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Castration-resistant prostate cancer (CRPC) remains an aggressive
incurable disease in men mainly due to treatment resistance. Current
treatments do not effectively eradicate cancer stem cells (CSCs), which play
a pivotal role in tumour maintenance, progression and drug resistance.
Aldehyde dehydrogenases (ALDHs) have been used in some tumour types
as CSC markers. Their high expression and high functional activity found in
CSCs is also associated with drug resistance. Emerging evidence suggests
deregulation of certain ALDH isoforms have implications in cancer. The role
of ALDHSs in prostate cancer as potential biomarkers and therapeutic targets
has not been fully explored yet. Accordingly, this study investigated the
expression, regulation and function of selected ALDH isoforms in prostate

cancer.



This study showed that ALDH1A3, ALDH1B1, ALDH2 and ALDH7ALl are
highly expressed in primary prostate cancer cells (h=9) compared to benign
(n=9) prostate cells. The expression of ALDH1A3 was high in the stem cells
(SCs) (n=3) as well as the more differentiated counterparts (n=16).
Treatment of both benign and malignant primary prostate cancer cells with
all-trans retinoic acid (atRA) also resulted in increased expression of
ALDH1A3 and ALDH3A1, supporting a feedback loop between atRA and
ALDHSs. Furthermore, SerBob, Bob and LNCaP cells were sensitive to
treatment with epigenetic drugs and led to significantly higher expression of

ALDH1A2, ALDH3A1 and ALDH7A1 respectively.

Importantly, siRNA suppression of ALDH1A3 and ALDH7A1 led to reduced
SC properties of primary prostate cultures including reduced cell viability,
migration and colony formation, and increased differentiation of transit
amplifying (TA) cells to committed basal (CB) cells. Novel ALDH-affinic
probes showed reduced cell viability of primary prostate epithelial cultures as
a single agent and also when used in combination with docetaxel. The
results indicate the potential of using ALDH-affinic compounds as single
agents for therapeutic intervention or in combination with docetaxel to

sensitise resistant cells to this anticancer drug.

The data in this thesis provides novel findings, which supports ALDH1A2, -
1A3 and -7Al as potential biomarkers and/or therapeutic targets for drug
intervention. Although, a study analysing a larger number of samples is

necessary to fully understand ALDH isoform expression in CSC, TA and CB



cells it is envisaged that an ALDH-targeted therapy have potential in future

treatment strategies for prostate cancer.
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Chapter 1

Introduction



1.1 Prostate Anatomy, Function and Development

The human prostate gland is a slightly larger than walnut-sized organ
surrounded by an integral fiboromuscular band [1]. The prostate surrounds the
urethra and sits at the base of the bladder. There are four distinct glandular
regions (Figure 1) as first proposed by John E. McNeal [2, 3] (i) the peripheral
zone (PZ) which makes up to ~70% of the fraction of the gland and surrounds
the distal urethra, (ii) the central zone (CZ) comprises ~25% of the gland and
surrounds the ejaculatory ducts, (iii) the transitional zone (TZ) represents ~5%
of the prostatic volume and surrounds the proximal urethra (TZ is the region
responsible for lifetime growth and also for benign prostatic enlargement) and
(iv) the anterior zone (AZ) makes ~5% of the organ and is a fibro-muscular

zone lacking glandular components [4].

“Image/photo/mapl/illustration/graph not included due to copyright restrictions” Image can
be viewed at:
https://www.amazon.co.uk/Whole-Life-Prostate-Book-Maintaining/dp/1451621221

Figure 1. The human prostate gland anatomical zones

The human adult prostate gland consisting of the peripheral zone (PZ), central zone (CZ),
transitional zone (TZ) and the anterior zone (AZ). Image taken from The Whole Life Prostate
Book, Carter, H. Ballentine and Couzens, Gerald Secor, 2012,
http://wholelifeprostate.com/prostate.html [5].


https://www.amazon.co.uk/Whole-Life-Prostate-Book-Maintaining/dp/1451621221

The prostate is an important part of the male reproductive system. It produces
slightly alkaline secretions that are essential for sperm function including
proteolytic enzymes, prostatic acid phosphatase (PAP), Dbeta-
microseminoprotein and prostate-specific antigen (PSA) [2]. Androgens are
required for prostate development, growth and function of the prostate, and
male sex characteristics such as muscle mass, spermatogenesis and hair
pattern [6, 7]. Testosterone is the main male hormone; dihydrotestosterone
(DHT) is a metabolite of testosterone which is predominantly involved in the

regulation of the prostate [8].

The prostate develops from the urogenital sinus in an embryo forming a multi-
layered epithelium surrounded by stroma upon testosterone and DHT
stimulation [9, 10]. DHT has a ten-fold greater affinity for the androgen
receptor (AR) as compared to testosterone [11], and is converted from
testosterone by 5a-reductase, which exists in two forms; type I, mainly found
in the skin, liver and prostate, and type Il, which is the predominant isozyme
contained in the prostate [12]. During initial prostate development proliferating
epithelial cells enter stromal regions producing ducts, which then form the
immature acini. Through puberty, the multi-layered prostate epithelium
undergoes cellular differentiation in response to a testosterone surge to form a

mature highly organised bi-layered prostate epithelium [13].

1.2 The AR Signalling Pathway in Prostatic Development

The development and function of normal prostate (and its cancerous
counterpart) depends on the regulation of androgens, growth factors and
transcriptional factors (TFs). The AR is a crucial regulator of normal prostatic

function and maintenance, however it can be aberrantly expressed in the



disease state, such as over expression in prostate cancer [14]. AR is a
steroidal receptor sequestered within the cytoplasm with heat-shock proteins
90, 70 and 56, and co-chaperones in the absence of its ligand DHT. Upon
DHT binding, the chaperones are dissociated allowing the AR to dimerise and
translocate to the nucleus where it binds to the androgen response elements
(AREs), resulting in transcription of essential genes such as PSA and
transmembrane serine protease 2 (TMPRSS2) that are involved in

maintenance and survival of the prostate (Figure 2) [15].

