
1

Control of gene expression in

prostate epithelial cell

differentiation hierarchy

Jayant K Rane

PhD

University of York

Department of Biology

NOVEMBER 2012



2

ABSTRACT
The aim of present investigation is to elucidate the complex stem cell (SC)

dynamics within prostate cancer, which can be exploited to design novel diagnostic

and therapeutic strategies for the management of prostate cancer. In order to

determine the precise transcriptional and microRNA regulatory mechanisms

modulating SC self-renewal and differentiation, unique cellular assays have been

developed in our lab. These assays utilise homogeneous cell sub-populations

enriched from patient-derived prostate cultures. Occasionally, cell line models and

patient-derived mouse prostate cancer xenografts were also employed.

Using a prospective bioinformatic analysis of gene expression data from Birnie et.

al., 2008, we have identified LCN2, CEACAM6, and S100p as candidate genes for

regulation of prostate SC differentiation. These genes are over-expressed in

differentiated cells, compared to SC, and have a more similar expression pattern

with each other than with any other gene. Since their promoters have binding sites

for 32 common transcription factors, the genes may therefore form a co-regulated

network and/or have similar functions. Retinoic acid treatment can also induce the

expression of all these genes, suggesting that LCN2, CEACAM6, and S100p may

play an important role in retinoic acid-mediated prostate epithelial SC differentiation.

The genes could also be so-regulated by miR-128, miR-188, and miR-548c, based

on an analysis of the miRNA expression by microarray generated in this work.

Patient-derived prostate epithelial sub-populations enriched from PrEC, BPH, PCa,

and CRPC were profiled for the expression of 766 miRNAs. This analysis identified

a very specific prostate cancer SC miRNA signature, and showed that miRNA

expression can distinguish between PCa and CRPC. The integration of this miRNA

microarray data with gene expression microarray data showed that pathways

regulating both the cell cycle (SC quiescence) and cell-cell interaction (SC-stromal

niche interaction) could be significantly influenced by miRNAs during differentiation.

A lack of telomerase expression/activity in prostate cancer SCs, in contrast to their

differentiated progeny also points towards the quiescent nature of these cells. The

telomerase studies further revealed that BPH is a disease sustained by progenitor

proliferation and that inhibition of telomerase in BPH derived SCs can suppress their

self-renewal; while cancer SC self-renewal is not affected by telomerase inhibition.

We anticipate that these results, with further functional studies, will comprehensively

establish a detailed knowledge base for regulatory mechanisms active in prostate
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SC and prostate cancer SC differentiation. This data will be invaluable in formulating

efficient management strategies for prostate cancer.
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‘….. in science and all its applications, what is crucial is not that technical
ability, but it is imagination in all of its applications. The ability to form
concepts with images of entities and processes pictured by intuition’

--E. O. Wilson, American biologist, researcher, theorist, naturalist and author.

‘Our whole theory of education is based on the absurd notion that we must
learn to swim on land before tackling the water’

--Henry Miller, American writer and painter.
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This anatomical arrangement is remarkably different from the rodent prostate, which

is the commonest animal model for investigations of prostate physiology and

pathology. In rodents, the prostate does not have zones, but very distinct lobes

(Marker et al., 2003).

Figure 1.1: Schematic diagram showing zonal architecture of human prostate,
sagittal view (Zhai et al., 2010).

1.2 Prostate histology:

The human prostate has a high level of organisation. It has bilayered epithelial acini

and fibro-muscular stroma, separated from each other by a basement membrane

(Figure 1.2). Three phenotypically distinct cell types can be identified within the

epithelial bilayer: the basal cell, the neuroendocrine cell, and the luminal cell.

Figure 1.2: Schematic representation of the prostrate acinus. Adapted from (Rane
et al., 2012).
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have no proliferative potential and are characterised by the near universal

expression of androgen receptor (AR) (Nakada et al., 1993, Wang et al.,

2006a), NKX3.1 (Wang et al., 2009), CD57 (Signoretti et al., 2000), CD24

(Liu and True, 2002, Lawson et al., 2007), and cytokeratin 8/18 (Verhagen et

al., 1992, Robinson et al., 1998, van Leenders et al., 2000). Almost all of the

luminal cells (85-100%) express a marker for non-proliferating cells p27Kip1

and a correspondingly negative expression of proliferation markers PCNA

and Ki-67 (De Marzo et al., 1998).

1. 3 Disorders of the prostate:

The prostate is a common site of inflammatory and tumorigenic lesions. There are

three distinct prostate pathologies: prostatitis, benign prostatic hyperplasia, and

prostate cancer.

1.3.1 Prostatitis:

This is the most common disorder of the prostate. Prostatitis (predominantly

inflammation of the central zone) presents as an acute or chronic (most common

presentation) lower abdominal pain with increased urinary frequency, or it could also

remain asymptomatic (Sharp et al., 2010). The retrograde transmission of infectious

agents (less often) and damage caused by passing urinary toxins, stress,

autoimmunity, and physical trauma in the central zone are some of the most

common aetiological factors for prostatitis (Krieger, 2004, Sharp et al., 2010).

Chronic prostatitis is widely considered as a risk factor for the development of BPH

and even prostate cancer (Lee and Peehl, 2004, Kramer and Marberger, 2006,

Kramer et al., 2007, Nickel, 2008, Sciarra et al., 2008). Recent semen analysis

studies have found that about 20-30% of young healthy men (18-25 years of age)

have some degree of stroma-driven asymptomatic inflammatory prostatitis,

suggesting that there could be a prolonged inflammatory insult to the prostate
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prostate cancer (Shen and Abate-Shen, 2010). However, recent reports in

rodent and human cell culture models indicate that prostate cancer stem cells

could be AR-responsive, but AR independent (Collins et al., 2005, Goldstein et

al., 2010, Lawson et al., 2010, Qin et al., 2012). This suggests that AR signalling

could be essential for cell proliferation leading to increased tumour mass, but

may not be necessary for tumour initiation.

1.3.3.2 Clinical presentation - symptoms and signs:

With routine PSA screening (in USA) and increased awareness, the majority of

cases of prostate cancer is diagnosed even before the development of urinary tract

symptoms (Miller et al., 2003). In other cases, it may present with increased urinary

frequency, hematuria, and decreased urine stream (Fitzpatrick et al., 1998, Chen,

2001). Patients with advanced and metastatic disease may present with weight loss,

anaemia, and bone pain (Chen, 2001, Heidenreich et al., 2011). The symptoms are

associated with signs, such as bone marrow suppression, a hard mass on digital

rectal examination, and high PSA.

1.3.3.3 Diagnosis:

The widespread incidence and relative ease in treatment of localised disease has

prompted a call for routine serum prostate specific antigen (PSA) screening. PSA is

a serine protease, which maintains the fluidity of seminal fluid (Lilja, 1985). An

increase in serum PSA is considered as an indicator of increasing prostate gland

volume and prostate cancer progression (Hudson et al., 1989). Routine serum PSA

screening is however performed in very few countries (e.g. the USA and Austria),

but most European countries do not recommend it (Heidenreich et al., 2011). The

principal reasons for this hesitancy in European countries could be due to: (i) high

levels of false positivity with PSA testing and (ii) the inability of PSA to distinguish

between aggressive and indolent cancers (Schroder et al., 2009, Andriole et al.,

2012). The utilisation of newer, more specific and sensitive biomarkers, such as





32

Figure 1.4: Schematic representation of the Gleason grading of prostate cancer
(Gleason, 1966, Gleason, 1992).

Table 1.2: The extent of prostate cancer growth and aggressiveness at diagnosis in
the UK (The British Association of Urological Surgeons, 2010). A: Gleason grade at
diagnosis B: Extent of tumour growth at diagnosis.

1.3.3.4 Treatment:

Any decision for therapy depends upon the stage of the disease, histological grade

of the tumour and the patient choice. The options available are described in Table

1.3.

Gleason
grade at

diagnosis

% of
cases

< 6 ~2%
6-7 ~75%
8-10 ~23%

A Extent of tumour
spread at
diagnosis

% of
cases

Organ confined
cancer

~70%

Local and systemic
spread

~30%

B





34

In addition to the treatment options mentioned in the table, cryosurgical ablation of

the prostate (CSAP) (Babaian et al., 2008) and high-intensity focussed ultrasound

(HIFU) (Warmuth et al., 2010) have emerged as alternative therapeutic options in

patients with clinically localised prostate cancer. A regular follow-up is necessary

after any of these treatments. Disease progression can be monitored by regular

PSA testing and digital rectal examination with CT/MRI scans (if necessary) to

detect systemic spread (Heidenreich et al., 2011). However, about 20% of

advanced cancers fail to respond to androgen deprivation therapy, known as

castration resistant prostate cancers (CRPCs). It is unclear why such an androgen

dependent tumour fails to respond to androgen deprivation. One of the hypotheses

is that androgen deprivation leads to the accumulation of androgen independent

stem and basal cells (Shen and Abate-Shen, 2010, Rane et al., 2012). These cells

can then drive further tumour progression. The pathophysiology and treatment

options are discussed in the ‘genetic regulation of prostate stem cell differentiation’

introduction section (SECTION I).

The development of CRPC, over-representation of basal cells in the CRPCs, and

the analysis of normal prostate epithelium have suggested that the prostate

epithelium is arranged into a hierarchy, which is composed of relatively functionally

distinct cell sub-populations (Maitland and Collins, 2008b). Selection of pure and

homogeneous cell sub-populations would help to explore only the fundamental

causes of heterogeneity, minimising the noise created by differences in cellular

differentiation and the variable cellular composition of the tumour mass (differential

content of luminal, basal, endothelial, stromal, and inflammatory cells).
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1.4 Adult stem cells and cellular hierarchy of adult tissues:

Similar to the development of an entire organism from a single fertilised egg, organs

such as prostate are believed to be derived from stem cell driven cellular hierarchy

(Isaacs and Coffey, 1989). This cellular hierarchy can be described as a pyramid of

functionally heterogeneous cells, in which a rare stem cell population residing at the

apex generates all the differentiated populations (Table 1.4). The categorisation of

cells is based upon spatial and functional foundations, where stem cells are defined

as long-living cells that reside at particular micro-environmental niche and possess

the ability to self-renew, proliferate and differentiate into all the cell lineages that

constitute the tissue (van der Kooy and Weiss, 2000) (Table 1.4). Several lines of

evidence stress the importance of a stem cell niche, e.g. niche disruption leads to

haematopoietic stem cell differentiation (Kirstetter et al., 2006) and an ageing niche

affects muscle stem cell functionality, even in vivo (Chakkalakal et al., 2012). As cell

lines grown in 2-D culture for a prolonged time lack tissue homeostasis, spatial

localisation of cells (niche), and are under continuous selection pressure mainly on

the basis of proliferative potential (not the principal selection criteria in tissue); a cell

line model is not likely to fulfil the functional criteria for the establishment of a

hierarchy. Long-term culture of cells in serum-containing media can also induce

chromosomal changes (Lee et al., 2006, Izadpanah et al., 2008) and DNA

hypermethylation (Antequera et al., 1990). Therefore, stem cell related data

exclusively or heavily relying only on cell line models are not discussed here.
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Stem cell attribute Comment

Rarity Exceptions are noted (e.g. Melanoma)

Pluripotency
Can differentiate into all the cell lineages
identifiable in the tissue

Quiescence
Slowly cycling cells but have a large
proliferative potential

Self-renewal
Can divide asymmetrically to form one
differentiated and another stem cell

Long living cells

Their ability to self-renew and remain
quiescent enables stem cell to provide
cell reserves that exceeds the lifetime of
the individual

Specific location in the niche

Attachment with the basement
membrane and contact with the niche
cells is essential to maintain above
mentioned characteristics

Table 1.4: Characteristics of stem cells. Adapted from (Miller et al., 2005).

The concept of stem cells gained its first major supportive evidence in early 1960’s,

when pioneering work of Till and McCulloch with spleen colony forming assays

demonstrated for the first time that a rare population of cells exists in mouse bone

marrow that satisfy the above mentioned stem cell criteria (Till and Mc, 1961,

Becker et al., 1963). In next 3 decades, stem cells were isolated and characterised

from several adult animal and human organs, such as haematopoietic system

(Spangrude et al., 1988, Bernstein et al., 1994), brain (Temple, 1989, Reynolds and

Weiss, 1992), skin (Cotsarelis et al., 1990, Lyle et al., 1998), and breast (Kordon

and Smith, 1998, Welm et al., 2002, Shackleton et al., 2006). In late 1980’s, based

on classical serial prostate involution-regeneration experiment in rats, the existence

of prostate epithelial stem cells was also proposed, indicating a hierarchical

arrangement within the prostate epithelium (English et al., 1987, Isaacs and Coffey,

1989).





38

level. Two recent lineage-tracking studies marked the K5/14/8 expressing cells and

found that both basal and luminal progenitor cells exist in mouse prostate

epithelium, with some additional evidence for basal cell differentiation into luminal

cells (Choi et al., 2012, Ousset et al., 2012). Even though there is no consensus on

the location and number of stem cells in the murine prostate, these testable models

have immensely contributed to fine-tune concepts and techniques that can be

applied for the investigations of human prostate epithelium.

Figure 1.5: Schematic representation of serial androgen ablation and regeneration
of a rodent prostate. Adapted from (Maitland, 2012, Rane et al., 2012)

The identification of human prostate epithelial stem cells was however seriously

hampered due to technical challenges involved in maintaining human prostate

epithelial cultures and isolating pure and homogeneous cell sub-populations. On the

basis of immunoprofiling with Ki-67, PCNA, and MIB1, initial experiments showed

that the proliferative compartment of normal prostate lies in the basal epithelial layer

(Bonkhoff et al., 1994). However, only 1 in 200 of basal cells were found to generate

compact colonies reminiscent of colonies derived from stem cells in two-

dimensional culture and structures similar to normal prostate epithelium in three-
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cell population can be identified in mouse and human prostate epithelia (Isaacs and

Coffey, 1989, Hudson et al., 2000, Richardson et al., 2004) (Figure 1.6). These

cells cannot self-renew, but can proliferate significantly and express basal cell

markers. On differentiation into committed basal cells, the transit-amplifying cells

lose their significant proliferation potential. When these basal cells move down the

hierarchy by terminally differentiating into the luminal cells, they move away from

the basement membrane into the luminal layer. The cells with intermediate basal

and luminal phenotype beautifully capture this transition on electron microscopy

(Brandes, 1966). These intermediate cells predominantly reside in the basal layer,

but express some of the classical luminal markers, such as AR (Nakada et al.,

1993, Wang et al., 2006a), NKX3.1 (Wang et al., 2009), and cytokeratin 8/18

(Verhagen et al., 1992, Robinson et al., 1998, van Leenders et al., 2000).

Furthermore, recent lentivirus lineage tracking experiments clearly demonstrated

the ability of human prostate basal cells to differentiate into luminal cells (Frame et

al., 2010). Taken together, these findings suggest that the prostate epithelium has a

hierarchical architecture. Interestingly, along with normal prostate epithelium,

prostate cancer has also been suggested to exhibit cellular hierarchy.

Figure 1.6: Hierarchy in the normal prostate epithelium (Maitland et al., 2006).
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a consequence, CSCs can mount a successful barrier against conventional anti-

cancer drugs to which, their differentiated progeny is susceptible (Zhou et al.,

2009a, Alison et al., 2011). Treatment of cancer with conventional anti-cancer drugs

could therefore result in selective loss of differentiated cells, leading to a response

similar to wound healing, causing rebound increase in number of CSCs. The

phenomenon of enrichment of CSCs after chemotherapeutic treatment has been

indeed observed in cancers of breast (Gupta et al., 2009, Hoey et al., 2009),

pancreas (Mueller et al., 2009), liver (Ma et al., 2008), lung (Levina et al., 2008),

and colon (Dylla et al., 2008). These CSCs then underpin subsequent development

of more aggressive cancer phenotype. Therefore, it has become evident that a

combination of drugs targeting CSCs with conventional anti-neoplastic treatments is

necessary for efficient cancer management.

In order to investigate the prostate hierarchy, and the mechanisms responsible for

prostate cancer progression, multiple models such as cell lines, patient-derived

epithelial cultures (primary cultures), and mouse models are in use. All of these

models have their own advantages and limitations. These models are discussed in

brief in the next section.

1.6 Models for investigating prostate biology:

1.6.1 The primary patient-derived prostate epithelial culture model:

In our lab, most of the investigations rely heavily on patient-derived primary prostate

epithelial cultures (PPECs) with supplementary use of cell lines and mouse

xenografts established from patient-derived tissue. PPECs provide a near-to-patient

model for investigating prostate epithelial cells from benign or malignant origin.

However, there are several limitations to PPECs: (i) it is difficult to establish cultures

from patient samples, (ii) these cultures have a limited life span (about 10 passages
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Cell Line Origin Method of
immortalisation

Reference

PNT1a Normal prostate cells SV40 large T
antigen

(Berthon et al.,
1995)PNT2c2

BPH-1 BPH tissue SV40 large T
antigen

(Hayward et al.,
1995)

P4E6 Gleason 4, organ
confined prostate
cancer

human
papillomavirus-16
E6 gene

(Maitland et al.,
2001).

RC165N/
hTERT

Primary benign
tissue for a patient
with prostate cancer

Overexpression of
telomerase via
hTERT transfection

(Miki et al.,
2007).

R92a-
N/hTERT

Primary prostate
cancer, non-
metastatic

Overexpression of
telomerase via
hTERT transfection

(Miki et al.,
2007).

PC346C Primary prostate
cancer, non-
metastatic

Selection after
growing as a
xenograft, retroviral
immortalisation

(Marques et al.,
2006)

LNCaP Prostate cancer
lymph node
metastasis

Spontaneous
immortalisation

(Horoszewicz et
al., 1980)

VCaP Prostate cancer brain
metastasis

Cells were
passaged in SCID
mice and then
established as a
continuous in vitro
cell line

(Korenchuk et
al., 2001)

DU145 Prostate cancer brain
metastasis
(Patient also had
leukemic brain
metastasis)

Cells were
passaged 60 times
in nude mice and
then established as
a continuous in vitro
cell line

(Mickey et al.,
1977)

PC3 Prostate cancer bone
metastasis

Spontaneous
immortalisation

(Kaighn et al.,
1979)

Table 1.5: Commonly used prostate epithelial cell lines.

1.6.3 Animal models for prostate cancer:

There are two types of animal models: (1) xenograft mouse models: human prostate

cancer tissue is transplanted subcutaneously or orthotopically in

immunocompromised mouse (Liu et al., 1996, Maitland et al., 2011) and (2)

transgenic rodent prostate cancer models: prostate specific mutation in one or more

key genes (e.g. PTEN) involved in prostate carcinogenesis leading to rodent
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2. AIMS AND OBJECTIVES
Two main objectives are driving prostate cancer research at this moment: (i)

biomarker discovery - identification of biomarkers, which can distinguish between

indolent and aggressive prostate cancer, early diagnostic biomarkers, and

biomarkers that can be used to evaluate therapy response; and (ii) the design of

novel therapeutic strategies, which could be useful for the management of

advanced prostate cancer. In this project, we focussed on the second problem with

specific emphasis on the cancer stem cell hypothesis, which proposes that the

relatively rare cancer stem cells are the principal drivers of the cancer progression

and should be specifically targeted for more efficient cancer management. Our lab

has established a technique to enrich for prostate cancer stem cells and their

differentiated progeny (transit amplifying cells, committed basal cells, and luminal

cells) from patient-derived tissue material. Utilisation of these sub-populations

enabled us to design experiments on tissue material closest to that of patients,

focussing on individual prostate epithelial cell sub-types. With these pure and

homogeneous prostate epithelial sub-populations, we wanted to investigate specific

genetic and epigenetic (miRNA mediated) regulatory machineries essential for

prostate cancer stem cell maintenance. Identification of such pathways would permit

designing of prostate cancer stem cell-targeted therapeutic/diagnostic/prognostic

approaches.

2.1 Objectives:

1. Identification of transcription factors, which can regulate prostate cancer

stem cell differentiation.

2. Investigation of the role of telomerase in the maintenance of prostate cancer

stem cells
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3. Establishment of a miRNA profile for prostate epithelial sub-populations

enriched from PrEC, BPH, treatment naïve cancers, and castration resistant

prostate cancers, which can subsequently be exploited for the identification

of therapeutic/diagnostic/prognostic miRNA candidate targets.
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3. MATERIALS AND METHODS

3.1 Bioinformatic analyses:

3.1.1 mRNA microarray data reanalysis

The previously published microarray data from our lab (Birnie et al., 2008) was

reanalysed by robust multi-array averaging (RMA) as opposed to MAS5.0 in the

original paper. The gene expression was plotted as log2 expression. The

expression in different prostate epithelial sub-populations was compared using a

paired two-tailed t-test. Dr. Alastair Droop performed this analysis.

3.1.2 Promoter analysis:

The MatInspector software suite from Genomatix was utilised to identify potential

binding sites for transcription factors in the promoters of candidate genes (Quandt et

al., 1995, Cartharius et al., 2005). MatInspector is a tool, which utilises a library of

matrix descriptions for transcription factor binding sites to locate matches in the

promoter sequence. A large library of predefined matrix descriptions for transcription

factor binding sites, based upon direct wet-lab confirmation data, exists within the

software resource base. The software used a pre-defined sequence of a gene and

promoter region, which is known or predicted to occupy binding sites for regulatory

transcription factors.

