic lesions is less well un-
derstood. Endothelin-1 (ET1) is causally associated with osteoblastic bone lesions
in models of breast cancer metastasis[65]. The interaction of prostate cancer cells
with the bone matrix is also thought to result in the induction of osteoblast differ-
entiation and proliferation. Precursor or latent forms of several growth factors,
including Transforming Growth Factor 5 (TGF (), Fibroblast Growth Factor
(FGF), Epidermal Growth Factor (EGF) are thought to be impregnated in the
bone matrix, and released during bone turnover triggered by the tumour cells[41].
Proteases secreted by prostate cancer cells are thought to release these growth
factor precursors from the bone matrix; they are subsequently converted by the
proteases present in the bone microenvironment to their active forms, thereby
stimulating the function of osteoblasts. These growth factors are also thought to
act on the prostate cancer cells, enhancing their proliferation through a feedback

mechanism[66].

1.3 Factors with a role in prostate cancer pro-
gression and bone metastasis

1.3.1 Androgen receptor

The androgen testosterone is produced by the Leydig cells of the testes[67]. Testos-
terone enters the prostate cells by passive diffusion and is converted by the enzyme
5-a-reductase to dihydrotestosterone (DHT). Androgen receptor (AR) is an intra-
cellular steroid receptor normally present in the cytoplasm when in an inactive

state. It is maintained by chaperone-binding in an inactive conformation; upon
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Figure 1.7: Prostate cancer cells cross-talk with bone cells Metastatic
prostate cancer cells that reach the bone microenvironment establish a cross-talk
with the cells there. Factors expressed by the tumour cells increases differentia-
tion and proliferation of osteoblasts and osteoclasts, resulting in both increased

abnormal bone formation and destruction.

binding to DHT, AR changes into its active conformation and is separated from
its chaperones. Once in the active conformation, the nuclear localisation signal is
exposed, leading to the translocation of AR into the nucleus[68]. Active AR binds
to the Androgen Response Element (ARE) motifs in the promoter regions of its
target genes; the ARE motif consists of the consensus sequence AGAACAnnnT-
GTTCT (AGAACA arranged as an inverted repeat, separated by 3 base pairs)[69].
In prostate cancer cells, AR transactivates the expression of a number of genes re-
sponsible for cell proliferation[70]. AR signalling has a cross-talk with many other
proliferative and growth factor signalling pathways. AR also has a number of co-
activators that help in its stability and transactivation, including the transcription
factors f-catenin, Smads2/3[71] and members of the PIAS (protein inhibitor of

activated signal transducer and activator of transcription (STAT)) family (PTIAS1

20



Introduction

and PIASxB)[72)].

1.3.2 PTEN

PTEN is a tumour suppressor deregulated in many cancers and is mutated in up
to 20% of prostate tumours. PTEN inhibits PI3BKAKT signalling by catalysing
the dephosphorylation of phosphatidylinositol (3, 4, 5) triphosphate (PIP3) to
phosphatidylinositol (4, 5) diphosphate (PIP2), resulting in the inhibition of cell
proliferation and survival and promotion of apoptosis. Overexpression of PTEN
in prostate cancer cells leads to increased apoptosis and cell cycle arrest[73] and
its loss is associated with poorer prognosis|74]. Homozygous knockout of PTEN
alone in the mouse prostate replicates all the stages of prostate cancer progression,
from prostatic intra-epithelial neoplasia (PIN) to invasion and bone metastasis and
the development of castration resistant prostate cancer (CRPC)[75]. PTEN loss is

therefore considered a crucial step in the development of advanced prostate cancer.

1.3.3 TNFSF11/RANKL

RANKL, normally expressed by osteoblasts, is frequently overexpressed in prostate
cancer bone metastases|[76] and plays a significant role in the consequent bone
disease by promoting osteoclastogenesis and bone destruction[77]. High NF-xB
activity is associated with increased RANKL expression in PC3 and LNCaP cells
and results in greater tumour growth in the bone microenvironment[78]. RANKL
is also a mesenchymal marker and stimulation by TGF-g and EGF results in

increased expression of RANKL[79][80].

1.3.4 Endothelin-1

Endothelin-1 (ET-1) is a secreted 21 amino acid peptide produced by vascular

endothelial cells and induces vasoconstriction[81]. The serum expression of ET-1
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is elevated in metastatic prostate cancer patients and increases cell proliferation
in vitro in PC3, Dul45 and LNCaP cells[82]. It acts by binding to the Endothelin
A and Endothelin B receptors, which are expressed on the osteoblast cell surface.
Activation of the receptors results in osteoblast proliferation, leading to excess
bone formation. Endothelin-1 secreted by ZR-75-1 breast cancer cells is thought
to act on osteoblasts in this way, resulting in osteoblastic bone metastases, and
pharmacological inhibition of Endothelin A receptor in mice results in a reduction

of osteoblastic bone lesions[65].

1.3.5 Runx2

In addition to the crucial role of Runx2 in the expression of osteoblast markers
(discussed above), it also transactivates the expression of cancer-related genes,
including MMP-9, MMP-13 and MDR-~1. Runx2 is frequently overexpressed in
prostate cancer bone metastases and is associated with the tumour aggressive-
ness[83]. Non-metastatic LNCaP cells express minimal levels of Runx2 whereas
the highly metastatic PC3 cells express abundant Runx2. Knockdown of Runx2
in PC3 cells results in decreased migration and invasion in vitro and diminished

tumour formation and bone lesions in an intra-tibial mouse model[83].

1.3.6 Parathyroid Hormone-related Peptide (PTHrP)

PTHrP is an endocrine hormone that regulates endochondral bone formation and
promotes osteoclastic activity. It is expressed in primary as well as bone metastatic
prostate cancer[84]. Overexpression of PTHrP in non-invasive Du-145 cells confers
a bone metastatic ability, resulting in the formation of osteolytic bone lesions[85]
and protects LNCaP cells from drug-induced apoptosis in vitro[86]. Overexpres-
sion of PTHrP in prostate cancer cells in another mouse bone metastasis model

also increases formation of osteoblastic and osteolytic lesions[87].
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1.3.7 Dickkopf-1 (DKK1)

DKKI1 is secreted protein that antagonises the Wnt signalling pathway by binding
to LRP6. In normal bone, it regulates osteoblast differentiation; loss of DKK1
function results in excessive bone formation[88]. DKK1 expression is significantly
elevated in prostate cancer bone metastasis and is known to play an important

role in the development of osteolytic bone disease[89][90].

1.3.8 Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are enzymes that degrade structural proteins
like collagen and fibrin and are important in cell migration during embryonic de-
velopment. MMPs, particularly MMP-2 and MMP-9, are frequently upregulated
in various cancers including prostate tumours. Increased MMP expression allows
the prostate cancer cells to degrade basement membranes and connective tissue
during their migration and colonisation of the bone microenvironment, a large part
of which is composed of an organic matrix. Overexpression of MMP-9 increases the
invasiveness of LNCaP cells[91] and MMP-9 regulates the expression of angiogenic
factors in PC3 cells[92]. MMP-7 is overexpressed at the tumour-bone interface
in a mouse model of prostate cancer and ablation of MMP-7 in the host mouse

prevents formation of osteolytic bone lesions[93].

1.3.9 uPA and uPAR

Urokinase plasminogen activator (uPA) and its cognate receptor (uPAR) are known
to be important mediators of prostate cancer invasion and metastasis. uPA is a
serine protease that is secreted extracellularly in a pro-enzyme form with basal
activity. Its activity is increased many-fold when it binds to uPAR, leading to ex-
tracellular or intracellular consequences. Outside the cell, another serine protease

plasminogen is activated due to cleavage by active uPA, giving rise to plasmin.
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Plasmin is crucial in further activation of other enzymes in the tumour microen-
vironment like elastase and MMPs. Together, uPA and other proteases activated
by it can cleave extracellular matrix proteins like laminin, fibronectin, vitronectin
and collagen in the basement membrane and tumour microenvironment; this is
considered an essential step in prostate cancer progression during the escape of
tumour cells from the basement membrane of the glandular epithelium, invasion
through prostatic stroma, intravasation into blood vessels and extravasation at dis-
tant sites. These proteases are also thought to be crucial in the colonisation of bone
by the tumours as they release and activate many latent growth factors that are
impregnated in the bone matrix[94]. In addition, activation of uPAR by uPA also
activates intracellular signalling pathways, including the Jak/Stat and JNK/Jun
pathways; knockdown of uPA and uPAR alone or in combination decreased in-
vasive potential and proliferation and increased apoptosis in PC3 cells[95]. uPA
and uPAR are elevated in the serum of prostate cancer patients compared to men
with BPH and are decreased after radical prostatectomy[96]. Increased uPA and
uPAR expression in tissues is associated with prostate cancer progression, grade
and disease outcome[97]. Further, uPA and uPAR expression was also found to be
elevated in the cancer-associated stroma of higher grade prostate cancer compared

to that associated with lower grade tumours[98].

1.3.10 Growth factors
Epidermal Growth Factor Receptor (EGFR) signalling

EGFR (HER2, ERBBI) is a cell surface receptor belonging to the ERBB family
of proteins. It is activated by the growth factor ligands EGF and TGF-j3; the
receptor exists as a monomer in an inactivated state and homodimerizes following
activation. This triggers tyrosine kinase activity in its intracellular domain, lead-

ing to the activation of a number of signalling pathways. EGFR activation triggers
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the MAPK, AKT, JNK and Wnt pathways among others, all of which typically
lead to increased cell proliferation, migration and invasion. EGFR expression is el-
evated in metastatic prostate cancer and is associated with gleason grade and PSA
levels. Patients with high EGFR levels are also more prone to relapse of prostate
cancer following radical prostatectomy[99]. Missense mutations in prostate can-
cer can lead to constitutive activation of EGFR signalling[100]. EGF stimulated
the proliferation of PC3, Dul45 and LNCaP cells by triggering tyrosine kinase
activity[101]. Pharmacological inhibition of EGFR signalling induced apoptosis in
prostate cancer cells by inhibiting NF-xB signalling[102].

ERBB2 (HER2/Neu) is another member of the ERBB protein family; while it
has no known natural ligands, it forms heterodimers with other members of the
family like EGFR and ERBB3, activating growth signalling. ERBB2 signalling
activates androgen receptor-mediated transcriptional activity in prostate cancer
cells and pharmacological inhibition of ERBB2 resulted in impaired development

of the prostate and seminal vesicles in mice[103].

Insulin-like Growth Factor (IGF) signalling

IGF1 receptor (IGF1R) is a cell surface protein in the Insulin receptor family
and is activated by the growth factor ligand IGF1. Upon activation, downstream
signalling cascades mediated mainly by Ras/MEK/ERK and AKT are triggered,
leading to cell proliferative gene transcription[104]. Increased serum levels of of
IGF1 are associated with elevated risk of prostate cancer[105]. Increased IGF1R
in prostate cancer patients is also associated with worse prognosis[106]. IGF1R
expression is increased in malignant primary prostate cancer cells compared to be-
nign epithelium and its expression is increased in metastatic prostate cancer[107].
IGF1R activation promotes growth in prostate cancer cells through the activa-

tion of various signalling pathways including stabilisation of as/(; integrin|[108],
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activation of [-catenin[109] and activation of STAT3-Twistl pathways[109]. It
is thought that IGF1R/AKT signalling compensates for the lack of androgen in
androgen-independent prostate cancer cells by transactivating the androgen recep-
tor[110]. The microRNA let-7a inhibits growth and induces apoptosis in PC3 cells
by directly targeting the IGF1R 3" UTR[111] and is down-regulated in castration
resistant prostate cancer[112]. Further, inhibition of IGF1R sensitises prostate

cancer cells to chemotherapeutic agents and ionising radiation[113].
Vascular Endothelial Growth Factor (VEGF) signalling

The growth factors VEGFA, VEGFB, VEGFC, and VEGFD belong to the VEGF
family and are expressed in a paracrine manner. VEGFA is the most well studied
among these and is found as a number of variants due to alternative splicing. Each
of these variants has different activity and binding capacity to the cognate recep-
tors. VEGFA binds to VEGFR1 (FLT1), VEGFR2 (FLK1) and VEGFR3 (FLT4),
all of which are receptors with intrinsic tyrosine kinase activity that is induced fol-
lowing ligand binding[114]. VEGFA is normally expressed by endothelial cells and
stimulates neovascularisation and angiogenesis in physiological conditions. How-
ever, a number of cancer cells express VEGFA; rapid tumour growth results in
insufficient supply of oxygen and nutrients and tumour cells circumvent this by in-
creased angiogenesis. VEGF is known to be expressed in prostate cancer[115][116]
although its expression in BPH is debated[117]. Inhibition of VEGF using neutral-
izing antibodies results in decreased tumour growth in a mouse model of prostate
cancer[118] and it has also been implicated to have a role in the development of

osteoblastic bone metastasis[119].
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Bone Morphogenic Protein (BMP) signalling

Bone morphogenic proteins are highly evolutionarily conserved growth factors be-
longing to the transforming growth factor-g superfamily. They bind to BMP
receptors and activin receptors, inducing a signalling cascade involving Smadl/5
leading to transactivation of mainly regulating skeletal morphogenesis, limb devel-
opment and patterning[120]. BMP-6 was found to be overexpressed in malignant
prostate cancer samples compared to their benign controls and is especially ele-
vated in metastatic samples[121]. BMP-7 is expressed in many tissues including
bone marrow and the prostate gland and is a physiological inhibitor of EMT. It has
been shown to inhibit branching morphogenesis in the development of the mouse
prostate by interfering with the Notch signalling pathway[122]. BMP-7 expression
is significantly reduced in prostate cancer samples compared to the normal prostate
and is also decreased in cell lines with increased metastatic potential. Treatment of
prostate cancer cells in vitro with BMP-7 protein resulted in decreased cell growth
and increased E-cadherin expression. In vivo, administration of BMP-7 decreased
tumour growth in bone, but not orthotopic tumours in the prostate[123]. However,
these findings appear to be contradicted by a report that BMP-7 induces EMT in
PC3 cells[124]. Morrissey et al. have shown that BMP-7 expression is decreased
in primary prostate cancer compared to the normal prostate, but increased ex-
pression in CRPC compared to androgen-responsive prostate cancer. They have
therefore suggested that the role of BMP-7 in prostate cancer varies based on

androgen responsiveness and the tumour microenvironment[125].

1.4 Epithelial-Mesenchymal Transition

Epithelial cells are characterised by a rounded morphology with high cell-cell

adhesion in wvitro, decreased migration and invasion both in vitro and in wvivo,

27



Introduction

and expression of epithelial markers like E-cadherin[126] and cytokeratins 14, 18,
19[127]. In contrast, cells with a mesenchymal phenotype are characterized by a
spindle shape and decreased surface dependence in vitro, invasiveness both in vitro
and in vivo, and expression of mesenchymal markers like ZEB1[128], ZEB2[129],
Snail[130], Slug, Twist, Vimentin and Fibronectin[127]. Cells can transform from
an epithelial to mesenchymal phenotype due to various genetic, epigenetic or envi-
ronmental factors. This phenomenon is termed epithelial-mesenchymal transition
(EMT). The converse process of transformation from a mesenchymal to an epithe-
lial phenotype is termed as mesenchymal-epithelial transition (MET). EMT may
occur in physiological or pathological processes and is classified into type 1 (em-
bryogenesis and development), type 2 (wound healing) and type 3 (cancer) depend-
ing on the context[127]. Epithelial cells exhibit a distinct basement membrane-
lumen polarity and a high degree of cell-cell adhesion. This is maintained by
the expression of tight and adherens junctions at the cell surface. EMT involves
dramatic changes in cell polarity, with the destruction of cell-cell junctions and
reorganisation of cytoskeleton[131]. Actin stress fibres are formed during the tran-
sition, which help in the formation of cytoplasmic extensions called invadopodia.
These cytoskeletal changes increase cellular contractility and motility allowing the
cells to squeeze through narrow spaces. Invadopodia also secrete enzymes such as
matrix metalloproteinases which can cleave extracellular matrix proteins like colla-
gen and fibronectin present in connective tissue and basement membrane[132][133].
While EMT is important during development and wound healing, metastatic can-
cer cells can hijack these physiological pathways resulting in increased migration
and invasion. EMT has been linked to cancer stemness[134], with increased EMT
resulting in de-differentiation. Enzymes secreted by mesenchymal cells also help
them to break down the basement membrane during EMT|[135] and this is thought

to help cancer cells escape the primary tumour site into nearby blood vessels. Fur-
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Figure 1.8: Epithelial-Mesenchymal Transition The epithelial phenotype is
characterised by a rounded cell morphology, cell-cell adhesion, decreased cell pro-
liferation and increased cell death whereas the features of Mesenchymal phenotype
include increased proliferation, migration and invasion. The two phenotypes are
also distinguished by their expression of specific epithelial and mesenchymal mark-
ers. Cells can transition from epithelial to mesenchymal phenotype or vice versa,

depending on genetic or epigenetic changes or conditions in the microenvironment.

ther, pro-angiogenic factors are secreted by mesenchymal cancer cells, which enable
the metastatic tumours to form new blood vessels, thus increasing their survival

in the new environments they colonized[136].

1.4.1 Key proteins in EMT

E-box transcription factors

Three types of transcription factors are crucial in regulating EMT: the ZEB pro-
teins ZEB1 and ZEB2, the Snail proteins Snaill, Snail2 and Snail3, and the basic
helix-loop-helix (bHLH) proteins Twistl and Twist2. All of them act by bind-
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ing to a regulatory motif in the promoter regions of target proteins called the
E-box which has a consensus sequence CANNTG. Binding of E-box factors to a
promoter region results in either repression or activation of the target gene depend-
ing on their interaction with polycomb repressor complex (PRC) (among others)
or p300/PCAF (p300/CBP associated factor) respectively. These transcription
factors repress the expression of the epithelial proteins, prominently E-cadherin
and cytokeratins while at the same time inducing the expression of various mes-
enchymal proteins including vimentin, vitronectin, fibronectin, collagen and matrix

metalloproteinases[137].
E-cadherin

E-cadherin is a membrane protein of the cadherin superfamily and is a compo-
nent of the adherens junction (zonula adherens). The extracellular domains of
E-cadherin form one half of the adherens junction and interact with the cadherin
domains of the neighbouring cell. The intracellular regions of the protein interact
directly with [-catenin and indirectly, through a-catenin, with actin filaments.
E-cadherin acts a crucial regulator of the Wnt signalling pathway by sequestering
[-catenin; decreased expression of E-cadherin results in the release of S-catenin
into the cytosol, which in turn results in its activation or degradation depending
on the status of Wnt ligand signalling. E-cadherin is a tumour suppressor and
its loss is causally implicated in breast, colorectal and ovarian cancers. Decreased
expression of E-cadherin is a hallmark of EMT and is precursor of the destruction

of the adherens junction and reorganization of the cytoskeleton[138].