Testosterone

5« reductase @

Figure 2. Signalling pathway of AR activation

Exracellular testosterone crosses the plasma membrane by diffusion and once inside the cell,
it is metabolised by 5a-reductase to generate dihydrotestosterone. Dihydrotestosterone binds
to androgen receptor causing its dissociation from heat-shock proteins, receptor dimerisation,
phosphorylation and translocation to the nucleus where it binds to androgen response element
leading to recruitment of co-activators or co-repressors to ultimately maintain prostate
homeostasis by transcription of vital genes. Modified from [16]. Re-used image with
permission from: License: http://creativecommons.org/licenses/by-nc-sa/3.0/
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1.3 Cellular Organisation of the Normal Human Prostate Epithelium

The prostate is composed of an epithelial and a stromal compartment,
separated by a strong basement membrane [17]. The mature prostate displays
a high degree of cellular organisation with two distinct cellular compartments
within the epithelial bilayer [18]: the terminally differentiated luminal cells that
have an exocrine phenotype and the relatively undifferentiated basal cells.
Within the epithelium bilayer is also the rare, scattered population of
neuroendocrine (NE) cells [19]. The basal cell compartment also harbours

stem cells (SCs) (Figure 3) [20].

Although the prostate is predominantly androgen-dependent for proliferation
[21], the basal cellular layer is androgen-independent, however it is androgen-

responsive. Thereby, survival of basal cells does not require androgens [22].

1.3.1 Basal and Luminal Epithelial Cells

The differentiation patterns in prostate epithelium have been established, on
the basis of keratin staining [23, 24], the polarised expression of several
adhesion molecules [25], and the expression of proteins responsible for AR

response and cell proliferation [26].

Discrimination between luminal and basal cell types is also based on the
expression of cytokeratins (CK). Keratins belong to the group of intermediate
filament proteins that form part of the cytoskeleton by heterodimeric interaction
and polymerisation [27]. Luminal cells primarily express CK8 and CK18 [28-

30].

High columnar luminal cells constitute the secretory compartment of the

prostate epithelium and overlie the basal layer of cells extending into the



acinar lumen [31]. Luminal cells exhibit relatively low proliferative capacity and
a higher apoptotic index [31] than the basal compartment. These terminally
differentiated cells express high levels of AR and are androgen-dependent for
their function and survival [32]. They express CD57, secretory fluids containing
PSA, PAP and prostaglandins, and homeobox protein NKx-3.1 (NKX3.1)

luminal nuclear marker [33, 34].

The basal layer of undifferentiated cells sits firmly on the basement membrane
providing a structural separation between the epithelium and the surrounding
stroma. Basal cells possess the most proliferative activity and lack any
secretory function [35]. CK5 and CK14 are expressed by basal cells [29, 36-
38] with low levels of CK8 and CK18 [23]. The basal compartment also
expresses CD44 [39] and p63 [40]. It does not express AR, however, shows
focal expression of mitosis suppressors such as p27kP and the cell

proliferation marker c-Met [41].

The basal layer comprises few, poorly differentiated SCs, and intermediate
cells between the undifferentiated SCs and terminally differentiated secretory
and NE cells [17, 31, 42]. Intermediate cells, which are described as transit
amplifying cells (TA) and committed basal cells (CB), display moderate
renewal capacity and enhanced mitotic index. These cells only have low levels
of AR, are largely androgen-independent, but are androgen-sensitive and
thereby rely on androgens for expansion and growth. In contrast, SCs possess
an extensive renewal capacity, low mitotic index and are androgen-

independent for self-renewal with no expression of AR [43].



1.3.2 Neuroendocrine Cells

NE cells are dispersed within the prostate epithelium bilayer. The function of
terminally differentiated NE cells is largely unknown, although it is speculated
that this rare population of cells induces proliferation of adjacent cells
modulated by paracrine secretion of neuropeptides such as chromogranin A
and synaptophysin [44]. NE cell markers include chromogranin, synaptophysin
and also neuron specific enolase (NSE). Chromogranin is found in NE cell
secretory granules [45]. Synaptophysin is a well-established marker for
neuroendocrine differentiation [46]. NSE is a common marker for both neurons
and NE cells [47]. NE cells are characterised by a lack of AR or PSA

expression, making their regulatory function androgen-independent [48].

1.3.3 Stromal Cells

The stromal compartment of cells lies beneath the basement membrane,
which separates it from the epithelial compartment. Stroma is comprised of
extracellular matrix with fibroblasts, endothelial cells, smooth muscle cells,
nerves, and infiltrating cells such as lymphocytes and mast cells. A proportion
of stromal cells express AR and are androgen-responsive. Soluble growth
factors including basic fibroblast growth factor (bFGF), epidermal growth factor
(EGF), keratinocyte growth factor (kGF), transforming growth factor-g (TGFp)
and insulin-like growth factor (IGF) are responsible for crosstalk between the
stromal and epithelial compartments [43], and paracrine stimulation and

inhibition of epithelial growth, maintenance and differentiation.



“Image/photo/mapl/illustration/graph not included due to copyright restrictions” Image can
be viewed at:
https://www.sciencedirect.com/science/article/abs/pii/S0303720711003844?via%3Dihub

Figure 3. Cellular organisation of normal prostate

The normal prostate comprises an epithelial compartment comprising of luminal cells, basal
cells, neuroendocrine cells and rare stem cells, and a stromal compartment comprising
stromal cells and matrix separated by a basement membrane. Modified from [49].

1.3.4 Normal Stem Cells

Conventionally, SCs have been widely studied in tissues with rapid cell
turnover, such as gastrointestinal tract [50], bone marrow [51] and skin [51].
Discovery and isolation of the first adult SCs were demonstrated in
haematopoietic SCs (HSCs) [52], which later led to discovery of putative SCs
in other tissues with limited regeneration/turnover, including the prostate [53,
54]. The existence of normal prostate SCs is generally accepted, however

prostate cancer stem cells (CSCs) are more controversial, as discussed later.