3.1.3 Identification of CpG islands:

Regions of genomic sequence spanning 10,000 bp promoter and an entire genomic

region of the LCN2, CEACAM6, S100p, and SPRR3 were analysed for the

presence of CpG islands (regions that were rich in CG dinucleotides) The EMBOSS

CpGPlot software was utilised for this analysis

(http://www.ebi.ac.uk/Tools/emboss/cpgplot/index.html). The presence and location
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Keratinocyte Serum-Free Medium (KSFM with 5 ng/ml human EGF and 50 µg/ml

bovine pituitary extract supplements (Invitrogen) and 5 ml Roswell Park Memorial

Institute-1640 medium (RPMI, Invitrogen), supplemented with 10% foetal calf serum

(PAA Laboratories Ltd.), 100 U/ml antibiotic/antimycotic solution and 2 mM L-

Glutamine (Invitrogen) with shaking at 80 RPM. When luminal cell selection was

planned, the above mixture was additionally supplemented with 10nM

dihydrotestosterone (DHT) (Sigma).

The next day, the digestion was triturated by passing through a 5ml syringe (BD

Biosciences) with a 21G blunt needle (Monoject) and cells collected by centrifuging

at 2000 RPM for 10 minutes. The supernatant was removed and the pellet was

washed twice with 10 ml of PBS to remove collagenase. Then, the pellet was

suspended in 10 ml of R10 (RPMI media supplemented with 10% foetal calf serum

(FCS) (PAA) and 2mM L-Glutamine), and both the stroma and the epithelium was

separated by multiple centrifugations at 800 RPM for 1 minute. Stromal cells float in

the supernatant while the epithelium (acini) form a loose pellet at the bottom.

Stromal cell separation was not done with cancer core biopsies as we noted that

there was extremely limited amount of stroma in them and in an attempt to separate

it, we used to significantly lose epithelial acini. The pellet containing epithelial acini

was then washed with 10 ml of PBS and centrifuged at 1800 RPM for 5 minutes.

The supernatant was discarded and the pellet was further disrupted by suspending

it into 5ml of 0.05% (v/v) trypsin-EDTA in PBS (Invitrogen) for 30 minutes at 370C at

80 RPM. Trypsin was then neutralised by 10 ml of R10 and the pellet containing

prostate epithelial cells was collected by centrifuging the mix at 1400 RPM for 4

minutes.

The pellet was then suspended in 5 ml of stem cell medium (SCM) composed of

Keratinocyte Serum-Free Medium, 5 ng/ml human EGF, 50 µg/ml bovine pituitary

extract, 2 ng/ml leukaemia inhibitory factor (Chemicon), 100 ng/ml cholera toxin
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(Sigma), 1 ng/ml granulocyte macrophage colony stimulating factor (Miltenyi

Biotec), 2 ng/ml stem cell factor (First Link UK Ltd) and 2 mM L-Glutamine. The

cells in SCM were plated on 10 cm type 1 collagen-coated dishes (BD Biosciences)

with irradiated mouse embryonic fibroblasts cells (STO) as a feeder layer. The cells

in these cultures were of a basal prostate epithelial phenotype. These cells were

incubated at 37oC with 5% CO2 and needed 2-3 weeks to reach the first confluency.

Thereafter cells were sub-cultured by splitting at a ratio of 1:3 on a weekly basis.

However, there is a significant heterogeneity in the growth kinetics of samples.

These prostate epithelial cells could be maintained in culture for about 10 passages.

Similar cultures are referred to as primary cultures or primary prostate epithelial

cultures (PPECs) in further description. The normal prostate epithelial cells, PrEC

cells (Lonza), were cultured in SCM and maintained in a similar fashion as prostate

epithelial cells established in our lab.

3.2.1.2 Enrichment of hierarchical sub-populations from primary cultures:

Four sub-populations at different differentiation stages can be enriched from

prostate epithelium. The luminal cell sub-population, which can’t be cultured, was

enriched before cells were plated in type1 collagen-coated plates. A CD24 indirect

magnetic-activated cell sorting (MACS) method (Miltenyi Biotec) was utilised to

enrich CD24+ luminal cells, using the manufacturer’s protocol during this

enrichment. The other three populations [committed basal cells (CB), transit-

amplifying cells (TA), and stem cells (SC)] were enriched from primary cultures,

although they can be enriched from uncultured epithelium as well (if they are

enriched from uncultured epithelium, the number of stem cells is usually <1000

cells: not sufficient for most of the experiments). The majority of cells used in this

investigation were cultured for 2 passages after which SC, TA, and CB cells were

enriched.
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BPH-1 Benign prostatic
hyperplasia

R5
(RPMI media

supplemented with 5%
foetal calf serum

(FCS) and 2mM L-
Glutamine)

3-4
days 70

P4E6

Early stage well-
differentiated

prostate cancer
immortalised by

retroviral
delivery of the

HPV16-E6 gene

K2
(Keratinocyte Serum-
Free Medium, 5 ng/ml
human EGF, 50 µg/ml
bovine pituitary extract
and 2mM L-Glutamine

with 2% FCS)

A week 55

RC165N/hTERT

hTERT-
immortalised

primary benign
prostate tissue

KSFM
(Keratinocyte Serum-
Free Medium, 5 ng/ml
human EGF, 50 µg/ml
bovine pituitary extract

and 2mM L-
Glutamine)

A week 40

RC92a/hTERT

hTERT-
immortalised

primary human
prostate tumour

KSFM A week 40

PC-3

Human prostatic
adenocarcinoma
metastatic site in

bone

H7
(Ham’s F-12 medium
+ 7% FCS + 2mM L-
Glutamine)

4-5
days 50

LNCaP

Human prostatic
adenocarcinoma
metastatic site in
supra-clavicular

lymph node

R10 A week 50

VCaP

Mouse xenograft
established from

hormone
refractory

prostate cancer
bone metastasis

R10 10 days 80

DU145

Human prostatic
adenocarcinoma
metastatic site in

brain

R10 A week 150

PC346c
Human prostate

carcinoma
xenograft

1:1 mix of Dulbecco’s
Modified Eagle’s

Medium (DMEM) and
Ham’s F-12 medium,

100 µg/ml
streptoMYCin, 100

U/ml penicillin G, 2%
FCS, 0.01% (w/v) BSA

(Sigma), 10 ng/ml
EGF (Sigma), 1% (v/v)

2-3
weeks

Upper
limit not

assigned
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ITS-G (GIBCO), 0.1
nM R1881 (DuPont-

New England
Nuclear), 1.4 µM
hydrocortisone
(Sigma), 1 nM

triiodothyronine
(Sigma), 0.1 mM

phosphoethanolamine
(Sigma), 50 ng/ml

cholera toxin (Sigma),
0.1 µg/ml fibronectin

(Sigmg/ml fetuin
(Sigma)

Table 3.3: Prostate epithelial cell lines used in this investigation.

3.2.3 Cryopreservation of mammalian cells

For long-term storage in liquid nitrogen, cells were collected after trypsinisation. A

standard 1 ml freezing media (10% DMSO and 20% FCS in RPMI) was used to re-

suspend cells (~1-2 x 106) in cryovials. These vials were placed in containers at -

80oC for 4 hours and then transferred into liquid nitrogen. While thawing cells for

culture, vials were thawed as quickly as possible by placing it into a 37oC water bath

and then the growth media was added to dilute the freezing media drop by drop.

This was to avoid rapid change in cellular osmolality, which can affect cell integrity.

Cells were then pelleted by centrifugation at 1300 RPM for 4 minutes and plated in

an appropriate media.

3.2.4 Live cell counting

In order to determine live cell count, 30µl of cell suspension was added to an equal

volume of diluted Trypan Blue stain (Sigma-Aldrich). The live cells were counted

using a haemocytometer (Neubauer). Total live cell count was determined by the

following formula:

Total number of cells/ml of cell suspension = (Total no. of cells in 4 quadrants/4) *

10,000
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3.2.5 Foetal calf serum hormone depletion

2 g of Norvid A charcoal (Sigma) was added to 100 ml FCS and incubated at 4°C

overnight. The mixture was centrifuged at 5000 RPM for 10 min to sediment the

charcoal, and the supernatant re-centrifuged repeatedly at 5000 RPM for 10 min

until the supernatant cleared (about 5 centrifugations). The FCS was then filtered

using a 0.2 µM filter and stored at 4°C until use. This process removes steroid

hormones and other lipid-based hormones and growth factors.

3.3 Extraction and analysis of RNA

RNA analysis was routinely performed on freshly collected primary cells or cell lines

and on cell pellets frozen at -800C.

3.3.1 RNA extraction

To ensure isolation of pure, uncontaminated RNA, bench and relevant equipments

were cleaned with 70% ethanol. Dedicated filter tips were also used for RNA

extraction purpose and samples were kept on ice all the time. RNA was extracted

using either QIAGEN RNeasy Mini kit (QIAGEN) or the mirVana kit (Invitrogen).

3.3.1.1 The RNA extraction using QIAGEN RNeasy Mini kit

The QIAGEN RNeasy kit protocol utilises selective binding properties of a silica-

based membrane and microspin technology with high-salt based system to purify

RNA. Cells were lysed with specified amount of buffer by vortexing and then up to

350µl cell lysate was processed per column. First, the cell lysate was homogenised

by passing it through QIAshredder column and then RNA was purified by serial

buffer washes in QIAGEN RNeasy Mini columns. For maximum RNA elution, 30µl of

nuclease free water (Sigma) was placed in a column and a column was centrifuged

after 1 min. The same eluate was passed through the column again to collect
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leftover RNA. On occasions, if the stem cell number was less than 2000, RNA was

eluted in 15µl water.

3.3.1.2 The RNA extraction using mirVana kit

The mirVana kit utilises acid:phenol-chloroform extraction followed by

immobilisation of RNA on glass-fibre filter to purify RNA. 300µl of cell lysate was

used per column and total RNA was eluted in 30µL of 95oC heated nuclease free

water (Sigma) as per the kit protocol.

3.3.1.3 The preparation of concentrated RNA

Sometimes, if concentrated total RNA is required (eg. For miRNA microarray), total

RNA was concentrated using ethanol precipitation method. The RNA sample was

mixed with 0.1 volumes 3M-sodium acetate (pH 5.2) and vortexed for 10s. 2.2

volumes of cold 100% ethanol was added to it. After thorough mixing, samples were

incubated at -80oC for 2 hours. Later, the samples were centrifuged at 13,000 g for

10 minutes and supernatant was removed. The pellets were then re-suspended in

cold 70% ethanol and spun at 13,000 g for 10 minutes. The ethanol was then

removed and pellets were vacuum dried at 45oC for 1 hour with a vacuum centrifuge

concentrator (Eppendorf). The dried pellets were re-suspended in the desired

quantity of RNase-free water.

3.3.1.4 The quality control of extracted RNA

The extracted RNA was quantified and its quality assessed, in all the cases, by

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Only the RNA

samples with optical density (OD) ratio of about 2.00 at A260/A280 and A260/A230

were used for future experiments. The A230/A260 ratio was sometimes very low for

stem cells derived RNA, but these samples were still included in analysis if the ratio

was above 1. This is because: (i) stem cells-derived RNA concentrations varied

between 2-5ng/µl, which was at about the threshold of spectrophotometer detection
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levels and at that level, the accuracy in determination of OD may vary significantly

and (ii) sometimes, it was extremely difficult to get pure RNA from stem cells even

after best possible precautions. After quality confirmation, the RNA samples were

labelled and stored at -80oC.

3.3.2 Preparation of cDNA from mRNA

3.3.2.1 Method 1:

First strand cDNA synthesis was carried out by mixing up to 2 µg of RNA, 100ng

random hexamer primer (Invitrogen), 1µl of 10mM dNTPs (Invitrogen) in RNase free

water (Sigma) per sample, making a total volume of 12µl. The mixture was

incubated at 65oC for 5 minutes, and snap cooled on ice for 2 minutes. Components

shown in Table 3.4 were added in the mix and the mix was incubated at 25oC for 10

minutes, followed by 42oC for 50 minutes, and the reaction was terminated at

heating it 70oC for 15 minutes in a PCR machine (GeneAmp PCR system 9700).

Component Amount per sample
5x first strand buffer (Invitrogen) 4µl
0.1M DTT (Invitrogen) 2µl
RNaseOUT (Invitrogen) 1µl
Superscript II (Invitrogen) 1µl

Total 8µl

Table 3.4: Components used to prepare cDNA

The cDNA fragments obtained were then purified using QIAquick PCR Purification

Kit (QIAGEN). This kit applies a silica-based membrane, which removes

nucleotides, mineral oil, and other impurities from DNA. The DNA was eluted in

30µL of nuclease free water. The prepared cDNA was quantified and analysed by

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) similar to that of

RNA. The cDNA samples were labelled and stored at -20oC.
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3.3.2.2 Method 2:

At times, when the starting RNA amount was lower (e.g. for stem cells); a different

method was employed to prepare cDNA, which involved an ethanol precipitation

step. In this method, about 50ng of RNA was diluted in 15µl of nuclease free water

and 0.75µl of random hexamer primers (3µg/µl, Invitrogen) were added per sample.

The mix was incubated at 70oC for 10 min. and then snap cooled on ice for 5 min. A

reaction mix as shown in Table 3.5 was prepared and added to each sample

reaction, which was then incubated at 45oC for 2 hrs. Thereafter, using serial

ethanol precipitation, first by pre-cooled analytical grade 100% ethanol and then by

70% pre-cooled ethanol, cDNA was resuspended in 30 µl of nuclease free water.

Component Amount per sample
Water 0.75µl
5x first strand buffer (Invitrogen) 6µl
0.1M DTT (Invitrogen) 3µl
10mM dNTPs (Invitrogen) 3µl
Superscript III (Invitrogen) 1.5µl

Total 14.25µl

Table 3.5: Reaction mix for ethanol precipitation method for cDNA preparation.

It was noted that the ethanol precipitation method needed significantly more

reagents, but it also gave reliable, reproducible, and higher cDNA yields.

3.3.3 Quantitative reverse-transcriptase PCR (qRT-PCR)

In a 96-well plate, a 10µl PCR reaction was prepared using constituents as shown in

Table 3.6. Each sample was assayed in triplicate with non-template control and

water only control for each gene. The plate was sealed with thermoclear film lid and

a qRT-PCR was performed using ABI-70000/7700 (Thermal profile: Table 3.7A) or

Bio-Rad C1000 thermal cycler (Thermal profile: Table 3.7B). The probes used in

this process were described in Table 3.8.
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Component Amount per sample
2X Master mix (ABI/Biorad) 5µl
20X TaqMan assay mix (Applied Biosystems) 0.5µl
cDNA + water 4.5µl

Total 10µl

Table 3.6: Reaction mix for qRT-PCR

B Temperature (oC) Duration
1 95 2 min
2 95 5 sec
3 60 5sec

40 cycles for step (2+3)

Table 3.7: Thermal profile for ABI thermocycler (A) and for Bio-Rad thermocycler
(B) for qRT-PCR.

Gene TaqMan Probe ID

LCN2 Hs00194353_m1

CEACAM6 Hs00366002_m1

S100p Hs00195584_m1

SPRR3 Hs00271304_m1

RPLP0 Hs99999902_m1

hTERT Hs00972656_m1

Table 3.8: TaqMan gene probes used for qRT-PCR (Applied Biosystems).

The gene expression was quantified relative to RPLP0 internal control gene using

either the ddCt method (Livak and Schmittgen, 2001) or the standard curve method

(Larionov et al., 2005).

3.3.4 Quantitative reverse-transcriptase PCR (qRT-PCR) for miRNA

For miRNA qRT-PCR, total RNA from cells was extracted using mirVana kit.

TaqMan small RNA assay was employed for qRT-PCR that uses a stem-looped

primer for reverse transcription and amplification of an individual miRNA and a

sequence specific TaqMan probe to detect mature miRNA. Reverse transcription

A Temperature (oC) Duration
1 50 15 min
2 95 2 min
3 95 15sec
4 60 30 sec

40 cycles for step (3+4)





64

Table 3.12: Thermal profile for miRNA qPCR reaction.

The dCt method was used to analyse qPCR data and the expression was plotted

relative to the expression of an internal control (RNU6b).

3.4 Protein analysis

Results obtained at the RNA level were confirmed at protein levels by various

protein expression assays.

3.4.1 Extraction of proteins

Freshly harvested cells or cell pellets stored at -80oC were used to extract proteins.

An appropriate amount of CytoBuster (Novagen) was added and the mixture was

incubated at room temperature for 5 minutes. If pellets were used to extract

proteins, after adding CytoBuster, the pellet was dissociated by brief vortexing. The

extract was centrifuged for 5 min at 16,000 x g at 4oC and aliquoted in 50 µl tubes

with 1X protease inhibitor (Roche).

3.4.2 Measurement of protein concentration

Protein concentration was measured using Bicinchoninic acid assay (BCA) protein

assay kit (Thermo Scientific) following the manufacturer’s instructions. 25 µl of BSA

standards and samples (unknown) were pipetted in triplicate into a 96 well plate.

After adding 200 µl of working reagent to each well, the plate was mixed on a plate

shaker for 30 seconds and then incubated at 37°C for 30 min. After cooling the plate

to room temperature, the absorbance was measured at 562 nm on a POLARstar

OPTIMA microplate reader (BMG Labtech). The protein concentration in the

Step Temperature (oC) Time
Enzyme activation 95 10 min
PCR (40 cycles) 95 15 s

60 60 s
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unknown samples was determined according to the BSA standard curve of

concentration vs. absorbance.

3.4.3 Western blot analysis

Western blot analysis was performed using 10 or 12% polyacrylamide gels. Protein

lysate (usually 20µg) was mixed with 4X SDS loading buffer (10% (v/v) glycerol,

62.5 mM Tris-HCl pH 6.8, 1% (w/v) SDS, 65 mM DTT and bromophenol blue to

colour) in 1:4 (v/v) ratio. The mixture was briefly vortexed for 10 seconds and

heated to 100°C for 15 min in a QBD2 heating block (Grant). After re-vortexing and

centrifugation for 10 seconds each, samples were cooled on ice for 2 minutes and

loaded (maximum volume of 50 µl) onto a 10-12% Tris-SDS polyacrylamide gel,

using the Bio-Rad Protean II system. For each gel, a single marker lane was also

run with 5 µl of Kaleidoscope Pre-stained Standards (Bio-Rad) and 2 µl of

Bioatenylated Protein Ladder (Cell Signaling). The samples were then run on a gel,

first at 60V for 30 min and then 80-90V for about 2 hours in SDS running buffer (25

mM tris, 0.19 M glycine and 3.5 mM SDS). In order to transfer proteins from the gel

to an Immobilon-P membrane (Millipore) membrane (pre-activated in methanol and

equilibrated in a transfer buffer), a transfer cassette was assembled with a gel and a

membrane sandwiched between pre-soaked Whatmann filter papers and

ScotchBrite foam pad. This assembly was run overnight at 4oC at 40V or for 1hr at

RT at 100V in a transfer buffer (48 mM tris, 39 mM glycine and 10% (v/v) methanol).

While assembling a transfer cassette, special attention was given to remove any air-

bubble trapped between various layers. If necessary, the membrane was dried and

stored at 4oC between filter papers for later use.

Membrane with freshly transferred proteins or previously air-dried membranes were

re-wet with methanol and washed twice in TBS (150 mM NaCl and 50 mM Tris-HCl

at pH 7.4) and then probed for required proteins. All the washes and incubations

during this process were performed on a rocker. The membranes were first blocked
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the one that least influenced cell viability and gene expression. On day 1, cells were

plated in a relevant growth media (generally, ~20000 cells/cm2) and incubated

overnight at 37oC (Table 3.15).

96-well plate 24-well plate 6-well plate 10 cm dish
Cells/well 1 X 104 5 X 104 2 X 105 1.5 X 106

Media 0.1 ml 0.5 ml 2 ml 5 ml

Table 3.15: The number of cells plated and media used for siRNA experiments.

On day 2, in separate tubes for 50nM final siRNA concentration, appropriate amount

of siRNA (Tube 1) and the appropriate amount of Oligofectamine transfection

reagent (Invitrogen) (Tube 2) were diluted in serum-free Opti-MEM serum free

medium (Invitrogen) (Table 3.16). The contents in both tubes were mixed by

pipetting and incubated for 10 min at RT. Then the contents from both tubes were

mixed with each other and incubated for 25 min at RT. Cells were washed with Opti-

MEM media and incubated at 37oC in 5% CO2 with the siRNA/Oligofectamine mix

for 4 hours. Growth media was added and cells were incubated under the same

conditions for 4 more hours. Later, the transfection mix was aspirated and cells

were washed twice with 1X PBS and then incubated in the growth media for

required time.