Vimentin and cytokeratins

Vimentin and cytokeratins are components of intermediate filaments. Vimentin is

expressed at high levels in mesenchymal cells and is responsible for maintaing the
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structural integrity of the cell. It also helps in the transport of proteins across the
intermediate filament. Cytokeratins, while performing a similar role in transport of
proteins, differ from vimentin in one important respect: they transport E-cadherin
to the cell membrane, enabling the establishment and maintenance of the epithelial

phenotype[133].

1.4.2 Signalling pathways regulating EMT
TGF S signalling

TGFf signalling is a crucial regulator of EMT in cancer as well as development
and wound healing. Activation of TGFfS receptors by their ligands (TGFA1 and
TGF32) results in activation of Smad2/3, which in turn translocate to the nucleus
and induce the transcription of a number of mesenchymal genes including Snail,
Slug, ZEB1, ZEB2, collagen and matrix metalloproteinases. The activity of E-
box-binding transcription factors can also be enhanced by interaction with Smad

proteins[139].
Wnt signalling

When wnt signalling is not activated, S-catenin is bound to the destruction com-
plex (consisting of axin, adenomatosis polyposis coli (APC), protein phosphatase
2A (PP2A), glycogen synthase kinase 3-8 (GSK3f) and casein kinase lae (CKla))
which targets it for ubiquitination and subsequent proteasomal degradation. Wnt
ligands bind to the Frizzled receptor, inactivating the destruction complex, leading
to the release of [-catenin and its consequent translocation to the nucleus. In the
nucleus, [S-catenin interacts with TCF4/LEF1 and helps in the transcription of
target genes. E-cadherin negatively regulates Wnt signalling by directly binding

to [-catenin, therefore preventing its translocation to the nucleus[140].
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EGF signalling

Epidermal Growth Factor (EGF) binds to EGF receptor (EGFR) setting off a
signalling cascade mediated by MAP kinase and PI3 kinase. EGF signalling also
activates -catenin, thus establishing a cross-talk with Wnt signalling. Ultimately,
EGF signalling results in the transcription of E-box-binding proteins Snail, Slug,
ZEB1 and ZEB2.

1.4.3 Role of EMT in bone metastasis

EMT is considered an essential process at various steps in the spread of cancer cells
of epithelial origin to distant sites. As the cells of prostate cancer originate from the
glandular epithelium, they exhibit strong cell-cell adhesions; the transformation
of the cancer cells to a mesenchymal phenotype allows them to lose many of the
features of epithelial cells, allowing them to become more invasive and promoting
intravasation. These cells that enter the blood and lymphatic supply are called
circulating tumour cells (CTCs). The role of EMT in the establishment of bone
metastases is less clear. Cells of prostate cancer bone metastases have been shown
to exhibit an epithelial phenotype similar to primary tumours, suggesting that once
CTCs reach and colonize bone, the factors in the bone microenvironment induce
mesenchymal-epithelial transition. This is corroborated in an in vitro experiment
where ARCaPM cells co-cultured with HS-27a bone marrow stromal cells undergo
mesenchymal-epithelial transition[141]. Tt is also thought that prostate cancer
cells can exist as micrometastases in an epithelial state, and due to changes in
the tumour microenvironment, undergo a mesenchymal-epithelial transition again,

triggering a renewed cycle of invasion, proliferation and bone disease[142].
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1.4.4 ARCaP cell line model of EMT

ARCaPE and ARCaPM cells are isogenic cell lines established from a single
parental cell line ARCaP. ARCaP is a human cell line derived from peritoneal
seeding in a prostate cancer patient. The androgen sensitivity status of these cell
lines is unusual in that they are repressed by androgen signalling even though
they express low levels of AR[143]. Ectopic overepxression of AR in ARCaP
cells resulted in increased androgen-responsive tumour growth in vitro but de-
creased their metastatic potential in vitro and reduced tumour size in athymic
nude mice[144]. From this, ARCaPE and ARCaPM were derived by clonal dilu-
tion in vitro[145][80](product datasheets, Novicure Inc, USA, Cat. 3423 and 3422).
A further subclone, designated as ARCaPM1, was derived by passaging ARCaPM
in SCID mouse bone metastasis model[79]. ARCaPE and ARCaPM cells dif-
fer significantly in their ability to form metastases in the intra-cardiac injection
mouse model; ARCaPM cells have a high propensity to form bone and adrenal tu-
mours following intra-cardiac injection whereas ARCaPE cells have a much lower
propensity towards metastasis. ARCaPE cells exhibit an epithelial phenotype in
vitro, characterized by a rounded morphology and high cell-cell adhesion (grow
in clusters) and low migration. Conversely, ARCaPM cells are spindle-shaped,
exhibit low cell-cell adhesion (spread out in culture) and possess a greater abil-
ity to migrate in vitro[145]. Treatment of ARCaPE cells with the growth factors
TGFfS and EGF results in EMT with a change to a mesenchymal morphology,
decreased E-cadherin and increased vimentin and RANKL[80]. The effect of EGF
was shown to be at least partially mediated by the hedgehog signalling molecule
GLI1[146]. Similarly, exposure of ARCaPE cells to IGF1 results in upregula-
tion of ZEB1 and EMT[147]. ARCaPE cells, when orthotopically inoculated in

athymic nude mice, acquired increased heterogeneity and the derived subclones ex-
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hibited a mesenchymal phenotype[148]. Further, treatment of ARCaPE cells with
phorbol-12-myristate-13-acetate (PMA) induced EMT through the activation of
protein kinase C (PKC)[149]. Overexpression of the zinc transporter protein LIV1
in ARCaPE cells results in EMT, and conversely, its repression in ARCaPM re-
sults in MET[150]. Inhibition of f2-microglobulin also induces MET in ARCaPM
cells[151]. It is thus clear from previous literature that ARCaPE and ARCaPM
cells exhibit great plasticity in undergoing EMT and MET respectively following
specific changes in their microenvironment and hence are a useful model to study

EMT in prostate cancer.

1.5 MicroRNAs

MicroRNAs are 19-23 nucleotide-long small RNA molecules that regulate gene
expression at the post-transcriptional level. Since their discovery in the late 1990’s,
microRNAs have been studied in great detail in human physiology and disease,
particularly in cancers[152]. They have added an additional layer of complexity
to regulation of gene expression and numerous reports have identified the crucial
role microRNAs play in various cell signalling pathways in human development
and disease. MicroRNAs have been found to be expressed in every tissue and cell

type that has been examined so far.

1.5.1 Biogenesis

Up to 2000 microRNA genes have been identified so far. These genes may be dis-
crete, encoding a single microRNA | or may be a cluster, with multiple microRNAs
being expressed from a single locus. Further, genomic sequences encoding microR-
NAs may be present in the intronic regions of other coding or non-coding genes,
termed as “host genes”. The majority of microRNA genes are transcribed by RNA

polymerase II, generating a primary transcript called pri-mir or pri-microRNA.
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The pri-mir may be up to several hundred nucleotides long. Within the nucleus, a
ribonuclease complex consisting of the enzymes Drosha/Pasha cleave the pri-mir to
a shorter 80-110 nucleotide sequence called precursor microRNA or pre-mir. This
pre-mir has a characteristic stem-loop secondary structure, with partially com-
plementary sequences at the ends folding back on themselves forming the “stem”
and the intervening region constituting the “loop”. The pre-mir is actively trans-
ported out of the nucleus with the help of the Ran-GTPase complex. Once in
the cytoplasm, the pre-mir is further cleaved by a sequence specific ribonuclease
called Dicer, giving rise to an RNA double strand. One of these strands forms the
predominant mature microRNA and is called the loading strand or miR, whereas
the complementary strand, called the passenger strand or miR* is degraded. The
strands formed from the 3’ and 5’ ends end of the pre-mir are designated as miR-3p
and miR-5p respectively. The selection of -3p or -5p as the predominant mature
microRNA depends on the specific microRNA, but also varies in different cell and

tissue types[153].

1.5.2 Function

The mature microRNA is loaded on to the microprocessor complex, consisting
of various ribonucleotide-binding proteins (RNPs). When the microRNA binds
to its cognate sequence on a target messenger RNA, the RNPs of the micropro-
cessor complex, Argonautes most importantly, help recruit ribonucleases to the
miR-mRNA binding site. The target mRNA is then degraded; however, in the
initial stages of microRNA binding, only translational inhibition may occur with-
out mRNA degradation. Functional microRNA binding sites are generally present
in the 3’ untranslated region (UTR) of the target mRNA, although binding sites

in the 5° UTR and coding region have also been identified. Many microRNAs
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can target a single mRNA and conversely, one microRNA can target multiple

mRNAs[154].

1.5.3 MicroRNAs in prostate cancer

A number of microRNAs have been found to be deregulated and have a functional
role in prostate cancer progression. Mir-221/-222 are known to be expressed at
higher levels in androgen-insensitive prostate cancer compared to androgen respon-
sive tumours and cell lines. MiR-21 is another oncogene that is overexpressed in
prostate cancer, in addition to a number of other cancers like those of the breast,
lung and pancreas. Other oncogenic microRNAs include miR-125b, -32 and -148a.
The expression of tumour suppressor microRNAs, in contrast, is reduced in pri-
mary and metastatic prostate cancer. The microRNAs miR-101, -126*, -330, -15,
-16 and let-7 are all known to have a tumour suppressor function in prostate can-
cer[155][156][157]. More recently, microRNAs have been shown to be of use as
blood-based biomarkers for diagnostic or prognostic classification of prostate can-
cers[158]. High serum levels of the microRNAs miR-141 and miR-375 were shown

to be associated with metastatic prostate cancer[159].

1.5.4 MicroRNAs regulating EMT in prostate cancer

Non-coding RNAs like those of the miR-200 family can inhibit EMT and in-
duce MET. MiRs-200a, -200b, -200c directly target mesenchymal transcription
factors Snail, Slug, ZEB1 and ZEB2 and prevent their protein production post-
transcriptionally. Members of the miR-200 family act as tumour suppressors and
their expression is decreased in breast, prostate and other cancers[160][161][162].
MiR-203 and miR-205 are important mediators of EMT in prostate cancer. Mi-
croRNA profiling in primary vs bone metastatic prostate cancer specimens iden-

tified miR-203 and miR-205 to be significantly downregulated[163][164][165].
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1.6 Prostate cancer animal models
1.6.1 Tumourigenesis models

Mice never naturally acquire prostate cancer; it is thought that this may be due
to their short life span, considering that the human disease commonly occurs in
the later part of life. Hence, prostate cancer tumorigenesis is studied in transgenic
mice tumour suppressor deficiency or oncogenic overexpression. The TRAMP
mouse model was generated by overexpressing the SV40 large T antigen under
the probasin promoter, whose expression is specific to the prostate gland. This
model exhibits many of the features of human disease progression, including intra-
epithelial neoplasia, cancer, hormone refractory tumours and metastasis. Simi-
larly Myc transgenic mice also develop PIN and cancer. Heterozygous knockout
of PTEN in mice results in tumours at multiple sites. However, in the prostate,
changes are limited to epithelial hyperplasia and dysplasia indicating that het-
erozygous PTEN mutations alone are insufficient to produce malignant tumours.
Other models like NKX3.1 knockout mice, androgen receptor and AKT transgenic
mice have been used to study prostate cancer tumorigenesis and progression. How-
ever, none of these models lead to bone metastases, failing to recapitulate a very

important feature of aggressive human prostate cancer[18].

1.6.2 Xenograft models

The xenograft models allow the study of the metastatic process in prostate cancer.
Subcutaneous injection of prostate cancer cells in immune-deficient mice leads to
tumour formation, but the tumours do not exhibit a distant spread. Intra-tibial
models are used to specifically study prostate cancer-induced bone disease but
are problematic due to the bone destruction at the site of injection. Prostate

cancer cells (e.g. PC3, C4-2B, 22Rv1l) are injected into the tibia of immune-
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deficient mice, where they form tumours and importantly, form osteolytic or os-
teoblastic bone lesions. Intra-cardiac metastasis models, involve the injection of
prostate cancer cells (PC3, ARCaPM, 22Rv1) into the left ventricle of immune-
deficient mice[166][167]. Cells injected into the heart colonize distant sites (bone,
liver, lungs, adrenals) which replicates the human disease to a greater extent.
While the intra-cardiac models are limited to the study of the later stage of the
metastatic process, precluding the study of early steps of cancer progression like
local invasion and intravasation of primary tumour cells into the blood vessels and
lymphatics, they do replicate the haematogenous spread of the tumour cells, ex-
travasation and colonisation in distant organs and the associated tumour-stromal
interactions. Both intra-tibial and intra-cardiac mouse models allow the study of
prostate cancer-induced bone disease. Depending on the cell line used, the bone
lesions formed at the tumour sites may be osteolytic, osteoblastic or mixed. PC3
cells have been most commonly used for in vivo studies due to their highly ag-
gressive nature and relatively quick tumour formation, the bone lesions formed are
exclusively osteolytic. As this is dissimilar to the mixed (osteoblastic + osteolytic)
bone disease in human prostate cancer patients, various groups have experimented
with other cell lines to more closely model the human disease. ARCaPM or 22Rv1
cells, when injected intracardially, produce bone tumours associated with mixed
osteoblastic/osteolytic lesions[79][169]. A possible drawback in the use of immun-
odeficient mice is that the lack of host immunity may promote tumour progression
and aggressiveness|[170]. Despite this, xenograft mouse models have provided a
wealth of information about the mechanisms involved in prostate cancer bone

metastasis.
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Figure 1.9: Xenograft mouse models of prostate cancer Different xenograft
mouse models allow study of distinct stages of prostate cancer progression and
metastasis. Orthotopic inoculation tries to replicate the disease from intravasa-
tion to distant metastasis, intra-cardiac or intravenous inoculation models allow
study of extravasation and colonisation in distant sites and intra-tibial injection
of tumour cells is a model of tumour formation and bone disease at the metastatic
site. (Reproduced from Simmons et al.[168], Open access, CC BY-SA 3.0)
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1.7 Osteomimicry

Prostate cancer cells are known to express markers specific to bone cells, includ-
ing Runx2, bone sialoprotein, osteopontin, osteonectin and osteocalcin[171][172].
This is known as osteomimicry. Runx2 expression is elevated in bone metastatic
human prostate cancer samples and is associated with increased aggressiveness
in subclones of PC3 cells[173][83]. The expression of osteopontin is elevated in
both primary and bone metastatic prostate cancers and correlates with MMP9
activity; knockdown of osteopontin in PC3 cells results in decreased colony forma-
tion and apoptosis|[174][175][176][177][178]. The expression of osteocalcin protein
is increased in bone metastatic prostate cancer cells compared to primary tu-
mours[179]. These reports show that a clear link exists between osteomimicry and

prostate cancer progression and bone metastasis.

1.8 Hypothesis and aims

Overall goal

The overall aim of this thesis was to identify novel mechanisms controlling the

function and regulation of osteomimicry in prostate cancer.

Hypothesis

It was hypothesized that the bone metastatic ability of prostate cancer cells is
partly due to osteomimicry, allowing the tumour cells to express bone-specific
factors that increase their survival and metastatic potential. ALPL was the main
focus of this thesis as it is the least studied factor with respect to its direct role
in prostate cancer cells themselves (as opposed to its role as a bone turnover

marker). Further, given the pervasive role of microRNAs as major regulators of cell
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signalling pathways, it was hypothesized that microRNAs regulate osteomimicry

in prostate cancer.
Specific objectives

1. To determine the significance of in vitro mineralization and the role of alkaline
phosphatase in prostate cancer cell survival and EMT (Chapter 3)

2. To determine the effect of ATP on EMT in prostate cancer cells, and whether
ATP mediates the effects of alkaline phosphatase (Chapter 4)

3. To identify novel microRNA regulators of in vitro mineralization, ALP activity

and EMT (Chapter 5)
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All models are wrong, but some are useful.

—George Box, Empirical Model-Building and
Response Surfaces

Materials and Methods

2.1 Cell lines and reagents

ARCaP, ARCaPE and ARCaPM human prostate cancer cells lines were purchased
from Novicure Inc, USA (Cat. 3421, 3423 and 3422 respectively). All three cell
lines were routinely maintained in MCaP medium (Novicure, Cat. 3300) with 5%
fetal bovine serum (FBS) and penicillin-streptomycin, unless otherwise indicated.
C4-2B human prostate cancer cells were a kind gift from Prof. George Thal-
mann, University of Bern, Switzerland, and maintained in RPMI 1640 medium
with 10% FBS, vitamins, non-essential aminoacids, L-glutamine, sodium pyruvate
and penicillin-streptomycin (complete RPMI medium), unless otherwise indicated.
PC3 human prostate cancer cell line, obtained from American Type Culture Collec-
tion (ATCC) were routinely maintained in complete RPMI medium (Sigma) con-
taining 10% FBS and penicillin-streptomycin. All other prostate cancer cell lines

were a kind gift from Dr. Richard Bryant, University of Oxford. 2T3 mouse pre-
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osteoblast cells were obtained from ATCC and maintained in RPMI 1640 medium
with 10% FBS and antibiotics, unless otherwise indicated. Where possible, cell
lines were validated by genotyping. Periodic testing ensured the absence of my-
coplasma contamination in all cell lines. Apyrase was obtained from Sigma (Cat.
A6535), 1 unit of which will liberate 1.0 micromole of inorganic phosphorus per
minute at pH 6.5 at 30 °C. Porcine alkaline phosphatase was obtained from Sigma
(Cat. P4439), 1 unit of which will hydrolyze 1.0 micromole of p-Nitrophenyl Phos-
phate per minute at pH 9.8 at 37°C.

2.2 Transfection
2.2.1 Plasmid DNA transfection

Plasmid DNA was transfected was transfected using Lipofectamine 2000 (Life
Technologies, Cat. 11668019) according to the manufacturer’s protocol. Typically,
24 pg of plasmid DNA in 1 ml of Opti-MEM (Life Technologies, Cat. 31985062)
was mixed with 60 ul of Lipofecamine 2000 in 1ml of Opti-MEM and incubated for
5-10 minutes at room temperature. The DNA-lipofectamine complexes were then

added to cells at 80-90% confluence in 10 ml of antibiotic-free growth medium.

2.2.2 siRNA and microRNA mimic transfection

SiRNA or microRNA mimics were transfected in prostate cancer cells using Lipo-
fectamine RNAiMax (Life Technologies, Cat. 13778-150) according to the manu-
facturer’s protocol. Briefly, cells at 80-90% confluence in a 96-well plate were grown
in antibiotic-free medium. Then, siRNA or microRNA mimics (5 pmol/well) in
5 ul of Opti-MEM were mixed with Lipofectamine RNAiMax (0.3 pl per well)
in in 5 pl of Opti-MEM and incubated at room temperature for 5 minutes to

form nucleic-acid complexes, which were then added to the target cells. De-
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tails of siRNAs are as follows: non-targeting control pool: Cat. D-001206-13-05,
ALPL-targeting ON-TARGETplus siRNA pool: Cat. L-008658-00-0005, SNAI1-
targeting ON-TARGETplus siRNA pool: Cat. L-010847-01-0005, non-targeting
control microRNA mimic: CN-001000-01-05, miR-373 mimic: Cat. C-300680-03-
0002, all of which are from Dharmacon, GE Healthcare (formerly from Thermo
Scientific).