The theory of putative prostate SCs was first demonstrated using a rodent
model in which castration (androgen removal) caused rapid involution of the
prostate gland due to increased apoptosis of androgen-dependent luminal
cells. However, following restoration of androgen levels, the gland was fully
regenerated by a proportion of surviving basal cells [55-57]. Repeated cycles

of involution/regeneration suggested a population of long-lived androgen-


https://www.sciencedirect.com/science/article/abs/pii/S0303720711003844?via%3Dihub

independent prostatic epithelial putative SCs may exist [58] and consequently,

a SC model was proposed (Figure 4) [59].

“Image/photo/mapl/illustration/graph not included due to copyright restrictions”

Image can be viewed at:

https://www.ejcancer.com/article/S0959-8049(06)00206-1/fulltext

Figure 4. lllustration of androgen context dependency of prostate epithelium

Putative SCs in the basal compartment producing transit amplifying cells in an androgen-
independent manner, which subsequently undergo differentiation by androgen stimuli giving
rise to differentiated luminal cells. Image modified from [60].

In human prostatic epithelium, SCs and TA cells have high surface expression
of a2B1-integrin [54] and CB cells have low surface expression of a2B1-
integrin, thus enrichment of SC and TA cells can be carried out using rapid
adherence to collagen | [23, 54]. Putative SCs can be further enriched by the
use of an additional cell surface marker. Based on haematopoietic lineage in
which the cell surface marker CD133 (prominin) was first used to isolate HSCs
[61], CD133 was used as a marker for the isolation of a small subset of basal
a2B1-integrin™dh prostate basal cells. CD133* cells have enhanced expansion
in culture and generate acini with evidence of prostatic specific differentiation
when grafted in athymic nude mice, with characteristics in line with a SC origin

and a primary indication of “stemness” (Figure 5) [26, 27, 39, 62]. Stemness is


https://www.ejcancer.com/article/S0959-8049(06)00206-1/fulltext

commonly used to refer to properties such as self-renewal, differentiation, and

proliferative potential [63].

A2B1-integrinhigh
CD133+

/ Stem cell (SC)
CD44+

A2B1-integrinhiah
\ CD133-
‘ a2p1-integrin'ow |

‘0231 integrinhiah ‘

Transit
Committed basal amplifying cell
cell (CB) (TA)

Figure 5. Fractionation of prostatic basal cells

The basal compartment of cells consists of different cell types which can be identified using
markers. A CD44 expressing basal cell can be further categorised into a committed basal cell
under low a2B1-integrin expression, a transit amplifying cell under high a2B1-integrin
expression or a stem cell based on high expression of a2B1-integrin and presence of CD133.

These few a2B1-integrinfo" and CD133* expressing human prostate basal
cells constituted less than 0.1% of the cell population and displayed SC
properties. Following characterisation, the SCs were primarily in a quiescent
state, exhibited high proliferative potential in culture and regenerated

structured and functional acini in immunocompromised mice [39].

These cells are androgen-independent for survival and androgen-irresponsive
as AR is not expressed at the mRNA level in these subpopulation of cells [64].
The SCs reside in a privileged SC niche within the basal layer of supporting
cells receiving signals for continued maintenance [26, 51]. The SC niche is a
microenvironment composed of mesenchymal cells and extracellular matrix

molecules that support the presence and function of SCs through cross-talks
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between epithelial cells and surrounding stroma [65]. The SC niche is
responsible for controlling the balance between quiescence, proliferation, or

differentiation [66].

SCs are defined by two essential properties, the first is self-renewal which is
the ability to maintain an undifferentiated state through numerous cell divisions
and the second is multi-potency, the potential to differentiate into various other
cell types (Figure 6) [67]. Unlike totipotent embryonic SCs, multi-potent adult
SCs commit to differentiation within the specific lineage of the tissues in which
they reside due to limited differentiation potential. Accumulating evidence
suggests further heterogeneity of the basal compartment of cells with varying
proliferative capacity, differentiation ability and co-localisation of CK markers
demonstrating intermediate cell types [27, 68-71]. Therefore, it is more
appropriate to consider the prostate epithelial hierarchy as a continuum of cell

differentiation.
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“Image/photo/mapl/illustration/graph not included due to copyright restrictions” Image
can be viewed at:
http://europepmc.org/article/med/21154158

Figure 6. Hierarchy within the prostate epithelium lineage of cells

A stem cell can generate a transit amplifying cell through asymmetric division, renewing the
stem cell population. Transit amplifying cell can work as a repopulating cell by either directly
generating luminal cells or by another intermediate population of cell, the committed basal cell.
Unclear lineage relationships are illustrated with dotted arrows, SC=stem cell, TA=transit
amplifying cell, CB=committed basal cell, NE=neuroendocrine cell. Figure modified from [72].

12
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Putative SCs exhibit distinctive features, on the basis of which they can be
recognised. They are slow cycling and often maintained in a quiescent state
for prolonged periods. They are a small population of less than 0.1% cells with
a larger nucleus compared to cytoplasm. They have high proliferative potential
based on stimuli from their niche and soluble factors, and can give rise to
rapidly proliferating TA cells [51, 73]. Following entry into the active cell cycle
from GO phase, a SC can either undergo symmetric or asymmetric cell division
to maintain tissue homeostasis by maintaining, depleting or increasing the SC

population (Figure 7) [67].
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Figure 7. Division patterns of stem cells

A stem cell can undergo symmetric division to give rise to two daughter stem cells increasing
the stem cell pool, asymmetric division to generate a daughter stem cell and a transit
amplifying progenitor cell to maintain the stem cell pool and symmetric division giving rise to
two identical transit amplifying cells depleting the stem cell pool.



1.4 Disorders of the Prostate

1.4.1 Prostatitis

Inflammation of the prostate gland caused by bacterial infection, stress,
autoimmunity or physical injury can result in prostatitis which primarily occurs
in the CZ of the prostate. Prostatitis syndromes are common, with 2-10% of
adult men suffering from symptoms such as pain and distress that are
associated with chronic prostatitis (not caused by infection) at any time [74].
There is increasing evidence that suggests chronic prostatitis/chronic pelvic
pain syndrome (CP/CPPS) is associated with depression and catastrophizing
[75], which negatively impacts the health-related quality of life [76]. However,
the etiology of CP/CPPS is uncertain. Furthermore, stress has also been
suggested as a potent factor in the development and perpetuation of the

symptoms [77].