Tube 1 Tube 2 Was
h

Opti-
MEM

siRNA/
Oli

Medi
a

96 well 0.2 µl siRNA +
25 µl Opti-

MEM

0.2 µl Oli +
6.8 µl Opti-

MEM

100
µl

17.5 µl 32.5 µl 200
µl

24 well 0.5 µl siRNA +
62.5 µl Opti-

MEM

0.5 µl Oli + 17
µl Opti-MEM

250
µl

44 µl 81 µl 500
µl

6 well 2 µl siRNA +
250 µl Opti-

MEM

2 µl Oli + 68
µl Opti-MEM

1 ml 175 µl 325 µl 2 ml

10cm 2 µl siRNA
+250 µl Opti-

MEM

16 µl Oli +
544 µl Opti-

MEM

8 ml 1400 µl 2600 µl 5 ml

Table 3.16: siRNA reagents for 50nM siRNA transfection. SiRNA stock solution:
50nM.
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3.10 Telomere repeat amplification protocol (TRAP) assay

A mini-TRAP assay, which can be performed with as few as 50 cells, was employed

to assess telomerase enzyme activity in prostate epithelial hierarchical sub-

populations. Either freshly selected sub-populations or snap-frozen cell pellets were

used for this assay. TRAPEZE® RT Telomerase Detection Kit (Millipore) was used

to determine telomerase activity by qRT-PCR. First, a standard curve was created

by using serial dilutions of TSR8 (quantitation control template). For each sample,

2500 cells were suspended in 10µL CHAPS lysis buffer and incubated on ice for 30

min. The suspension was centrifuged at 12,000g for 20 min at 4oC and the

supernatant was used for further analysis. TSR8 serial dilutions, P4E6 and cells

provided with the kit were used as a positive control and heat inactivated (85oC for

15 minutes) test cell extract was used as a negative control. Samples were kept on

ice all of the time.

The following reagents were used to set up qRT-PCR reaction (Table 3.18):

Reagent Volume (µL
5X TRAPeze RT reaction mix 5.0
Titanium® Taq DNA Polymerase (Clontech: 639208) (5unnit/µL) 0.4
Nuclease free water 17.6
Sample/control 2.0

Total 25

Table 3.18: Reagents used to set up qRT-PCR reaction for TRAP assay.

The reaction was run on ABI PRISM® 7700 Real Time PCR System using following
set up (Table 3.19):

Temperature (oC) Duration Cycle
30 30 min 1 cycle
90 2 min 1 cycle
45 cycles
94 15 s
59 60 s
45* 60 s

* Temperature at which reading was taken

Table 3.19: Thermocycler profile setting used for TRAP assay.
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The relative test sample telomerase activity was quantified by comparing its Ct

value with that of TSR8 template serial dilutions (As recommended by the

manufacturer).

3.11 miRNA microarray analysis:

A microarray experiment was performed to determine global miRNA expression in

prostate epithelial hierarchical sub-populations enriched from normal (PrEC cells,

1), BPH (5), treatment naïve cancers (5), and castration resistant cancers (3). For

this purpose, an Agilent human miRNA microarray Kit (V3), 8x15K (Agilent,

G4470C), which has 866 human miRNA probes printed was employed. RNA from

frozen cell pellets (Stored at -70oC) was extracted using MirVana kit, as described in

the RNA extraction section. Using NanoDrop 2000, the quality of RNA samples was

tested.

For miRNA microarray, ‘miRNA Microarray System with miRNA Complete Labeling

and Hyb Kit’ (Agilent) protocol was employed as suggested by the manufacturer. In

order to distinguish significant biological data from processing issues, the labelling

and hybridisation spike-in solutions were prepared and mixed with test RNA

samples subsequently. These ‘spike-in solutions’ produce control labelled

luminescent spots with known intensity. The analysis of intensity of these points

enables the assessment of labelling and hybridization efficiency.

To prepare test samples for miRNA, the following protocol was used:

3.11.1 Step 1: Preparation of the labelling reaction:

This step involves the ligation of one Cyanine 3-pCp molecule to the 3' end of a

RNA molecule with greater than 90% efficiency. After removing 5´ phosphates from

RNA by calf intestinal phosphatase (to avoid self-ligation), the T4 ligase catalyses

this ligation.
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2µl of total RNA (50ng/µl) was added to 2µl calf intestinal alkaline phosphatase

(CIP) master mix (Table 3.20). The total mix of 4µl was mixed gently and incubated

at 37oC in a circulating water bath for 30 minutes. The samples were stored at -80oC

after incubation.

Component Volume (µl) per reaction

10X Calf Intestinal Phosphatase Buffer 0.4

Labelling Spike-In 1.1

Calf Intestinal Phosphatase 0.5

Total 2

Table 3.20: Components of calf intestinal alkaline phosphatase (CIP) master mix

The next day, after thawing the samples, 2.8µl of 100% DMSO was added to each

sample and incubated in a circulating water bath at 100oC for 5-10 minutes. After

this, samples were immediately transferred on to an ice-water bath. Later, 4.5µl of

ligation master mix for T4 ligase (Table 3.21) was added and the mixture was

incubated at 16oC for 2 hours in a circulating water bath.

Component Volume (µl) per reaction
10X T4 RNA Ligase

Buffer
1

Cyanine3-pCp 3
T4 RNA Ligase 0.5

Total 4.5

Table 3.21: Components of ligation master mix for T4 ligase

3.11.2 Step 2: Drying the samples

Removal of residual DMSO was essential, as it may interfere with the hybridisation

reaction. For this, after the 16°C labelling reaction, the samples were dried

completely using a vacuum concentrator at 45 to 55°C or on the medium-high heat

setting for about 1 hour. To check for sample dryness, the tube was flicked hard to

check for pellet strength.
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3.11.3 Step 3: Preparation of 10X blocking agent

10X GE blocking agent was mixed with 125µl of nuclease free water and incubated

for 4-5 minutes at 37oC. After dissolving the blocking agent completely, the tube was

centrifuged at 15,000 g for 5-10s. This was stored at -20oC till further use.

The labelled miRNAs were hybridised with the miRNA probes attached on miRNA

microarray slides in next two steps.

3.11.4 Step 4: Preparation for hybridisation of samples

Dried pellets were then re-suspended in 18µl and mixed with the hybridisation mix

(Table 3.22). The samples were then incubated at 100oC for 5 minutes and placed

in ice-water bath for 5 minutes. After a quick centrifugation (10,000g for 20s),

samples were loaded on the microarray slides for hybridisation.

Component Volume (µl) per reaction
Hyb Spike-In 1

10X GE Blocking Agent 4.5
2X Hi-RPM Hybridization Buffer 22.5

Total 28

Table 3.22: Components of hybridisation mix

3.11.5 Step 5: Preparation of the hybridisation assembly

A clean gasket slide (Agilent,) was loaded on to an Agilent SureHyb chamber base

with the label facing up so that barcode label was on the left. Samples were loaded

from left to right slowly and carefully to avoid the introduction of bubbles. The array

slide with the active side down was placed on the SureHyb slide and SureHyb

chamber was closed firmly. The mobility of bubbles (if any) was confirmed by

vertically rotating the slide before placing the slides into the hybridisation chamber

at 55oC with 20rpm rotation for 24 hours. After hybridisation, microarray slides were

removed from the SureHyb chambers, labelled, and washed with wash buffer 1 and
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2. Dried slides were placed in slide holder covered with aluminium foil and either

scanned immediately or stored in an ozone-free chamber for later use.

3.11.6 Scanning and feature extraction from hybridised miRNA

microarray slides

The data was extracted using Agilent SureScan scanner and Feature Extraction

program (v 10.7.3). Default grid template and miRNA_107_Sept09 protocol was

used for this purpose and the scan setting used was described in Table 3.23. This

program generated a .txt file as result readout.

Scan setting Values
Scan region Scan Area (61 x 21.6 mm)
Scan resolution (µM) 5
5 µM scanning mode Single pass
eXtended Dynamic range Selected
Dye channel Green
Green PMT XDR Hi 100%, XDR Lo 5%

Table 3.23: Scan setting for 8X15K Agilent human miRNA microarray scanning.

3.11.7 miRNA microarray data analysis:

This analysis was performed by Dr. Antti Ylipää, from Tampere University of

Technology, Tampere, Finland. The output data was mapped to the latest genome

database, zero or negative intensities were replaced with the lowest positive

intensity values, the data were quantile normalized, and RMA summarized. Lists

were prepared, which compared miRNA expression among various populations and

ranked by p-values generated from a paired two-tailed t-test and the Wilcoxon rank

sum test.
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SECTION I: Genetic regulation of
prostate epithelial differentiation
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SECTION I: 1. Introduction

According to the recent predictions released by the American Cancer Society, about

240,000 Americans will be newly diagnosed with prostate cancer in 2012 (Siegel et

al., 2012). The number of newly diagnosed cancers in the UK in 2010 was about

41,000 (Cancer Research UK report, 2012). These facts establish prostate cancer

as the commonest cancer diagnosed in males in these countries. The majority of

these cancers are organ confined cancers and can be cured by surgery. The rest

are treated with hormone therapy or radiotherapy. Among them, 10-20% of cancers

develop a castration-resistant prostate cancer phenotype (CRPC) within 1-3 years

of hormonal treatment initiation (Kirby et al., 2011). These patients have a median

life expectancy of less than two-years (Saad et al., 2002, Petrylak et al., 2004,

Tannock et al., 2004, Carducci et al., 2007, Nilsson et al., 2007, Attard et al., 2009,

Sternberg et al., 2009, Kantoff et al., 2010, Ning et al., 2010, Scher et al., 2010, Yap

et al., 2011). Several approaches, such as an autologous dendritic cell vaccine

Sipuleucel-T and novel androgen signalling blocking agents such as abiraterone

acetate and Enzalutamide (MDV3100) are now improving the outlook of CRPC

management (Cheever and Higano, 2011, de Bono et al., 2011, Scher et al., 2012a)

(Table I1.1). However, in spite of these novel and expensive options, the survival of

CRPC patients remains very low (Beltran et al., 2011, de Bono et al., 2011, Yap et

al., 2011, NICE, 2012). This suggests that, at least in advanced prostate cancers,

apart from hormone responsive hyper-proliferation, other targets, such as cancer

stem cells (CSCs), must be considered.
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Anti-neoplastic
drug Mechanism of action Median survival

Current options

Docetaxel
(Tannock et al.,
2004)

Inhibition of
microtubule formation

18.9 months for docetaxel
(every 3 weeks) vs. 15.6
months for mitoxantrone

Radium 223
chloride (Parker et
al., 2011)

Radiation induced
apoptosis

14.0 months for radium-223 vs.
11.2 months for placebo

Cabazitaxel (de
Bono et al., 2010)

tubulin-binding taxane
drug

15.1 months in cabazitaxel
group vs. 12.7 months in the
mitoxantrone group

Next Generation therapies

Abiraterone (de
Bono et al., 2011)

Irreversible and
selective inhibition of
Cyp17

14.8 months in the abiraterone
acetate–prednisone group vs.
10.9 months in the placebo–
prednisone group

Sipuleucel-T
(Kantoff et al.,
2010)

Autologous dendritic
cell vaccine

25.8 months in the sipuleucel-T
group vs. 21.7 months in the
placebo group

(MDV3100)
Enzalutamide
(Scher et al.,
2012a)

Androgen receptor
antagonist

18.4 months in MDV3100
group vs. 13.6 months on
placebo

Table I1.1: Current treatment options for the management of advanced stage
prostate cancer. Modified from (Rane et al., 2012).

I1.1 Pathological changes during cancer development:

The CSCs, similar to normal prostate stem cells, exhibit characteristic stem cell

attributes, such as self-renewal. However in cancer, the homeostatic balance

between processes maintaining hierarchy such as self-renewal, differentiation, and

proliferation is lost, resulting in tumour propagation. Progressive telomeric

shortening and expression of apoptosis suppressing oncoprotein BCL-2 in luminal
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cells in prostatic intraepithelial neoplasia (PIN) suggested that the acquisition of

proliferative potential and loss of senescence could be the obvious initial

hierarchical perturbations in prostate cancer (Colombel et al., 1993, Meeker et al.,

2002). On the other hand, disruptions in regulation of differentiation are subtler in

initial stages, where prostate architecture is fairly well maintained. However, these

changes gradually become evident in later stages of cancer and certainly in

metastatic and castration resistant cancer where basal and luminal cell phenotypes

are ill defined (Gleason, 1977). These interruptions in the hierarchical processes are

suggested to be primarily responsible for cancer progression, loss of tissue

architecture, and altered cellular composition (Collins and Maitland, 2006, Grisanzio

and Signoretti, 2008). Therefore, careful consideration of the cellular composition of

cancer mass is essential to appreciate differentiation-related perturbations in

prostate epithelial hierarchies.

I1.2 Limitations of anti-proliferative/anti-androgenic

treatments as a monotherapy

It has been proposed that anti-proliferative/anti-androgenic therapies can remove

only differentiated cells and fail to remove undifferentiated cancer cells, such as

cancer stem cells (CSCs), which are responsible for subsequent relapse (Hill and

Milas, 1989, Liu et al., 2006, Yaromina et al., 2007, Baumann et al., 2008, Maitland

and Collins, 2008b, Qin et al., 2012). Targeting undifferentiated cancer cells using

differentiation therapy could form such an additional adjuvant approach for better

cancer management. Multiple studies now point out that CSCs possess

advantageous traits, such as quiescence, immune evasion, enhanced DNA damage

response, expression of drug export channels, and an ability to alter their

microenvironment, which render them therapy resistant (Frank et al., 2010). As a

consequence, unlike their differentiated progeny, CSCs can successfully defend
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themselves against conventional anti-neoplastic drugs (Zhou et al., 2009a, Alison et

al., 2011). Putting this in the perspective of prostate cancer, treatment of advanced

prostate cancer with anti-androgenic drugs would selectively remove only the

differentiated luminal cells. As luminal cells form more than 99% of prostate cancer

mass, destroying them would reduce tumour size and serum PSA levels

significantly. However, it may also lead to rebound enrichment of CSCs, which are

non-proliferating androgen independent cells (Gil-Diez de Medina et al., 1998, van

Leenders et al., 2001b, Rizzo et al., 2005, Qin et al., 2012). The relative CSC

enrichment after chemotherapeutic treatment was also noted in cancers of the

breast (Gupta et al., 2009, Hoey et al., 2009), pancreas (Mueller et al., 2009), liver

(Ma et al., 2008), lung (Levina et al., 2008), and colon (Dylla et al., 2008). Recent

analysis in mouse glioblastoma conclusively demonstrated that CSCs are indeed

resistant to conventional therapy and are directly responsible for tumour relapse

(Chen et al., 2012a). It is possible that the CSCs in prostate cancer are also

responsible for prostate cancer relapse and even for the development of the

castration-resistant phenotype. Targeting these CSCs, along with their actively

proliferating differentiated progeny, is therefore essential for efficient prostate

cancer management. One such approach could be the induction of differentiation in

resistant CSCs and then targeting the treatment-responsive differentiated progeny

by hormone therapy or anti-proliferative drugs.

I1.3 Differentiation therapy

Differentiation therapy is based on the principle that CSCs can be forced towards a

terminally differentiated phenotype by the application of intrinsic or extrinsic

chemical factors (Pierce and Speers, 1988). Differentiation of CSCs would obliterate

the reservoir CSC population, resulting in inhibition of further tumour growth, relapse

or metastasis. Pushing CSCs towards a more differentiated phenotype would
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increase tumour responsiveness to conventional therapy, as the differentiated cells

remain hardwired to undergo cell death have a limited proliferative potential. For

example, in prostate, androgen independent CSCs can be forced to differentiate

into androgen responsive luminal cells. These luminal cells then can be targeted by

drugs that block androgen signalling, or chemo/ radiotherapeutic approaches.

Therefore, the use of the differentiation therapy would be synergistic to the pre-

existing treatment options (Figure I1.1). The combination therapy with these two

approaches has a potential to significantly enhance the efficiency of prostate cancer

management regimes.

Figure I1.1: Combination therapy (differentiation therapy + current therapies) for
efficient prostate cancer management. A cyclical treatment of a prostate cancer with
therapy targeting differentiated luminal cells (PSA expressing cells or androgen
responsive cells) with subsequent CSC targeting differentiation therapy could prove
more beneficial for advanced prostate cancer management. Adapted from (Rane et
al., 2012).
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I1.4 Differentiation therapy for prostate

I1.4.1 Differentiation therapy for prostate cancer management:

Literature review

The conceptually interesting differentiation therapy approach has however failed in

pre-clinical assessments in prostate cancer. Limitations in the experimental design

and a lack of detailed knowledge about prostate epithelial differentiation have

probably caused these failures.

The experimental designs for assessing the pre-clinical and very limited clinical

prostate cancer differentiation therapy studies revolved around the evaluation of

less than ideal models and experimental end points. The LNCaP cell line was by far

the commonest model used for the assessment of drugs that can induce

differentiation (Esquenet et al., 1996, Gleave et al., 1998, Hisatake et al., 2000).

Since the predominant phenotype in LNCaP cells is a terminally differentiated

luminal cells with an less than 1% of relatively undifferentiated cells (Hurt et al.,

2008), the effect of any differentiation inducing drug would therefore be insignificant.

Ideally, a model cells for differentiation therapy evaluations should contain a

significant number of undifferentiated cells. Any reduction in the undifferentiated cell

content and increase in the expression of markers of terminally differentiated

luminal cells should then be assessed as a treatment end-point. However, with

some exceptions (Hedlund et al., 1997, Floryk and Huberman, 2006, Floryk and

Thompson, 2008), the majority of studies used ‘decrease’ in PSA (a marker of

terminally differentiated luminal cells) as their primary or only evaluation end-point

(Debruyne et al., 1998, Denis et al., 1998, Hisatake et al., 2000, Mueller et al., 2000,

Woo et al., 2005). During differentiation therapy, PSA expression is in fact expected

to rise initially, as induction of differentiation to PSA expressing luminal cells is the

prime objective of the therapy. Apart from these pre-clinical studies, the clinical trials
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assessing the efficiency of the differentiation therapy also had limited scope. One

phase II trial was actually designed for the evaluation of type 2 diabetes mellitus and

the assessment of the effect on prostate cancer progression was done

retrospectively (Mueller et al., 2000). The second was just a case study (Hisatake et

al., 2000), whereas the third one lacked any control arm (Woo et al., 2005). These

observations clearly stress the need for a more thoughtful approach to the

evaluation of prostate cancer differentiation therapy. It seems that the lack of the

precise knowledge about prostate epithelial differentiation has restrained the choice

and dose of drugs, hampering the progress of any differentiation therapy.

I1.4.2 The regulation of prostate epithelial differentiation

Relatively few studies have investigated prostate epithelial differentiation at the

molecular level. Prostate development begins at the 15.5 days post-coitum (dpc) in

mouse, when endodermal outgrowth from the prostatic urethra invades into the

FGF10-expressing surrounding mesenchyme, explicitly after stimulation by

testosterone (Donjacour et al., 2003, Meeks and Schaeffer, 2010). Distinct duct-like

structures are then formed from the endodermal outgrowths, which is at least partly

directed by HOX13 paralogs (Economides and Capecchi, 2003). Further

development of the duct system is delicately balanced through a positive regulation

exerted by Notch, retinoic acid, and PI3-AKT pathways, and negative regulation

through WNT, SHH, and BMP pathways (Lamm et al., 2001, Pu et al., 2004, Wang

et al., 2006a, Wang et al., 2006b, Allgeier et al., 2008, Vezina et al., 2008).