2.3 Lentiviral packaging and transduction

Lentiviral packaging was performed using 293T cells using a 3rd generation pack-
aging system. Briefly, 10 ug of transfer vector, 5 ug of pMDLg/pRRE, 2.5 ug of
pRSV-Rev and 2.5 ug of pPCMV-VSVG were transfected into 293T cells using Lipo-
fectamine 2000 in a 10 cm tissue culture dish and 3 days later, the culture super-
natant containing the lentivirus was collected. The lentivirus was made into a 10
times concentrated stock using the Lenti-X Concentrator Solution (Clontech, Cat.
631232) and was used at a dilution of 1:10 in the cell suspension for transduction.
Hexadimethrine bromide (Sigma, Cat. H9268) was added at a concentration of 10
pg/ml in the cell suspension to enhance transduction efficiency. The transfer vec-
tors are scrambled control (Sigma, Cat. SHC002) or ALPL targeting short-hairpin
RNAs (Sigma, Cat. SHCLNG-NM_000478; TRCN0000052003: CCGGCCCA-
CAATGTGGACTACCTATCTCGAGATAGGTAGTCCACATTGTGGGTTTTTG,
TRCN0000052004: CCGGCGTGGCTAAGAATGTCATCATCTCGAGATGAT-
GACATTCTTAGCCACGTTTTTG, TRCN0000052005: CCGGGCGCAAGAGA-
CACTGAAATATCTCGAGATATTTCAGTGTCTCTTGCGCTTTTTG,
TRCN0000359258: CCGGATGTCTCCATGGTGGACTATGCTCGAGCATAGTC-
CACCATGGAGACATTTTTTG, TRCN0000359332: CCGGAGTATGAGAGT-
GACGAGAAAGCTCGAGCTTTCTCGTCACTCTCATACTTTTTTG), designated
as shSCR and shALPL1-shALPL5 respectively. These plasmids have a pLKO.1
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backbone, which is suitable for both 2nd as well as 3rd generation packaging sys-

tems.

2.4 RNA isolation

Total RNA was isolated from cultured cells using Trizol Reagent (Life Technolo-
gies, Cat. 15596-026) according to the manufacturer’s protocol. Typically, ad-
herent cells cultured in 24-well plates were used for RNA isolation. At the de-
sired time point, the culture medium was discarded, 250ul of Trizol was added
to each well to lyse the cells and homogenised by repeated pipetting. 50ul of
chloroform was then added to the lysate and mixed thoroughly by shaking vigor-
ously, followed immediately by centrifugation at 12000xg/4°C/15 minutes. The
aqueous phase was carefully transferred to a fresh tube, 125ul of 2-propanol (iso-
propanol) was added, and mixed thoroughly by repeated inversion. The solu-
tion was allowed to incubate at room temperature for 10 minutes and then cen-
trifuged at 12000xg/4°C/10 minutes. A pellet of RNA could be seen at this
stage. The supernatant was discarded and the RNA pellet was washed with 70%
ethanol in diethylpyrocarbonate(DEPC)-treated water. The tube was centrifuged
at 7500xg/4 °C/5 minutes, the supernatant was discarded, and the pellet was air-
dried for 5-10 minutes. The RNA pellet was dissolved in 40-50ul nuclease-free
DEPC-treated water. The isolated RNA contains both the small RNA fraction
as well as the mRNA fraction and was quantitated using a Nanodrop. Quality
of the RNA was assessed by measuring the ratios of absorbance (A260/A280 and

A260/A230); ratios greater than 1.8 were considered suitable for further analysis.
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2.5 Real-time quantitative Reverse Transcription-
Polymerase Chain Reaction (qRT-PCR)

MicroRNA quantitative real-time PCR was performed as described in the Tagman
microRNA Assays (Life Technologies) protocol. Briefly, 1 ug of RNA was treated
with DNase I (Fermentas, Cat. EN0521) to eliminate any contaminating genomic
DNA and 10 ng of this RNA was used for reverse transcription using Tagman
microRNA Reverse Transcription Kit (Life Technologies, Cat. 4366596). Real-
time PCR was performed with these samples using Tagman microRNA primers
(Life Technologies) using Tagman Universal Mastermix (Life Technologies, Cat.
4440041). For qRT-PCR of mRNA, 1 ug of DNAse I-treated RNA was reverse
transcribed using iScript ¢cDNA Synthesis Kit (Bio-Rad, Cat. 170-8891). This
cDNA was appropriately diluted and was used in a qPCR reaction with Fast SYBR
Green Real-time Mastermix (Life Technologies, Cat. 4385616) and Quantitect

real-time PCR primers (Qiagen). Primer details are listed in Table 2.1.
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Table 2.1: Primer sequences

Gene symbol Forward primer Reverse primer

ALPL ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA
CDH1 AGGCCAAAGCAGCAGTACATT ATTCACATCCAGCACATCCA
GAPDH QuantiTect Primer Assay #QT01192646 (Qiagen)

KRT14 GGCCTGCTGAGATCAAAGACT TCTGCAGAAGGACATTGGCAT
PIRXT AGTGCGAGTCCATTGTGGAG CGCAGGTCTTGGGACTTCTT
SNAT1 QuantiTect Primer Assay #QT00010010 (Qiagen)

RUNX2 QuantiTect Primer Assay #QT00020517 (Qiagen)

VIM CCTTGAACGCAAAGTGGAATC GACATGCTGTTCCTGAATCTGAG
ZEB1 CCAGGGAGGAGCAGTGAAAG CCCCAGGATTTCTTGCCCTT
RNUGB Cat # 440887 ID: 001093 (Life Technologies)

h=a-miR-203 Cat # 440887 ID: 000507 (Life Technologies)

h=a-miR-373 Cat # 4427975ID: 000561 (Life Technologies)
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2.6 Protein isolation and western blotting

Cultured cells were washed gently with 1X PBS at room temperature to remove
residual growth medium and the recommended amount (for example, 300 ul for
each well of a 6-well plate) of CelLytic M cell lysis reagent (Sigma, Cat. C2978)
plus protease inhibitor cocktail (Sigma) was added to the wells. After incubation
at room temperature for 30 minutes with periodic shaking, the cell lysates were
centrifuged at 12,000xg for 15 minutes to pellet the cell debris. The supernatant
was transferred to a fresh container and the lysates were stored at —20°C until
further use.

The concentration of protein was quantified using a Pierce bicinchonic acid
(BCA) assay kit (Life Technologies, Cat. 23225). This involves a colorimetric
reaction which was read on a plate-reader at 562 nm wavelength and protein
concentrations were calculated using standard curves obtained from serial dilutions
of a bovine serum albumin (BSA) solution (provided in the kit).

These total protein samples were denatured in a denaturing buffer and 20
ug each of the samples was resolved in 4-20% gradient sodium dodecyl sulphate
(SDS)-polyacrylamide gels and transferred on to PVDF membranes (Millipore)
using a semi-dry transfer system (Transblot, Bio-Rad). The membranes were
blocked for 1 hour against non-specific binding with 5% semi-skimmed milk in
tris-buffered saline with 0.2% Tween (TBST), and incubated 1:1000 dilution of
E-cadherin or 1:5000 dilution of -actin primary antibodies (Cell Signalling, Cat.
3195 and Sigma, Cat. A5316 respectively) in TBST at 4 °C overnight, while rock-
ing. Following this, the membrane was washed in TBST 3 times for 10 minutes
duration each, followed by incubation for 1 hour at room temperature with the
secondary antibody (anti-rabbit or anti-mouse respectively) (Cell Signalling). The

membrane was washed 3 times again as above and the Novex ECL Chemilumines-
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cent Substrate Reagent Kit (Life Technologies, Cat. WP20005) was used to detect
the signal on an x-ray film. The intensity of protein bands was measured using

ImageJ[180].

2.7 Cell viability

Viability of cultured cells in vitro was determined using the Alamar Blue assay.
Briefly, a working solution (1 mg/ml) of resazurin (Sigma, Cat. R7017) was added
to the cultured cells at a ratio of 1:10 with respect to the volume of growth medium
(10 pl in each well of a 96-well plate containing 100 ul of growth medium). The cells
were then incubated in the humidified COs incubator at 37°C until a change in
colour was visibly noticeable and the plate was read using a fluorimeter (Fluostar)
(excitation: 545 nm, emission: 585 nm). From the measured raw fluorescence
values, the values from blank wells (growth medium with Alamar Blue but without

cells) were subtracted to eliminate background fluorescence.

2.8 YO-PRO-1 staining

YO-PRO-1 iodide stain (Life Technologies, Cat. Y3603) (stock concentration: 1
mM in DMSO) was added to the growth medium of cells growing in 96-well plates,
to a final concentration of 1 pM (1:1000 dilution). The cells were then incubated
in the humidified CO4 incubator at 37°C for 60 minutes and the plate was read
using a fluorimeter (excitation: 490 nm, emission: 510 nm). From the raw readings,
the values from blank wells (growth medium with YO-PRO-1 without cells) were

subtracted to eliminate background fluorescence.
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2.9 Alkaline Phosphatase (ALP) activity assays
2.9.1 Staining for alkaline phosphatase activity

Staining for alkaline phosphatase activity was performed using the Leukocyte Alka-
line Phosphatase Kit (Sigma, Cat. 85L1) according to the manufacturer’s protocol.
Briefly, a solution of Fast Blue RR salt was made by dissolving the contents of 1
capsule in 48 ml of deionised water. A working solution was prepared by mixing
Naphthol AS-MX solution to Fast Blue RR solution (2:48 ml ratio). Cells were
fixed in tissue culture plate with 10% Formalin for 10 minutes at room tempera-
ture, washed once with deionised water and the working solution of the stain was
added to the plate. It was then incubated at room temperature for 30 minutes in
the dark. The wells were subsequently washed once with deionised water and the

plate was scanned with a flat-bed scanner; blue staining indicates ALP activity.

2.9.2 Quantitative measurement of alkaline phosphatase
activity
Cell lysates were obtained as described above. A 20X stock solution was made by
dissolving 1.025mg/mL of 4-methylumbelliferyl phosphate (substrate for alkaline
phosphatase; Sigma, Cat. M8168) in 50mM Tris (pH 8) buffer. A working solution
was made by diluting the stock solution with 50mM Tris (pH 8) buffer. To 60 ul
cell lysate or conditioned medium in an opaque 96-well plate, 100 ul of working
substrate solution was added and incubated in the dark at 37°C for 45 minutes.
Subsequently, the reaction was stopped by adding 100 ul of 1M Na,COj3 and
the plate was read in a fluorimeter at an excitation wavelength of 360 nm and
an emission wavelength of 450 nm. The fluorescence reading is proportional to

alkaline phosphatase activity.
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2.10 Mineralization assay

For mineralization assays, cells were grown in osteogenic medium (20 mM /(-
glycerophosphate, 50 mM ascorbic acid in a-MEM with 10% FBS) for 2-3 weeks or
as indicated; osteogenic medium was changed every 3 days. At the end of the ex-
periment, cell culture medium was discarded and the adherent cells at the bottom
of the wells were fixed with 10% formalin for 10-15 minutes. Alizarin Red S (ARS)
staining: After fixation with formalin, the wells were washed once with deionised
water and Alizarin Red S solution (40 mM in water, pH 4.1-4.3) was added to
the wells to completely cover the cell layer. After incubation in ARS solution for
30 minutes, the wells were washed with deionised water 3 times, photographed
under a Nikon inverted microscope and the entire plate was scanned on a flat-bed

scanmner.

2.11 Small RNA-sequencing

RNA from cells was extracted by the TRIzol method as described above and
library preparation, small RNA-sequencing and data analysis was performed on the

[Nlumina platform at the Wellcome Trust Centre for Human Genetics, University

of Oxford.

2.12 Statistics

All statistical analyses were performed using Graphpad Prism. Comparisons be-
tween 2 groups of data were performed using two-tailed unpaired Student’s t test.
Variances of data between the two groups were compared using an F test; where
there was unequal variance between the two groups, Welch’s correction was used.
For comparisons between more than 2 groups, multiple t test with Holm-Sidak

correction was used. In all cases, significance was assumed at o < 0.05. For small
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RNA-sequencing data, p values were adjusted using Bonferroni’s correction over

the raw p values.
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Life is full of mystery, yeah

But there are answers out there
And they won’t be found

By people sitting around
Looking serious

And saying, isn’t life mysterious?

—Tim Minchin, Storm

Alkaline phosphatase regulates
EMT and cell survival in bone
metastatic prostate cancer cells

3.1 Introduction
3.1.1 Osteomimicry

Prostate cancer cells are known to express osteoblast markers and this is termed as
osteomimicry (described earlier in Chapter 1 1.7). Koeneman et al.[171] proposed
that osteomimicry may help prostate cancer cells to survive better in the bone
microenvironment. A number of osteoblast-specific genes are expressed in prostate
cancer cells and many reports have demonstrated their functional role in prostate

cancer progression and metastasis(summarised in Table 3.1).
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Table 3.1: Role of osteoblast-specific genes in prostate cancer

Osteoblast Phy51ol(?glcal Role in PCa Reforence
marker function
Alkaline Mineral (unknown)
phosphatase deposition
Runx2 Transcription Pro-metastatic [83][181]
factor
Osteopontin organic matrix proliferative, [174])[175][176][177][178]

pro-invasive,
pro-metastatic

Bone Sialoprotein  organic matrix pro-metastatic [182][183][184]

Osteocalcin organic matrix Pro-metastatic [179]

Osteonectin organic matrix inhibits growth, [185][186][187]
pro-metastatic

Collagen organic matrix pro-migratory, [188][189]

pro-invasive

3.1.2 In wvitro mineralization in prostate cancer cells

Mineral deposition in vitro is widely considered as evidence for osteoblast function.
It has been used as a defining functional assay for the confirmation of primary os-
teoblasts as well as in differentiation studies using pre-osteoblasts or mesenchymal
stem cells. Addition of osteogenic factors (e.g. BMP2, ascorbic acid) to the growth
medium of cultured cells results in the differentiation of pre-osteoblasts to mature
osteoblasts; S-glycerophosphate is a source of organic phosphate from which alka-
line phosphatase catalyses the formation of calcium phosphate (the calcium is de-
rived from the growth medium). Osteoblasts obtained from ALPL knockout mice
are unable to deposit calcium phosphate in vitro, demonstrating the importance of
the enzyme in in vitro mineralization[53]. Due to their osteotropic nature, in vitro
mineralization of prostate cancer cells has been a focus of a number of studies.
C4-2B cells, which are a derivative of LNCaP, are able to form osteoblastic bone

lesions in intra-tibial mouse models. Lin et al[190] showed that they can mineral-
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ize wn wvitro and also express alkaline phosphatase in addition to other osteoblast
markers. 22Rv1 cells, a derivative of CWR22 cells, can also form bone ’spicules’ at
the site of tumours in intra-tibial mouse models. Further, the majority of prostate
cancer cells can mineralize in vitro whereas non-cancer prostate cell lines do not

exhibit this behaviour[191].

3.1.3 Alkaline phosphatase (bone/liver/kidney) (ALPL)

ALPL or tissue non-specific alkaline phosphatase (TNAP) is an enzyme that is, as
the name implies, normally expressed in many tissues like bone, liver, kidney, lungs
and leukocytes. ALP activity is considered an important marker of osteoblast
activity as it catalyses the formation of the inorganic mineral part of the bone
matrix. ALP activity in serum is also a marker of bone turnover in prostate
cancer patients with bone metastasis. However, the expression and function of

ALPL in prostate cancer cells themselves has never been explored.

3.2 Aim

In contrast to other major osteoblast markers, very little is known about the ex-
pression and role of ALPL in prostate cancer. Therefore, it was aimed to determine
the effect of ALPL in prostate cancer cell biology, specifically on EMT and cell

survival.

3.3 Methods
3.3.1 In wvitro migration assay

Migration was measured n vitro using a “wound healing” assay. For this, cells
were grown in 24-well plates in the desired conditions until they are fully confluent,

and a scratch “wound” was made in the cell layer using a 20-200 ul pipette tip.
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Following this, floating cells were removed by gently washing the wells 3 times
with 1X PBS, and fresh growth medium was added to the wells. The cells were
incubated at 37 °C in a humidifying incubator with 5% CO, and microscopy images

were obtained at 4X magnification every 6 hours up to a maximum of 48 hours.

3.3.2 Data mining

Gene expression data from the Cancer Cell Line Encyclopaedia (CCLE) and the
Memorial Sloan-Kettering Cancer Center (MSKCC) datasets, available at cBioPor-
tal[192] were mined using R statistical software[193]. Example code that was used
to fetch the data from the MSKCC dataset is listed in Appendix B. To analyse cor-
relation between various gene expression sets, Pearson’s (r) and Spearman’s (rho,
p) correlation or coefficients were used. A coefficient of <+(-)0.36 was considered
as weak positive (negative) correlation, +(-)0.36 - +(-)0.6 as moderate positive

(negative) correlation and >+(-)0.6 as strong positive (negative) correlation[194].