1.4.2 Benign Prostatic Hyperplasia

Benign prostatic hyperplasia (BPH) can also arise from inflammation of the
prostate in older men [78-81]. BPH is a non-malignant enlargement of the
prostate occurring exclusively in the TZ [82]. The enlargement of the prostate
involves hyperplasia of prostatic epithelial and stromal cells [82]. BPH occurs
from unregulated proliferation of connective tissue, smooth muscle and
glandular epithelium [83]. BPH can be characterised as a progressive
hyperplasia of both the stromal cells and glandular epithelial cells resulting in
the expansion of the prostate gland [84]. Inflammatory and wound repair
processes are also key components of BPH which cause altered expression of
chemokines, cytokines, matrix remodelling factors and immune surveillance

leading to the formation of a prototypical reactive stroma. A retrospective study
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demonstrated raised cell proliferation in BPH tissue compared to normal
tissue, with epithelial cell proliferation to be 9-fold higher and stromal cell
proliferation to be 37-fold higher [85]. Prostate epithelial proliferation leads to
enlarged glandular nodules, whereas stromal proliferation generates a more
diffuse hyperplasia with increased matrix production including collagen type 1
[86]. BPH causes narrowing of the urethra resulting in restricted flow of urine
from the bladder. Transurethral resection of the prostate (TURP) is commonly
performed in BPH patients to overcome onset symptoms and remains the gold
standard for BPH treatment [87]. Finasteride, a Sa-reductase inhibitor (5ARI) is
also commonly used to treat BPH symptoms, by blocking the conversion of

testosterone to DHT resulting in the reduction of prostate size [88].

1.4.3 Prostate Intraepithelial Neoplasia

Prostate intraepithelial neoplasia (PIN) is frequently found in the PZ of the
prostate and its incidence increases with age [88-90]. In the continuum of
cellular proliferation in prostate epithelium, PIN is characterised as being at the
pre-invasive end of the continuum of cellular proliferation within the prostate
epithelium [91]. Abnormal cellular proliferation occurs within the prostatic ducts
and acini leading to cellular dysplasia and carcinoma in situ without stromal
invasion [92-94]. Phenotypic description of PIN can be identified at low
magnification by the appearance of a darker lining of the ductal structures, a
lining thicker than the surrounding normal ducts and acini, and a complex
intraluminal pattern of growth. At high magnification, there is varying degrees
of nuclear enlargement with nuclear stratification, hyperchromasia and

nucleolar prominence [95]. The frequency of high grade PIN found on needle
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biopsies ranges from only 5 — 16% and may not lead to cancer when present

as a small lesion within the biopsy [95].

1.4.4 Prostate cancer

Prostate cancer can occur in the CZ, TZ or the PZ with most malignant
adenocarcinomas initiating in the PZ [96]. It is largely a slow developing
proliferative disease occurring mainly in men over the age of 50. Bone
metastasis occurs commonly with malignant prostate cancer. More details on

prostate cancer follow.

1.5 Prostate Cancer Epidemiology

Prostate cancer is the most common type of cancer in men in the UK with over
47,000 new cases diagnosed every year and more than 11,000 cancer related
deaths in the UK (Prostate Cancer UK, 2016). Prostate cancer is the second
leading cause of cancer mortality in men after lung cancer (Cancer Research
UK, 2014). Risk of prostate cancer significantly increases with age and it
mostly affects men over the age of 50. A higher incidence of prostate cancer
is apparent in black men followed by in white men, and is least common in
Asian men. Men of an African descent with non-metastatic prostate cancer
(nmPC) present higher PSA values at diagnosis when compared to Caucasian
men with nmPC [97]. Genetic variations may play a role in the higher
incidence of prostate cancer in black men. A single nucleotide polymorphism
(SNP) is a DNA sequence variation which occurs when a single nucleotide in
the genome differs from the normally expected nucleotide [98]. This may alter
the function of the resultant protein by enhancing or reducing its activity. SNPs
are therefore known to underlie differences in individuals’ susceptibility to

disease [98]. It has been reported that 17 out of 20 SNPs investigated in a
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study, were more common in African American men and two of the 17 SNPs
were associated with a high risk of developing prostate cancer [99]. Another
group noted the presence of a 3.8 MB interval on chromosome 8g24 which is
linked with an elevated risk of prostate cancer. The chromosome interval is
mostly found in African American men [100]. Men with a family history of allelic
variants in this region are 9.46 times more likely to develop the disease
compared to men without allelic variants [100]. These factors among others
such as environment, diet and migration can predispose men of African
descent to prostate cancer. Men with a first degree relative (father, brother,
son) with prostate cancer are at a higher risk of getting prostate cancer

compared to men with no affected relatives (Prostate Cancer UK, 2016), [101].

1.6 Prostate Cancer Diagnosis
Digital rectal examination (DRE) and serum PSA are the most commonly used

initial diagnostic tools for the detection of prostate cancer [102].

1.6.1 Digital Rectal Examination

DRE remains the main test for the initial clinical assessment of the prostate. It
is routinely used and has the advantage of detecting other non-PSA secreting
tumours. The accuracy of DRE has been tested by many studies suggesting
the positive predictive value is about 50% [103-105]. Positive predictive values
are used to indicate the likelihood of prostate cancer in patients. One such
study reviewed a cohort of 806 men who underwent a prostate needle biopsy
based on results obtained from DRE and PSA. 516 patients (64%) had a
normal DRE and 290 patients (36%) had an abnormal DRE. 306 (38%) men
were diagnosed with prostate cancer of which 136 (44%) had an abnormal

DRE. In this abnormal DRE stratified cohort of patients undergoing prostate
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biopsy, an abnormal DRE had a sensitivity of 44%, specificity of 68% and a
positive predictive value of 46% for detecting prostate cancer on biopsy [106].
DRE has limited clinical applicability as it is only useful in identifying larger
prostates [107]. This can result in missed diagnosis of smaller prostate
cancers that are still clinically relevant [107]. Compared with PSA, DRE
detects cancers at a more advanced pathological stage [105]. Before the
discovery of PSA-based diagnosis, 75% of men diagnosed with prostate
cancer by DRE eventually died of their disease and no studies to date have

been reported on reduction in mortality [108].