Additional insights into epithelial lineage specification were offered by mouse knock

out experiments, which suggested the role of P63 in basal cell specification;

whereas NKX3.1, SOX9, FOXA1 were all found to regulate luminal cell

differentiation (Bieberich et al., 1996, Gao et al., 2005, Signoretti et al., 2005,

Thomsen et al., 2008b). However, these experiments were performed using the

developing prostate of rodents as a model, and most of them did not provide a
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SECTION I: 2. Aims

With the emerging role of cancer stem cells in the progression and relapse of

cancer, there is an intense interest in cancer stem cells targeted therapies. The

differentiation of treatment-resistant CSCs to treatment sensitive differentiated cells

is one of the promising options for targeting CSCs. However, apart from androgen-

mediated prostate epithelial differentiation, we do not have a detailed analysis of

prostate stem cell differentiation. Therefore, we wanted to investigate the regulation

of adult human prostate stem cell differentiation using pure and homogeneous

patient-derived prostate epithelial sub-populations. In this analysis, we utilised

previously published microarray data (Birnie et al., 2008), assessing the expression

profile of stem cells and committed basal cells enriched from BPH and high

Gleason-grade treatment naïve prostate cancers (PCa), to identify genes that can

regulate prostate cancer stem cell differentiation. Ultimately these pathways (or key

nodes in these pathways) can be therapeutically targeted for the development of

next generation prostate cancer differentiation therapy.
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SECTION I: 3.Results

I3.1 Reanalysis of published microarray data

The published microarray study evaluated the differential gene expression states in

pure and homogeneous stem (SC) and committed basal (CB) cell populations

isolated from 6 benign and 12 PCa samples (Birnie et al., 2008). The reanalysis of

this data was performed because it is suggested that RMA is more specific and

sensitive for differential gene expression analysis on microarray dataset comprising

of multiple chips thus providing a consistent fold-change across all the microarray

chips (Irizarry et al., 2003, Harr and Schlotterer, 2006). Dr. Alastair Droop performed

this analysis. A similar trend of RNA degradation plots in all the microarray chips

and homogeneous probe level model (PLM) chip images (Fig. I3.1) again confirmed

the good quality of the raw data. The statistical output of the RMA analyses was a

list of 900 genes that are specifically over-expressed in committed basal cells

enriched from benign and malignant samples with p < 0.01 (by paired two-tailed t-

test) (first 50 genes are mentioned in Appendix 1), from which candidate genes

were chosen. We decided to choose genes that are overexpressed in committed

basal cells, instead of genes that are overexpressed in stem cells for three main

reasons: (i) Very limited number of genes were up-regulated in stem cells, and

although the differences in expression were significant, the magnitude of differences

was minimal and (ii) in our experience, it was extremely difficult to perform loss of

function studies in stem cells (due to the technical challenges owing to the limited

number of stem cells), and (iii) some of the genes over-expressed in stem cells

were being investigated in another project.
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Figure I3.1: Raw microarray data analysis. A: Probe level model (PLM) images
before normalisation, showing lack of bubbles and large over/under hybridised
areas in microarray chips. Each of the small squares is one microarray chip. B:
Boxplots created by log2 transformed probe intensity values that compare the probe
intensity levels between the arrays of a dataset, showing that the average
hybridisation intensity on each microarray chip is similar. Either end of the box
represents the upper and lower quartile. The black line in the middle of the box
represents the median. (Diagrams prepared by Dr. Alastair Droop). Small
inconsistencies seen here were then eliminated by RMA normalisation.
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The next objective was to check if the differentially expressed probes match to any

of the known or novel chromosomal changes related to epithelial differentiation. For

examples, during epidermal stem cell differentiation, the expression of about 27

genes clustered on 1q21 (EDC cluster) changes during differentiation (Marenholz et

al., 2001). In order to check for such changes, the differentially expressed probes

between stem cells and committed basal cells in this analysis were mapped to their

chromosomal locations by Dr. Alastair Droop (Figure I3.2). No specific localisation

to any particular chromosomal locus was found. A possible small cluster was

detected on chromosome 6p, but it did not correspond to any known differentiation

associated co-regulated cluster.
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Figure I3.2: Location of differentially expressed genes in stem vs. committed cells (irrespective of pathological origin). The first
column of numbers indicates chromosome number and the second column indicates number of differentially expressed genes
located on that chromosome with p<0.01 by paired two-tailed t-test. Chromosomal length represents their actual length. Genes
that are differentially expressed in stem cells are represented by red lines, whereas grey lines represent position of all probes in
present on the Affymetrix microarray slide. (Diagram prepared by Dr. Alastair Droop)
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I3.2 Selection of candidate genes:

Although we already had some data about the embryonic development of

human prostate, the regulators of adult prostate epithelial stem cell fate still

remain to be identified. In order to identify these regulators, we picked genes,

which were over-expressed in committed basal cells compared stem cells

(Figure I3.3, Table I3.1 and I3.2).

Figure I3.3: Selection of the candidate genes. A watershed graph showing
probes that were significantly differentially expressed between SC and CB cells.
Using the criteria mentioned in the figure, CEACAM6, LCN2, S100p, and
SPRR3 were chosen as candidate genes. The graph was made by D. Pellacani.

Gene Mean
expression SC

Mean
expression CB

CB/SC P value

LCN2 9.39 11.18 1.79 0.00026
CEACAM6 6.99 10.07 3.08 0.00001
S100p 8.62 11.18 2.56 0.00007
SPRR3 6.91 9.89 2.98 0.00008

Table I3.1: Relative log2 expression of the candidate genes in the combined
microarray data (BPH and PCa). SC: stem cells, CB: committed basal cells. P
values are calculated using paired two-tailed t-test.
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Gene
name

Cellular
location

Protein family
domain

Functions attributed

LCN2
(24p3,
NGAL)

secreted Binding protein,
iron transporter

Role in apoptosis, innate
immunity and renal
development, NF-kB
dependent up-regulation in
PCa (Kehrer, 2010, Li and
Chan, 2011)

CEACAM6
(NCA,
CEAL,
CD66c)

Cell
membrane

Extracellular
domain, Ig-
domain, N-
terminal domain

Cell-cell signalling, elevated
in many solid tumours,
including prostate cancer
(Blumenthal et al., 2007, Han
et al., 2008)

S100p Cytoplasm
, Nucleus

Ca++, Zn++, and
Mg++ transporter,
EF hand

Cell cycle progression and
differentiation, Androgen
dependent up-regulation in
PCa, hypomethylated in PCa
(Basu et al., 2008, Jiang et
al., 2012)

SPRR3 Cytoplasm Protein binding,
structural
constituent of
cytoskeleton

Up-regulated during
epidermal differentiation and
in multiple cancers (Koizumi
et al., 1996, Fischer et al.,
1999, Kim et al., 2012a)

Table I3.2: Brief information about the candidate genes, which may regulate
prostate epithelial differentiation.

I3.3 Candidate gene expression:

I3.3.1 Expression in PPEC derived sub-populations

In spite of quality control on the raw microarray data, sometimes microarray data

may not represent the true biological expression pattern. This is due to cross

hybridisation of probes or other instrumental/data processing errors. This

necessitates direct confirmation of the microarray results. The primary prostate

epithelial cells are cultured with irradiated mouse STOs feeder cells, and while

selecting SC, TA, and CB cells; STO cells often contaminate CB cell population.

Therefore, we first assessed the expression of the candidate genes in STO cells

to rule out any significant impact on final analysis due to STO contamination.

The expression of all the candidate genes was not detected or detected at
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extremely low levels in STOs compared to primary prostate epithelial cultures,

suggesting that differential STO contamination in SC, TA, and CB cells won’t

alter the candidate genes’ expression analysis (Figure I3.4).

qRT-PCR analysis of candidate genes’ expression in sub-populations enriched

from BPH (n=6) and treatment naïve cancer (n=6) derived PPECs showed that

the mRNAs of LCN2, CEACAM6, S100p, and SPRR3 were significantly over-

expressed in CB cells compared to SC and TA cells (Fig. I3.5-8). In spite of

large inter-sample variations, the expression of the candidate genes in CB cells

was significantly different from SC and TA cells in both BPH and PCa. The

differential expression was however less marked in sub-populations enriched

from castration resistant prostate cancers (CR-PCa, n=2) for all 4 candidate

genes. The differential expression was less marked in CR-PCa samples but the

trend of expression was similar to that observed in BPH and PCa derived

PPECs.
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Figure I3.4: qRT-PCR analysis for the expression of the candidate genes and
RPLP0 (qRT-PCR internal control) BPH derived primary prostate epithelial
cultures (PPECs, n=3) and STOs. ND: not detected

Figure I3.5: Expression of LCN2 mRNA, as analysed by qRT-PCR, in stem cells
(SC), transit amplifying cells (TA), and committed basal cells (CB) enriched from
benign prostatic hyperplasia (BPH, n=6), treatment naïve prostate cancer (PCa,
n=6), and castration resistant prostate cancer (CR-PCa, n=2). RPLP0 was used
as an internal control for qRT-PCR and expression was normalised to the
expression in prostate cancer P4E6 cell line. Each dot indicates individual
patient sample and horizontal line indicates mean. *p<0.05 by paired two-tailed
t-test
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Figure I3.6: Expression of CEACAM6 mRNA, as analysed by qRT-PCR, in stem
cells (SC), transit amplifying cells (TA), and committed basal cells (CB) enriched
from benign prostatic hyperplasia (BPH, n=6), treatment naïve prostate cancer
(PCa, n=6), and castration resistant prostate cancer (CR-PCa, n=2). RPLP0 was
used as an internal control for qRT-PCR and expression was normalised to the
expression in prostate cancer P4E6 cell line. Each dot indicates individual
patient sample and horizontal line indicates mean. *p<0.05 and **p<0.01 by
paired two-tailed t-test.

Figure I3.7: Expression of S100p mRNA, as analysed by qRT-PCR, in stem
cells (SC), transit amplifying cells (TA), and committed basal cells (CB) enriched
from benign prostatic hyperplasia (BPH, n=6), treatment naïve prostate cancer
(PCa, n=6), and castration resistant prostate cancer (CR-PCa, n=2). RPLP0 was
used as an internal control and expression was normalised to the expression in
prostate cancer P4E6 cell line. Each dot indicates individual patient sample and
horizontal line indicates mean. *p<0.05 and **p<0.01 by paired two-tailed t-test.
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Figure I3.8: Expression of SPRR3 mRNA, as analysed by qRT-PCR, in stem
cells (SC), transit amplifying cells (TA), and committed basal cells (CB) enriched
from benign prostatic hyperplasia (BPH, n=6), treatment naïve prostate cancer
(PCa, n=6), and castration resistant prostate cancer (CR-PCa, n=2). RPLP0 was
used as an internal control for qRT-PCR and expression was normalised to the
expression in prostate cancer P4E6 cell line. Each dot indicates individual
patient sample and horizontal line indicates mean. *p<0.05 and **p<0.01 by
paired two-tailed t-test.
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I3.3.2 Expression at protein level

The differential mRNA levels were then confirmed at the protein level by western

blot analysis. Because of the limited number of stem cells available per sample

(~3000/sample), western blot analysis in stem cells could not be carried out.

Therefore, the protein expression of the candidate genes was evaluated in TA

and CB cells (TA cells being surrogate for SC) (Figure I3.9). The

overexpression in CB cells was apparent in CB cells derived from BPH and

PCa, but not in CR-PCa derived CB cells. S100p was detected at twice the

published monomeric molecular weight, suggesting that it may exist as a dimer

in primary prostate epithelium. The expression was also compared to the

expression in P4E6, PC3, and LNCaP prostate cancer cell lines for future

reference (if needed). Expression of all the genes was higher in P4E6, mid in

PC3 and lowest in LNCaP cells. Unfortunately, none of the three SPRR3

antibodies tested could detect SPRR3 expression. Since subsequent findings

implied that SPRR3 might have a different regulation of gene expression

compared to the other three candidate genes, SPRR3 expression analysis was

not pursued further.

Together, mRNA and protein data showed that LCN2, CEACAM6, SPRR3, and

S100p are overexpressed at mRNA levels in differentiated cells as compared to

stem cells, confirming the microarray findings. LCN2, CEACAM6, and possibly

S100p are overexpressed in CB cells compared to TA cells at protein levels as

well.
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Figure I3.9: Representative image of protein expression of the candidate genes
in primary prostate epithelial cultures (PPECs). Western blot analysis was
performed on transit amplifying cells (TA) and committed basal cells (CB) from
BPH (n=3), PCa (n=3) and CRPC (n=3) derived PPECs and P4E6, PC3, and
LNCaP prostate cancer cell lines.
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I3.3.3 Expression of the candidate genes in luminal cells

Luminal cells are terminally differentiated prostate epithelial cells. We wanted to

investigate if the overexpression of the candidate genes was restricted to the

committed basal cells or it was a common feature of all the differentiated

progeny. Therefore, luminal cells were enriched from fresh samples before

culture and the mRNA levels of the candidate genes was assessed (Figure

I3.10). The expression of LCN2, CEACAM6, and S100p in luminal cells was

similar to that in committed basal cells but the expression of SPRR3 was

suppressed by almost 10 fold to that in committed basal cells. This suggests that

SPRR3 is involved in the early differentiation process, whereas the other three

candidate genes may be necessary for early SC/TA differentiation into

committed basal cells and terminal luminal cell differentiation.
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Figure I3.10: Expression of the candidate genes in luminal cells. qRT-PCR
analysis was performed on luminal cells enriched from benign prostatic
hyperplasia (BPH, n=3) and treatment naïve (PCa, n=3) samples. RPLP0 was
used as an internal control for qRT-PCR and expression was normalised to the
expression in prostate cancer P4E6 cell line. Each dot indicates individual
patient sample. The axes were kept similar to the axes used for that particular
gene in previous graphs to aid comparison.
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I3.3.4 Expression of the candidate genes in prostate cancer

xenografts

Prostate cancer xenografts generated from patient samples provide a good

model to investigate the disease progression in vivo. This model may also

provide a way to assess the effect of the manipulation of the candidate genes on

the cancer stem cell properties and in vivo tumour initiation and progression.

Therefore, we assessed the expression of the candidate genes in the sub-

populations enriched from prostate cancer xenografts. However, xenografting of

prostate tissue into immunocompromised mice provides a completely different

environment for cells. This xeno-environment may affect the process of

differentiation. When expression of the candidate genes was assessed in the

prostate epithelial sub-populations enriched from xenografts, we noticed several

changes in the expression pattern compared to the expression in the cultures

(Figure I3.11). First, expression of all the genes exhibited relatively larger inter-

sample variations. Second, the up-regulation in a CD44+ population (equivalent

to TA and CB cell combined) was minimal compared to CD133+ (equivalent to

SC) population, except for CEACAM6. The average expression of SPRR3 was

even higher in the CD133+ population than the CD44+ population. Thirdly, the

CD24+ luminal-like cell population exhibited extremely low expression of the

candidate genes, except SPRR3. This pattern of expression is completely

distorted from what was observed in BPH and treatment naïve cancer-derived

PPEC sub-populations, suggesting that normal differentiation (especially luminal

differentiation) is disrupted in the xenografts.



103

Figure I3.11: Expression of the candidate genes in the prostate epithelial sub-
populations enriched from prostate cancer xenografts. qRT-PCR analysis was
performed on CD133 (equivalent to SC), CD44 (equivalent to TA and CB cell
combined), and CD24 (equivalent to luminal cells) positive cell sub-populations
enriched from freshly resected xenografts (n=3). RPLP0 was used as an internal
control for qRT-PCR and expression was normalised to the expression in
prostate cancer metastatic cell line PC3. The expression of the candidate genes
in one of the primary culture derived committed basal cell population was also
plotted for comparison. Each dot indicates individual xenograft sample.
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I3.3.5 Expression in prostate cell lines

Cell lines provide an additional model to investigate regulatory pathways in

depth. They can also be used as a control to compare the newly generated data

with previous related data in the same cell line. The data from primary samples

suggested that expression of the candidate genes was not significantly different

in benign and cancer samples. Expression was also not significantly affected by

basal (CB) or luminal (LC) cell phenotype. We wanted to check whether this was

also the case with prostate cell lines. Therefore, the expression of the candidate

genes was assessed in 7 prostate epithelial cell lines. 2 of these cell lines

(PNT1A and PNT2c2) were derived from normal prostate and the rest (P4E6,

PC3, LNCaP, VCaP, and PC346c) were prostate cancer-derived cell lines. 4 of

the cell lines had a predominantly basal phenotype (PNT1A, PNT2c2, P4E6,

and PC3), whereas other 3 (LNCaP, VCaP, and PC346c) had a predominantly

luminal phenotype.

There were no obvious differences in benign vs. malignant cell lines, but the cell

lines with a basal phenotype had significantly higher expression of the candidate

genes than cell lines with a more luminal phenotype (10-1000 fold difference)

(Figure I3.12). The exception was SPRR3. This pattern was completely different

from that observed in the primary samples, where basal and luminal cells had

almost similar expression. This suggests that, the basal and luminal phenotypes

in cell lines may not represent gene expression status is patient-derived basal

and luminal cells in all cases.
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Figure I3.12: Expression of the candidate genes in prostate epithelial cell lines.
The expression of LCN2, CEACAM6, S100p, and SPRR3 was assessed by
qRT-PCR in prostate epithelial cell lines. Green bars represent cell lines with
predominantly basal phenotype and blue bars represent cell line with
predominantly luminal phenotype. RPLP0 was used as a qRT-PCR internal
control gene. Expression of each gene was normalised to expression in cell line
with lowest expression: LCN2 (VCaP), CEACAM6 (LNCaP), S100p (PC346c),
and SPRR3 (LNCaP). Experiment done thrice, with three replicates each time.
Error bars represent standard error of mean.
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I3.4 Expression of candidate genes in other human tissues:

Our analysis showed that the candidate genes were repressed in stem cells and

were up-regulated in the differentiated cells. Similar repression of these genes

was also seen in other human epithelial tissues. For example, LCN2 and

SPRR3 is suppressed in epidermal stem cells and overexpressed in

differentiated epidermis (Koizumi et al., 1996, Mallbris et al., 2002). In addition,

LCN2, S100p and CEACAM6 were all among the top 25 up-regulated genes

after retinoic acid treatment of sebaceous epithelium (Nelson et al., 2008).

These findings suggested that the candidate genes may have similar expression

patterns across multiple epithelial cells and may respond to certain common

transcription factors (such as retinoic acid) in a similar way.

To test this hypothesis, we assessed the expression of the candidate genes in

data generated from 806 human microarray experiments. These microarrays

represent global gene expression of all the human primary tissues and some cell

lines. The microarrays contained cells with normal, malignant, or any other

pathological phenotype with and without any drug treatment. In summary, this

assembled microarray data provided a snapshot of global gene expression

patterns across all the normal and pathological human tissues. This analysis

was performed by Dr. Alastair Droop.

We wanted to assess the expression pattern of our candidate genes across all

these microarray experiments and to compare the pattern of expression of one

candidate gene with other candidate genes. To our surprise, we found that the

expression of S100p was more related to that of CEACAM6 and LCN2 than any

other gene in the human genome (Figure I3.13 and I3.14). This suggested that

LCN2, CEACAM6, and S100p had similar expression patterns in almost all

human tissues, and respond to drug treatments in a similar way. Thus, they may
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perform similar functions and share common regulatory mechanisms. The fourth

candidate gene (SPRR3) did not have a similar expression pattern to the

previous 3 genes, but it did have similar expression pattern to genes that form a

part of epidermal differentiation cluster along with SPRR3 (Figure I3.13). In

brief, LCN2, CEACAM6, and S100p could be co-regulated and may have similar

functions as they had remarkably similar expression pattern in almost all human

tissues.

To confirm this finding in other dataset, we used UCSC genome database. This

analysis revealed that LCN2, CEACAM6, and S100p also had very similar

expression patterns:

http://genome.ucsc.edu/cgi-

bin/hgNear?hgsid=301950779&near_search=uc003gjl.3
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Figure I3.13: Expression pattern of the candidate genes in the 806 microarray
experiments. A: Top panel shows the schematic representation of the
expression pattern of LCN2, CEACAM6 (2 probes), and S100p at randomly
chosen 50 microarray slides from the data analysed. The bottom panel shows
the expression pattern of S100p and other randomly chosen gene at the same
50 slides. B: List of genes that had similar expression pattern as that of S100p
and SPRR3. The blue arrows point at the genes that are involved in epidermal
differentiation along with SPRR3.
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Figure I3.14: Representation of the expression pattern of gene probes in the
806 microarray experiments. Nearly 25,000 slides from 806 human Affymetrix
microarrays were assessed for the expression of LCN2, CEACAM6, S100p, and
SPRR3. The pattern of expression was plotted in 2D graph, where each axis
represents log2 expression of the genes concerned. A: Two probes of
CEACAM6 plotted against each other with 97% correlation. B: Correlation
between S100p and LCN2 (63%). C: Correlation between S100p and
CEACAM6 (67%) D: Correlation between S100p and SPRR3 (17%). Diagram
prepared by Dr. A. P. Droop
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Figure I3.15: Transcription factors that can potentially bind to the promoters of
the candidate gens, as determined MatInspector software. Bottom row of 8
transcription factors had binding sites for all the 4 candidate genes. X indicates
the presence of at least one binding site for the transcription factor on the
promoter.
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Figure I3.16: The location of androgen responsive elements (ARE),
glucocorticoid responsive elements (GRE), Retinoid X receptor (RXR), and
STAT3 on the promoters of the candidate genes, as predicted by MatInspector
software. A: Three splice variants of LCN2 showing binding sites for ARE/GRE,
RXR, and STAT3. B: CEACAM6 promoter C: S100p splice variants D: SPRR3
promoter. Note that SPRR3 promoter does not have a binding site for STAT3.
Red arrows indicate transcription start sites.
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predominantly mediated by RXRA in prostate cell lines and in primary cultures,

although RARA and RARG could also have functional roles.

Figure I3.17: Expression of retinoic acid (RA) receptors at mRNA level in
prostate epithelial cell lines and primary prostate epithelial cultures. A: qRT-PCR
analysis for RA receptors in benign/normal cell lines (PNT2c2, PNT1a, and
BPH1) and in malignant cell lines (P4E6, PC3, LNCaP, VCaP, and DU145). B:
qRT-PCR analysis for RA receptors in primary prostate epithelial cultures
derived from benign (n=3) and treatment naïve malignant (n=3) samples.
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I3.6.2 Effect of stimulation of retinoic acid receptors on the

expression of candidate genes

I3.6.2.1 Cell lines:

Once we had confirmed that retinoic acid receptors are expressed in prostate

cell lines and primary prostate epithelial cultures, we investigated the effect of

stimulation of RA receptors by all trans-retinoic acid (ATRA). RA receptors exist

as homodimers or heterodimers. Homodimers are more common with RARs,

whereas RXR form heterodimers with several other related receptors, more

often with one of the RARs or with the vitamin D receptor (VDR) (Lefebvre et al.,

2010). ATRA is an agonist for both of these receptors (RARs and RXRs).