3.4 Results

3.4.1 ARCaPE/M cells are a model of epithelial-mesenchymal
transition

ARCaPM cells form bone metastases in vivo, and in combination with ARCaPE,
represent a good model to study EMT. To confirm that these cells were exhibiting
the reported characteristics, we compared their morphology, cell death and markers
of EMT. ARCaPE and ARCaPM cells differed in their shape in in vitro monolayer
cultures: ARCaPE cells exhibited an epithelial morphology, characterised by a
predominantly rounded appearance and increased cell-cell adherence evidenced by
a tendency to grow in clusters (Fig. 3.1A). ARCaPM cells exhibited 50% less
cell death, measured by YO-PRO-1 staining (P<0.05) (Fig. 3.1B), compared to
ARCaPE cells. ARCaPE cells have previously been reported to express higher
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Figure 3.1: ARCaPE and ARCaPM cells are a model of epithelial-
mesenchymal transition. (A) Morphology of ARCaPE and ARCaPM cells,
under phase contrast microscopy at 200X magnification. (B) Cell death in AR-
CaPE and ARCaPM cells was quantified using YO-PRO-1 dye fluorimetry. (C)
E-cadherin (CDH1) and (D) Vimentin (VIM) gene expression in ARCaPE and AR-
CaPM cells were measured by SYBR Green real-time PCR and normalized with
GAPDH expression. ARCaPE and ARCaPM cells were grown for 72 hours in
complete growth medium. (Data are representative of 3 independent experiments
and shown as mean + S. E. * P <0.05, *** P <0.001)

levels of epithelial markers and lower levels of mesenchymal markers compared
to ARCaPM cells[80]. Expression level of E-cadherin mRNA was 95% lower
(P<0.001) (Fig. 3.1C) and vimentin mRNA 80% higher (P<0.001)(Fig. 3.1D) in
ARCaPM compared to ARCaPE.
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3.4.2 ARCaPM cells express high levels of ALPL

The expression of osteoblast markers by prostate cancer cells is termed as os-
teomimicry. Alkaline phosphatase (ALP) is expressed in high amounts in os-
teoblasts and is considered a defining feature of mature osteoblasts. ARCaPM
cells expressed a high level of ALPL mRNA whereas there was little or no expres-
sion in ARCaPE (P<0.001) (Fig. 3.2A). ALP activity was also significantly higher
in ARCaPM cells compared to ARCaPE cells, measured both by a quantitative
fluorescent assay (P<0.0001) (Fig. 3.2B) as well as qualitatively using a Leukocyte
ALP staining kit (Fig. 3.2C). The mouse pre-osteoblast cells 2T3 are known to

stain for ALP activity and were used as a positive control here[195].
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Figure 3.2: ARCaPM cells express high levels of ALPL mRNA and
ALP activity compared to ARCaPE cells. (A) ALPL gene expression was
measured by SYBR Green real-time PCR and normalized with GAPDH expres-
sion. (B) ALP activity in ARCaPE and ARCaPM cell lysates was measured using
a fluorogenic ALP substrate and normalized with total protein concentrations.
(C) ALP activity in confluent monolayers of ARCaPE, ARCaPM and 2T3 cells
was measured using Leukocyte ALP staining kit. (Data are representative of 3
independent experiments and are shown as mean £+ S. E. *** P <0.001, **** P
<0.0001)
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3.4.3 Differential expression of ALPL in a panel of prostate
cell lines

ALPL mRNA expression was measured in a panel consisting of non-tumourigenic
prostate (PNT1la, PNT2), non-metastatic prostate cancer (ARCaP, ARCaPE,
LNCaP, MDA-PCa-2a, MDA-PCa-2b), bone-metastatic prostate cancer (ARCaPM,
C4-2B, VCaP, PC3), prostate cancer cells that metastasize to sites other than
bone (LNCaP-LN3, C4-2, DuCaP, Dul45), breast cancer (MCF7) and bone mar-
row stromal (HS-5) cell lines (Table 3.2)(Fig. 3.3A). ARCaPM cells expressed the
highest amount of ALPL among all prostate cell lines, followed by VCaP, DuCaP
and PC3. The human bone marrow stromal cell line HS-5 also expressed a high
level of ALPL. ALPL mRNA expression data in prostate cancer cell lines was also
mined from the Cancer Cell Line Encyclopaedia (CCLE) dataset[196]. The CCLE
dataset consists of 7 prostate cancer cell lines: 22Rv1, Dul45, LNCaP, MDA-PCa-
2b, NCIH660, PC3 and VCaP. In this dataset, ALPL expression was highest in
22Rv1 cells, followed by PC3, Dul45 and VCaP (Fig. 3.3B).
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Table 3.2: List of prostate cancer cells and their metastatic potential in

animal models [197][198]

Metastatic

Nature of

Cell line potential bone lesions Reference
ARCaP moderate NA [143]
ARCaPE very low NA [79]
ARCaPM high osteoblastic + os-  [79]

teolytic
LNCaP very low NA [168]
LNCaP-LN3 moderate NA [168]
C4-2 high NA [168]
C4-2B high osteoblastic [168]
VCaP (unknown) NA [199]
DuCaP (unknown) NA -
PC3 very high osteolytic [168]
Dul45 low NA [200]
MDA-PCa-2a (unknown) NA
MDA-PCa-2b (unknown) osteoblastic [201]
PNT1a NA NA -
PNT2 NA NA -
22Rv1 moderate osteolytic + os- [167][169]
teoblastic
NCIH660 (unknown) NA -
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Figure 3.3: ALPL gene expression in prostate cancer cell lines (A)

ALPL mRNA expression in a panel, consisting of non-tumourigenic prostate, non-

metastatic prostate cancer, bone-metastatic prostate cancer, prostate cancer cells

that metastasize to sites other than bone, breast cancer and myeloma cell lines,
was measured using SYBR Green real-time RT-PCR and normalized with GAPDH

expression. Data are shown as mean of 3 replicates. (B) ALPL mRNA expression

data for a panel of 7 prostate cancer cell lines was mined from the Broad /Novartis

Cancer Cell Line Encyclopaedia dataset on cBioPortal. “B” denotes cell lines that

form bone metastases in in vivo models.
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3.4.4 ARCaPM cells, but not ARCaPE, mineralize in vitro

In vitro mineralization is a defining feature of osteoblasts and alkaline phosphatase
expressed by osteoblasts is crucial for this process. Therefore, we aimed to deter-
mine whether ARCaPE and ARCaPM cells differed in their ability to mineralize
in vitro. ARCaPM cells were grown for 21 days in osteogenic medium (contain-
ing ascorbic acid and [-glycerophosphate), with the medium changed every 2-3
days, were stained intensely with Alizarin Red, indicating the presence of cal-
cium deposits (Fig. 3.4A and 3.4B). In constrast, ARCaPE cells cultured under
the same conditions did not mineralize. In wvitro mineralization in 2T3 mouse
pre-osteoblasts, although a faster process (10 days), produced a similar staining

pattern as seen through the microscope (Fig. 3.4C).
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Staining for mineralizationin vitro

ARCaPE

ARCaPM

Figure 3.4: ARCaPM cells deposit inorganic mineral in vitro whereas
ARCaPE cells do not mineralize. (A) ARCaPE and ARCaPM cells were
grown in control or osteogenic medium for 21 days and stained (red) for mineral
deposition using Alizarin Red S. (B) Bright-field microscopy (4X magnification)
of ARCaPM cells in control or osteogenic medium, showing areas of mineral de-
position in red. (C) Bright-field microscopy (20X magnification) of 2T3 mouse
pre-osteoblasts and ARCaPM cells showing areas of mineralization in red. Images

are representative of >5 independent experiments in triplicates.
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3.4.5 Knockdown of ALPL induces change in morphology
and induces cell death in ARCaPM cells

While in vitro mineralization is known to occur in C42B[190] and other prostate
cancer cells[191], the role of alkaline phosphatase has never been explored in
prostate cancer progression and metastasis. ALPL expression was knocked down in
ARCaPM cells using lentiviral delivery of shRNA. Knockdown was confirmed by a
significant decrease of ALPL mRNA levels by up to 90% (Fig. 3.5A) (P<0.05) and
a significant decrease in ALP activity by up to 80% (Fig. 3.5B) (P<0.001). ALPL
knockdown resulted in a marked change in the morphology of ARCaPM cells from
a spindle-shaped, scattered appearance to a rounded shape and cells aggregating
in clusters (Fig. 3.5C). Knockdown of ALPL in ARCaPM cells also decreased vi-
ability by 50%, measured by Alamar Blue assay (Fig. 3.6A) and increased cell
death by 40-50%, measured by YO-PRO-1 staining (Fig. 3.6B).
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Figure 3.5: Efficient knockdown of ALPL in ARCaPM cells alters their
morphology. (A) ALPL mRNA expression was measured in ARCaPM cells,
72 hours following lentiviral transduction of control (shSCR) or ALPL-targeting
(shALPL2, shALPL3) shRNAs, using real-time RT-PCR and normalized with
GAPDH expression. (B) ALP activity was measured in ARCaPM cells trans-
duced with control or ALPL-targeting shRNA, using a fluorogenic substrate. (C)
Morphology of control or ALPL knockdown ARCaPM cells imaged using phase
contrast microscopy at 10X magnification. (Data are representative of 3 indepen-

dent experiments and are shown as mean + S. E. * P <0.05, *** P <0.001)
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Figure 3.6: Efficient knockdown of ALPL in ARCaPM cells reduces
cell viability and increases cell death. (A) Cell viability was measured in
ARCaPM cells following ALPL knockdown (72 hours after lentiviral transduction)
using Alamar Blue assay (B) Cell death was measured using YO-PRO-1 staining.
(Data are representative of 3 independent experiments and are shown as mean +
S. E. ¥ P <0.01, **** P <0.0001)
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3.4.6 Knockdown of ALPL reduces migration in ARCaPM

Knockdown of ALPL in ARCaPM cells resulted in significantly (P<0.0001) de-
creased migration by up to 80% as seen in an in vitro scratch assay, quantitated
using ImageJ software (Fig. 3.7).
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Figure 3.7: Knockdown of ALPL in ARCaPM cells decreases migration
(A) Scratch assay following ALPL knockdown (48 hours after lentiviral trans-
duction) in ARCaPM cells was imaged using phase contrast microscopy at 4X
magnification. (B) Cell migration was quantified from the scratch assay using
ImageJ analysis software to calculate distance migrated in 24 hours. (Data are

representative of 2 independent experiments in triplicates, shown as mean + S. E.
Rk P <0.0001)
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3.4.7 ALPL knockdown results in increased expression of
E-cadherin

Transient transfection of siRNA targeting ALPL in ARCaPM resulted in a sig-
nificant reduction in ALPL mRNA levels by 70% (P<0.0001) (Fig. 3.8A). ALPL
knockdown resulted in a significant (P<0.001) increase in the expression of E-
Cadherin mRNA by 1000% (Fig. 3.8B) and also an increase in E-Cadherin protein
(Fig. 3.8C). However, there was no significant change in the expression of Vimentin

or ZEB1 (Fig. 3.8D and 3.8E).

3.4.8 Knockdown of ALPL induces change in morphology,
reduction in viability and increased cell death in PC3
cells

PC3 cells are often used as a model of bone metastatic prostate cancer in in
vivo mouse models. In addition, this study revealed ALPL expression in PC3
cells. Hence, ALPL was knocked down using siRNA in PC3 cells; knockdown
was confirmed by a reduction in ALPL mRNA expression, measured by SYBR
Green real-time RT-PCR (Fig. 3.9A) (P<0.05). This resulted in decreased Alamar
Blue activity (Fig. 3.9B) (p<0.0001) and increased YO-PRO-1 staining (Fig. 3.9C)
(P<0.05), indicative of decreased viability and increased cell death respectively.
ALPL knockdown also altered PC3 cells from mesenchymal to epithelial morphol-
ogy (Fig. 3.9D).
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Figure 3.8: Knockdown of ALPL in ARCaPM cells results in increased
expression of epithelial marker E-cadherin (A) ALPL-targeting or control
siRNA (50 nM) was transfected into ARCaPM cells for 72 hours and ALPL mRNA
was measured using SYBR Green real-time RT-PCR. (B) E-cadherin mRNA and
protein expression were quantified in ALPL knockdown or control ARCaPM cells
using SYBR Green real-time RT-PCR, or Western blotting respectively. (C) Vi-
mentin and ZEB1 mRNA expression were measured in ARCaPM cells following
ALPL knockdown using SYBR Green real-time RT-PCR. All mRNA expression
data were normalized with GAPDH expression. (Data are representative of 3 in-

dependent experiments in triplicates and are shown as mean + S. E. * P <0.05,

#00E P 20.0001)
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Figure 3.9: Knockdown of ALPL induces change in morphology, reduc-
tion in viability and increased cell death in PC3 cells (A) ALPL mRNA
was measured in PC3 cells transfected for 72 hours with ALPL-targeting shRNA
using real-time RT-PCR. (B) Cell viability was measured using Alamar Blue assay.
(C) Cell death was measured using YO-PRO-1 dye staining. D. Cell morphology
was imaged using a Nikon inverted microscope at 10X magnification. (Data are
representative of 2 independent experiments in triplicates and are shown as mean

+ S. E. * P <0.05, **** P <0.0001)
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3.4.9 Inhibition of ALP activity with levamisole decreases
cell viability and induces cell death in ARCaPM cells

Levamisole is commonly used as an inhibitor of ALP activity in wvitro and in
vivo[202]. Hence, it was used as a tool to pharmacologically inhibit ALP activity
in prostate cancer cells and determine its effects on cell viability. Levamisole inhib-
ited the intrinsic alkaline phosphatase activity present in growth medium without
cells (containing 10% fetal bovine serum) in a concentration-dependent manner,
with ALP activity reaching background levels (equivalent to that in serum-free
medium) at 6 mM concentration (Fig. 3.10A). Levamisole decreased viability in
ARCaPM cells in a concentration-dependent manner, with little or no effect at 0 -
1 mM concentration and a significant reduction by 40% (P<0.0001) at 6 mM con-
centration (Fig. 3.10B). A concomitant concentration-dependent increase in cell
death was observed in levamisole-treated ARCaPM cells, with a 300% increase at
6 mM concentration (Fig. 3.10C). However, no significant reduction in cell viabil-
ity or increase in cell death were observed at levamisole concentrations less than 3
mM, whereas there was a significant inhibition of ALP activity. Preliminary exper-
iments with 22Rv1 also showed a similar decrease in cell viability upon levamisole

treatment (Fig. A.1).
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Figure 3.10: Pharmacological inhibition of ALP activity decreases via-
bility and induces cell death in ARCaPM cells in a concentration de-
pendent manner. (A) Intrinsic ALP activity was measured in complete growth
medium without cells (containing 10% fetal bovine serum) with increasing concen-
trations of levamisole using a fluorogenic substrate assay. (B) Cell viability was
measured in ARCaPM cells treated with levamisole for 24 hours using Alamar
Blue fluorimetric assay. (C) Cell death was measured in ARCaPM cells treated
with levamisole for 24 hours using YO-PRO-1 dye. (Data are representative of 3
independent experiments in triplicates and are shown as mean + S. E. ** P <0.01,

0K P 20.0001)
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3.4.10 Snail knockdown in ARCaPM cells results in de-
creased ALP activity

The results above demonstrate that alkaline phosphatase regulates EMT in AR-
CaPM cells. Since ARCaPE and ARCaPM cells differ both in terms of EMT
and alkaline phosphatase expression, it was aimed to determine the effect of EMT
on alkaline phosphatase. Snail (SNAI1) is a key transcription factor that regu-
lates EMT in prostate cancer. Transfection of SNAIl-targeting siRNA resulted in
a 40% reduction (P<0.05) (Fig. 3.11A) in Snail mRNA expression compared to
control siRNA-transfected ARCaPM cells, measured by real-time RT-PCR. Snail
knockdown in ARCaPM cells led to a 20% reduction in ALP enzymatic activity
(P<0.01) (Fig. 3.11B). SNAI1 knockdown also resulted in a change from mes-
enchymal to epithelial morphology, confirming the effect on EMT in ARCaPM
cells (Fig. 3.11C).

73



ALPL regulates EMT and cell survival in prostate cancer cells

A B
0.3+ * 50+
| I —
I *%
404
5 02- >
o 'S 304
= o
; —J 204
o 011 <
104
0.0 0

Controi siRNA SNAI1 siRNA Controi siRNA SNAI1 siRNA

siSCR siSNAIL
Figure 3.11: Snail knockdown in ARCaPM cells results in decreased
ALP activity (A) siRNA-mediated SNAI1 (50 nM for 72 hours) knockdown in
ARCaPM cells was confirmed by measuring SNAI1 mRNA expression using SYBR
Green real-time RT-PCR and normalizing it with GAPDH expression. (siSCR -
scrambled control siRNA) (B) ALP activity in SNAI1 knockdown ARCaPM cell

lysates was measured using a fluorogenic substrate assay and normalized to total

protein concentration. (C) Microscopic images (10X magnification) of ARCaPM
cells transfected with control or SNAI1 siRNA. (Data are representative of 2 in-
dependent experiments in triplicates, shown as mean = S. E. * P <0.05, ** P
<0.01)
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3.4.11 Alkaline phosphatase expression correlates positively
with Snail and negatively with PTEN expression in
patients with prostate cancer

The above results demonstrated an important role for ALPL in two different
prostate cancer cell lines, ARCaPM and PC3. However it is important to corrobo-
rate such in vitro findings in patient samples. Gene expression data from a publicly
available dataset Taylor et al.[203] (MSKCC dataset) were mined from cBioPor-
tal[192]. It consists of 150 samples for which complete mRNA expression data are
available, of which 131 samples are from primary prostate adenocarcinoma and
19 from bone/liver/lung/lymph node metastases. Correlation of ALPL expression
against other genes of interest, which have been implicated in EMT and/or tumour
biology, was measured using Spearman’s Rank correlation coefficient (rho, p) or
Pearson’s correlation coefficient (r). High ALPL levels were associated with high
SNATL levels, as seen by a moderate positive correlation (p = 0.5827, r = 0.5120)
(P<0.0001) (Fig. 3.12A). When the samples were sorted according to their ALPL
expression and equally divided into two groups one with lower ALPL expression
(designated as “ALPL low”) and the other group with higher ALPL expression
(designated as “ALPL high”), SNATII expression was significantly higher in “ALPL
high” samples (P<0.0001)(Fig. 3.12B). PTEN is a tumour suppressor frequently
mutated in prostate cancer. Loss of PTEN is also associated with EMT due to con-
sequent activation of the PI3K/AKT signalling pathway. In the MSKCC dataset,
high ALPL expression was associated with low PTEN expression, as seen by a
moderate negative correlation (p = -0.5487, r = -0.3338) (P<0.0001) (Fig. 3.12C).
Further, PTEN expression in “ALPL high” samples was significantly lower com-
pared to “ALPL low” samples (P<0.0001) (Fig. 3.12D). ALPL expression was
weakly negatively correlated with both E-cadherin (p = -0.3614, r = -0.3051)
(P<0.001) and ZEBI1 expression (p = -0.2888, r = -0.2494)(P<0.01)(Fig. A.2).
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Figure 3.12: ALPL expression is positively correlated with SNAI1 and
negatively correlated with PTEN expression in human prostate cancer
samples in the MSKCC dataset (A) mRNA expression data was mined from a
previously published dataset. ALPL mRNA expression was plotted against SNAI1
expression or (C) PTEN expression. Solid lines represent linear regression and
the dotted lines are 95% confidence intervals. (B) SNAIL or (D) PTEN mRNA
expression from ALPL low and ALPL high samples; upper and lower whiskers
represent maxima and minima whereas the three horizontal lines of the boxes

depict upper, median and lower quartiles. (**** P <0.0001)
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3.5 Summary

These data demonstrate that ARCaPM, 22Rv1, VCaP, DuCaP and PC3 prostate
cancer cells express high levels of ALPL mRNA. The isogenic cell lines ARCaPE
and ARCaPM exhibit an epithelial or mesenchymal phenotype respectively and
differ significantly with respect to alkaline phosphatase: both ALPL mRNA as well
as ALP activity are significantly higher in ARCaPM cells compared to ARCaPE.
ARCaPM cells can also mineralize in vitro while ARCaPE cells do not exhibit this
behaviour.

Lentiviral shRNA-mediated knockdown of ALPL is effective in ARCaPM cells,
evidenced by a significant decrease in both ALPL mRNA and ALP activity levels.
ALPL knockdown using this method in ARCaPM cells resulted in a change from
mesenchymal to epithelial morphology. There was a concomitant decrease in mi-
gration in vitro and a significant decrease in cell viability and increase in cell death.
ALPL knockdown in ARCaPM cells resulted in a marked increase in E-cadherin
mRNA and protein levels. Similarly, ALPL knockdown in PC3 cells, confirmed
by decreased ALPL mRNA expression, resulted in a change from mesenchymal to
epithelial morphology, decreased viability and increased cell death.

Knockdown of Snail, an oncogenic EMT transcription factor resulted in a mod-
est decrease in ALP activity in ARCaPM cells. Snail expression was significantly

and positively correlated with ALPL expression in human prostate cancer samples

in the MSKCC dataset.