1.6.2 Prostate-Specific Antigen

PSA was first described as a serine protease in 1979 [109]. It is generated by
the prostate epithelium and peri-urethral glands, and is found in abundance in
prostatic secretions. As a diagnostic marker, it is organ-specific but not
cancer-specific, with evidence of its use as a marker for BPH [110, 111]. PSA
screening involves quantification of serum PSA levels [112], which in prostate
cancer are elevated [113]. However, PSA screening can give unreliable results
with false positives and false negatives [114]. There is no definitive value of
PSA below which there is negligible risk as studies have shown approximately
15% of men with a PSA below the traditional cut-off of 4ng/ml were still at risk
for prostate cancer, and 15% of these men had high-grade disease [115].
However, given a threshold of less than 1ng/ml, the risk of high-grade cancer
was very low. Furthermore, PSA levels above 4ng/ml showed the presence of

cancer on biopsies in only 25%-30% of patients [116].
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Elevated PSA levels may be due to other conditions such as BPH or
inflammation [117]. Likewise, patients with false negative results with low PSA

values may actually have the disease.

It remains uncertain how frequently PSA should be tested, but it has been
suggested every 2-4 years. One study concluded that men should be
screened at the age of 40 and 45 years and then every 2 years from 50 to 75,
while still using the 4ng/ml cut-off as a criterion for biopsy referral [118].
However, PSA screening does not occur in the UK as standard due to no
proven benefit that outweighs the risks of over diagnosis and over treatment.
Others have also suggested less frequent retesting in men with lower initial
PSA levels (less than or equal to 1.0, 1.5 or 2.0ng/ml) while still testing
annually in those with higher PSA levels (but still below a cut-off for biopsy)
[119, 120]. A large study tested the ability of PSA screening in reducing
prostate cancer mortality and the risk of over diagnosis between organised
and opportunistic screening every 2 years since 1995 up to 18 years in a
cohort of 10 000 men in Goteborg. It was shown that the organised screening
reduced the prostate cancer mortality but was associated with over diagnosis.
In contrast, opportunistic testing had little effect on prostate cancer mortality
and resulted in even more over diagnosis, with almost twice the number of
men needed to be diagnosed to save one man from dying from prostate
cancer. PSA screening was found more effective within an organised
framework than unorganised screening [121]. Such studies on PSA screening

take a long time with anticipated waiting for more than 10 years.

19



1.6.3 The Gleason Grading System

A number of transrectal ultrasound guided (TRUS) biopsies (usually 12 to 16)
are taken from patients presenting with high serum PSA levels, and are given
a Gleason score based on the Gleason grading system (Figure 8) [114, 122-
124]. The histological pattern made by glands is graded on a score from 1
(least aggressive) to 5 (most aggressive) on the specimen tissue. The two
most common Gleason patterns are added to give a total score ranging from 2
(1+1) to 10 (5+5) [125]. The Gleason grading system has been updated over
the years to facilitate a more refined grading system. The upgraded Gleason
system proposed that adenocarcinomas of Gleason grades two to five should
not be detected on needle biopsy, and all cribriform tumours and poorly

formed glands should be designated as Gleason grade four [126, 127].

Gleason scoring is based on two areas that make up most of the cancer.
Assignment of the first number represents the grade that is most common in
the tumour. In the case of 3+4=7, majority of the tumour is grade 3 rather than
4, and vice versa for 4+3=7. If the tumour shows same grade, such as 3, then
the Gleason score is 3+3=6. Since grades 1 and 2 are usually not used for
biopsies and are well differentiated, the lowest score of a cancer found on a
biopsy is 6. Grade 6 cancers are usually well differentiated as well and are
likely to be less aggressive. The higher the Gleason score, the less
differentiated the cancer with poor prognosis [125]. Figure 8 illustrates the

Gleason grading system.

1.6.4 The Grade Group System
The grade group system was derived in 2013 [128] and later validated by a

large study [129], which included over 20000 men treated by radical
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prostatectomy (RP) and over 5000 men who had radiotherapy, using
biochemical recurrence (BCR) as the end point. The study by Berney et al.
[130] is the first to demonstrate that the 5 grade groups further correlate well
with prostate cancer-related death, additionally validating reliability of the new
grading system [131]. The new simplified grade group system for prostate
cancer has two key advantages. Firstly, it has higher accuracy for grade
stratification compared to the Gleason system. Secondly, the new system is
simple and intuitive having a range from 1-5 as compared to the currently used
Gleason system which under practice ranges from 6-10. The new grading
system of grade group 1-5 along with the conventional Gleason grade have

both been agreed upon to be included in pathology reports [132].

Grade groups were introduced to address certain issues with the Gleason
grading system. Although the Gleason scores from 2-10, the lowest score
given is a 6 which may lead to confusion in patients often regarding their
biopsy to be in the middle of the grade scale causing worry about their
diagnosis and urgency in treatment [129]. In addition, Gleason scores are
usually split into 3 groups including 6, 7, and 8-10. Interpretation of such a split
may not be accurate as Gleason 7 can be made up from either 3+4=7 or
4+3=7, the latter with a much worse prognosis. Furthermore, Gleason scores
9 or 10 have a worse prognosis than Gleason score 8. Due to such
uncertainties, the grade groups are now used in combination with Gleason
score. They range from 1 (most favourable) to 5 (least favourable). Grade
group 1 is equivalent to Gleason score 6 or less, grade group 2 is equivalent

to Gleason 3+4=7, grade group 3 is equivalent to 4+3+7, grade group 4 is
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equivalent to Gleason 8, and grade group 5 is equivalent to Gleason 9-10

[129, 132, 133].