We first investigated the effect of ATRA treatment on candidate genes’

expression using prostate cell lines. Normal (PNT2c2) and malignant (LnCaP

and PC3) cell lines were treated with ATRA at three different concentrations

(10nM, 100nM, and 1000nM) for up to 7 days. A relatively modest but significant

(2-5 fold) (with paired two-tailed t-test) dose dependent up-regulation of LCN2,

CEACAM6, and S100p was observed; whereas SPRR3 expression was

significantly downregulated over 7 days in all 3 cell lines (Figure I3.18-20). The

pattern of up-regulation of LCN2, CEACAM6, and S100p was different: LCN2

showed gradual up-regulation over the period of 7 days, CEACAM6 showed

peak up-regulation after 3 days, and significant up-regulation in S100p

expression was observed only after 7 days of treatment. None of these three

genes was up-regulated significantly within 1 day after treatment, indicating that

ATRA mediated gene activation may not be a direct activation. SPRR3

expression was however significantly downregulated even after 1 day of ATRA

treatment, suggesting that it ATRA can supress SPRR3 expression directly. No
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obvious morphological changes were observed in any of the cell lines, at any

time of treatment.

These results supported the findings of the bioinformatic analysis, which

discovered that only LCN2, CEACAM6, and S100p had a similar expression

pattern among the candidate genes (Figure I3.13).
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Figure I3.18: Treatment of PNT2C2, PC3 and LNCaP prostate cell lines with 10nM all-trans retinoic acid (at-RA). Three prostate
cell lines were treated with 10nM ATRA or an equimolar ethanol control for up to 7 days. New drug in fresh media was added every
day. The expression of LCN2, CEACAM6, S100p, and SPRR3 was measured before the start of experiment (time 0) and after 1, 3,
and 7 days of treatment initiation by qRT-PCR. RPLP0 was used an internal qRT-PCR control.
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Figure I3.19: Treatment of PNT2C2, PC3 and LNCaP prostate cell lines with 100nM all-trans retinoic acid (at-RA). Three prostate
cell lines were treated with 100nM ATRA or an equimolar ethanol control for up to 7 days. New drug in fresh media was added
every day. The expression of LCN2, CEACAM6, S100p, and SPRR3 was measured before the start of experiment (time 0) and
after 1, 3, and 7 days of treatment initiation by qRT-PCR. RPLP0 was used an internal qRT-PCR control.
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Figure I3.20: Treatment of PNT2C2, PC3 and LNCaP prostate cell lines with 1000nM all-trans retinoic acid (at-RA). Three
prostate cell lines were treated with 1000nM ATRA or an equimolar ethanol control for up to 7 days. New drug in fresh media was
added every day. The expression of LCN2, CEACAM6, S100p, and SPRR3 was measured before the start of experiment (time 0)
and after 1, 3, and 7 days of treatment initiation by qRT-PCR. RPLP0 was used an internal qRT-PCR control.
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Figure I3.22: Treatment of primary prostate epithelial cultures (PPECs) with all-trans retinoic acid (at-RA). Three BPH-derived
PPECs (filled symbols) and 2 cancer-derived PPECs (hollow symbols) were treated with 100nM ATRA or an equimolar ethanol
control for 3 days. New drug in fresh media was added every day. Sub-populations were enriched after treatment and the
expression was by qRT-PCR. RPLP0 was used an internal qRT-PCR control. *p<0.05 and **p<0.01 by paired two-tailed t-test.
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I3.7 Epigenetic regulation of the expression of the candidate

genes

Epigenetic mechanisms often work on a genome-wide scale, influencing

expression of several genes at a time. Therefore, we decided to investigate the

possible role of DNA methylation and histone acetylation on the expression of

the candidate genes. First, we located CpG islands at the promoters of

candidate genes using EMBL-EBI EMBOSS cpgplot software (Rice et al., 2000).

This analysis revealed that the promoters of LCN2, CEACAM6, and S100p do

possess CpG islands, but they were not as large as CpG islands seen in

classical DNA methylation regulated genes, such as GSTP1 (Millar et al., 1999)

(Figure I3.23 and I3.24). The promoter of SPRR3 did not have a single CpG

island with length more than 50 CpGs.
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Figure I3.23: Identification of putative CpG islands at LCN2 and CEACAM6 genes. CpG islands were identified in a region 1kb prior to
transcription start site (TSS) (blue line) and in a gene region using cpgplot. Red arrows indicate CpG islands closer to TSS. The number in the
box indicates length of putative CpG island.
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Figure I3.24: Identification of putative CpG islands at S100p and SPRR3 genes. CpG islands were identified in a region 1kb prior to
transcription start site (TSS) (blue line) and in a gene region using cpgplot. Red arrows indicate CpG islands closer to TSS. The number in the
box indicates length of putative CpG island. There were no CpG islands detectable for SPRR3.
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I3.8 MicroRNA mediated regulation of the candidate genes

MicroRNAs are often suggested to negatively regulate a ‘process’, such as

differentiation, by targeting multiple transcription factors (TFs) (Ambros, 2004).

As the initial analysis suggested that LCN2, CEACAM6, and S100p could be co-

regulated, we hypothesized that these three genes may be regulated by a single

miRNA. However, there was no miRNA that could bind to the 3’UTRs of these 3

genes [according to analysis performed using ElMMo miRNA target prediction

server (http://www.mirz.unibas.ch/ElMMo3/). Therefore, we attempted to identify

miRNAs that can target majority of TFs that were predicted to bind on the

promoters of all the candidate genes. Based on literature analysis and protein

expression patterns (using the human protein atlas as a guide) (Uhlen et al.,

2010), these common TFs fell into two categories: Group1 (Figure I3.27): those

that potentially influence candidate gene expression positively (RXR, GR,

STAT3, TAZ, VDR, SRF, PAX3, DMP1, and HSF1) and Group 2 (Figure I3.28):

that potentially influence the candidate gene expression negatively (KLF4,

KLF15, ZNF239, PAX6, MAZ, MZF-1, KCNIP3, and RREB1). Using ElMMo

miRNA target prediction server (http://www.mirz.unibas.ch/ElMMo3/), it was

identified that miR-548c can target all of the TFs from Group 1, whereas miR-

188 can target RXR, VDR, GR, TAZ, and SRF (Gaidatzis et al., 2007). Our

miRNA microarray analysis has indeed shown that these two miRNAs are

repressed when the candidate genes are over-expressed. miR-128 can target

the majority of TFs from the Group 2. This miRNA is over-expressed when the

candidate genes are also over-expressed.
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Figure I3.27: Expression pattern of miRNAs falling in Group 1. These miRNAs
can inhibit the expression of transcription factors, which can positively regulate
the expression of all the candidate genes. miR-548c and miR-188 fall in this
category.

Figure I3.28: Expression pattern of miRNAs falling in Group 2. These miRNAs
can inhibit the expression of transcription factors, which can negatively regulate
the expression of all the candidate genes. miR-128 falls in this category.
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In order to assess the effect of miR-188 and miR-548c on the expression of the

candidate genes, committed basal cells enriched from 2 PPECs were

transfected with respective miRNA mimics. The viable cells increased by about

60% 3 days after transfection of miR-188, whereas there was no significant

effect on cells transfected with miR-548c (Figure I3.29). On the contrary, only

miR-548c inhibited the expression of all the candidate genes significantly (45-

90%) (Figure I3.30). Gene expression in scrambled siRNA control transfected

samples was 3-5 fold lower than mock control sample, suggesting that the

transfection protocol could be toxic to cells or transfection may have non-specific

effects or there could be experimental errors. This experiment needs repetition

to confirm the results and determine the cause of such an effect of mock/siRNA

transfection.

Figure I3.29: Transfection of BPH-derived PPECs with miR-188 and miR-548c
mimics. 2 BPH-derived PPECs were transfected with 50nM of either miR-188 or
miR-548c or with 30nM miR-188 and 30nM of miR-548c. Viable cell count was
measured by trypan blue exclusion test after 3 days of transfection. Mock: mock
transfected control, Scr: scrambled siRNA transfected control, N=1.
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Figure I3.30: Transfection of BPH-derived PPECs with miR-188 and miR-548c mimics. A BPH-derived PPEC was transfected with
50nM of either miR-188 or miR-548c or with 30nM miR-188 and 30nM of miR-548c. Candidate gene expression was measured by
qRT-PCR after 3 days of transfection. Mock: mock transfected control, scr: scrambled siRNA transfected control. Internal control:
RPLP0.
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I3.9 siRNA mediated knock-down of candidate genes

Functional studies were necessary to conclusively demonstrate the role of

candidate genes in prostate stem cell regulation. To assess whether knockdown

of these genes in differentiated committed basal cells leads to a change in cell

fate, we first assessed the feasibility of siRNA-mediated knockdown of these

genes in PPECs. We were able to obtain a significant reduction (40-60%) in the

expression of all the candidate genes by 24 hours; however, the repression was

most marked after 72 hours of transfection for all the genes (Figure I3.31 and

32). Knock down of these genes was then confirmed at the protein level by a

western blot analysis (Figure I3.33). Interestingly, there were no significant

differences in the mock and scrambled siRNA transfected samples in this

experiment, even when similar reagents were used as those for miRNA

transfection. This implied that controls used in the miRNA transfection studies

need further confirmation to eliminate the possibility of experimental errors.
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Figure I3.31: Transfection of BPH-derived PPEC with siRNAs for LCN2 and CEACAM6. A BPH-derived PPEC was transfected
with 50nM of for LCN2 or CEACAM6 siRNA. The candidate genes’ expression was measured by qRT-PCR after 24, 48 and 72
hours of transfection. Mock (M): mock transfected control, Scrambled (S): scrambled siRNA transfected control. Internal control:
RPLP0
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Figure I3.32: Transfection of BPH-derived PPEC with siRNAs for S100p and SPRR3. A BPH-derived PPEC was transfected with
50nM of for S100p or SPRR3 siRNA. The candidate genes’ expression was measured by qRT-PCR after 24, 48 and 72 hours of
transfection. Mock (M): mock transfected control, Scrambled (S): scrambled siRNA transfected control. Internal control: RPLP0
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Figure I3.33: Transfection of BPH-derived PPECs with siRNAs for candidate genes.
BPH-derived PPECs (n=3) were transfected with 50nM siRNAs for candidate genes
and the candidate genes’ expression was measured by qRT-PCR and western blot
after 72 hours of transfection. Mock: mock transfected control, Scrambled:
scrambled siRNA transfected control. Internal control: RPLP0.

Further assays investigating cell fate, such as more stem cell relevant changes in

colony forming efficiency could now be employed to assess effects of knockdown of

individual/all the candidate genes on differentiation.
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SECTION I: 4. Discussion

In this investigation, we set out to identify genes that can regulate prostate stem cell

differentiation. Selecting the candidate genes from the microarray data, we have

discovered that LCN2, CEACAM6, and S100p may form a part of a co-regulated

network. We therefore investigated the transcription factor mediated and epigenetic

regulation of expression of these genes. The functional characterisation of LCN2,

CEACAM6, and S100p can link transcriptional and miRNA-mediated prostate stem

cell differentiation regulatory circuitry.

Identification of the candidate genes was based on a microarray experiment

performed in our lab a few years ago (Birnie et al., 2008). The microarray process is

a multi-step process. Each of these steps may suffer from technical and manual

inadequacies, seriously damaging the quality of the raw microarray data. This could

result in mis-reproduction of actual biological data during microarray statistical

analysis (Cohen Freue et al., 2007). Therefore, it is essential to identify and

eliminate arrays with low quality. For this purpose, we reanalysed previously

published data from our lab, which compared gene expression profile of stem and

differentiated committed basal cells enriched from benign and treatment naïve

prostate cancer patients (Birnie et al., 2008). This data was reprocessed using the

robust multi-array averaging (RMA) method as opposed to the MAS5.0 method

used in the original paper, after confirming the good quality of all the microarray

chips. It has been suggested that RMA is more consistent, specific and sensitive for

differential gene expression analysis on microarray dataset comprising of multiple

chips (Irizarry et al., 2003, Harr and Schlotterer, 2006) and therefore, it was

preferred over MAS5.0. We used this reprocessed data and hypothesised that the

differentiated cells over-express genes that are relevant for differentiation, to identify

genes regulating prostate stem cell differentiation.
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LCN2, CEACAM6, S100p, and SPRR3 genes were found to be among the top 35

over-expressed genes in differentiated cells and were chosen as candidate

differentiation regulatory genes. All these genes are suppressed in stem and transit

amplifying cells. The over-expression of these genes in committed basal cells and

also in terminally differentiated luminal cells, suggests that these genes could be

necessary for the initiation and the maintenance of differentiated phenotypes. The

loss of this expression pattern in CRPC-derived primary prostate epithelial sub-

populations and xenograft-derived sub-populations, where the differentiation

process is aberrant (Gleave et al., 2005, Bonkhoff and Berges, 2010, Maitland et al.,

2011), further indicate that these genes could be involved in the regulation of

differentiation. The overexpression in luminal cells was also not preserved in

prostate cell lines, suggesting that the expression in cell lines may not always match

with primary sample derived sub-populations and the candidate genes could have

diverse regulation and functions in cell lines. Nevertheless, the expression profile

from primary prostate derived sub-populations strongly implicates LCN2,

CEACAM6, S100p, and SPRR3 in prostate epithelial differentiation.

There is some evidence in other cell types and tissue models to indicate that these

genes could be instrumental in the regulation of differentiation of normal and cancer

stem cells. In mice, differentiating epithelial lens and kidney cells showed up-

regulation of LCN2; whereas, SPRR3 was found to be up-regulated during

epidermal differentiation during the process of skin repair (Hohl et al., 1995, Mishra

et al., 2004, Medvedovic et al., 2006). LCN2 was also shown to be over-expressed

precisely at the time of keratinocyte differentiation during mouse embryonic

development (Mallbris et al., 2002). On the other hand, rat neuronal stem cells were

suggested to have lower expression of S100p than their differentiated progeny

(Sueoka and Droms, 1986) and indeed, lower expression of CEACAM6 has been

proposed as a marker for human urothelial normal and cancer stem cells (He et al.,
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2009). These findings, even though they did not explore detailed functional

mechanisms, provided corroboration of the involvement of the candidate genes in

the process of epithelial stem cell differentiation.

Similar to normal tissues, the overexpression of candidate genes was also

correlated with the differentiation status of tumours. Literature reports showed that

LCN2, CEACAM6, S100p, and SPRR3 are usually over-expressed in multiple

human tumours (Arumugam et al., 2005, Han et al., 2007, Bolignano et al., 2010).

But it is well established that in most early stage cancers, there is over-

representation of the differentiated cell compartment. For example, the percentage

of terminally differentiated cells in normal prostate is about 50%, whereas they

constitute more than 99% mass of treatment naïve prostate tumour (Nagle et al.,

1987, El-Alfy et al., 2000, Humphrey, 2007). The over-expression of candidate

genes in such cases could merely be the consequence of an excessive content of

differentiated cells. A more precise search of literature indeed revealed that only

well differentiated tumours showed a higher expression of these genes, whereas

matched poorly differentiated and aggressive tumours exhibited significantly lower

expression (Scholzel et al., 2000, Moniaux et al., 2008, Cho and Kim, 2009).

Additionally, LCN2 was found to be down-regulated in rat glioblastoma cells, where

it was linked to the acquisition of chemoresistance (Zheng et al., 2009), suggesting

the transformation of differentiated glioblastoma cells into more stem-like treatment

resistant cells. Rapidly proliferating T47D breast cancer cells were also shown to

acquire quiescence on S100p down-regulation (Ishii et al., 2005). Therefore, it is

possible that LCN2, CEACAM6, S100p, and SPRR3 could be important for the

maintenance of epithelial hierarchy in a wide variety of tissues in physiological and

pathological scenarios.
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LCN2, CEACAM6, S100p, and SPRR3 belong to diverse families of proteins, which

mediate several cellular processes, ranging from immune regulation to cell

differentiation. However, none of these genes are evolutionary conserved nor do

their mouse knockout models (available only for LCN2) (Berger et al., 2006) show

significant or obvious developmental defects. These observations suggest that

these genes could individually be redundant, but together, may perform vital

functions as a part of network regulated by key transcription factor/s. Literature

analysis also pointed in this direction. For example, a retinoic acid agonist was

shown to up-regulate LCN2, CEACM6, and S100p expression in sebaceous

epithelium (Nelson et al., 2008). S100p can promote NF-kappa B signalling in

NIH3T3 cells (Arumugam et al., 2004), whereas NF-kappa B-mediated signalling

pathway positively influenced LCN2 expression in prostate cancer cell lines

(Mahadevan et al., 2011). The overexpression of MMP9 was directly linked with

overexpression of LCN2 (Coles et al., 1999, Nuntagowat et al., 2010), CEACAM6

(Duxbury et al., 2004), and S100p (Namba et al., 2009) in various cancer models.

Such findings, together with our expression pattern analysis of these genes in

published microarray experiments, indeed imply that LCN2, CEACAM6, and S100p

could have similar functions and may also be co-regulated.

The analysis assessing transcription factor binding sites at the promoters of these

genes further hinted towards the possibility of co-regulation. The promoters of all 4

genes contain androgen responsive elements (ARE), glucocorticoid responsive

elements (GRE), and TEA domain family member 1 (TEAD1), which have well

documented roles in differentiation and carcinogenesis, including the prostate (Long

et al., 2005, McDevitt et al., 2007, Knight et al., 2008). VDR-RXR also has a binding

site on the promoters of all of the candidate genes. It has been shown to be

instrumental in the differentiation multiple epithelial and mesenchymal tissues

(Botling et al., 1996, Bikle et al., 2003). The genes, which were suggested be co-
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or 9-cis-RA+1,25-dihydroxyvitamin-D3 combination treatment. This observation

clearly indicates that SPRR3 belongs to a different regulatory circuit than the other 3

candidate genes, and may have different regulation. Therefore, the focus on SPRR3

was reduced in further investigations assessing epigenetic regulation.

Another proposition to explain the common regulation for all of these genes was that

they could be regulated by common epigenetic mechanisms. It is often noted that

epigenetic alterations, such as DNA methylation and histone acetylation, play a

major role in lineage specification (Hemberger et al., 2009). Previous studies have

already established that S100p can be regulated by DNA methylation in prostate

(Wang et al., 2007) and LCN2 in urothelial cell lines (Dokun et al., 2008). Treatment

with DNA methyltransferase inhibitor (Azt) did not produce significant change in the

expression of any of the candidate genes in a panel of prostate cell lines, with

exception of S100p. Similarly; inhibition of histone acetylation could alter only

CEACAM6 expression. As these investigations failed to provide a promising basis

for co-regulation of LCN2, CEACAM6, and S100p, this line of investigation was

discontinued.

Next, we attempted to investigate whether miRNAs could co-regulate candidate

genes. The prediction algorithms however could not detect any common miRNA

which could regulate LCN2, CEACAM6, and S100p expression. We then discovered

that relatively unexplored (in prostate) miRNAs, miR-128, miR-188, and miR-548c

could regulate most of the transcription factors, which we previously proposed for

the regulation of the expression of candidate genes. Pilot experiments with miR-188

and miR-548c suggested that these miRNAs can indeed inhibit the expression of

LCN2, CEACAM6, and S100p and transfection of these miRNAs into BPH PPECs

could increase their proliferation. It is possible that after miR-188 transfection, the

expression of LCN2, CEACAM6, and S100p is suppressed, pushing them towards

the proliferating transit-amplifying phenotype from committed basal phenotype.
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Detailed investigation of the role of miR-188 and miR-548c in prostate epithelial

differentiation is therefore necessary to identify functional roles of these miRNAs.

Nevertheless, these initial results implied that miRNA mediated regulation could

play an important role in the regulation of the candidate genes.

Our investigations so far implied the association between the candidate genes and

prostate stem cell differentiation. The conclusive functional evidence could only be

obtained by assessing the effects of loss- or gain-of-function of these genes on

prostate epithelial differentiation. Here, we provide evidence that these genes can

be successfully knocked down by siRNA transfection in primary prostate epithelium.

The absence of any obvious effect on cell morphology and cell growth kinetics

suggested that knockdown of individual candidate genes may not be sufficient or

efficient enough to alter cell fate. However, any specific impact in differentiation

status was not tested directly, beyond on observations of morphology.

In summary, this project has identified a potentially interesting retinoic acid

regulated gene-network of LCN2, CEACAM6, and S100p along with 3 miRNAs

(miR-128, miR-188, and miR-548c), which probably can control prostate epithelial

stem cell differentiation (Figure I4.1). Interference in regulatory pathway of these

genes and miRNAs may be potentially exploited for prostate cancer differentiation

therapy.
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Figure I4.1: Hypothesis depicting one of the potentially important pathways in
prostate stem cell differentiation.