3.6 Conclusions

The aim of this study was to determine the role of ALPL in prostate cancer
bone metastasis. The results presented here demonstrate that ALPL is a crucial

regulator of EMT and cell death in ARCaPM and PC3 prostate cancer cells.
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3.6.1 ARCaP model

ARCaPE and ARCaPM cells have been reported to differ in their ability to metas-
tasize to bone in a xenograft mouse model[80][79][63][151]. They also exhibit
distinct morphologies in vitro: ARCaPE cells are rounded and grow in clusters
whereas ARCaPM cells are more elongated and scattered in adherent cell culture.
ARCaPM cells exhibit significantly less cell death compared to ARCaPE cells. As
has been shown previously by Zhau et al.[80], ARCaPE cells express very high
levels of E-cadherin and ARCaPM cells express high levels of vimentin mRNA.
This, in conjunction with their in vitro morphology, confirms that ARCaPE and
ARCaPM cells exhibit epithelial and mesenchymal phenotypes respectively.

3.6.2 In wvitro mineralization and ALP activity

In vitro mineralization is routinely used as a marker of osteoblast function. Os-
teogenic medium contains (-gycerophosphate, ascorbic acid and dexamethasone.
The alkaline phosphatase secreted by osteoblasts catalyses the cleavage of the phos-
phate group. The liberated phosphate group in turn combines with free calcium
in the growth medium to produce calcium phosphate. This is thought to be a re-
flection of the mineralization process in vivo where alkaline phosphatase similarly
catalyses the cleavage of phosphate groups from various substrates like pyridoxal
phosphate and ATP, which results in the formation of the inorganic mineral compo-
nent of bone called hydroxyapatite Cas(PO,)?>(OH). The alkaline phosphatase in
osteoblasts is expressed by the ALPL gene and is also called ALP (liver/bone/kid-
ney) or tissue non-specific alkaline phosphatase (TNAP). It is demonstrated here
that ARCaPM prostate cancer cells can mineralize in vitro whereas the isogenic
ARCaPE cells do not mineralize. ARCaPM cells also exhibited a very high basal
ALPL expression and ALP activity compared to ARCaPE cells. Other prostate

cancer cells have previously been shown to mineralize in vitro, including C4-2B, a
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derivative of LNCaP. While C4-2B cells did not express a high basal level of ALP,
its expression has been shown to increase during prolonged culture in osteogenic
medium[190].

It can be speculated that high basal expression of ALP mRNA and activity is
associated with the development of osteoblastic bone disease. Intratibial injection
of C42B cells in mice results in the formation of osteoblastic bone tumours[204].
Similarly, a subclone of PC3 cells which express high levels of alkaline phosphatase,
when injected intratibially in mice, form osteoblastic tumours in contrast to the
osteolytic bone tumours typically formed by PC3 cells[205]. Intracardiac injec-
tion of ARCaPM cells results in bone tumours of a mixed nature involving both
osteolytic and osteoblastic components[145]. Similarly, intracardiac or intratibial
injection of 22Rv1 causes ostoblastic bone tumour formation[167]. These reports
in conjunction with the present study suggest that osteoblastic bone disease may

be associated with high expression of alkaline phosphatase.

3.6.3 Role of ALPL in EMT

Efficient knockdown of ALPL in ARCaPM cells resulted in mesenchymal-epithelial
transition (MET) characterised by a change in morphology and a significant in-
crease in E-cadherin mRNA and protein expression. Interestingly, there was no
change in the expression of the mesenchymal markers vimentin and ZEB1, sug-
gesting that ALPL-regulated EMT is mainly mediated by E-cadherin. However,
the expression of other mesenchymal markers like Snail, Slug, Twist and ZEB2
was not measured in ALPL-knockdown ARCaPM cells; this needs to be deter-
mined in future studies. ALPL knockdown also decreased viability and increased
cell death ARCaPM, PC3 and 22Rvl1 cells. Levamisole, a well known inhibitor
of ALP activity, also decreased viability and increased cell death in ARCaPM

and PC3 cells, showing that levamisole can be used as a tool to study the role
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of ALP in witro. ALPL knockdown resulted in a significantly decreased in vitro
migration in ARCaPM cells, consistent with mesenchymal-epithelial transition.
Taken together, these effects of alkaline phosphatase demonstrate a crucial role
for it in prostate cancer cell proliferation and survival as well as their metastatic
potential. However, the mechanism through which ALPL regulates these func-
tions is not clear. Known substrates of alkaline phosphatase include the purine
nucleotide ATP, pyrophosphate (PPi) and pyridoxal phosphate[206]. It is possible
that one or more of these substrates are produced by the prostate cancer cells
themselves and can induce MET and cell death; it may then be postulated that
high ALP activity reduces the levels of these substrates in the pericellular space,
through dephosphorylation. Loss of ALPL expression, and therefore ALP activity,
would then result in increased growth-inhibitory substrates, leading to the effects
observed upon ALPL knockdown. Pyridoxal phosphate (PLP) is a functionally im-
portant molecule that depends on cleavage by ALP activity for transport through
the plasma membrane into the intracellular space[49]. However, it was consid-
ered unlikely to be a potential mediator of the effects observed in ARCaPM and
PC3 cells in in wvitro cultures because in cell culture media like RPMI, DMEM
and T-medium, it is available as a non-phosphorylated pyridoxine form (pyridox-
ine.HCI) (table B.1) ensuring its transport through the cell membrane without the
necessity of dephosphorylation by ALP. As ATP is known to be expressed extra-
cellularly in the tumour microenvironment, is known to induce apoptosis in PC3
cells[207] and since ALPL/TNAP is known to exert functional effects through its
ecto-nucleotidase activity[208][209], ATP was considered as a primary candidate
to explain the effects of ALPL knockdown. This is further explored in Chapter 4.

Alkaline phosphatase is expressed in promordial germ cells in most mammals,
which form the urogenital sinus. Rat prostatic stromal cells express alkaline phos-

phatase whereas epithelial cells do not express it[210]. This suggests that alkaline
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phosphatase may even have a role in the development of the male urogenital system
and prostate gland.

Snail is a transcription factor which is important in EMT and is used as a
marker of mesenchymal phenotype. Increased expression of Snail induces EMT and
conversely, decreasing its expression causes MET. Knockdown of Snail in ARCaPM
cells resulted in a change from mesenchymal to epithelial morphology as expected.
More interestingly, Snail knockdown resulted in a modest, but significant, decrease
in ALP activity. This suggests that alkaline phosphatase itself is regulated by Snail,
although it is doubtful whether such a small effect is biologically relevant.

Previously published RNA expression datasets are publicly available for anal-
ysis at websites like cBioPortal and ArrayExpress. These represent a wealth of
information waiting to be analysed based on specific research questions. In this
study, mRNA expression data was obtained from Taylor et al.[203], referred to
here as the Memorial Sloan-Kettering Cancer Centre (MSKCC) dataset, using
cBioPortal. The analysis identified a moderate positive correlation between the
expression of ALPL and SNAI1. While this result on its own must be interpreted
with caution, as “correlation does not imply causation”, the finding that Snail
regulates ALPL expression in ARCaPM suggests that this regulatory mechanism
may not be limited to one particular cell line.

Overall, this study identifies a novel role for bone/liver/kidney alkaline phos-
phatase in the regulation of epithelial-mesenchymal transition and survival in
prostate cancer cells. However, the mechanism of action of alkaline phosphatase

in maintaining a mesenchymal phenotype is not clear.

3.6.4 Limitations and further studies

While knockdown of ALPL in this study convincingly demonstrated an important

regulatory role for the gene in EMT, the converse experiment was not performed
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to check whether overexpression of ALPL results in the induction of EMT in non-
cancer prostate cell lines like PNT1a and PNT2 or the epithelial non-metastatic
cancer cell line ARCaPE. Further, while levamisole is routinely used as an inhibitor
of alkaline phosphatase, more specific inhibitors of TNAP have been discovered
recently. Hence, ALP activity inhibition studies need to be confirmed with these
novel specific inhibitors.

Any study regarding prostate cancer bone metastasis is incomplete when the
cancer cells are studied in isolation; the bone microenvironment needs to be
incorporated, either in witro using co-culture systems, or preferably, study the
metastatic ability of the cancer cells using in vivo mouse models. Xenograft ex-
periments using ALPL knockdown in ARCaPM, PC3 or 22Rv1 and ALPL over-
expression in ARCaPE cells would extend the relevance of the in wvitro findings
in this thesis to prostate cancer bone metastasis in vivo. If suitable inhibitors
become available for in vivo use, the effect of blocking ALP activity on tumour
uptake and bone metastasis in vivo may also be a viable area of focus. Future
work will therefore need to address this. In addition to this, the clinical relevance
of ALPL as a marker of prostate cancer progression or bone metastasis (apart from
its role as a marker of bone turnover) needs to be established. ALPL expression
at mRNA and protein levels, and ALP activity measured in primary versus (bone)

metastatic samples would answer this to some extent.
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‘Have you guessed the riddle yet?’ the Hatter said,
turning to Alice again.

‘No, I give it up,’” Alice replied: ‘what’s the answer?’
‘T haven’t the slightest idea,’” said the Hatter.

‘Nor I,” said the March Hare.

Alice sighed wearily. ‘I think you might do some-
thing better with the time,’ she said, ‘than waste it
in asking riddles that have no answers.’

—Lewis Carroll, Alice’s Adventures in Wonderland

ATP induces
mesenchymal-to-epithelial
transition in prostate cancer cells

4.1 Introduction

4.1.1 ATP

Cancer cells are highly energetically active. Adenosine triphosphate (ATP), the
“energy currency of the cell”, is present at high concentrations intracellularly (3-
10 mM), but is thought to be present in low micromolar to millimolar range in
extracellular space in the tumour microenvironment. However, direct measurement
of extracellular ATP levels is technically challenging and it is unclear what the
exact levels might be[211]. Hence, the role of ATP in the growth of cancer cells
has been the focus of a number of studies. ATP is a major substrate of ALP and
hence it was hypothesized that it may mediate the effects of ALP (Chapter 3).

Despite initial scepticism to the hypotheses of Geoffrey Burnstock, it is now well
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established that extracellular ATP is involved in cell-cell signalling. ATP acts
through a class of mediators called P2X receptors, which in turn are a part of a
larger class of receptors called purinergic receptors. Purinergic signalling has been
shown to play important roles in a variety of physiological processes including
early development, neuronal signalling, immune cell function and musculoskeletal

biology[212][213].

4.1.2 Purinergic signalling in cancer

All purinergic receptors are cell surface molecules that respond to purine molecules
in the extracellular environment. Purinergic receptors are classified based on their
primary agonists: P2X receptors are mainly activated by ATP whereas P2Y recep-
tors are activated by ADP and UTP; A1 and A2 receptors are activated by adeno-
sine. Activation of P2X receptors results in multimer formation. Depending on
the receptor and cell type, these multimers may be homomers or heteromers. This
leads to the formation of ion channels that allow influx of calcium ions (Ca™?). In-
creased intracellular (C'a*?) concentration triggers the calcium signalling cascade.
In neuronal cells, the ion channels formed by P2X receptors also allow transport
of Na* and K™ ions, which in turn trigger an action potential resulting in the
opening of voltage-gated C'a™ channels[214]. Adenosine receptors, on the other
hand, have different structure and mechanism of action from P2X receptors. They
are bound to G proteins (also known as GTP-binding proteins) on their intracel-
lular domains leading to inhibition of adenylate cyclase and/or formation of ion

channels[215].
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4.1.3 Expression and function of P2 receptors in prostate
cancer cells

Various purinergic receptors, particularly of the P2X type, are known to be ex-
pressed in many cancers. Among these, the P2X7 receptor has been the most
studied, but conflicting evidence exists regarding its role in cancer[216]. While
it has been shown that P2X7 receptor expression increases tumour growth in
vivo[217], there is a considerable body of literature showing that these receptors
induce apoptosis in cancer cells[218]. The expression of a non-functional P2X7 re-
ceptor is up-regulated in prostate cancer[219][220]. Little is known about the role
of P2X receptors in prostate cancer. P2X4 increases invasiveness and EMT[221]
whereas P2X7 mediates the antitumour effects of Atorvastatin[222] in prostate
cancer cells. The Fang group demonstrated that subclones of the PC3 cell line
express P2Y2 and extracellular ATP induces in vitro invasion through this recep-
tor[223][224][225]. In contrast, the same author has shown that purinergic agonists
inhibit prostate cancer cell growth[207] and the Burnstock group has shown that
daily administration of ATP inhibits tumour growth in a mouse model of prostate

cancer[226].

4.2 Hypothesis and aim

As ATP is one of the substrates of alkaline phosphatase, and knockdown of ALPL
caused cell death in ARCaPM and PC3 cells, it was hypothesized that decreased
ALP results in increased extracellular levels of ATP and that this may activate
purinergic signalling in prostate cancer cells leading to ATP-mediated apoptosis
(Fig. 4.1). Hence, it was aimed to test the effects of extracellular ATP on ARCaPM

cells, and determine whether it mediates the effects of tumour-derived ALPL.
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Figure 4.1: Hypothesis Proposed role of ATP as a substrate for the ecto-

nucleotidase function of alkaline phosphatase, which degrades ATP and therefore

inhibits purinergic signalling in prostate cancer cells
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4.3 Methods

4.3.1 High-throughput, automated quantitation of changes
in cell shape

Cells seeded in Perkin Elmer CellCarrier-96 plate were stained with Cell Tracker
Green CMFDA (Life Technologies, Cat. C2925) (Abs: 492 nm Em: 517 nm),
at a final concentration of 1 uM in serum-free growth medium for 30 minutes.
Following this, cells were fixed with 10% formalin for 10 minutes and then stained
with DAPI (0.1 mg/ml) (Abs: 358 nm Em: 461 nm ) in PBS. The plates were
imaged using BD Pathway high content screening microscope. Further analysis
of these images was performed on the Attovision software bundled with the BD
Pathway microscope. The analysis involved the creation of a mask based on the

fluorescence images of the cells and measurement of various shape parameters,

1
circularity

including eccentricity (o ). From each well of the 96-well plate, at least
2000 discrete cells were analysed and averaged to give the mean eccentricity for

each well.

4.3.2 ATP assay

ATP was measured using the ATP bioluminescent somatic cell assay kit (Sigma,
Cat. FLASC), based on the luciferin-luciferase reaction. To measure the effect
of ALP and apyrase on ATP stability, solutions with or without ATP and the
respective enzymes were taken in a 96-well plate and the luciferin-luciferase buffer
from the kit was added to the wells using a multi-channel pippette. Luminescence
was measured immediately using a luminometer (Fluostar) using an integration

time of 1 second.
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4.4 Results

4.4.1 Exposure to ATP results in a change in morphology
and reduced viability in ARCaPM cells

Although intracellular ATP concentration is in the low millimolar range, the ex-
tracellular concentration is thought to be much less, in the micromolar range[211].
Hence, an ATP concentration of 300 uM was chosen for the following experi-
ments. Treatment of ARCaPM cells with ATP (300 uM) for 24 hours resulted in a
change from elongated, spindle shape to a more rounded morphology (Fig. 4.2A).
ATP treatment in serum-free medium for 24 hours also resulted in a significant
(P<0.001) decrease in viability by 35% whereas ATP treatment in complete growth
medium (with 5% FBS) for 24 hours resulted in a significant (P<0.001) decrease
in viability only by 10% (Fig. 4.2B).
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Figure 4.2: ATP induces a change to epithelial morphology and reduces
viability in ARCaPM cells (A) Morphology of ARCaPM cells exposed to ATP
(300 M) (24 hours in complete medium) was imaged using phase contrast mi-
croscopy at a magnification of 200X. (B) Viability of ARCaPM cells exposed to
ATP (300 uM) in serum-free or complete growth medium was measured using
Alamar Blue fluorimetric assay. (Data are representative of 3 independent exper-
iments and shown as mean + S. E. **** P <0.0001)
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4.4.2 ATP increases epithelial marker and decreases mes-
enchymal marker gene expression in ARCaPM cells

Exposure of ARCaPM cells to ATP (300 uM) for 24 hours in complete medium
resulted in a significant increase in the mRNA expression of epithelial markers
E-cadherin and cytokeratin 14 by 300% (P<0.01) and 400% (P <0.05) respectively
(Fig. 4.3A and 4.3B). A significant increase in E-cadherin protein levels by 70%
(P<0.05) was also observed when western blot data was quantitated using den-
sitometry in ImageJ (Fig. 4.3C). In contrast, exposure to ATP resulted in a de-
crease in the mRNA expression of mesenchymal marker vimentin by 40% (P<0.05)
(Fig. 4.3D). The decrease in ZEB1 expression by 40% was not statistically sig-
nificant (Fig. 4.3E). ATP (300 uM) treatment of ARCaPM cells for 24 hours in
serum-free medium resulted in similar trends of gene expression, with increased
mRNA levels of epithelial markers and decreased mesenchymal markers (Fig. 4.3A

- 4.3E).
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Figure 4.3: Exposure to ATP results in increased expression of epithelial
markers and decreased expression of mesenchymal markers in ARCaPM
cells (A) E-cadherin, (B) Cytokeratin 14, (D) Vimentin and (E) ZEB1 mRNA
expression was measured in control or ATP (300 uM) treated ARCaPM cells using
real-time RT-PCR. GAPDH mRNA expression was used for normalization. (C)
E-cadherin protein expression was measured using western blotting and quantified
using densitometry on ImageJ software. [-actin protein expression was used for
normalization. (Data are from one experiment in triplicates and are shown as

mean =+ S. E. ns: P >0.05, * P <0.05, ** P <0.01, *** P <0.0001)
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4.4.3 The effects of ATP are greater than other purinergic
agonists in ARCaPM cells

As shown above (Fig. 4.2), ARCaPM cells exposed to ATP (300 puM) are less
viable. Determining the effect of other purinergic agonists like adenosine, ADP
and UTP is important in order to dissect the involvement of specific purinergic
receptors in the signalling pathway. Exposure of ARCaPM cells to adenosine had
no significant effect and exposure to ADP or UTP (300 M each) induced a limited
decrease in the viability of ARCaPE or ARCaPM cells (Fig. 4.4A and 4.4B).
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Figure 4.4: Purinergic agonists other than ATP and ADP have little or
no effect on cell viability in ARCaPE and ARCaPM cells (A) ARCaPM
or (B) ARCaPE cells in complete growth medium were treated with the purinergic
agonists adenosine, ADP, ATP and UTP at a concentration of 300 M, and via-
bility was measured 24 hours after treatment using Alamar Blue assay. NH40H is
a vehicle control for adenosine. (Data are representative of 3 independent experi-
ments in triplicates and are shown as mean &+ S. E. ns: P >0.05, * P <0.05, ** P
<0.01, ** P <0.001, **** P <0.0001)
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4.4.4 High-throughput (automated) quantitation of cell mor-
phology