PROSTATIC ADENOCARCINOMA SO
(Histologic Grades) A0

Figure 8. The Gleason grading system

Left: The first grading system of prostatic adenocarcinoma, right: the upgraded system
showing grade 3 according to the modification is essentially grade 4 [123, 124, 127]. Grades 1
and 2 show well differentiated cells with small uniform glands. Grade 2 shows more stromal
space between glands. Grade 3 is moderately differentiated with distinct infiltration of cells
from glands at margins. Grade 4 shows irregular masses of neoplastic cells with few glands
and is poorly differentiated. Grade 5 shows a lack of or occasional glands with sheets of cells
and they are very poorly differentiated. Re-used image with permission from the Creative
Commons CC-BY-NC-SA license.

1.6.5 Prostate Cancer Staging

Accurate prostate cancer staging is critical for prognosis assessment and
planning treatment for prostate cancer. The tumour, node and metastasis
(TNM) staging system for prostate cancer was first introduced in 1992, by the
American Joint Committee on Cancer (AJCC) and the International Union
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Against Cancer (UICC) [134], and has since been repeatedly revised to
optimise the prognostic accuracy [135]. Staging of the disease is vital to
enable the categorisation of the severity of prostate cancer, allow an
estimation of prognosis, and recommend suitable treatment. The AJCC
defines staging as T for tumour extent, N for invasion to the lymph nodes, and
M for metastasis, which allows classifications to group patients. The TNM
staging, used in conjunction with tumour grade and PSA score is viewed as a
well-accepted practice standard for prostate cancer and is used as the basis
for guiding treatment decision making [135]. Staging is sub-divided into clinical
and pathological staging to examine extent of tumour spread and to predict
patient prognosis. Clinical staging is based on information gained before the
first definite treatment determined by DRE, transrectal ultrasonography
(TRUS), or other imaging techniques. Pathological staging requires
histological identification of the extent of tumour within the prostate and in
surrounding tissues. While the assessment criteria for clinical staging is well
defined, ambiguity exists in translating the criteria into routine surgical
pathology practice after RP due to anatomically distinct lobes not being
completely or histologically definable in the prostate. Furthermore, there are
no defined methods for pathological staging of multifocal disease [136]. Table
1 and 2 show the most updated TNM staging according to the AJCC eighth
edition due to its superior prognostic value [135]. Table 3 shows the updated
AJCC eighth edition prognostic stage group. The Gleason score (seventh
edition criteria) and the grade group (eighth edition criteria) should both be

reported according to the latest AJCC eighth edition [135].
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Clinical Stage (cT) Criteria

Category T Primary tumour
TX Primary tumour cannot be assessed
TO No evidence of primary tumour
T1 Clinically inapparent tumour that is not
palpable
Tla Tumour incidental histologic finding in 5%

or less of tissue resected

Tib Tumour incidental histologic finding in more

Than 5% of tissue resected

Tic Tumour identified by needle biopsy found in

one or both sides, but not palpable

T2 Tumour is palpable and confined within prostate
T2a Tumour involves one-half of one side or less
T2b Tumour involves more than one-half of one

side but not both sides

T2c Tumour involves both sides

T3 Extraprostatic tumour that is not fixed or does

not invade adjacent structures

T3a Extraprostatic extension (unilateral or bilateral)
T3b Tumour invades seminal vesicle(s)
T4 Tumour is fixed or invades adjacent structures

other than seminal vesicles, such as external
sphincter, rectum, bladder, levator muscles,

and/or pelvic wall

Category N Regional lymph nodes
NX Regional lymph nodes were not assessed
NO No regional lymph node metastasis
N1 Metastases in regional lymph nodes
Category M Distant metastasis
MO No distant metastasis
M1 Distant metastasis
Mla Non-regional lymph nodes
M1b Bones
Mlc Other sites with or without bone disease

Table 1. Eighth edition of the American Joint Committee on Cancer- TNM clinical
staging [135].
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Pathologic stage (pT)

Criteria

Category T Primary tumour

T2 Organ confined

T3 Extraprostatic extension

T3a T3a Extraprostatic extension (unilateral

or bilateral) or microscopic invasion
of bladder neck

T3b Tumour invades seminal vesicle(s)

T4 Tumour is fixed or invades adjacent structures
other than seminal vesicles, such as external
sphincter, rectum, bladder, levator muscles,

and/or pelvic wall
Category N Regional lymph nodes

NX Regional lymph nodes were not assessed

NO No positive regional lymph nodes

N1 Metastases in regional lymph node(s)

Category M Distant metastasis
MO No distant metastasis
M1 Distant metastasis
Mla Non-regional lymph node(s)
M1b Bone(s)
Mlc Other site(s) with or without

bone disease

Table 2. Eighth edition of the American Joint Committee on Cancer- TNM pathologic

staging [135].
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Stage T N M PSA (ng/ml) Grade group

I cT1la-c,Ct2a NO MO <10 1

I PT2 NO MO <10 1
A Ctla-c, Ct2a NO MO >/=10, <20 1
A PT2 NO MO >/=10, <20 1
A Ct2b-c NO MO <20 1
IIB T1-2 NO MO <20 2
Ic T1-2 NO MO <20 3
Ic T1-2 NO MO <20 4
A T1-2 NO MO <20 1-4
1B T3-4 NO MO Any 1-4
lnc Any T NO MO Any 5
IVA Any T N1 MO Any Any
VB Any T Any M1 Any Any

Table 3. Eighth edition of the American Joint Committee on Cancer- prognostic stage
group [135].

1.7 Biomarkers for Prostate Cancer

Based on the National Institutes of Health, a biomarker can be defined as a
characteristic that is objectively measured and assessed as an indicator of
normal biological processes, pathogenic processes, or pharmaceutical
responses to a therapeutic intervention [137]. The term biomarker can range
from simple examples such as hair colour, cholesterol levels or blood pressure
to more complicated examples, such as mRNA profiles of tumour, proteins
[138], metabolites, DNA, or epigenetic modifications of DNA, amongst other
alterations [139]. Biomarkers can be detected in patient tissue samples, blood
or urine [139]. In cancer, biomarkers can either be generated by the tumour or
by the body in response to the tumour [138]. Cancer biomarkers can be
grouped into different types including risk, diagnostic, prognostic and

predictive markers.
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Risk biomarkers are used to evaluate disease disposition identifying the
patient’s risk factors of developing cancer in the future [139]. Several
SNPs have shown correlation with risk of developing prostate cancer
[140]. Other risk factors such as rarer variants may be linked with
higher relative prostate cancer risk [141]. Coding variants in the
homeobox B13 (HOXB13) have been observed in less than 0.1% of
control, with 1.4% of men with a strong family history of early onset
prostate cancer [142].