Future work:

The regulation by RA receptors can be conclusively shown by chromatin

immunoprecipitation. The co-regulation can also be further assessed by co-

immunoprecipitation and chromosome conformation capture. The direct effect on

prostate epithelial cell fate by modulating the expression of these genes or their

regulators would conclusively establish the role of LCN2, CEACAM6, and S100p in

the regulation of prostate epithelial differentiation.
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Section II: The identification of the
role of telomerase in BPH and

prostate cancer
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SECTION II: 1. Introduction

Since its discovery in 1984, telomerase has been an integral part of basic and

translational research, with particular focus on aging, cancer, and stem cell

behaviour (Greider and Blackburn, 1985, Blasco, 2005). Human telomerase is a

ribonucleoprotein reverse transcriptase enzyme complex, which adds TTAGGG

repeats to the 3’end of chromosomes (telomere regions) (Morin, 1989). Telomerase

mediated telomere maintenance protects every chromosome against chromosomal

fusion, recombination, and terminal DNA degradation (Blackburn, 2001). The

majority of normal somatic cells do not express telomerase (Kim et al., 1994), and in

these cells telomeres undergo cell division dependent erosion, subsequently leading

to replicative senescence (Bodnar et al., 1998). This phenomenon of replicative

senescence is one of the most important contributors in ageing. However cell types

that have unlimited proliferative potential, such as germ cells and embryonic stem

cells, circumvent the problem of replicative senescence by overexpressing

telomerase (Flores et al., 2006). Often, precisely the same machinery is hijacked by

cancer cells to acquire prolonged proliferative potential (Kim et al., 1994). Indeed,

investigations exploring telomerase expression and functions in depth are becoming

increasingly essential to understand these normal and pathological events.

II1.1 Telomerase enzyme complex: biogenesis and catalytic

activation

Assembly of the active human telomerase ribonucleoprotein (henceforth, just

telomerase) can be divided into three steps: (i) human telomeric RNA (hTR) and

human telomerase reverse transcriptase (hTERT) synthesis and maturation, (ii)

hTR-hTERT assembly leading to the catalytic activation, and (iii) recruitment to

telomeres. The process of biogenesis is complex and can involve the interaction of
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more than 30 proteins (Cohen et al., 2007). Only the major aspects of this process

are described here.

The precursor of hTR is transcribed and undergoes internal modification after

processing at its 3' end and capping on its 5' end to generate the mature and

functional hTR (Feng et al., 1995, Collins, 2006). In addition to these modifications,

the cellular accumulation of mature hTR also requires the binding of proteins such

as dyskerin at 3’end (Mitchell et al., 1999, Pogacic et al., 2000, Meier, 2005). The 5’

end folds into the tertiary pseudoknot (core) domain containing a template for

telomere repeat addition and is also necessary for binding with the catalytic subunit

of hTERT (Theimer et al., 2005). Until further structural conformations, the hTR

accumulates in sub-nuclear Cajal bodies (Jady et al., 2004, Gallardo and Chartrand,

2008). The Cajal body localisation is instrumental role in the formation of hTR-

hTERT complex and further recruitment of telomerase to telomeres (Cristofari et al.,

2007).

The majority of tissues express hTR at various levels, but do not possess

telomerase activity. Therefore, the availability of hTERT is considered as the rate-

limiting step in telomerase activity (Meyerson et al., 1997, Weinrich et al., 1997).

The lack of hTERT mRNA guarantees an absence of telomerase catalytic activity,

but hTERT mRNA levels alone is not sufficient for the telomerase function. The

hTERT mRNA is transcribed from the gene locus 5p15.33 and is subsequently

spliced into at least 10 splice variants, some of which can have a dominant negative

effect (Kilian et al., 1997, Colgin et al., 2000, Lincz et al., 2008). The active hTERT

protein, unlike hTR, displays more diverse cell-cycle dependent sub-nuclear

localisation, ranging from nucleolus to nucleoplasmic foci distinct from Cajal bodies

(Yang et al., 2002, Tomlinson et al., 2006). Apart from the nucleus, 10-20% of the

hTERT protein is also located in the mitochondria, proportion that can increase up

to 80% under oxidative stress (Ahmed et al., 2008, Sharma et al., 2012).
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Assembly of hTR-hTERT ribonucleoprotein and its recruitment to the telomeres is a

very intricate process, which results in a compact hTR tertiary fold within the

functional telomerase ribonucleoprotein complex. Moreover, post-translational

hTERT modifications, such as phosphorylation, also influence telomerase catalytic

activation (Liu et al., 2001b). The telomerase enzyme complex accumulates in the

distinct nuclear bodies adjacent to Cajal bodies, which co-localise with telomeres in

S phase of cell cycle (Jady et al., 2004, Tomlinson et al., 2006). Overall, at least 32

proteins can interact with telomerase enzyme components that may participate in its

biogenesis, trafficking, activation, telomere recruitment and degradation (Cohen et

al., 2007). However, the catalytically active human telomerase is composed of only

two molecules each of hTERT, hTR, and dyskerin (Cohen et al., 2007). The

activated telomerase enzyme is recruited to telomeres with the help of TCAB1

protein to add TTAGGG repeats to the telomeres by employing reverse transcription

(Zhao et al., 2009) (Figure II1.1). The hTERT dependent reverse transcriptase

activity is also present during mitochondrial DNA elongation. It was very recently

shown that mitochondrial hTERT can function as hTR-independent reverse

transcriptase; using mitochondrial tRNAs as template for reverse transcription

(Sharma et al., 2012). These findings clearly suggest the multi-faceted role of

telomerase in the overall development of an organism.
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Figure II1.1: Schematic representation of telomerase ribonucleoprotein complex.
The functional telomerase enzyme complex is composed of TERT, TR, and
Dyskerin proteins and is located in sub-nuclear Cajal bodies. The TCAB1 protein
facilitates the recruitment of telomerase to the telomeric ends of the chromosomes.
Figure modified from (Noel and Wellinger, 2012).

II1.2 Functions of telomerase

Generation of telomerase null animal models and the consideration of human

disorders due to telomerase insufficiency provided significant clues regarding

functions of telomerase (Table II1.1). These studies showed that telomerase is not

essential for survival of model organisms. However, homozygous telomerase

mutations have not been observed in humans so far, suggesting that it may be

essential for human survival. Nevertheless, investigations in all the organisms

demonstrated defects in tissue homeostasis and cell proliferation. The interactions

of telomerase with multiple signalling pathways highlight the tight regulation and

widespread impact of telomerase mediated functions (Table II1.2). Here, the

molecular basis for these observations is discussed.
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direction. However, the DNA replicating enzyme, DNA polymerase III, can function

only in the opposite 3’-5’ direction. So, replication on the lagging strand is initiated

by multiple RNA primers, which are extended to Okazaki fragments and then joined

together after removal of RNA primers (Sakabe and Okazaki, 1966, Ogawa and

Okazaki, 1980). This method fails to replicate the gap left by the distal-most RNA

primer, leaving daughter strand shorter (Figure II1.2) (Watson, 1972). In a context

of regulation of cell-doubling potential, Olovnikov also independently proposed that

daughter chromosomes lose terminal DNA sequences during replication (Olovnikov,

1973). He hypothesised that non-coding telogenes are located at the ends of the

chromosomes. He also suggested that the exhaustion of these telogenes during

repeated cell division underpin the eventual loss of cell division ability in culture, as

suggested by Hayflick (Hayflick and Moorhead, 1961). Now, it is recognised that

there are no telogenes, but rather evolutionary conserved guanine-rich TTAGGG

DNA hexameric repeats (telomeres) exist to protect the ends of chromosomes and

regulate cell division potential (Shampay et al., 1984, Moyzis et al., 1988, Allshire et

al., 1989, Blackburn, 2000).

Figure II1.2: The end replication problem. During DNA replication, the lagging
strand is initiated by multiple RNA primers. The extended products of RNA primers
(Okazaki fragments) are then joined together to fill gaps. However the terminal
primer gap can’t be filled, leading to loss of terminal DNA sequences.
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Figure II1.3: A schematic representation of the telomeric t-loop. When single
stranded (ss) DNA of telomeric overhangs invade into double stranded (ds)
telomeric DNA, t-loop is formed. It prevents telomeric DNA from recognised as
damaged DNA. Modified from (de Lange, 2005)

II1.2.1.2 Regulation of telomere length

To control replication-associated telomere shortening, telomeres are subjected to a

strict feedback regulation. The focus of this section is limited to what is known or

hypothesized for human telomeres, as the positive and negative feedback loops that

regulates telomere length can exhibit remarkable evolutionary flexibility (Palm and

de Lange, 2008).

The t-loops (Wang et al., 2004), the RNA product of telomere transcription (Maicher

et al., 2012), and sub-telomeric DNA methylation (Vera et al., 2008) has been

proposed to variably regulate telomere length. But the central role in telomere

regulation rests with the shelterin proteins (comprised of TRF1, TRF2, TIN2, RAP1,

TPP1, and POT1) (de Lange, 2005). These proteins can only bind to the area of

DNA where ss DNA and ds DNA lie in close proximity (Choi et al., 2011). This

limitation gives them a clear specificity for telomeres. Proteins involved in DNA

damage response, such ATM, Ku proteins and MRX complex interact with shelterin

proteins to control the access of telomerase to telomeres (O'Connor et al., 2004, de

Lange, 2005, Wu et al., 2007). The amount of shelterin proteins is directly

proportional to the telomere length. So, on longer telomeres, these shelterin

proteins can physically block the access of telomerase to the telomere end (Figure
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II1.4) (de Lange, 2005). Once recruited, the telomerase enzyme complex contained

in the Cajal body, associates itself with telomeres for about 10-40 minutes in the S-

phase of cell cycle (Jady et al., 2004, Tomlinson et al., 2006). The ss G-overhang

provides an anchor for telomerase RNA subunit to bind and extend telomeres.

During this time, the enzyme successfully adds ~50-60bp in human cancer cell lines

(Figure II1.5) (HeLa cells - cervical cancer cell line and H1299 cell – lung

adenocarcinoma cell line) (Zhao et al., 2009, Zhao et al., 2011). This recent report

demonstrating telomerase recruitment at about 70-100% of telomeres is in contrast

with previous findings, which suggested that the recruitment occurs at only the

shortest telomeres in the cells (Ouellette et al., 2000, Steinert et al., 2000, Bianchi

and Shore, 2008). These investigations also showed that the length of shortest

telomere, and not the average telomere length, determines the propensity for

chromosomal instability and senescence.

Figure II1.4: Shelterin proteins regulate telomerase recruitment to telomeres. Long
telomeres have more shelterin proteins bound to it. These proteins prevent the entry
of telomerase enzyme in the t-loop physically and through feedback-loop regulation
(A). Once, telomeres become short, the amount of shelterin proteins bound to it also
decreases allowing telomere-telomerase interaction (B). Modified from (de Lange,
2005).
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of telomere length to the critical level induces senescence, but the critical length

determination depends on multiple factors. The variation in ‘critical length’ of

telomeres that has to be maintained also varies upon the availability of sheltering

proteins (Karlseder et al., 2002). In pathological cases, where cells continue to

divide even in the presence of critically short telomeres, cells go through a crisis

period. The outcome of this crisis depends upon successful re-expression of

telomerase. If it is expressed, cells undergo immortalisation or oncogenic

transformation, and if not, death by apoptosis.

Figure II1.6. Induction of senescence and crisis as a function of telomere attrition.
With every cell division, telomeres lose 50-100bps and shelterin proteins (grey)
bound to them. This leads to unwinding of t-loop. The shorter and linear telomere is
then recognised as a ds-DNA break. In the absence of any mutation in cell cycle
checkpoints, this activates cell cycle inhibitors and the senescence pathway. When
one of these mutations is present, the cell can ignore DNA damage signals.
Telomeres serve as substrate for NHEJ break-bridge-break cycle and chromosomal
fusion. This crisis is characterised by P53 independent apoptosis. Rarely, one of the
clones in crisis acquires stability by expressing telomerase. Modified from (Ouellette
et al., 2011).
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sufficient nor necessary for unlimited or immortal cell replication via telomere

elongation. In cases where telomerase is barely detectable, telomerase may just

temporarily extend proliferative potential or perform some extra-telomeric function.

Cells can utilise the non-telomerase mechanisms, called alternative lengthening of

telomeres (ALT), in the absence of telomerase.

II1.2.1.5 Alternative lengthening of telomeres (ALT)

The ALT has been observed in many in vitro cell culture models, but the precise

mechanisms underlying it remain unknown (Cesare and Reddel, 2010, Shay et al.,

2012). Recombination based telomere elongation (Dunham et al., 2000, Henson et

al., 2009, Muntoni et al., 2009) and telomeric sister-chromatid exchange (Bailey et

al., 2004) are two of the likely propositions for ALT (Figure II1.8). The telomeres of

ALT cells retain most of the characteristic canonical telomeric attributes, but display

one or more of the following features: heterogeneous telomere lengths (Bryan et al.,

1995), increased numbers of DNA damage response foci at telomeres (Cesare et

al., 2009), an abundance of extra-chromosomal telomeric DNA (ds t-circles, ss

circles, and linear DNA) (Tokutake et al., 1998, Wang et al., 2004, Cesare et al.,

2009), the presence of ALT-associated promyelocytic leukemia bodies containing

telomeric DNA (Yeager et al., 1999), and a reduction in the binding saturation of

shelterin proteins at telomeres (Cesare and Reddel, 2010). The simultaneous

presence of ALT and telomerase has also been noted in human cells in culture

(Cerone et al., 2001, Johnson et al., 2005), but the functional co-existence of these

two mechanisms in vivo has not been identified so far. There are some hints that

shelterin proteins (Celli et al., 2006, Wu et al., 2006) and methylation of sub-

telomeric regions (Blasco, 2007) may inhibit ALT in the presence of telomerase.

Interestingly, experiments with the ALT immortalised GM847 cell line showed that

ectopic expression of mutated hTERT, which was unable to form a functional

telomerase complex, was necessary for oncogenic transformation (Stewart et al.,
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2002). This and similar other investigations indicated that telomerase (or hTERT)

may have some significant extra-telomeric functions.

Figure II1.8: The mechansims for alternative lengthening of telomeres (ALT). In
ALT a telomeric DNA (red) template is copied. The template may come from
nonhomologous chromosome, or it could include extrachromosomal telomeric DNA.
The extrachromosomal telomeric DNA can be in circular (illustrated) or linear form
and can be derived from another region of the same telomere via loop formation, or
the telomere of a sister chromatid. Modified from (Shay et al., 2012)

II1.2.2 Extra-telomeric functions of telomerase

Telomerase is not just an enzyme that can elongate telomeres, but its subunits can

also perform a multitude of cellular functions. These functions are independent of its

telomere maintaining activity and are primarily carried out by the TERT subunit. It is

essential to consider extra-telomeric functions of telomerase in detail, to

comprehend the role of telomerase in cancer and aging more clearly.

II.1.2.2.1 Telomerase and DNA damage response

Telomerase, especially the hTERT subunit, is intimately linked to the DNA damage

response. Cells lacking hTERT exhibit higher radiosensitivity, reduced DNA repair

ability, and fragmented chromosomes (Masutomi et al., 2005). Telomerase is

physically associated with proteins that are instrumental in DNA damage response.

The enzyme also interacts with the DNA replication protein primase, which is
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associated with DNA repair (Ray et al., 2002). Telomerase can also add telomere

hexamers to join broken DNA ends (Schulz and Zakian, 1994, Myung et al., 2001).

These associations and observations indirectly suggest an important role for

telomerase in DNA repair. Additional gain-of-function studies demonstrated a more

direct relationship between telomerase and DNA repair. The ectopic overexpression

of hTERT enhanced genomic stability and DNA repair in these studies (Sharma et

al., 2003). Correspondingly, telomerase inhibition resulted in impairment of cellular

response to DNA double strand breaks and nucleotide excision repair capacity

(Masutomi et al., 2003, Shin et al., 2004). One of these investigations also showed

that telomerase is expressed transiently in S-phase of cell cycle to protect

karyotypic stability by capping chromosomes and resetting chromatin, without

adding even a single telomere repeat (Masutomi et al., 2003). This can explain

telomerase expression in adult human tissues, where cell division dependent

telomere shortening is observed even in the presence of telomerase. The DNA

repair function of telomerase is under the regulation of DNA damage response

pathway itself, for example via Pif1, to prevent unwarranted healing of broken DNA

ends (Makovets and Blackburn, 2009). Support for the role of telomerase in DNA

repair is increasing day by day, but not all studies agree with this notion (Kampinga

et al., 2004, Bates et al., 2005), suggesting that this aspect of telomerase function

needs additional direct functional evidence.

II1.2.2.2 Telomerase and gene regulation

Multiple lines of evidence signify that telomerase regulates processes such as

metabolism, cell cycle, and proliferation. Several independent transcriptional

analyses with multiple human cell lines have revealed that hTERT over-expression

or inhibition seriously affect gene expression patterns (Cong and Shay, 2008).

Telomerase can influence gene expression patterns by: (i) direct influence on key

genes (ii) chromatin manipulation (iii), interaction with signalling pathways, and (iv)
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II1.2.2.3 Telomerase and apoptosis

It has been widely reported that telomerase inhibition can induce cell death through

telomere attrition, but recent investigations have identified non-telomeric functions of

telomerase that can influence apoptosis. Two clear lines of thought exist, proposing

telomerase to be pro-apoptotic or anti-apoptotic (Cong and Shay, 2008). For the

pro-apoptotic role, it was shown that oxidative stress induces nuclear export of

TERT, probably to mitochondria (Haendeler et al., 2004). Telomerase in

mitochondria can sensitise mitochondrial DNA to oxidative damage, leading to

apoptosis (Santos et al., 2004). Mutations in the N-terminal peptide responsible for

mitochondrial localisation of TERT resulted in the loss of mitochondrial oxidative

damage, without affecting telomere elongation ability of telomerase (Santos et al.,

2006). However, the molecular mechanisms for this pro-apoptotic action have not

been identified so far. At the same time, other evidence supports the anti-apoptotic

role of telomerase. For example, human fibroblasts overexpressing telomerase

resist apoptosis but not senescence (Gorbunova et al., 2002, Lee et al., 2008b).

This may be due to inhibition of the mitochondrial apoptotic pathway via Bax

activation (Zhang et al., 2003a, Massard et al., 2006). More recent evidence

augments the support for non-telomere dependent role of telomerase in the direct

inhibition of apoptosis (Lee et al., 2008b). Apart from BAX activation, the other

possible mechanism for the anti-apoptotic function could be telomerase-mediated

synthesis of mtDNA that can minimise the impact of oxidative damage (Sharma et

al., 2012). Due to this role, oxidative stress can induce nuclear export of TERT to

mitochondria. In summary, more compelling evidence exists for anti-apoptotic

function of telomerase, but two independent opposing pathways may also exist for

telomerase-mediated apoptosis regulation.

In summary, maintenance of telomeres is the primary function of telomerase.

Multiple transcription factors can also interact and modulate telomerase expression,
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which in turn can influence several key signalling cascades. These interactions

result in a widespread impacts on cell proliferative potential through telomere

maintenance, DNA repair, apoptosis and stem cell maintenance. The higher

expression of telomerase in hES cells (Thomson et al., 1998) and in 90% of the

cancers (Shay and Wright, 2006) reinnforces the notion that telomeric and extra-

telomeric function of telomerase converge to regulate stem cell behaviour and cell

proliferation. The identity and location of telomerase expressing cells provide further

evidence for the role of telomerase in the regulation of these processes.

II1.3 Telomerase expression and activity
In the early stages of telomerase research, a very sensitive telomeric repeat

amplification protocol (TRAP) assay was developed to measure telomerase activity

even from 1-10 cells (Wright et al., 1995). The TRAP assay involves the preparation

of a protein extract by cell lysis and addition of a primer and dNTPs. If telomerase is

present in the protein extract, it uses the primer as an artificial chromosome and

adds telomeric repeats to it. The reaction product is then amplified by PCR and

detected by qPCR, ELISA or gel based techniques (Fajkus, 2006). Some novel

modifications and other approaches such as in-cell TRAP assay (Ohyashiki et al.,

1998), in-situ hybridisation analysis for hTR (Paradis et al., 1999), and

immunohistochemical staining for hTERT (Frost et al., 2000), in addition to qRT-

PCR based detection of hTR/hTERT mRNA, were also developed to determine

telomerase activity or expression. These techniques enabled the quantitative and

semi-quantitative determination of telomerase activity/expression in wide variety of

tissue samples.
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II1.3.1 Telomerase expression/activity in development

During mammalian development, both telomerase activity and telomere length vary

drastically on either side of the fertilisation process. The mature human gametes

have short telomeres and no telomerase activity, but both of them increase

dramatically after fertilisation (Wright et al., 1996). It was demonstrated that, in early

stages of human embryonic cleavage, a recombination-based mechanism

elongates telomeres (Liu et al., 2007b). From the blastocyst stage onwards, these

elongated telomeres are then maintained by telomerase, without any further

appreciable increase in length. Indeed, human embryonic stem (hES) cells isolated

from the inner cell mass of the blastocyst invariably display high telomerase activity

and long telomeres (Thomson et al., 1998, Reubinoff et al., 2000, Xu et al., 2001).