As change in morphology is a key feature of mesenchymal-epithelial transition, a
high-throughput method was deemed useful to quantify the circularity of cells. A
preliminary attempt at this was performed using the BD Pathway microscope and
high-content analysis system. To begin with, a segmentation mask was created
(Fig. 4.5A) of ARCaPE and ARCaPM cells stained with CellTracker Green, a
fluorescent dye for staining live cells, and eccentricity of cells was measured us-
ing BD Pathway software. Eccentricity of ARCaPM cells was significantly higher
(P < 0.001) compared to ARCaPE cells (Fig. 4.5B). This technique was used on
ARCaPM cells treated with ATP or UTP in combination with the non-specific
purinergic antagonists PPADS or Suramin, demonstrating that ATP treatment,
alone or in combination with the antagonists, resulted in a significant decrease in
eccentricity; however, UTP, PPADS and Suramin treatment, alone or in combina-

tion, did not lead to a change in ARCaPM morphology (Fig. 4.5C).
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Figure 4.5: Automated quantitation of cell circularity using image ac-
quisition and analysis on the BD Pathway (A) Segmentation mask for AR-
CaPE and ARCaPM cells stained with Cell Tracker Green (whole cell stain) and
DAPI (nuclear stain). (B) Quantitation of eccentricity (o circu%arity) in ARCaPE
and ARCaPM cells. (C) Quantitation of eccentricity in ARCaPM cells treated
with ATP or UTP, with or without PPADS and Suramin. (Means £+ S. E. of data
from 3 wells of a 96-well plate shown. ns: *** P <0.001, **** P <(0.0001)
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4.4.5 Non-specific blockade of purinergic receptors has no
effect on ARCaPM cells’ response to ATP

If the effect of ATP on ARCaPM cell viability can be rescued by the blockade of
purinergic receptors, this indicates that ATP is acting through purinergic recep-
tor signalling. Suramin and pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid
(PPADS) are non-specific antagonists of of purinergic receptors[212]. In ARCaPM
cells, PPADS (16.7 M) or suramin (100 M) in combination with ATP (300 xM)
treatment resulted in a significant decrease in viability by 30% and 40% respec-
tively, which was significantly more than the decrease by 20% seen with ATP (300
pM) treatment alone. There was no significant change in viability with UTP (300
uM) alone or in combination with suramin and PPADS (Fig. 4.6).
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Figure 4.6: Non-specific blockade of purinergic receptors does not ab-
rogate the effects of ATP in ARCaPM cells (Viability was measured in
ARCaPM cells in complete growth medium treated for 24 hours with ATP or
UTP, alone or in combination with PPADS or suramin, using Alamar Blue assay.
(Data are representative of 3 independent experiments in triplicates and are shown
as mean + S. E. **** P <(.0001)
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4.4.6 Expression of the P2X7 purinergic receptor in prostate
cancer cell lines

From the above results, it became apparent that certain purinergic receptors
(P2Y2, P2Y4, P2Y6, P2Y14) are not likely to be mediating the effects of ATP,
due to limited effects of UTP. The activation of the purinergic receptor P2X7 has
been most often reported to result in the induction of cell death and apoptosis in
cancer cells, in contrast to many other P2X receptors whose activation resulted in
increased proliferation and cell survival. Hence, P2RX7 mRNA was measured in a
panel of prostate cancer cell lines using SYBR Green real-time RT-PCR (Fig. 4.7).
This expression panel demonstrated that P2RX7 is expressed in the majority of

the prostate cancer cell lines, albeit at different levels.
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Figure 4.7: The purinergic receptor P2X7 (P2RX7) is differentially ex-
pressed in a panel of prostate cancer cell lines P2RX7 mRNA expression in
a panel, consisting of non-tumourigenic prostate, non-metastatic prostate cancer,
bone-metastatic prostate cancer, prostate cancer cells that metastasize to sites
other than bone, and breast cancer cell lines (as described in section 3.4.3), was

measured using real-time RT-PCR and normalized with GAPDH expression.
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4.4.7 Apyrase does not rescue ARCaPM cells from the
effects of ALPL knockdown

As we hypothesised (Fig. 4.1) that ALP exerts its effects on prostate cancer cells
through its function as an ecto-nucleotidase, we reasoned that addition of an-
other ecto-nucleotidase could act as a substitute in the absence of ALP. Apyrase
is an enzyme derived from plant sources and it efficiently degrades extracellular
ATP at physiological pH when added to the growth medium[227]. When ALPL
was knocked down by lentiviral transduction in ARCaPM cells, there was a sig-
nificant reduction in viability compared to control scrambled shRNA. However,
there was no difference in viability between untreated cells and cells treated with

apyrase(Fig. 4.8). Ecto-nucleotidase function of apyrase was confirmed using an

ATP assay (Fig. A.3).
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Figure 4.8: The ecto-nucleotidase apyrase does not rescue ARCaPM
cells from ALPL knockdown (A) Viability was measured in ARCaPM cells in
complete (5% serum) or (B) serum-free medium, transduced with ALPL or control
shRNA and simultaneously treated with vehicle or Apyrase (5U/ml) for 72 hours.
(Data are representative of 2 experiments in triplicates and are shown as mean +

S. E. ns - P >0.05, ¥¥** P <0.0001)
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4.4.8 ATP causes a reduction in alkaline phosphatase ex-
pression and activity in ARCaPM cells

Since ATP induced MET, and the mesenchymal state is associated with ALPL
expression and activity (Chapter 3), it was hypothesized that ATP may regulate
ALP. Exposure of ARCaPM cells to ATP (300 M) resulted in a decrease in ALPL
mRNA levels by 40% both in complete growth medium (P < 0.05) or serum-free
conditions (P < 0.01) (Fig. 4.9A). There was a concomitant decrease in ALP
activity by 35% (P < 0.001) (Fig. 4.9B).
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Figure 4.9: Effect of ATP treatment on alkaline phosphatase (A) ALPL
mRNA expression in ARCaPM cells treated with ATP (300 M) for 24 hours.
(B) ALP activity in untreated or ATP-treated ARCaPM cells, measured by a
fluorescence assay. (Data are representative of 3 experiments in triplicates and are
shown as mean £+ S. E. * P <0.05, * P <0.01, *** P <0.001)
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4.5 Summary

Our studies demonstrate that ATP induces a change from an elongated spindle
shaped to a more rounded morphology in ARCaPM cells. This was accompa-
nied by a reduction in cell viability, which was of greater magnitude in serum-free
conditions. Exposure to ATP also increased the mRNA and protein expression
of epithelial marker E-cadherin and mRNA expression of cytokeratin 14, and de-
creased the mRNA expression of the mesenchymal markers vimentin and ZEB1.
Further, ATP treatment of ARCaPM cells resulted in decreased mRNA expres-
sion of ALPL and also decreased ALP activity. Comparison of the effects of ATP
with other purinergic agonists suggests that ATP causes the greatest reduction in
cell viability followed by ADP and UTP. Adenosine had little or no effect on the
viability of ARCaPE and ARCaPM cells. The non-specific purinergic antagonists
suramin and PPADS had no effect by themselves on the viability of ARCaPM cells
whereas in combination with ATP, they had an additive effect in decreasing cell
viability. UTP alone or in combination with suramin or PPADS had no significant

effect on cell viability in ARCaPM cells.

4.6 Conclusions

Adenosine triphosphate is secreted at high levels by cancer cells. Extracellular
addition of ATP has previously been shown to both promote and inhibit growth
of cancer cells in various contexts. However, in prostate cancer cells, the effect
of ATP is predominantly reported to be growth-inhibitory[228][229][207]. In PC3
cells, previous reports showed evidence for the involvement of P2X5 and P2Y11
receptors in the response to ATP[228]. Our studies with the ARCaPM cell line
confirm the growth-inhibitory effects of ATP. It is interesting to note that the

effect of ATP is of greater magnitude in serum-free compared to complete growth
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medium, suggesting factors that inhibit ATP signalling are present in fetal bovine

serum.

4.6.1 Role in MET and involvement of specific purinergic
receptors

More importantly, this study shows for the first time the role of ATP in inducing
features of mesenchymal-epithelial transition. ATP induces a change to epithelial
morphology and an increase in epithelial markers while reducing the expression
of mesenchymal markers. Other purinergic agonists adenosine and UTP have
no effect on cell morphology or viability whereas ADP decreases ARCaPM cell
viability to a lesser extent than ATP. This differential effect of purinergic agonists
helps in narrowing down the specific receptors that mediate the effects of ATP. It
has been reported that UTP has no effect on some P2Y receptors (P2Y2, P2Y4,
P2Y6, P2Y14) ruling these out as mediators of purinergic signalling in ARCaPM
cells. Further, adenosine is a strong agonist of the A1 and A2 adenosine receptors
and hence, these receptors can be ruled out as mediators of the effects of ATP in
ARCaPM cells. While a number of P2X receptors are stimulated by ATP at low
concentrations (<50uM), only P2X7 is induced by ATP in the high micromolar
range[211]. This suggests that P2X7 may mediate ATP signalling in ARCaPM
cells. However, an important caveat is that low micromolar concentrations of
ATP were not tested on ARCaPM cells and hence the involvement of the other
P2X receptors can not yet be ruled out. Previous reports have shown the use
of a wide range of concentrations of extracellular ATP[230][231]][232][233] and an
intermediate concentration was chosen for my experiments. But depending on the
specific combination of P2X receptors expressed by ARCaPM cells, their response
to different concentrations of ATP may be entirely distinct from those seen with

300 uM. Hence, these experiments need to be repeated with a wide range of lower
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ATP concentrations to determine if the same effect can be seen in a concentration-
dependent manner.

Use of general and specific-receptor antagonists have been used to elucidate
mechanisms of purinergic signalling. The general antagonists suramin and PPADS
block a wide range of P2 receptors, depending on the concentration used. The use
of suramin or PPADS in combination with ATP should in theory abrogate the
effects of ATP on ARCaPM cells. But surprisingly, both Suramin and PPADS
potentiated the cytotoxic effects of ATP. One possible explanation for this may be
that ATP may be acting on two different receptors in ARCaPM cells, the induction
of one leading to cell death and MET whereas the induction of the second receptor
promoting proliferation, and suramin or PPADS block the second (pro-survival)
receptor to a greater extent than the first (pro-MET) receptor. Further, in discus-
sion with experts in purinergic signalling, it is known that PPADS and suramin
are unreliable as purinergic antagonists in some cell types. Hence, future work
will address this by making use of antagonists selective to individual receptors.
A molecular approach may also be used, to check whether knockdown of specific

purinergic receptors would abrogate the effects of extracellular ATP.

4.6.2 ATP and ALP

Importantly, exposure of ARCaPM cells to ATP resulted in decreased alkaline
phosphatase expression and activity. While this confirms that the epithelial state
in the ARCaP cell line model is associated with low, and a mesenchymal state
with high, alkaline phosphatase levels, it also raises the possibility of ALP acting
as a mediator of ATP-induced signalling in ARCaPM. This is in contrast to the
original hypothesis that ATP mediates the effects of ALPL in MET. The main
effects of ATP on ARCaPM cells include induction of MET and decreased cell
viability, both of which are remarkably similar to the effects of ALPL knockdown.
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However, both these effects are not identical; exposure to ATP caused a decrease
in the expression of the mesenchymal markers Vimentin and ZEB1, but there was
no significant change in their expression upon ALPL knockdown. This indicates
that the effects of ATP on ARCaPM cells may only be partially mediated by
alkaline phosphatase, which precludes the possibility of ATP mediating the effects
of ALPL knockdown. This is confirmed by the fact that apyrase, of which ATP is
a substrate, does not rescue ARCaPM cells from the effects of ALPL knockdown
or inhibition (Fig. A.4). Hence, alternative mechanisms need to be explored to

explain the effects of ALPL knockdown (chapter 6).

4.6.3 Limitations and future studies

Further work needs to explore the exact mechanism involved in ATP-mediated
MET in ARCaPM cells. Use of specific receptor antagonists, e.g. against P2X7,
in combination with ATP treatment, may help in narrowing down the potential
mediators. Purinergic agonists like Bz-ATP can also be utilised to better char-
acterise these signalling mechanisms. Such agonists, if promising in wvitro, may
also be tested in vivo in mouse models, to determine their potential for inhibiting
prostate cancer bone metastasis. In addition to receptor agonists and antago-
nists, knockdown of specific purinergic receptors can be performed to determine
the mechanism of action of ATP. Quantitation of cell eccentricity, while demon-
strating a statistically significant decrease in ARCaPM cells with ATP treatment,
apparently shows proportionally minor differences. This is possibly because of the
scale of eccentricity, with an eccentricity = 0 assigned to a perfectly circular object
and an eccentricity = 1 assigned to a straight line, both of which are not normally
observed in adherent cell lines. However, it should be noted that the difference
between ARCaPE vs. ARCaPM is similar to the difference between untreated vs.
ATP or UTP vs. ATP. Hence, ARCaPE may be used as positive control cells
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for a rounded epithelial morphology and can be used as a baseline against which

ATP-treated ARCaPM cells may be compared.
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They say a little knowledge is a dangerous thing, but it is not one
half so bad as a lot of ignorance.

—Terry Pratchett, Fqual Rites

MicroRNAs regulate EMT and
alkaline phosphatase expression in
prostate cancer cells

5.1 Introduction
5.1.1 MicroRNAs in prostate cancer bone metastasis

MicroRNAs are 23 nucleotide-long, single stranded non-coding RNA molecules
that regulate protein expression by translational inhibition or mRNA degrada-
tion[154]. The expression of microRNAs in a cell depends on its developmental
stage and tissue type. MicroRNAs are recognized both as biomarkers and ther-
apeutic targets and multiple studies have underlined the importance of microR-
NAs in PCa causation and progression[157]. Recent studies demonstrated that
serum levels of specific microRNAs are altered based on the extent of progres-
sion of prostate cancer[159][158][234]. However, few studies have explored the

role of microRNAs in the pathophysiology of PCa bone metastasis. miR-203 was
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shown to be expressed at lower levels in bone metastatic PCa cell lines and human
samples[163]. miR-203 also regulates the Androgen Receptor pathway and Mito-
gen Activated Protein Kinase (MAPK) pathway in the non-metastatic PCa cells,
LNCaP[235]. miR-203 has also been shown to be a key regulator of mesenchymal
to epithelial transition (MET) in breast cancer cells[236]. Further, mir-203 has
been well established as a key modulator of stemness, primarily by directly tar-
geting P63 in epidermal cells[237][238] and also indirectly by repressing Epithelial
to Mesenchymal Transition in pancreatic cancer cells[239]. These findings suggest

that miR-203 could have a similar role in repressing stemness in PCa cells.

5.1.2 MicroRNAs regulating EMT

A number of microRNAs have been shown to regulate EMT by targeting various
mesenchymal transcription factors. The miR-200 family are the most studied in
this respect and are well established as epithelial markers. MiR-200a, -200b and -
200c directly repress ZEB1 and ZEB2, thus increasing the expression of E-cadherin,
and induce a change from mesenchymal to epithelial phenotype in various cancer
cell types, decreasing their invasiveness. Other microRNAs like miR-~143 and miR-

145 also regulate EMT in prostate cancer cells.

5.2 Hypothesis and aims

Due to microRNAs’ known role as potent regulators of various cell signalling path-
ways, it was hypothesized that they would regulate EMT as well as osteomimicry
in prostate cancer cells. The aims of this study were to 1) take a candidate ap-
proach, to determine the role of a known bone metastasis-associated microRNA
in the regulation of osteomimicry, 2) identify EMT associated microRNAs and 3)
develop an unbiased screening technique to identify microRNAs regulating ALP

activity.
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5.3 Methods

5.3.1 Establishment of miR-203 overexpressing stable cell
lines

Plasmids and cloning

The miR-203 precursor (pri-miR-203) was amplified from human genomic DNA
using Pfu High Fidelity Polymerase and inserted into pcDNA3.1 (Neo) vector using
Kpnl and Xhol restriction sites.

Transfection and selection of stable clones

Transfection efficiency of Lipofectamine 2000 in ARCaPE and ARCaPM cells was
initially confirmed using a Green Fluorescent Protein-expressing plasmid, pEGFP-
N3. MiR-203-expressing or control plasmids were then transfected into ARCaPM
cells and the transfected cells were selected for stable expression using the ap-
propriate antibiotic (300ug/ml G418 for the constitutive expression plasmid with
Neomycin resistance gene). After 4-6 weeks, the stable pools were grown in main-

tenance medium, which had selection antibiotics at half the original concentration

(150ug/ml G418).

5.3.2 MicroRNA mimic library pilot screening

Cells grown in 96-well plates in triplicates were transfected with 50 nM each of
microRNA mimic from plate 5 of the Mission MicroRNA Mimic Library (Sigma),
at 90% confluence. 3-6 days following transfection, the conditioned media (growth
medium in which the transfected cells were incubated) were collected and ALP
activity was measured in these samples as described previously (Chapter 2). Data
obtained from the three replicates were averaged for each microRNA and Z-score
was calculated using the formula: Z = (z — u)/o where z is the mean ALP

activity reading for each microRNA, p is the average of ALP activity of all the
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(80) microRNAs (population mean) and o is the population standard deviation.

A Z-score of +£2 was considered as significant.