Diagnostic biomarkers are used to identify classical histopathological
characteristics in examining presence or absence of cancer such as the
use of alpha-methylacyl-CoA racemase (AMACR) [138].

Prognostic biomarkers are used to assess the outcome of patients into
different prognostic risk groups thus allowing individualised
management. They can predict the course of a disease and help
understand tumour behaviour, thus enabling the identification of
aggressive phenotype through methods such as survival probability.
These markers such as PSA are used for providing information
regarding the likely clinical course of a disease thus help guide
therapeutic decisions [143].

Predictive biomarkers are used to predict the effectiveness of treatment
and they allow the identification of the most appropriate treatment

modality [138].
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1.8 Current Clinical Biomarkers for Prostate Cancer

1.8.1 PSA (diagnhostic and prognostic biomarker)

PSA is encoded by the prostate-specific gene kallikrein (KLK) KLK3, a
member of the tissue kallikrein family that also includes KLK2 and KLK4 [144].
The kallikrein gene family of serine proteases are located on chromosome
19913.4. PSA is used as a diagnostic and prognostic marker and is measured

in patient serum [145].

Although it has the convenience of being a non-invasive test, PSA has
limitations as a biomarker with specificity and sensitivity ranges from 20-40%
and 70-90%, respectively, based on the PSA cut off values used (for example
3ng/ml vs 4ng/ml) [146]. The area under the curve (AUC) metric of the
receiver operating characteristic (ROC) curve is between 0.55-0.70 for the
ability of PSA in identifying patients with cancer, in which a score of 1.0 is
optimal discrimination and 0.5 is 50% uncertainty [146]. The poor specificity of
PSA for cancer diagnosis can be due to elevated levels of serum PSA in other
non-cancer-related conditions including trauma, infection, inflammation and
BPH [144, 146, 147]. The presence of increased levels of PSA in over 50% of
men more than 50 years old confounds PSA as a cancer biomarker [144, 148].
It is no surprise that PSA-based screening for prostate cancer is plagued by
false positives with a positive predictive value of only 25-40% [149]. On the
contrary, approximately 15% of men with low PSA levels (< 4.0ng/ml) have the

disease, and 15% of these present a high Gleason score [115, 150].

Numerous efforts have been made to improve the performance of the PSA
test including the normalising of PSA to the gland size (the PSA density) [151],

and to monitor the dynamics of PSA change in serum (PSA velocity and
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doubling time) [152, 153]. Furthermore, tests measuring other forms of PSA
such as free and complexed PSA (fPSA and cPSA), and isoforms of the PSA

protein (e.g. proPSA) have gained much interest [139].

Rather than replacement tests, fPSA and cPSA are considered adjunctive
assays to total serum PSA. cPSA assay measures the molecular interaction of
PSA primarily with a-1-antichymotrypsin (ACT) in the blood [154], whereas,
fPSA measures the percentage of total serum PSA not bound to ACT. In
prostate cancer the fPSA percentages decrease which enables to distinguish
men with BPH from men with cancer. A percentage fPSA of less than 25%
displayed improved sensitivity and specificity of a total PSA test and thereby
reduced unnecessary biopsies [155, 156]. This test gained FDA approval for
use when patients have a total PSA in the 4 to 10ng/ml grey zone [157]. In
addition, combination of fPSA with (-2) pro-PSA measurement may enable the

diagnosis of early prostate cancers with a PSA of 2-10ng/ml [157].

The use of fPSA also comes with limitations including, the potential instability
of the fPSA measurement if the sample is processed 24 hours after collection
[158], and the possible elevation in percentage fPSA following DRE or biopsy

[159], again confounding its use in such settings [139].

PSA velocity (PSAV) and PSA doubling time (PSADT) dynamics have
prognostic value [160]. PSAV is the change in PSA concentration each year in
which a high PSAV is strongly linked with prostate cancer and a 9-fold
increased risk of cancer-related death following prostatectomy [161]. PSADT
is the time required for the serum PSA level to double, and is used to monitor

disease progression after curative treatment for organ-confined disease, in
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which an increase of PSA level following radiotherapy or prostatectomy
indicates the presence of residual tumour cells. Several studies have shown
that a faster PSADT (less than 10 months) is linked with reduced survival [162,
163]. In some rare cases, cancer may recur even if there was absence of an
increased PSA [164]. Nonetheless, none of these tests have shown
improvement over a standard PSA test [153], with same issues confounding

PSA itself.

1.8.2 PCA3 (diagnostic biomarker)

Prostate cancer antigen 3 (PCA3) is a long non-coding RNA, which has
emerged as a prominent non-PSA based diagnostic biomarker for prostate
cancer. PCA3 levels are increased in more than 90% of cancer tissues, but
not normal or BPH tissues, an essential difference to serum PSA [165]. The
high sensitivity and specificity of PCA3 in tissues led to studies of it as a non-
invasive biomarker detectable in patient urine samples [166]. The use of urine
PCA3 levels have steadily added to the diagnostic information obtained from
the PSA test, giving higher AUC values of 0.66-0.72 as compared to 0.54-0.63
for serum PSA alone [167]. An important feature of PCA3 is that unlike PSA,
urine PCA3 levels are independent of prostate size [168], and they are not
elevated in acute inflammation or infectious states [169]. Sensitivity of PCA3
levels range from 47-69%, with most between 58-69%, while a direct
comparison between studies is difficult due to different analysis platforms
using different criteria for patient selection and relatively small cohorts of
patients (several hundred men) [167]. Furthermore, the PCA3 test maintains
its predictive power in men with BPH who are on long-term treatment with

5ARI with almost no loss of specificity over 4 years [170]. Where some studies
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have reported the expression level of PCA3 to be independently correlated
with the outcome of the biopsy and tumour aggressiveness by a measure of
the tumour volume, grade and Gleason score[171], other studies have shown
no significant correlation between PCA3 score and Gleason grade from biopsy
[172]. One such study demonstrated a very high PCA3 level with no evidence

of malignancy in a group of men [173].