Induced pluripotent stem (iPS) cells share almost all the functional properties of hES

cells (Robinton and Daley, 2012). These cells can be derived from differentiated

cells (telomerase negative cells) by forced expression of certain genes (e.g. OCT4,

SOX2, c-MYC, and KLF4) or their proteins (Takahashi et al., 2007, Zhou et al.,

2009b). During this transformation, the iPS cells acquire hTERT expression and

telomerase activity equivalent to that in hES cells (Takahashi et al., 2007, Yu et al.,

2007). The hES and iPS cell data indicate that higher telomerase expression is

essential for the maintenance of stem cell characteristics, such as pluripotency, self-

renewal and sell proliferation. However, fully functional iPS cells lacking fully

functional telomerase activity due to haploinsufficiency were also successfully

generated from Dyskeratosis Congenita patients, who lack telomerase activity due

to a mutation in one allele of the hTERT or hTR genes (Agarwal et al., 2010, Batista

et al., 2011). These iPS cells can then acquire telomerase expression in culture by

upregulating the normal allele. These findings show that telomerase is not obligatory

for the formation of iPS cells but is essential for their maintenance in culture.
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Coming back to the cells in blastocyst, the telomerase activity in these cells

gradually gets compartmentalised (Figure II1.9).

Figure II1.9: Telomerase activity during development. Unlike germ cells, mature
ovum and sperm do not possess telomerase activity. The fertilised ovum rapidly
acquires telomerase activity during the blastocyst stage. The embryonic stem cells
(ESs), which have very high telomerase expression, differentiate into tissue-specific
stem cells in the next 10-20 weeks of intrauterine life. These tissue stem cells have
variable telomerase expression. After birth, only selected adult stem cells retain
significant telomerase activity, which increases further on differentiation to transit
amplifying cells. In an adult life, only very few terminally differentiated cells exhibit
telomerase activity (e.g. T lymphocytes). All other somatic differentiated cells lack
telomerase activity. Adapted from (Hiyama and Hiyama, 2007)

II1.3.2 Telomerase expression/activity in adult human tissues

Very few tissues exhibit detectable telomerase activity later than in embryonic life.

At 16 weeks of intrauterine life, only liver and intestine display high telomerase

activity. At the same time, lung, skin, kidney, and adrenal glands show marginally

detectable telomerase activity; whereas, brain, bone and muscle tissues have lost
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all detectable telomerase expression (Wright et al., 1996). This tissue-specific

telomerase activity in foetal life is likely to be regulated by a combination of

epigenetic modifications, direct transcriptional repression and alternative splicing of

the hTERT subunit (Ulaner et al., 1998, Lopatina et al., 2003, Flores et al., 2006).

The same mechanisms further restrict telomerase expression in adult life.

Initially, it was suggested that none of the normal human somatic tissues possess

telomerase activity (Kim et al., 1994) and the only cells with telomerase activity were

germ cells from testes and ovary (Wright et al., 1996). However, subsequent

investigations identified detectable telomerase activity in: (i) normal peripheral

lymphocytes and lymphocytes in bone marrow (Counter et al., 1995), (ii) the lower

third of the normal human intestinal mucosa (Hiyama et al., 1996), (iii) the

regenerative basal layer of the epidermis in 45% of samples (Harle-Bachor and

Boukamp, 1996), (iv) proliferating cervical epithelium (Yasumoto et al., 1996), (v)

23% of normal oesophageal mucosa (Takubo et al., 1997), (vi) 95% of samples

from the proliferative-phase of normal endometrium (Kyo et al., 1997), and (vii)

haematopoietic cells in bone marrow (Yui et al., 1998). The puzzling observation

with these studies was that detection of telomerase activity was always very

unpredictable even in the same tissue. More notably, proliferation-dependent

shortening of telomeres and senescence was observed in many of these tissues,

most notably in intestinal mucosa (Hiyama et al., 1996), haematopoietic cells in

marrow (Yui et al., 1998), peripheral lymphocytes (Wynn et al., 1998, Hodes et al.,

2002) and in cultured fibroblasts (Masutomi et al., 2003) even in the presence of

detectable telomerase activity. On the other hand, telomeres were maintained in

cultured human mesenchymal stem cells even in the presence of negligible

telomerase activity (Yanada et al., 2006). These observations led to the conclusion

that, at least in adult human somatic tissue, the presence of detectable telomerase

activity is neither sufficient nor necessary for unlimited or immortal cell replication
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(Campisi, 1997). There are several propositions to explain these findings: (i) in

cases where telomerase failed to maintain telomeres, telomerase may just extend

proliferative potential by temporarily maintaining telomeres above critical length, (ii)

extra-telomeric functions of telomerase are prominent in these tissues and, (iii)

telomerase activity may be restricted to a specific small sub-population of cells.

II1.3.3 Telomerase expression/activity in adult stem cells

Subsequent studies showed that telomerase expression is restricted to such a small

sub-population of cells where, both telomeric and extra-telomeric functions are

being carried out by telomerase. Telomerase expression is associated with a stage

of differentiation, whereby adult stem cells and terminally differentiated cells lacked

telomerase activity, but the transit-amplifying cells displayed high telomerase

activity. In the hematopoietic system, only the rapidly cycling transit amplifying cells

exhibited high telomerase activity, which decreased upon terminal differentiation

(Chiu et al., 1996, Yui et al., 1998, Brummendorf and Balabanov, 2006). Similar

observations were also made in human epidermis, where telomerase activity was

restricted to transit amplifying progenitor cells and was absent in stem cells and

terminally differentiated cells (Bickenbach et al., 1998). It should be noted that both

of these tissues have very high proliferation rate. Perhaps, telomerase activity is

seen in adult cells only when they undergo proliferation at such a high rate.

Surprisingly, there are insufficient telomerase expression studies in hierarchical sub-

populations in human tissues (Table II1.3) to generalise these conclusions.

However, it can be broadly concluded that human adult tissue stem cells possess

minimal or no telomerase activity. This may be due to infrequent replication of these

stem cells (Li and Bhatia, 2011). Once stem cells exit a quiescent state and

differentiate into a rapidly proliferating, transit amplifying phenotype, they require

more telomerase to maintain rapidly eroding telomeres. Probably for this reason,

telomerase is also overexpressed in the majority of tumours.
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Stem cell type Telomerase Telomeres Reference

Embryonic High Maintained
(Thomson et al.,
1998, Amit et al.,
2000)

Mesenchymal Low Not maintained (Yanada et al.,
2006)

Haematopoietic Detectable but low Not maintained (Brummendorf and
Balabanov, 2006)

Epidermal Absent Not maintained (Bickenbach et al.,
1998)

Neuronal Absent/low Not maintained

(Wright et al.,
2006, Varghese et
al., 2008, Castelo-
Branco et al.,
2011)

Table II1.3: Telomerase activity in normal human adult stem cells. Table modified
from (Hiyama and Hiyama, 2007)

II1.3.4 Telomerase expression/activity in cancer and cancer stem

cells

The role of telomerase in cancer is ubiquitous and complex. About 80-90% of all

cancers express high levels of telomerase, including cancers of prostate, breast,

pancreas, liver, lung, brain, and intestine (Kim et al., 1994, Shay and Bacchetti,

1997). This acquisition of high levels of telomerase is a two-stage process (Figure

II1.10) (Finkel et al., 2007). In an incipient tumour, cancer cells proliferate rapidly

leading to telomere erosion. This telomere erosion activates cell cycle

arrest/apoptosis/senescence pathways. In rare conditions, alternative lengthening of

telomeres (ALT) mechanisms elongate telomeres and enable overt tumour growth

(Heaphy et al., 2011). However in the majority of cases, aided by mutations in one

or more cell cycle and DNA damage regulatory checkpoints, these cells acquire

significant telomerase expression and the tumour reaches a homeostatic status

(Artandi et al., 2000, Artandi and DePinho, 2010). At this point, telomerase actively

promotes rapid tumour growth by maintaining shortened telomeres (not elongating

them) and by activating cancer promoting pathways, such as WNT and c-MYC
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pathways (as previously discussed in telomerase function section). However, it

should be noted that telomerase is not a classical oncogene, as activation of

telomerase alone does not cause oncogenic transformation (Jiang et al., 1999,

Morales et al., 1999).

Figure II1.10: The role of telomerase in cell transformation. Adult somatic cells
undergo telomere attrition with each division. When the critical telomere length is
reached, senescence is triggered. In rare circumstances, aided by mutations in cell
cycle and DNA damage repair checkpoints, cells continue to proliferate. This leads
to genomic instability, due to the presence of unsustainably short and damaged
telomeres. In most cases, this leads to apoptosis, but a rare clone may acquire
telomerase activity and form a frank cancer. Cells can acquire “immortality” any time
if telomerase is upregulated without the acquisition of mutations in key regulatory
genes. Adapted from (Shay and Wright, 2006)

Apart from this umbrella role in all cancer cells, an additional layer of complexity for

telomerase biology in cancer was identified recently. Several studies proposed that

cancer stem cells (CSCs), which drive tumour progression, exhibit significantly

higher telomerase expression than differentiated cancer cells (Joseph et al., 2010,

Marian et al., 2010, Beck et al., 2011, Castelo-Branco et al., 2011, Serrano et al.,

2011, Xu et al., 2011b). Telomerase can maintain this cancer stem-like cell state

through telomere maintenance and activation of signalling pathways, such as
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TERT-BRG1-NS/GNL3L transcriptional network and EGFR signalling (Shay and

Wright, 2010, Beck et al., 2011, Okamoto et al., 2011). However, other studies

suggested that stem-like cells in cancers exhibit very low telomerase expression,

even in the same tissue where higher expression is also reported (Shervington et

al., 2009). It is possible that the CSC telomerase expression status depends on

individual tumour characteristics. Still, as most of these investigations rely heavily

on ‘stem cells’ derived from cancer cell lines, they need further confirmation by

analysis of actual human tumour derived fractionated cell sub-populations and

robust in-vivo validation, to draw valid conclusions. Overall it can be concluded that,

although telomerase is not an oncogene in a classical sense, it plays vital role in

cancer progression.

II1.4 Telomerase in prostate and prostate cancer

Prostate epithelium is a very slowly cycling epithelium, where an adult epithelial cell

divides, on average, every 200 days in the rat prostate (Isaacs and Coffey, 1989).

The rate of cell division increases dramatically during benign or malignant

transformation of the prostate epithelium. Ki-67 staining of human prostate tissue

sections demonstrated about 2-3 fold increase in the proliferative index in BPH,

while cancer displayed a 4-7 fold increase compared to normal tissue (Bubendorf et

al., 1996, Kyprianou et al., 1996). Therefore it was hypothesised that telomerase,

which is one of the principal regulators of cell proliferation, should be upregulated in

prostate tumours. Indeed, investigations over the years consistently shown that

about 80-90% of prostate cancers exhibit not only high telomerase activity but also

short telomeres compared to normal prostate (Table II1.4).
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Normal

Normal
tissue

adjacent to
cancer

BPH

BPH
tissue

adjacent
to cancer

PIN Cancer Reference

0/25 -- 0/10 3/25 --
21/25
(84%)

(Sommerfeld
et al., 1996)

-- 5/20 -- -- --
14/30
(47%)

(Engelhardt et
al., 1997)

-- -- 2/13 -- --
14/18
(78%)

(Kallakury et
al., 1997)

0/10 -- 0/10 1/10 --
28/31
(90%

(Lin et al.,
1997)

0/11 -- -- 6/16 -- 8/9 (89%)
(Scates et al.,

1997)

-- 2/19 -- -- --
18/22
(82%)

(Takahashi et
al., 1997)

-- 0/2 -- 0/1 4/25
9/13

(69%)
(Koeneman et

al., 1998)

0/124
39/42
(93%)

(Lin et al.,
1998)

-- 4/11 0/16 13/26 11/15
80/87
(92%)

(Zhang et al.,
1998)

-- 3/9 2/8 17/37 --
45/50
(90%)

(Wullich et al.,
1999)

-- -- 2/17 -- --
11/19
(58%)

(Wymenga et
al., 2000)

0/18 -- -- -- --
17/18
(94%)

(Liu et al.,
2001a)

1/8 -- -- -- --
32/35
(91%)

(Wang et al.,
2001)

Table II1.4: Previous published studies, which assessed telomerase expression/
activity in patient-derived treatment naïve prostate tissue.

II1.4.1 Telomere and telomerase in BPH and PIN lesions

First, some key aspects that will help to comprehend the role of telomerase in

prostate cancer were introduced by analysing telomerase expression in BPH and

prostatic intraepithelial neoplasia (PIN). Telomerase expression has never been

detected in normal prostate and is only rarely detected in BPH samples (Table

II1.4). It is not clear why some BPH samples demonstrated telomerase expression

and not others. Also, it is ironic that BPH does not display any telomerase
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considering that the BPH is a long-standing hyperproliferative disorder with 2-3 fold

higher proliferation index than normal prostate (Bubendorf et al., 1996, Kyprianou et

al., 1996). This discrepancy in BPH telomerase expression may be partially

explained by the observation that only 1-20% of nuclei from BPH tissue show

hTERT expression by immunohistochemistry (Iczkowski et al., 2002). All of the cells

with nuclear telomerase expression in these samples were basal cells. So, only a

fraction of BPH basal cells express telomerase and therefore the content of such

cells in a sample to be analysed may dictate the telomerase status of the sample as

a whole. It is interesting to note that weak to moderate telomerase expression was

found in about 10-15% of tissue with normal histology and about 10-50% of benign

tissue adjacent to cancer (Table II1.4). Additionally, the average telomere length in

BPH samples was equivalent to that of normal prostate epithelial telomere length;

whereas the average telomere length in normal or BPH tissue specimens adjacent

to cancer was significantly reduced and was similar to that in cancer specimens

(Heaphy et al., 2010). These observations suggest that the histologically normal and

BPH tissue specimens adjacent to cancer may contain cells with early oncogenic

transformation and do not represent the pure normal or BPH tissue. Therefore, it is

not surprising to find that PIN lesions, which are considered precursors for prostate

cancer and often seen in a vicinity of it, show telomerase and a telomere pattern

closer to cancer.

Initial studies revealed that about 65-75% of PIN specimens are telomerase positive

by TRAP assay (Kim et al., 1994, Zhang et al., 1998). Later, using laser capture

microdissection and TRAP assay, Koeneman et al. found telomerase in 4/25 (16%)

of PIN lesions (Koeneman et al., 1998). This inconsistency continued when a more

recent study, which found that hTERT was upregulated in almost all the high-grade

PINs by in situ hybridisation (Bettendorf et al., 2003). These disagreements may

well be due to the use of different techniques, which require variable sample
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preparations. However, all the investigators who studied telomere length agreed

that telomeres are shortened in the PIN lesions (Paradis et al., 1999, Meeker et al.,

2002, Vukovic et al., 2003, Joshua et al., 2007, Heaphy et al., 2010). Vukovic et al.

also showed that higher rate of telomere shortening was observed in PIN foci

situated near (within 2 mm) adenocarcinoma (Vukovic et al., 2003). These findings

provide additional strength for the belief that PIN is in fact a premalignant lesion that

can develop into prostate cancer. Telomere shortening and telomerase upregulation

in PIN lesions suggest that telomere shortening is an early event in the prostate

carcinogenesis.

Telomere shortening on its own cannot cause cancer and it should be accompanied

with cell cycle or DNA repair checkpoint abnormalities for frank malignant

transformation. One such checkpoint could be 14-3-3sigma, which is downregulated

in almost all prostate cancer foci compared to normal tissue (Lodygin et al., 2004).

14-3-3sigma is normally induced by P53 in response to DNA damage (Hermeking,

2003). The interesting point is that 14-3-3sigma downregulation (Lodygin et al.,

2004) and telomere shortening in one of the studies (Meeker et al., 2002) was

predominantly observed only in the PIN luminal cells. The luminal cells are

terminally differentiated cells and therefore are least adaptable to cell proliferation

seen during malignant transformation. For this reason, telomere-related

abnormalities might be apparent earlier and in a more dramatic fashion in luminal

cells, suggesting that the differentiation status of the cell should be considered while

interpreting telomerase and cancer related results. However, it should be noted that

no such luminal predisposition was reported in any of the other studies (Paradis et

al., 1999, Vukovic et al., 2003, Joshua et al., 2007, Heaphy et al., 2010).

II1.4.2 Activation of telomerase in PIN lesions with short telomeres

The shortening of telomeres in PIN and morphologically normal surrounding tissue

may represent areas of risk for prostate carcinogenesis. An inverse correlation
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II1.4.3 Telomerase in prostate cancer

In over 80% of prostate cancers, overexpression of telomerase was detected.

Owing to the high telomerase expression in prostate cancer, several studies

investigated telomerase as a marker for prostate cancer diagnosis, prognosis or as

a therapeutic target. In order to increase the ease of detection in a clinical setting

and to improve sensitivity and specificity of the detection, several methods of

telomerase detection were assessed. First, the TRAP assay was performed on

tumour needle biopsy samples (Sommerfeld et al., 1996, Kallakury et al., 1997,

Takahashi et al., 1997). Later, when it was noted that the tumour biopsy cancer

content varied significantly and that this affected telomerase levels drastically

(Engelhardt et al., 1997), targeted laser capture microdisection was employed to

maximise tumour content of the tissue (Liu et al., 2001a). In addition, tissue material

obtained from touch imprinted biopsies (Chieco et al., 2001), fine needle aspiration

cytology of tumours (Wang et al., 2002), cells collected after prostatic massage

(Vicentini et al., 2004), exfoliated cells from urine (Botchkina et al., 2005), and even

circulating plasma/serum (Dasi et al., 2006, Dalle Carbonare et al., 2011, March-

Villalba et al., 2012) were all investigated to improve the usability of bedside

telomerase detection. The TRAP assay still remains the gold-standard for

telomerase detection, but techniques such as qPCR (Liu et al., 2001a, Botchkina et

al., 2005), PCR-ELISA (Wang et al., 2002), immunohistochemistry (Iczkowski et al.,

2002), in-situ hybridisation (Kamradt et al., 2003) were also employed with variable

success. Paradoxically in all these studies, any association between telomerase

levels and prostate cancer prognosis was mixed. A positive correlation between

telomerase and tumour aggressiveness was noted in at least 5 studies (Lin et al.,

1998, Wullich et al., 1999, Wymenga et al., 2000, Wang et al., 2001, Athanassiadou

et al., 2003), but an almost equal number of studies could not find such correlation

(Kallakury et al., 1997, Zhang et al., 1998, Bettendorf et al., 2003, Kamradt et al.,
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2003, Pfitzenmaier et al., 2006). There could be several explanations for this

disagreement. First, some investigations, such as Wullich et al., showed that

telomerase expression is heterogeneous in prostate cancers, especially in cancers

with Gleason grade less than 7 (Wullich et al., 1999). The intra-tumour

heterogeneity and high telomerase in PIN lesions may lead to false positive or false

negative telomerase detection results, and could have partly contributed to the

above variable correlations. Secondly, the relative content of inflammatory infiltrate,

which has detectable telomerase activity (Liu et al., 1999), could confound the

correlation between telomerase expression and indicators of tumour prognosis.

Isolation of pure and homogeneous primary prostate cancer cells seems probably

the best way to obtain reliable and representative results. Nevertheless, high

telomerase expression in prostate cancer attracted multiple attempts to discover an

efficient telomerase inhibitor for the treatment of the prostate cancer.

II1.5 Targeting telomerase as a therapy for prostate cancer

Therapeutic targeting of telomerase in prostate cancer has been at the forefront of

the research associated. From steroid hormones to natural molecules and

oligonucleotides to targeted virus-mediated therapy; many options have been tested

in last few years (Table II1.5). Attempts were made to link androgen ablation

therapy and estrogen manipulation with telomerase inhibition, but it resulted in

equivocal results. Half of the studies indicated a positive relationship between

androgen/estrogen and telomerase expression, while the other half showed the

opposite. The same was true for plant isoflavone, Genistein. On the other hand

significant inhibition of telomerase activity was achieved in predominantly prostate

cell line models by decreasing hTERT/hTR transcription or via direct enzymatic

inhibition (Table II1.5). A synthetic compound imetelstat, which inhibits telomerase

enzyme activity, is one of the most promising current telomerase inhibitors. It is in
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phase-I/II clinical trials for the management of other cancers, such as breast cancer

and multiple myeloma and was also proposed to be effective in prostate cancer

models (Asai et al., 2003, Marian et al., 2010, Roth et al., 2010). However, none of

these agents have been registered for clinical trials for the management of prostate

cancer so far. Because most of these studies were performed in cell lines, the

specificity and actual efficacy of these agents in patients is completely unknown.

The precise direct mechanism of action for the majority of proposed interventions

also remains to be evaluated. Therefore, the use of telomerase inhibitors for the

management of prostate cancers is still speculative.