5.4 Results
5.4.1 miR-203 inhibits osteomimicry in ARCaPM cells

Since a role for miR-203 in osteolytic PC3 prostate cancer cells has been previ-
ously reported[163], this study aimed to determine the effect of miR-203 on os-
teomimicry by osteoblastic ARCaPM cells and its effect on the expression of ALP.
A miR~203 precursor sequence was cloned into a mammalian expression vector
pcDNA3.1Neo and stable clones of ARCaPM expressing the control or miR-203
expression plasmids were established by antibiotic selection. Tagman real-time
RT-PCR confirmed overexpression of miR-203 by 1000% (P <0.001) compared
to empty vector transfected ARCaPM cells (Fig. 5.1A). There was a significant
(P <0.05) decrease in both Runx2 and ALPL mRNA expression by 25% in miR-
203 overexpressing ARCaPM cells (Fig. 5.1B and 5.1C). Alkaline phosphatase
expression in ARCaPM cells is indicative of osteomimicry, characterized by ALP
activity and in vitro mineralization. miR-203 overexpressing ARCaPM cells show
a significantly decreased mineralization in osteogenic medium compared to empty
vector transfected cells (Fig. 5.2A) and a significantly (P <0.01) decreased ALP
activity by 40% (Fig. 5.2B).
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Figure 5.1: Stable expression of miR-203 in ARCaPM cells reduces ALP
and RUNX2 mRNA expression. (A) MiR-203 overexpression was confirmed
in ARCaPM cells (stable pools) using Tagman real-time RT-PCR. U6 snRNA
expression was used for normalization. (B) ALPL and (C) RUNX2 mRNA ex-
pression was measured in miR-203 overexpressing or control ARCaPM cells using
SYBR Green real-time RT-PCR. Normalization was done with GAPDH expres-
sion. (Data are representative of 2 independent experiments in triplicates and are
shown as mean + S. E. * P <0.05, *** P <0.001)
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Figure 5.2: Stable expression of miR-203 in ARCaPM cells reduces
mineralization and ALP activity. (A) Control or miR-203 overexpressing AR-
CaPM cells were grown in normal or osteogenic medium for 21 days and stained
for mineral deposition using Alizarin Red S. (B) ALP activity in cell lysates was
measured using a fluorogenic substrate assay and normalized to total protein con-
centration. (Data are representative of 2 independent experiments and are shown
as mean + S. E. ** P <0.01)
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5.4.2 Small RNA-sequencing: differential expression of mi-
croRNAs between ARCaPE and ARCaPM cells

ARCaPE and ARCaPM cells differ in their ability to metastasize to bone in vivo
and are a model of epithelial to mesenchymal transition. We hypothesized that
microRNAs differentially expressed between ARCaPE and ARCaPM may regulate
EMT and therefore mediate metastasis in prostate cancer. To identify differentially
expressed microRNAs, total RNA was isolated from ARCaPE and ARCaPM in
triplicates, and checked for quality. Following this, small RNA sequencing was per-
formed and quality of the sequencing data was confirmed at the High-Throughput
Sequencing Lab, Wellcome Trust Centre for Human Genetics, Oxford. MicroR-
NAs expressed at a higher level in ARCaPE (Table 5.1) or in ARCaPM (Table
5.2) were sorted based on their logarithmic (base 2) fold change over the other
cell line. 57 microRNAs are up-regulated and 68 microRNAs were down-regulated
more than 2 fold in ARCaPE compared to ARCaPM cells. Interestingly a distinct
co-expression of microRNA clusters was observed in ARCaPE and ARCaPM cells
(Fig. 5.3). Members of the miR-371a-372-373, miR-192-194,miR-~302abcd, miR-92-
363-20b and miR-362-501 clusters were highly expressed ARCaPE cells whereas
members of the miR-200ab and miR-181ac clusters were highly expressed in AR-
CaPM cells (Fig. 5.4). A Bonferroni-corrected P value <107'? was considered as

significant.
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Table 5.1: RNA-seq: MicroRNAs with higher expression in ARCaPE

High in ARCaPE

logFC False
miRNA (ARCaPM vs P Value Discovery
ARCaPE) Rate

hsa-miR-371a-5p -11.027 6.82 x 10753 6.63 x 107°!
hsa-miR-372 -9.522 4.50 x 10714 2.17 x 10711
hsa-miR-150-5p -5.793 8.59 x 10743 6.96 x 10~
hsa-miR-675-5p -5.241 1.02 x 1073 3.83 x 10733
hsa-miR-194-3p -4.512 5.98 x 1073 2.42 x 10733
hsa-miR-194-5p -3.939 1.63 x 1073¢ 4.94 x 10739
hsa-miR-192-5p -3.613 6.17 x 1074 3.75 x 1073
hsa-miR-200c-3p -2.630 3.25 x 1071 4.78 x 10718
hsa-miR-629-5p -2.033 4.31 x 10713 4.27 x 10712
hsa-miR-148a-3p -1.959 6.55 x 1071 7.23 x 10714
hsa-miR-148a-5p -1.916 1.82 x 10712 1.70 x 1071
hsa-miR-20b-5p -1.912 8.89 x 10710 6.54 x 107°
hsa-miR-4521 -1.859 9.54 x 107° 0.000 392 761
hsa-miR-363-3p -1.854 9.52 x 107! 8.41 x 10710
hsa-miR-365a-5p -1.815 3.38 x 1079 2.42 x 1078
hsa-miR-335-5p -1.659 2.46 x 107° 1.78 x 1078
hsa-miR-135a-3p -1.603 6.12 x 107° 4.19 x 10-8
hsa-miR-449¢-5p -1.588 7.57 x 107° 0.000 314 241
hsa-miR-425-5p -1.547 1.61 x 107° 7.67 x 107°
hsa-miR-484 -1.517 2.29 x 1076 1.24 x 107°

P Value shown here is uncorrected.

False Discovery Rate is the expected proportion of false discoveries in all the

rejected hypotheses[240].
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Table 5.2: RNA-seq: MicroRNAs with higher expression in ARCaPM

High in ARCaPM

logFC False
miRNA (ARCaPM vs P Value Discovery
ARCaPE) Rate

hsa-miR-582-3p 7.094 5.59 x 10780 9.05 x 10778
hsa-miR-100-5p 6.723 1.30 x 107104 3.18 x 107102
hsa-miR-125b-1- 6.474 3.96 x 107 4.81 x 10793
3p
hsa-miR-582-5p 5.938 2.56 x 10742 1.78 x 10740
hsa-miR-1247-3p 5.570 1.26 x 10737 6.14 x 10736
hsa-miR-379-5p 5.155 1.94 x 10740 1.05 x 10738
hsa-miR-429 3.768 1.06 x 1072 2.71 x 1028
hsa-miR-200a-5p 3.682 2.94 x 10734 1.02 x 10732
hsa-miR-200a-3p 3.478 8.29 x 1073 2.69 x 10732
hsa-miR-409-3p 3.218 7.20 x 1072 1.46 x 1072
hsa-miR-1247-5p 3.164 1.64 x 1072 3.62 x 10~
hsa-miR-126-5p 3.013 1.18 x 1077 1.55 x 10716
hsa-miR-147b 2.936 3.65 x 1072 5.72 x 1072
hsa-miR-200b-3p 2.901 2.22 x 10728 5.40 x 10727
hsa-miR-381 2.757 6.08 x 10722 1.06 x 10720
hsa-miR-1 2.486 3.05 x 10717 3.80 x 10716
hsa-miR-146a-5p 2.340 3.43 x 1072 5.21 x 1071
hsa-miR-126-3p 2.321 1.78 x 10716 2.11 x 10715
hsa-miR-95 2.131 2.83 x 10710 2.41 x 107°
hsa-miR-146a-3p 2.093 8.70 x 10713 8.46 x 10712

P Value shown here is uncorrected.
False Discovery Rate is the expected proportion of false discoveries in all the

rejected hypotheses[240].
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High in ARCaPE High in ARCaPM

hsa-miR-200a-5p

hsa-miR-200a-3p

hsa-miR-200b-3p
hsa-miR-429

‘miR-93/93a/105/106a/291a-
3p/294/295/302abede/372/373
/128/519a/520be/520acd-

:} 3p/1378/1420ac’ human
microRNA family, whose

members share the same seed
region “AAGUGCU"

hsa-miR-362-5p
hsa-miR-501-5p

Figure 5.3: miR clusters and families differentially expressed between
ARCaPE and ARCaPM MicroRNAs that are expressed from the same genomic
locus are collectively called a cluster; each microRNA cluster is depicted in a
different colour. MicroRNAs that share a common seed sequence are classified as

a family.
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5.4.3 Validation of RNA-seq: miR-373 is differentially ex-
pressed in ARCaPE vs ARCaPM and induces a mesenchymal-
epithelial transition

From a volcano plot of the small RNA-sequencing data (Fig 5.4), it was clear
that members of the miR-371-372-373 family were both highly and significantly
overexpressed in ARCaPE cells compared to ARCaPM cells. Patrick Kratschmer
(an FHS student in Dr. Claire Edwards’ lab, who worked under my supervision)
confirmed that the expression of miR-373 was significantly higher (P <0.05) in
ARCaPE compared to ARCaPM cells (Fig. 5.5).

1.0

0.2+

[——
ARCaPE ARCaPM

0.0-

Figure 5.5: Validation of miR-373 differential expression in ARCaPE
vs. ARCaPM Differential expression of miR-373 was validated in ARCaPE
and ARCaPM cells using Tagman real-time RT-PCR. MiR-373 expression was
normalized to RNU6B expression. (Patrick Kratschmer et al., unpublished)(Data
are shown as mean + S. E and representative of 3 independent experiments. * P
<0.05)
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However, the functional consequences (if any) of such differential expression
needed to be determined. Hence, miR-373 or control mimics were transfected
into ARCaPM cells and overexpression of the microRNA, from undetectable to
readily-detectable levels (P < 0.01), was confirmed using Taqman real-time RT-
PCR (Fig 5.6A). Transfection of miR-373 mimic (50 nM) in ARCaPM cells re-
sulted in a change from mesenchymal to epithelial morphology, as observed under
phase contrast microscopy (Fig 5.6B). MiR-373 overexpression also resulted in a
more than 10-fold increase in the expression of the epithelial marker E-cadherin
(P < 0.001) (Fig 5.6C), 40% (P < 0.01) and 60% (P < 0.01) decrease in Vi-
mentin (Fig 5.6D) and ZEB1 expression (Fig 5.6E) respectively in ARCaPM cells,
measured by real-time RT-PCR.
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Figure 5.6: MiR-373 overexpression induces mesenchymal-epithelial
transition in ARCaPM cells.  (A) MiR-373 overexpression (50 nM mimic
transfection) was confirmed in microRNA mimic transfected ARCaPM cells us-
ing Tagman real-time RT-PCR. (B) Morphology was documented using phase
contrast microscopy at 10X magnification (C) E-cadherin, (D) Vimentin and (E)
ZEB1 mRNA expression was measured in mimic transfected ARCaPM cells us-
ing SYBR Green real-time RT-PCR, with GAPDH expression for normalization.
(Data are representative of 3 independent experiments in triplicates and are shown
as mean £ S. E. ** P <0.01, *** P <0.001 )
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5.4.4 Functional screening of a microRNA mimic library
for ALP activity: pilot study identified microRNAs
that regulate ALP activity

As ALP expression and activity were associated with EMT in ARCaPM cells
(chapter 3) and knockdown of ALPL induced MET and cell death in ARCaPM and
PC3 cells, an unbiased high-throughput screen was deemed to be useful in identify-
ing novel microRNAs that regulate ALP activity and expression, and consequently,
EMT, in prostate cancer cells. With this aim, a subset (plate 5) of the Mission
microRNA mimic library (Sigma) containing 80 microRNAs was transfected in a
96-well format into ARCaPM cells and the secreted ALP activity was measured
in the conditioned medium using a fluorescence assay. Initial experiments did not
produce consistent results (Fig. 5.7) and the method was optimised extensively,
with respect to duration since transfection, frequency of medium change (Fig. A.6)
and evaporation effects on the edge of the plate which are some of the issues known
to crop up in high-throughput studies of this nature[241]. Z-scores were analysed
from the resultant raw data and those microRNAs that fell outside a Z-score of
+2 were considered to be significant. This identified miR-199a-5p (which came
up twice) and miR-212 as potential candidates that regulate ALP activity in AR-
CaPM cells (Fig. 5.8).
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5.4.5 miR-199a-5p upregulates ALP activity in ARCaPM
cells

One of the microRNAs identified in the high-throughput ALP activity screen was
selected for further validation. While the mimic library screens were performed
using conditioned medium to measure secreted ALP activity, in the validation
phase, ALP activity was measured in cell lysates and normalization with total
protein concentration. This would eliminate any false hits due to changes in cell
number. Transfection of the miR-199a-5p mimic (50 nM) into ARCaPM cells
resulted in a significantly increased ALP activity, by 20% (P<0.0001), as measured
by a fluorescence assay 72 hours after transfection (Fig. 5.9A). However, there
was no significant change in cell viability at the same time point, as measured
by an Alamar Blue assay (Fig. 5.9B). Transfection of the miR-199a-5p mimic in
ARCaPE cells did not result in either a change in ALP activity or cell viability
(Fig. 5.9C)(Fig. 5.9D)
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Figure 5.9: Transfection of miR-199a-5p induces increased ALP activity
in ARCaPM cells, but has no effect on viability (A) MiR-199a-5p mimic
transfection (50 nM) in ARCaPM cells and ALP activity fluorescence assay 72
hours following transfection. (B) Cell viability in miR-199a-5p or control mimic-
transfected ARCaPM cells, using Alamar Blue assay. (C) MiR-199a-5p mimic
transfection in ARCaPE cells and ALP activity fluorescence assay 72 hours fol-
lowing transfection. (D) Cell viability in miR-~199a-5p or control mimic-transfected
ARCaPE cells, using Alamar Blue assay. (Data are from an experiment in tripli-
cates shown as mean + S. E. ** P <0.01, *** P <0.001 )
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5.5 Summary

Stable expression of miR-203 was confirmed in ARCaPM cells by real-time RT-
PCR. ALPL and RUNX2 mRNA expression were down-regulated in miR-~203 over-
expressing cells compared to control ARCaPM cells. This was accompanied by a
marked decrease in mineralization and a significant reduction in alkaline phos-
phatase activity in miR-203 overexpressing ARCaPM cells compared to control
cells. Small RNA sequencing identified 57 microRNAs that are up-regulated more
than 2 fold in ARCaPE compared to ARCaPM cells. Conversely, 68 microRNAs
were up-regulated more than 2 fold in ARCaPM compared to ARCaPE cells. A
number of these microRNAs are known to be co-expressed as clusters; each clus-
ter is present in the same genomic locus. Five microRNA clusters were found to
be highly expressed in ARCaPE whereas 2 microRNA clusters were expressed at
higher levels in ARCaPM cells. Real-time RT-PCR was used to confirm the ex-
pression of miR-373. Transfection of miR-373 mimic in ARCaPM cells resulted in
a strong up-regulation of the microRNA. The mRNA expression of the epithelial
marker E-cadherin was strongly upregulated in miR-373 overexpressing cells com-
pared to control mimic transfected ARCaPM cells. In contrast, the expression of
the mesenchymal markers vimentin and ZEB1 were significantly down-regulated in
miR~373 overexpressing ARCaPM cells. An ALP activity-based screen was devel-
oped to identify microRNAs that regulate osteomimicry in ARCaPM cells. Using
this screen on a pilot set of 80 microRNAs from a mimic library, two microRNAs,
miR-~199a-5p and miR-212, were identified as potential candidates. A validation
experiment with miR-199a-5p demonstrated that it is indeed a positive regulator

of ALP activity.
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5.6 Conclusions

MicroRNAs are known to be important mediators of signalling pathways in a num-
ber of cancers. The microRNA miR-203 was shown to down-regulate bone metas-
tasis in an osteolytic PC3 xenograft mouse model. MiR-203 is down-regulated
in metastatic human prostate cancer samples emphasizing the clinical relevance
of this microRNA. Our data demonstrated that miR-203 overexpression down-
regulated the expression ALPL mRNA in ARCaPM cells. MiR-203 strongly down-
regulated in vitro mineralization and ALP activity in ARCaPM cells. This sug-
gests an important role for miR-203 in the regulation of osteoblastic bone disease
in prostate cancer, in addition to metastasis. It was previously reported to di-
rectly target Survivin and Runx2 at their respective 3-UTRs and repress their
expression at a post-transcriptional level[163]. This is congruent with our data
showing the down-regulation of Runx2 mRNA in ARCaPM cells. We aimed to
identify a further set of microRNAs that are associated with EMT; due to their
marked differences in metastatic ability ARCaPE and ARCaPM cells are a useful
model to study this. Our RNA sequencing data revealed that a large number of
microRNAs are differentially expressed between the two cell lines. Co-expression
of a number of microRNAs in clusters strengthened our findings as it indicates a
co-ordinated regulation of microRNA expression and suggests that they are not
artifacts of RNA sequencing. MicroRNAs that were found to be highly expressed
in ARCaPE, especially the miR-372 and miR-302 clusters are embryonic stem
cell-specific, and are shown to induce mesenchymal-epithelial transition. This
suggests that in addition to an association with epithelial phenotype, these two
microRNA clusters play a causal role in the maintenance of the epithelial state.
Further, many members of the miR-372 and miR-302 clusters share a common

seed sequence. As the seed sequence of a microRNA is a crucial determinant of
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its target specificity, this implies that the miR-302 and miR-373 clusters may be
targeting a common set of mRNAs. Despite the seeming importance of these two
clusters in the ARCaPE and ARCaPM model, few studies have demonstrated a
change in these microRNAs in human prostate cancer metastatic samples. On
the other hand, very few groups have studied differential expression of microR-
NAs in bone metastatic samples. All members of the miR-200 family, including
miR-200a, -200b and -200c, are well established as epithelial markers and media-
tors of mesenchymal-epithelial transition. Intriguingly however, the expression of
the miR-200b cluster, which includes miRs-200a, -200b and -429 was significantly
higher in the mesenchymal ARCaPM compared to the epithelial ARCaPE cells.
This suggests that (a) these microRNAs do not play a crucial role in regulating
EMT in the ARCaPE/M model or (b) that the effect of other microRNAs or cod-
ing genes strongly eclipses their regulatory effect. It is important to note that
2 studies identifying circulatory microRNA biomarkers in prostate cancer show a
higher expression of miR-200b in metastatic samples suggesting a more complex
role for this microRNA. MiR-200c on the other hand, present at a different genomic
locus, was highly expressed in ARCaPE cells. MiR-373 is expressed at a very low
level in ARCaPM cells. Overexpression of this microRNA resulted in an increase
in epithelial markers and down-regulation of mesenchymal markers indicating a
regulatory role in EMT. MiR-373 has previously been shown to upregulate the ex-
pression of E-cadherin in PC3 cells by acting directly at its promoter[242]. Taken
together, the results of this study demonstrate the important role of miR-373 as
a strong mediator of MET and show that identification of differentially expressed
microRNAs in the ARCaPE/M model will lead to the elucidation of functionally
relevant microRNA regulatory mechanisms. However, its expression in subsets of
human prostate cancer patients is not known and is therefore an important area of

future studies. The development of a novel ALP activity-based microRNA mimic
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library screen in prostate cancer cells is presented here. Given my results show-
ing the important role of ALPL expression and ALP activity in prostate cancer
cells (Chapter 3), an unbiased screening with a mimic library has the potential
to identify novel signalling pathways mediated by microRNAs. Expression analy-
sis using small RNA-seq, while useful in identifying EMT-associated microRNAs,
does not ensure that the differentially expressed microRNAs are functionally im-
portant or that they play a causal or regulatory role in EMT. However, these data
in combination with the ALP activity-based functional screen can identify such
microRNAs that can induce or inhibit EMT. High-throughput assays are not a
simple scaling up of low-throughput assays. They require thorough optimisation
to eliminate spurious effects due to a multitude of unexpected factors like excessive
evaporation of growth medium and consequent cell death at the edges of a 96-well
plate, pipetting errors at various stages and plate-to-plate variation. In addition,
analysis of such high-throughput data needs to account for multiple comparisons to
generate robust data that can produce a high success rate in subsequent validation
studies. In the screen described here, two microRNAs, miR-199a-5p and miR-212,
were identified as regulators of ALP activity and this was confirmed in the case of
the former in a subsequent validation study. However, it has to be noted that the
upregulation of ALP activity by miR-199a-5p mimic transfection is modest and
only a complete analysis of the entire mimic library may reveal stronger and more
functionally important candidates. Further work is being done in this direction to

optimise this assay to generate more reliable data.