Agent Model
Proposed

mechanism
Reference

Activation of telomerase

Zinc DU145 ?
(Nemoto et
al., 2000)

Insulin-like growth
factor-1

PC3, DU145,
LAPC-4

AKT-mediated
increase in hTERT

transcription

(Wetterau et
al., 2003)

Inhibition of telomerase

Vitamin D3 LNCaP ? Differentiation
(Hisatake et

al., 1999)

Nerve growth factor DU145 and PC3 ?
(Sigala et al.,

1999)
2-5A-anti-hTR: hTR

small molecule
inhibitor

PC3, DU145, and
PC3 xenografts

Inhibition of hTR
(Kondo et al.,

2000)

9-nitrocamptothecin DU145 xenografts
Inhibition of hTERT,
c-MYC and BCL2

(Chatterjee et
al., 2000)

Antisense
phosphorothioate
oligonucleotides

(PTO)

DU145
Inhibition of hTERT

transcription
(Schindler et

al., 2001)

Dominant negative
hTERT

LNCaP, DU-145,
and PC3

xenografts

Inhibition of hTERT
transcription

(Guo et al.,
2001)

Trichostatin A
(inhibitor of Histone

deacetylases)
PC3, LNCaP ? No direct link

(Suenaga et
al., 2002)
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Vitamin D3 + 9-cis-
retinoic acid

PC3
Inhibition of hTERT

transcription
(Ikeda et al.,

2003)

Silibinin LNCaP
Inhibition of hTERT

transcription
(Thelen et al.,

2004)

2'-O-methyl-RNA
phosphorothioate
oligonucleotides

DU145

Decrease in full-
length hTERT and

concomitant increase
in dominant negative

splice variant

(Brambilla et
al., 2004)

Anti-sense nucleotide
for hTR

PC3 Inhibition of hTR
(Shariftabrizi
et al., 2005)

Small molecule
antisense

oligonucleotide-based
inhibitor (ISIS 125628)

alone or in various
combinations

C4-2/C4–2B
hTR template

antagonist
(Canales et
al., 2006)

OBP-301
(Telomelysin, a

telomerase-specific
replication-competent

adenovirus with
hTERT promoter)

LNCaP xenografts

Direct lysis of
telomerase

expressing prostate
cancer cells.

(Huang et al.,
2008)

Imetelstat
DU145, C4-2 and

LNCaP
hTR template

antagonist

(Asai et al.,
2003, Marian
et al., 2010)

Ambiguous results

Androgen

Rat prostate
epithelium

Inhibition of
telomerase activity

(Meeker et
al., 1996)

LNCaP
(Soda et al.,

2000)
PC3 and PC3-AR

cells
(Moehren et

al., 2008)
LNCaP and

CWR22 xenograft

Enhancement of
telomerase activity

(Guo et al.,
2003)

Prostate cancer
patients

(Iczkowski et
al., 2004)

LNCaP
(Thelen et al.,

2004)

LNCaP
(Geier et al.,

2010)

Estrogen

LNCaP
Inhibition of

telomerase activity

(Stettner et
al., 2007)

LNCaP
(Geier et al.,

2010)
Human normal Enhancement of (Nanni et al.,
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prostate epithelial
cells, fresh

explants from
benign prostatic

hyperplasia,
prostate cancer
explants, and

prostate cell lines

telomerase activity 2002)

PC3
(Chen et al.,

2009)

Genistein

DU145 and
LNCaP

Inhibition of hTERT,
c-MYC and

upregulation of P21

(Ouchi et al.,
2005)

Repression of
hTERT

transcriptional activity
via c-MYC and

posttranslational
modification of
hTERT via AKT

(Jagadeesh
et al., 2006)

STAT3 mediated
hTERT activation

(Chau et al.,
2007)

Table II1.5: Chemical agents used to modify telomerase expression/activity in
prostate.

With the emerging evidence for the role of cancer stem cells/tumour initiating cells in

progression and relapse of multiple cancer, the investigation of telomerase

expression and activity in this specific cell type has become instrumental (Maitland

and Collins, 2008b, Visvader and Lindeman, 2008, Clevers, 2011). It has been

proposed that cancer stem cells are primarily responsible for prostate cancer

relapse after any treatment, for instance androgen ablation therapy for prostate

cancer (Rizzo et al., 2005, Collins and Maitland, 2009, Qin et al., 2012). Therefore,

it is critical to assess the possibility of telomerase targeting agents specifically on

the survival of these cells. Previous studies have suggested that hTR mRNA is

expressed in the normal basal cells, where normal stem cells also reside (Paradis et

al., 1999). However, hTR is ubiquitously expressed in most of the human tissues

and cannot be taken as a surrogate for telomerase activity. Two recent
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investigations did attempt to analyse telomerase expression in prostate cancer stem

cells, but their findings do not match with each other (Marian et al., 2010, Xu et al.,

2011b). As of now, telomerase biology in normal and cancer prostate stem cells

remains to be explored in detail.
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SECTION II: 2. Aims and objectives

Telomerase is overexpressed in majority (>80%) prostate cancers and is

undetectable in normal or BPH tissue (Zhang et al., 1998). Data obtained from

human cell lines and mouse models of prostate cancer further demonstrate that

telomerase is beneficial for prostate cancer growth, not only for its telomere

maintenance function, but also for its non-telomeric functions. With this data,

telomerase represents a valid target for prostate cancer management. Two recent

studies endeavour to prove that telomerase inhibition could also abolish the CSC

population in prostate cancer (Marian et al., 2010, Xu et al., 2011b). However, there

are still several important questions:

1. Do normal stem cells express telomerase?

2. As BPH is a hyperproliferative disorder and telomerase is a principal

regulator of cell proliferation, why does BPH not display ‘any’ telomerase

reactivity?

3. What is the telomerase expression status in enriched primary prostate

epithelial hierarchical cancer populations (including CSCs)?

4. Can telomerase inhibition abolish CSCs and/or their tumour inducing

function?

5. What is the telomerase expression status in castration resistant prostate

cancer?

6. Why do telomerase inhibition therapies fail to abolish tumours completely in

some cancer models?

To answer these questions definitively in relation with prostate cancer, we assessed

expression/activity and functional effects of telomerase in primary pure and

homogeneous primary prostate epithelial sub-populations enriched from normal,

BPH, treatment naïve cancer, and castration resistant prostate cancer patients.
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SECTION II: 3. Results

II3.1 Assessment of telomerase expression in prostate

epithelium

II3.1.1 Determination of hTERT mRNA levels prostate cell lines

In order to have a comparison reference point and validate the experimental set-up

by confirming previously published telomerase expression results (Marian and

Shay, 2009), mRNA levels of the hTERT subunit of the telomerase enzyme was

measured by qRT-PCR using a TaqMan probe in prostate epithelial cell lines

(Figure II3.1). Normal and benign prostate cell lines (PNT2c2, PNT1a, and BPH1)

showed minimal hTERT expression compared to cancer cell lines (DU145, LNCaP,

and VCaP). The benign (RC-165N/hTERT) and malignant (RC-92a/hTERT)

prostate cell lines, which had been immortalised using hTERT transfection

understandably, displayed significantly higher hTERT expression. Of note, the P4E6

cancer cell line, which was derived from very early stage prostate cancer (Maitland

et al., 2001) and the highly tumorigenic PC3 cell line (Zhang et al., 2003b), exhibited

hTERT expression similar to normal/benign cell lines. In summary, hTERT is

overexpressed in the majority of prostate cancer cell lines as compared to

normal/benign cell lines.
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Figure II3.1: hTERT mRNA levels in prostate epithelial cell lines. Expression of

hTERT subunit of telomerase was determined in prostate epithelial cell lines by

qRT-PCR analysis. Expression was normalised to internal control RPLP0 and

plotted relative P4E6 hTERT expression.
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II3.1.2 Determination of hTERT mRNA levels in patient-derived

primary prostate epithelial cultures

Subsequent analysis of telomerase expression was performed in epithelial cultures

(primary cultures) obtained from patient-derived prostate samples for two main

reasons: (i) primary cultures represent patient prostate tumours more closely than

cell lines (Peehl, 2005), and (ii) long-term cell line maintenance in culture alter

telomerase expression in cell lines, which may be very different from that in the

tissue of origin (Lin et al., 1997, Soda et al., 2000). For this analysis, the cell line

phenotypically closest to the primary epithelial cultures, P4E6, was chosen as a

reference point (Maitland et al., 2001). The cell line with one of the highest hTERT

expression (RC-165N/hTERT) was used for additional comparisons.

The telomerase expression pattern was determined by analysing hTERT mRNA

levels in cultures derived from BPH (n=3), cancer (n=3), and castration resistant

prostate cancer samples (CR-PCa, n=3) at passage 2 in culture (Figure II3.2).

Expression in one of the BPH cultures was undetectable, while the rest had

significantly lower expression than the cancer cultures. The highest hTERT

expression was observed in CR-PCa derived cultures, which was significantly

higher than in the treatment naïve cancer cultures. Comparison of hTERT

expression in primary cultures with reference to telomerase expression in the

reference cell lines (P4E6 and RC-165/hTERT) revealed that all the primary cultures

all expressed significantly less hTERT than the routinely used cell lines (P4E6 cell

line had the lowest hTERT mRNA levels among all the cell lines tested, Figure

II3.1). In brief, CR-PCa and cancer cultures displayed significantly higher hTERT

expression than BPH cultures.

These observations demonstrated that the expression pattern of intact tissue

samples (which is composed of basal and luminal cells) was preserved in primary
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cultures (which contain only basal cells) (Richardson et al., 2004, Collins et al.,

2005). However, prostate epithelial tissues were shown to be composed of

populations with distinct proliferation and self-renewal properties (Collins et al.,

2001, Collins et al., 2005). As telomerase was predicted to heavily influence both of

these properties (Shay and Wright, 2010), we hypothesised that telomerase would

be differentially expressed in these populations.

Figure II3.2: hTERT mRNA levels in primary prostate epithelial cultures. Expression

of hTERT subunit of telomerase was determined in BPH (n=3), cancer (n=3) and

CR-PCa (n=3) cultures (passage 2) by qRT-PCR analysis. Expression was

normalised to internal control RPLP0 and plotted relative P4E6 hTERT expression.

The horizontal bars indicate the mean expression. [BPH: benign prostatic

hyperplasia, PCa: prostate cancer, CR-PCa: castration resistant prostate cancer,

**p<0.01- unpaired Student’s t-test, ND: not-detected]
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II3.1.3 Determination of hTERT mRNA levels in individual sub-

populations enriched from patient-derived primary prostate

epithelial cultures

Telomerase is known to influence both proliferation potential and self-renewal,

either through telomere length maintenance or through the interactions with

signalling pathways, such as WNT and NOTCH (Park et al., 2009, Shay and Wright,

2010). Epithelial hierarchical sub-populations enriched from the prostate display

significant variations in these properties, for example stem cells exhibit significantly

more proliferative and self-renewal potential than differentiated committed basal

cells (Richardson et al., 2004, Collins et al., 2005, Garraway et al., 2010, Qin et al.,

2012) . In order to check whether telomerase expression informed about active self-

renewal and proliferative potential, the hTERT mRNA levels status was measured in

the hierarchical sub-populations enriched from the primary normal, benign and

cancer samples.

We found that none of the normal primary epithelial sub-populations had detectable

hTERT expression (Figure II3.3A). The undifferentiated sub-populations derived

from BPH cultures (SC and TA) expressed significantly higher hTERT mRNA than

committed basal cells (Figure II3.3A). The BPH-derived CB sub-population showed

undetectable hTERT expression in 4/5 cases. In cancer samples, hTERT

expression was undetectable in stem cells, but was significantly higher in TA and

CB cells. Finally, the hTERT expression in luminal cells was undetectable in 6/7

non-cancer cases but was always present in cancer derived luminal cells (Figure

II3.3B)
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Figure II3.3: Telomerase mRNA levels in sub-populations enriched from primary

prostate epithelial cultures. A: Expression of hTERT subunit of telomerase was

determined in individual cell sub-populations derived from cultured normal, benign,

and cancerous primary prostate epithelial cells (passage 2) by qRT-PCR analysis.

B: Expression of hTERT subunit of telomerase in luminal cells enriched from benign

and cancerous prostate tissue before culture. Expression was normalised to the

internal control RPLP0 and plotted relative P4E6 hTERT expression. The horizontal

bars indicate the mean expression. [BPH: benign prostatic hyperplasia, PCa:

prostate cancer, SC: stem cells, TA: transit amplifying cells, CB: committed basal

cells, LC: luminal cells, *p<0.05 - paired two-tailed t-test, ND: not-detected]
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II3.2 Assessment of telomerase activity in prostate epithelium

The hTERT subunit is the rate-limiting catalytic sub-unit of the telomerase enzyme.

In the majority of the cases, hTERT expression status accurately informs about

telomerase activity of most samples (Ito et al., 1998, Wu et al., 1999, Kirkpatrick et

al., 2003, Li et al., 2003). However, the telomerase enzyme needs assistance from

at least 32 other proteins while performing its function and post-translational hTERT

modifications may inhibit its functionalities (Aisner et al., 2002, Kim et al., 2005,

Cohen et al., 2007). Therefore, hTERT mRNA levels alone may not necessarily

represent telomerase activity in all circumstances (Ramakrishnan et al., 1998,

Snijders et al., 1998, Tahara et al., 1999). In order to measure direct telomerase

functionality, we determined telomerase activity using an ultra-sensitive (can

measure telomerase activity in about 10-100 cells accurately – necessary for

determining activity in a very small number of cells such as stem cells) mini-TRAP

assay (Kim et al., 1994, Herbert et al., 2006). Owing to its technical simplicity, the

newly developed qPCR based mini-TRAP assay protocol was preferred to widely

utilised gel-based TRAP assay (Herbert et al., 2006).

It was noted that, in BPH (n=5), telomerase activity in undifferentiated cells (SC and

TA cells) was significantly higher than in differentiated CB cells (Figure II3.4). In

cancer (n=6), the undifferentiated SCs exhibited extremely low to non-detectable

telomerase activity, while TA and CB cells displayed significantly higher telomerase

activity. In contrast, the spread of the data in BPH-derived subpopulations was

minimal, while it was much bigger in cancer. This spread reflected higher

heterogeneity in cancer than BPH. The wider spread in cancer-derived sub-

populations (especially TA and CB cells) probably signifies the heterogeneous

nature and patient specific variations in prostate cancer.
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The synopsis is that, in prostate epithelial cultures, hTERT qRT-PCR expression

reflected the telomerase activity with fair accuracy. Both of these measurements

were quantitatively comparable, and therefore for further experiments, only hTERT

qRT-PCR expression was measured and taken as a surrogate for telomerase

activity.

Figure II3.4: Telomerase enzymatic activity in sub-populations enriched from

primary prostate epithelial cultures. Endogenous telomerase activity was

determined in individual cell sub-populations derived from cultured benign (n=5) and

cancerous (n=6) primary prostate epithelial cells (passage 2) by qPCR using mini-

TRAP assay. Expression was plotted relative P4E6 telomerase activity and the

horizontal bars indicate mean expression. [BPH: benign prostatic hyperplasia, PCa:

prostate cancer, SC: stem cells, TA: transit amplifying cells, CB: committed basal

cells, *p<0.05, **p<0.01 - paired two-tailed t-test, PC: positive control in the kit, HIc:

heat inactivated control, ND: not-detected]
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II3.3 Assessment of telomerase expression under cellular stress

One of the most intriguing results of the last two experiments was that cancer stem

cells (CSCs) did not display telomerase expression and activity. As it is possible that

the microenvironment may also influence the telomerase expression in CSCs/CSC-

like cells (and other sub-populations), telomerase expression was next measured in

epithelial sub-populations enriched from CR-PCa and xenografts. It is very likely

that these two conditions assert severe pro-proliferative stress on CSCs, in addition

to challenges for adjusting to the vastly modified microenvironment.

We found that hTERT mRNA levels in all of the sub-populations from CR-PCa and

xenografts (Figure II3.5) was higher than treatment naive cancers (compare to

Figure II3.3). The undifferentiated SC population from CR-PCa and CD133+ sub-

population from xenografts also exhibited hTERT expression of a similar magnitude

as other sub-populations. This was in stark contrast with SC population hTERT

expression in SC populations enriched from treatment naïve samples (compare to

Figure II3.3).

This suggested that the SC population can acquire hTERT expression and the

telomerase expression is at least partly dependent on the pathological status and

tumour microenvironment in prostate epithelial sub-populations.
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Figure II3.5: Telomerase mRNA levels in sub-populations enriched from castration

resistant prostate cancers (CRPCa) and xenografts. Expression of hTERT subunit

of telomerase was determined in individual cell sub-populations derived from

cultured CRPCa primary epithelial cells (n=3, passage 2) and mouse lineage

depleted prostate xenograft tissue (n=3, 2 of them were derived from CRPCa

primary tumours) by qRT-PCR analysis. Expression was normalised to the internal

control RPLP0 and plotted relative P4E6 hTERT expression. The horizontal bars

indicate the mean expression. [SC: stem cells, TA: transit amplifying cells, CB:

committed basal cells]
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II3.4 Functional assessments after telomerase inhibition

So far, it was clear that the telomerase is differentially expressed in primary prostate

epithelial sub-populations. Previous investigations in other laboratories also showed

that telomerase could regulate stem cell self-renewal, in addition to the regulation of

cell proliferation (Chapman et al., 2008, Kirwan and Dokal, 2009, Pech and Artandi,

2011). Considering the fact that telomerase is critical for the maintenance of

proliferation, together with the above two findings, we hypothesized that telomerase

could be essential for the maintenance and cell fate determination of prostate

epithelial sub-populations. A functional assessment that specifically probes the role

of telomerase inhibition in primary prostate cells was therefore essential to identify

cues regarding the therapeutic potential of telomerase inhibition for the

management of prostate cancer (and indeed BPH). Therefore, to investigate the

functional role of the telomerase in BPH and cancer cultures, loss-of-function

studies were performed.

For telomerase loss of function studies, hTERT expression was inhibited using

directed and specific siRNA. This approach had following advantages: (i) it was a

validated, efficient, and specific method, (ii) it was possible to reach high

transfection efficiency (due to the small size of the siRNA) without compromising the

viability of the primary samples, and (iii) therefore did not require selection of the

transfected cells. Selection processes were avoided as they could indeed affect the

cell identity and their telomerase expression due to cellular stress during selection.

Alternative approaches were the use of small molecule telomerase inhibitors or

short hairpin RNAs (shRNAs). But they were not readily available and their

specificity and effects were not validated. The shRNA transfection efficiency of

primary samples was also limited at the time (Thesis of S. Jacoby, 2011).
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II3.4.1 Validation of siRNA mediated telomerase inhibition

The efficiency of siRNA-mediated telomerase inhibition was assessed by analysing

hTERT mRNA levels and telomerase activity 3 and 7 days after transfection. As

unfractionated BPH cultures have minimal or no telomerase activity, in order to have

a precise measurement of telomerase inhibition, BPH progenitor cells (SC and TA

cells) were selected after siRNA treatment and used for this experiment, while

cancer cultures were unfractionated. At 50nM concentration, telomerase activity, as

determined by mini-TRAP assay, was decreased by about 70% in BPH and cancer

cells (Figure II3.6). Based on this information, BPH and cancer-derived cultures

were transfected with 50nM of siRNA and functional effects were assessed after a

week of transfection using multiple cell fate assays (viable cell count, senescence,

proliferation, apoptosis, and colony forming efficiency assay).
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Figure II3.6: Telomerase inhibition by hTERT directed siRNA. BPH-derived
progenitor cells (n=3) and cancer-derived cultures were transfected with 50nM
scrambled/hTERT siRNA. The telomerase activity on day 3 and 7 was detected by
qRT-PCR based TRAP assay.
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II3.4.2 Effect of telomerase inhibition on cell survival

Inhibition of the hTERT sub-unit of telomerase is known to inhibit cell survival in

multiple cell types, including prostate cell lines (Folini et al., 2005). To check

whether the same is true for primary prostate epithelial samples, viable cells were

counted over a period of 7 days after hTERT siRNA mediated telomerase inhibition

(Figure II3.7). Since the cancer-derived cultures used in the experiment were

growing at a rapid rate, this experiment was started with 25,000 cancer derived

epithelial cells, whereas for BPH, 40,000 cells were plated in each well of a 6-well

collagen I coated plate. This was necessary to minimise passaging of cells during

the experiment. The analysis by Trypan blue dye exclusion test showed that the

viable cell count in BPH derived cultures reduced significantly by day 5 and 7 as

compared to scrambled and mock transfected controls. Although a reduction in

viable cell count was also seen in cancer samples after 5 and 7 days of hTERT

inhibition, the magnitude of the reduction was not as marked as in BPH and was

statistically insignificant. Inhibition of telomerase is known to induce a reduction in

viable cell count predominantly via one or more of the following mechanisms:

induction of senescence, reduction in cell proliferation and induction of apoptosis

(Shay and Wright, 2006, Ouellette et al., 2011). Therefore, these parameters were

investigated in further analysis.



197

Figure II3.7: Cell survival analysis after telomerase (hTERT) inhibition. Primary

epithelial cultures derived from BPH (A, n=5) and prostate cancer (B, n=3) tissues

were grown till passage 2 and were transfected with 50nM of hTERT directed siRNA

(TERT siR) and scrambled siRNA (Scr). Viable cell count was measured by Trypan

blue exclusion test on specified time points. Initial cells plated without STOs: BPH

cultures: 40,000 and cancer cultures: 25,000. *p<0.05, **p<0.01 - paired two-tailed

t-test
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