5.6.1 Limitations and future studies

Unlike siRNAs/shRNAs that are designed to specifically target a particular mRNA,
each microRNA may target many mRNAs; hence it is possible that candidates

identified from the ALP activity-based functional screen may robustly regulate
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ALP expression and activity but at the same time, have no effect on EMT or cell
survival. However, a combination of the microRNA expression data (RNA-seq) and
functional screening data may give more meaningful data. Future work involves
further optimisation (for example, reverse transfection), to ensure reproducibility,

and completion of the mimic library functional screen.
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The combination of some data and an aching desire
for an answer does not ensure that a reasonable
answer can be extracted from a given body of data.

—John Tukey, Sunset Salvo

Conclusions and significance

Epithelial-mesenchymal transition is an important process that drives prostate
cancer progression and is thought to play a crucial role in the spread of tumour
cells to distant sites like bone. This study explores three mechanisms of regulation
of EMT, interlinked by common themes (Appendix C).

Osteomimicry has long been thought to have an important role in prostate
cancer progression and bone metastasis[171][172]. However, while alkaline phos-
phatase is considered an important marker of metastatic bone disease due to its
role in bone turnover, its role in cancer progression is virtually unknown. It has
been previously shown that increased expression of alkaline phosphatase is seen in
germ cell tumours[243] but these studies did not show evidence for a causal role,
nor did they delve into the mechanistic details. Hence, this is the first study to
demonstrate that ALPL plays an important role in the maintenance of epithelial-
mesenchymal transition and cell survival in prostate cancer cells. Further, these

data suggest that ALPL activity may be regulated to a modest degree by Snail
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in prostate cancer cells. It is well known in the bone research community that
the transcription of ALPL is regulated by Runx2. To my knowledge, this is the
first study to identify the regulation of ALPL expression by another transcription
factor. Runx2 expression has been shown to be associated with prostate cancer
progression and metastasis. As ALPL is a direct transcriptional target of Runx2, it
is reasonable to postulate that the pro-metastatic effects of Runx2 may be at least
partially mediated by an upregulation of ALPL expression and activity. However,
there is very little literature that explores the functional role of ALPL in prostate
cancer; the majority of reports that mention ALPL explore its role as a marker
of new bone formation. A recent report demonstrates that a loss of epithelial
character is associated with increased alkaline phosphatase expression in circulat-
ing prostate cancer cells from human patients[244]. Considering the crucial role
of ALPL in EMT as shown in this thesis, further exploration of its expression
in normal and cancerous prostate tissues is warranted. In addition, this raises
interesting questions about the role of ALPL in normal physiology; recently, it
has been shown that shRNA-mediated knockdown of ALPL in MC3T3-E1 mouse
osteoblast cells results in decreased viability, increased adhesion to culture surface
in vitro and increased apoptosis[245]. Increased apoptosis was also observed in the
thymus of ALPL knockout mice[246]. These, in conjunction with the findings in
this thesis, suggests that alkaline phosphatase may play a more fundamental role
in the survival of multiple cell types in addition to its enzymatic function in bone
mineralization.

Tissue non-specific alkaline phosphatase is routinely used as a test for pluripo-
tency in embryonic stem cells and embryonic carcinoma cells[247][248]. High ALP
expression in ovarian carcinoma cells was associated with cancer stemness and mul-
tilineage differentiation potential. This cancer stemness was reduced when alkaline

phosphatase activity was blocked with levamisole, an inihibitor of ALP[249]. This
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suggests that alkaline phosphatase may have a role to play in cancer stemness in
prostate cells too, in which case, inhibition of alkaline phosphatase activity could
be a viable strategy to target tumour cells.

All the data presented in this thesis describes the knockdown and inhibition of
tumour-derived ALP. The role of host-derived ALP, or in cultured cells in wvitro,
the role of ALP in the growth medium is not clear. Levamisole treatment of AR-
CaPM cells results in cell death. However, preliminary data of ARCaPE cells
treated with or without porcine ALP in the growth medium (Fig. A.5) suggests
that extracellular ALP has no effect on the viability of those cells. This could be
because of a number of reasons: 1) ARCaPE cells may not always be able to revert
to a mesenchymal state. 2) Extracellular ALP, may not have any effect on cell sur-
vival. However, as levamisole mainly inhibits extracellular alkaline phosphatase,
it can only be assumed that the ALP-inhibitory effect of levamisole would be lim-
ited to extracellular and plasma membrane-bound ALP[250]. 3) Porcine ALP may
not have exactly the same effects as human ALP on human prostate cancer cells.
Hence, this experiment needs to be repeated using human recombinant ALP. In
addition, a more pertinent experiment would be to treat ALPL-knockdown AR-
CaPM cells with human recombinant ALP, to determine if the latter can “rescue”
prostate cancer cells from the loss of ALPL expression. If it can be confirmed in
these ways that extracellular ALP can substitute for the loss of tumour-derived
ALPL expression, the contribution of host-derived ALP to prostate cancer metas-
tasis could be an very interesting question to be answered. Considering the fact
that the most common sites of prostate cancer metastasis, which are bone, liver,
lungs and adrenal glands, have high expression levels of ALPL (Protein Atlas[251]),
it may be speculated that tumour cells tend to colonize these specific organs due to
high ALP activity in the microenvoronment, inducing EMT and cell proliferation.

This again could mean that inhibition of ALP activity would be an effective anti-
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tumour strategy in metastatic sites. Recently, it was reported that alkaline phos-
phatase replacement can be performed successfully in human hypophosphatasia
patients, suggesting that targeting this enzyme can be a viable option in prostate
cancer[252].

Levamisole is known to affect multiple signalling pathways and hence it is
possible that its effects may not be specific to ALP inhibition. If this is the case,
an alternative mechanism may be postulated speculating on a non-enzymatic role
of ALPL in the regulation of cell signalling. It is interesting to note that ALPL
as well as a number of EMT markers including Snail, Slug, Transforming Growth
Factor-f Receptor 2 and Runx2 are all validated targets of the microRNA miR-
204[253][254][255][256][257]. This raises the possibility of a microRNA-mediated
regulation of growth and migration-promoting gene expression by ALPL. Pandolfi
et al. recently proposed a novel regulatory mechanism mediated by microRNAs,
which they have termed as the competing endogenous RNA (ceRNA) hypothesis,
according to which, mRNAs that are targeted by the same set of microRNAs are
co-expressed. They demonstrated that PTEN and the corresponding pseudogene
PTENP1 are targeted by the same set of microRNAs and that PTEN and PTENP1
are co-expressed in various cancers[258]. It is possible that in the same manner,
ALPL may regulate one or more mesenchymal markers through shared common
sequences in their 3 UTRs, allowing them to be targeted by the same set of
microRNAs. The co-expression of Snail and ALPL supports this possibility, due
to their sharing of validated miR-204 target sites. Hence, a rescue of epithelial
phenotype in ARCaPM cells by overexpression of ALPL 3’ or 5° UTR, but not by
overexpression of the ALPL coding region, would be preliminary evidence to verify
this hypothesis and future work will need to address this. It is interesting to note
that considering the remarkable effects of ALPL knockdown on prostate cancer

cell and osteoblast survival in vitro, the development of TNAP knockout mice is
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largely unimpaired except for defects in bone mineralization and seizures. While
this may be explained by the possibility that the role of ALPL by other enzymes
redundantly in vivo, it may instead be possible that knockout and knockdown of
the gene produce two distinct phenotypes. TNAP knockout studies in mice were
performed using a strategy that produces a truncated coding region, leaving the 5’
UTR intact[259][49][246], whereas ALPL knockdown resulted in degradation of the
entire mRNA, allowing speculation that ALPL may play a microRNA-mediated
coding-independent role as described above.

Although purinergic signalling in this study was explored in the context of its
role as a potential mediator of ALPL-regulated EMT, there is justification for its
study from the perspective of the effect of the tumour microenvironment on tumour
cells; purinergic receptors have a role in prostate cancer cell survival and are there-
fore of interest independent of ALPL. PC3 cells express a number of P2X and P2Y
receptors and ATP has effects on both viability and cell survival[228][260]. Fur-
ther, an ATP dosing regimen in a mouse model of prostate cancer inhibited tumour
growth[229]. Hence, the finding that extracellular ATP induces MET in ARCaPM
cells suggests novel mechanisms for the regulation of prostate cancer metastasis
by purinergic signalling. Enzymes that dephosphorylate extracellular nucleotides
are called ecto-nucleotidases; 5’-ectonucleotidase (CD73) is overexpressed in both
prostate cancer samples[261] as well as the tumour-associated stroma[262] and the
ecto-nucleotidase CD39/ENTPD1 has been shown to promote tumour cell growth
by eliminating extracellular ATP[263]. Interestingly, prostatic acid phosphatase
has been found to be expressed by neuronal cells and it mediates pain signalling
through its ecto-nucleotidase activity[264][265]. These reports suggest the possi-
bilit that tumour cells may escaping the growth- and metastasis-inhibitory effects
of extracellular ATP and further studies on these and other ecto-nucleotidases are

warranted.
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Conclusions and significance

The microRNA studies presented here have identified novel mechanisms regu-
lating EMT and alkaline phosphatase expression. This is significant in the context
of the emerging importance of microRNAs as biomarkers, both in serum and tissue
samples. Further, as proposals accumulate advocating the use of microRNAs as
therapeutic targets, there is an imperative to understand all the biological func-
tions of each microRNA in detail to avoid unintended consequences. This is of
greater concern in the case of microRNAs, in contrast to other protein-coding
genes, due to their ability to regulate multiple genes. This study demonstrates
proof-of-concept for the use of high-throughput functional screening techniques
to delineate novel signalling mechanisms. The combination of high-throughput
quantitation of cell shape and screening for alkaline phosphatase provide powerful
tools to this end. Previous reports have shown that high-throughput screens for
ALP activity is an effective strategy to identify microRNAs regulating mesenchy-
mal stem cell differentiation to the osteoblast lineage[266]. Hence, it is hoped
that similar techniques applied in the context of ALP-regulated EMT would pay
high dividends. Future work in this direction will involve performing ALP activity
screening for a complete mimic library of known microRNAs and identifying novel
microRNA regulators of ALP activity and/or EMT. Candidates thus identified,
miR-199a-5p for example, can be further investigated to determine their expression
and role in prostate cancer progression and bone metastasis. In addition, microR-
NAs are known to regulate the expression of P2 purinergic receptors in cancer
cells[267][268] and it would be interesting to explore the role of microRNA can-

didates (from the mimic library screen) in the regulation of purinergic signalling.
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Figure 6.1: Summary The main findings in this thesis are (1) the identification
of a novel role for ALPL in regulating EMT, (2) the regulation of ALPL by Snail
and microRNAs, and (3) the induction of MET by extracellular ATP (ecATP),

in prostate cancer.

Ongoing and future studies will address the significance of

ALPL-regulated EMT in prostate cancer bone metastasis in vivo.
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Conclusions and significance

This thesis describes the identification of a novel role for tumour-derived ALPL
in the regulation of EMT in prostate cancer cells (Chapter 3). The possibility
of ATP acting as a mediator of ALPL’s role was explored (chapter 4). Finally,
the role of microRNAs in the regulation of EMT and ALP activity was studied
(chapter 5). Taken together (Fig. 6.1), these data represent novel findings that
expand the boundaries of the prostate cancer bone metastasis field, but also raise
some intriguing questions which would be the focus of future studies. In addition,
a high-throughput migration assay is in development in collaboration with the
High-throughput Screening Group (headed by Dr. Daniel Ebner, Target Discov-
ery Institute, University of Oxford). This in combination with the high-throughput
screening approaches described in this thesis are part of a larger comprehensive
project (Fig. 6.2) that aims to identify novel microRNA regulators of EMT, mi-

gration and ultimately, bone metastasis in prostate cancer.
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Figure 6.2: Combination of high-throughput screening techniques to

identify microRNA regulators of EMT and migration in prostate cancer.
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Appendix

A.1 Levamisole treatment decreased 22Rv1 cell
viability
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Figure A.1: Levamisole induced a reduction in cell viability in 22Rv1
prostate cancer cells Cell viability in levamisole-treated ARCaPM cells was
measured using Alamar Blue assay. (Data are shown as mean 4+ S. E. ** P
<0.0001 )
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A.2 ALPL expression is weakly negatively corre-
lated with E-cadherin and ZEB1 expression
in human prostate cancer samples

13 Spearmanr -0.3614 wxx 104 Spearmanr -0.2888 ***
Pearsonr  -0.3051 = Pearsonr -0.2494

ALPL ALPL
Figure A.2: Correlation of ALPL with CDH1 and ZEB1 gene expression
in human prostate cancer samples (A) mRNA expression data was mined
from a previously published dataset. ALPL mRNA expression was plotted against
CDHI1 expression or (B) ZEB1 expression. Solid lines represent linear regression
and the dotted lines are 95% confidence intervals. (** P <0.01, *** P <0.001,

0K P 20.0001)
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A.3 Apyrase degrades ATP in wvitro

50000+

40000

ry units)

arbitra

30000+

(

20000+

10000+

ATP luminescence

Untreated ATP Apyrase ATP
(300 uM)  5U/ml +
Apyrase

Figure A.3: Apyrase degrades ATP in serum-free medium Serum-free
medium containing ATP (300 xM) or control medium, was incubated for 2 hours
with or without apyrase (5 U/ml) and ATP was measured using a luciferin-

luciferase based bioluminescence assay kit.
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A.4 Apyrase does not rescue ARCaPM cells from
levamisole-induced decrease in viability
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Figure A.4: Exogenous apyrase has no effect on levamisole-induced re-
duction in cell viability in ARCaPM cells Cell viability was measured in
ARCaPM cells grown in serum-free medium, treated with levamisole alone or in

combination with apyrase for 24 hours, using Alamar Blue assay.
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A.5 Exogenously added porcine ALP has ecto-
nucleotidase function in wvitro, but has no
effect on ARCaPE cell viability
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Figure A.5: Exogenous porcine ALP has no effect on ARCaPE cell
viability (A) ATP was measured using a luciferin-luciferase based bioluminescence
assay in serum-free medium containing ATP or control medium with or without
porcine ALP. (B) Cell viability was measured in ARCaPE cells treated with ATP
alone or in combination with porcine ALP, using Alamar Blue assay. (Data are
shown as mean £+ S. E. *** P <0.001 )
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A.6 Optimisation of mimic library screen

1.5 @ Day 3
@ Day 5 (3+2)
[ Day 6 (3+3)

-
o
1

ALP activity

e
2
1

0.0
-ve control 1 -ve control 2 +ve control1 +ve control 2

MicroRNA mimic

Figure A.6: An example of the optimisation performed for the develop-
ment of the microRNA mimic library screen in 96-well format 50 nM each
of negative or positive microRNA mimic controls were transfected into ARCaPM
cells as described. Conditioned medium was collected from the transfected cells
at 3, 5 or 6 days following transfection. When collecting at 5 or 6 days, culture
medium was changed on the third day to ensure that the cells remain healthy.
From these optimisation experiments, a duration of 6 days following mimic trans-
fection was found to produce the most significant changes in ALP activity. (Data

are shown as mean of 5 replicates.)
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B.1 R code for data mining

install.packages(‘cgdsr’)

library(cgdsr)

# Create CGDS object

mycgds = CGDS("http://www.cbioportal.org/public-portal/")

# Get available case lists (collection of samples) for a given
cancer study

mycancerstudy = getCancerStudies(mycgds) [54,1]

mycaselist = getCaseLists(mycgds,mycancerstudy) [23,1]

# Get available genetic profiles
mygeneticprofile = getGeneticProfiles(mycgds,mycancerstudy) [4,1]

# Get data slices for a specified list of genes, genetic profile
and case list

my . ZEB1expMSKCC <- getProfileData(mycgds,c(‘ZEB1’) ,mygeneticprofile
,mycaselist)

my . ALPLexpMSKCC <- getProfileData(mycgds,c(‘ALPL’) ,mygeneticprofile
,mycaselist)
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my . SNAI1expMSKCC <- getProfileData(mycgds,c(‘SNAI1’),
mygeneticprofile,mycaselist)

my . CDH1expMSKCC <- getProfileData(mycgds,c(‘CDH1’) ,mygeneticprofile
,mycaselist)

my . PTENexpMSKCC <- getProfileData(mycgds,c(‘PTEN’) ,mygeneticprofile
,mycaselist)

# Get clinical data for the case list
myclinicaldata = getClinicalData(mycgds,mycaselist)

my . ALPLinPROSTATE <- my.ALPLexp [grep ("PROSTATE", rownames (my.
ALPLexp)), ]
my . ALPLinPROSTATE <- as.matrix(my.ALPLinPROSTATE, ncol=1)

row.names (my . ALPLinPROSTATE) <- rownames (my.ALPLexp) [grep("PROSTATE
", rownames (my.ALPLexp))]

B.2 Pyridoxine concentration in growth media

Table B.1: Pyridoxine concentration in growth media

Growth medium Pyridoxine. HC1 (mg/1)
RPMI 1640 (Sigma, Cat. RO883) 1

DMEM (Sigma, Cat. 6046) 4.04

T-medium (Life Technologies, Cat. 02-0056) 3.212
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Awards and funding

Best Poster Award, Nuffield Dept. of Surgical Sciences, University of Oxford,
Departmental Away Day, September 2014 (Selected based on competitive review)
Bone Research Society Travel Bursary, for American Society for Bone and
Mineral Research, Annual meeting, September 2014

ASBMR Young Investigator Travel Award, American Society for Bone and
Mineral Research, Annual meeting, September 2014 (Selected based on abstract
ranking)

New Investigator Award, Bone Research Society, UK, Annual meeting, June
2014 (Selected based on abstract ranking)

International Bone and Mineral Society Travel Grant, Cancer-Induced
Bone Disease conference, Lyon, November 2012 (Selected based on abstract rank-
ing)

Marie Curie PhD Fellowship, PRO-NEST consortium, FP7. 2010 - 2013
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Oral presentations

Rao, S. R., Snaith, A. E., Yapp, C., Orriss, 1., Hamdy, F. C. and Edwards, C. M.
Extracellular ATP induces Mesenchymal-Epithelial Transition (MET) in prostate
cancer cells. Annual Away Day of the Nuffield Department of Surgical Sciences
(Sept. 2014).

Rao, S. R., Kratschmer, P., Edwards, J. R., Hamdy, F. C. and Edwards, C.
M. MiR-373 inhibits functional osteomimicry in osteoblastic prostate cancer cells.
Annual Meeting of the Bone Research Society (June 2014).

Rao, S. R., Lwin, S. T., Kratschmer, P., Yapp, C., Edwards, J. R., Hamdy, F.
C. and Edwards,C. M. MicroRNAs regulate functional osteomimicry, promoting
prostate cancer-induced bone disease. 29th Annual Congress of the European As-
sociation of Urology (Apr. 2014).

Rao, S. R., Kratschmer, P., Yapp, C., Edwards, J. R., Hamdy, F. C. and Ed-
wards, C. M. The role of microRNAs in functional osteomimicry in prostate cancer
cells. Bone Research Society/British Orthopaedic Research Society Joint Meeting
(Sept. 2013).

Rao, S. R., Hamdy, F. C. and Edwards, C. M. The role of microRNAs in func-
tional osteomimicry in prostate cancer cells. BSMB Spring Meeting, Epigenetics

in Matriz Biology and Disease (Mar. 2013).
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