Combination of serum PSA value with urine PCAS3 analysis improves both
measures, with a combined AUC of 0.71-0.75 [174]. PCA3 gained FDA
approval as a diagnostic test for use in patients who had a prior negative
prostate biopsy [139]. However, it is not a routinely used clinical test as it is
relatively more expensive than a PSA test and is only available in some
private clinics. Furthermore, apart from its use as a diagnostic marker, its use
as a prognostic marker remains debatable in more aggressive tumours
(Gleason pattern 4 and 5) with studies suggesting a biopsy is still required to

differentiate low grade from high grade tumours [175].

Studies have also investigated the RNA of the transmembrane protease,
serine 2, E-26 transformation-specific (ETS)-related gene erythroblastosis
virus E26 oncogene homolog (ERG), (TMPRSS2-ERG) fusion gene in patient
urine [176]. The TMPRSS2-ERG fusion is only found in about 50% of prostate
cancers, limiting its use as a single biomarker and thereby necessitating its
use in multiplexed assays with other biomarkers. One study demonstrated a
higher sensitivity (0.73) of TMPRSS2-ERG when used in conjunction with
PCA3 as compared to either assay alone [176]. Another large study of more

than 1300 men revealed the combination of PCA3 and TMPRSS2-ERG
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measured in urine out-performed serum PSA in a diagnostic setting (AUC of

0.71to 0.77 and AUC of 0.61 respectively) [177].

However, the PCA3 and TMPRSS2-ERG assay also has limitations as this
test is currently adjunctive to PSA, and trials to determine if this assay will
perform well in the absence of PSA screening are lacking. Moreover, urine
expression of PCA3 or TMPRSS2-ERG is determined relative to urine PSA
MRNA [176, 177], as PSA transcript abundance is indicative of the relative
yield of prostate cells in the urine sample, thereby if the PSA transcript levels

are too low, the test will be uninformative [139].

1.8.3 Michigan Prostate Score (diagnostic biomarker)

The Michigan Prostate Score (MiPS) test emerged in 2013 and it incorporates
the use of serum PSA level, and urine PCA3 and TMPRSS2-ERG mRNA
detection. The TMPRSS2-ERG fusion is more common in younger men with
early stage cancer and in patients with low serum PSA levels [178, 179]. The
MiPS test is designed for use in patients with an increased PSA level who are
likely to have initial biopsies, or in patients with a previously negative biopsy
outcome who want a repeat biopsy. Scoring is from 1 to 100 reflecting the
percent chance of finding any cancer on the biopsy with the results also
providing information on a risk estimate for detecting prostate cancer of
Gleason score 7 or more [177]. Together with a very high specificity of
TMPRSS2-ERG (at 93.2%) [180], a study demonstrated an improved
discriminatory ability for the combined test of PSA, PCA3 and TMPRSS2-
ERG, an AUC of 0.88, as compared to each test alone with an AUC of 0.72 for

PSA, 0.65 for PCA3 and 0.77 for TMPRSS2-ERG [181]. With the knowledge
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of MiPS score before biopsy, 35-47% can be avoided, while this can delay

diagnosis in 1.0-2.3% of high grade cancers [180, 182].

1.9 Novel Biomarkers for Prostate Cancer

Several potential biomarkers are under investigation for use in prostate
cancer. These risk stratification biomarker tests are designed for guiding
management decisions and appropriate counsel post-biopsy for patients

regarding active surveillance versus intervention.

1.9.1 Stockholm 3 (diagnostic biomarker)

The Stockholm 3 (STHLM3) susceptibility biomarker model is a personalised
risk-based tool for diagnosis that combines plasma protein biomarkers such as
PSA and fPSA amongst others, genetic polymorphisms (232 SNPs) and
clinical variables such as age and history. STHLM3 has been produced and
validated in a Swedish population without prostate cancer [183]. The STHLM3
model was developed and validated to identify high-risk prostate cancer
(Gleason score of at least 7) with better test characteristics than that provided
by PSA screening alone. This prospective, population-based, paired, screen-
positive, diagnostic study of men without prostate cancer aged 50-69 years
was primarily designed to increase the specificity compared to PSA without
decreasing the sensitivity to diagnose high-risk prostate cancer. The main
outcomes were number of detected high-risk cancers (sensitivity) and the
number of performed biopsies (specificity). The STHLM3 training cohort was
used to train the STHLM3 model, which was prospectively tested in the
STHLM3 validation cohort. This combined model has shown an increased
ability to identify high risk disease (Gleason score of 7 or more) with an AUC

of 0.74 as compared to PSA with an AUC of 0.56, lowering the number of
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biopsies by 32% using a PSA cut-off of 3ng/ml or more for recommending
biopsy [184]. STHLM3 has demonstrated the potential to reduce over-
detection and considerably reduce the number of biopsies whilst retaining the

same sensitivity for Gleason score 7 or more cancers.

1.9.2 Prolaris (prognostic biomarker)

The Prolaris score is a quantitative measure of a 46-gene expression profile,
which includes 31 cell-cycle progression (CCP) genes and 15 housekeeping
genes determined from gPCR using RNA from prostate cancer tumour
samples [185]. This test is used to stratify the risk of disease progression in
prostate cancer patients serving as a prognostic marker and it requires either
a biopsy or RP sample to predict tumour aggressiveness and recurrence
[169]. It is recommended for men with very low to low risk disease on biopsy
and a life expectancy of 10 years [186], allowing decision making for active

surveillance verses surgery or radiation.

The CCP score is an independent predictor of BCR for RP patients and is
strongly linked with time to death from prostate cancer. In addition, CCP is a
stronger prognostic marker over other measured variables including PSA
[187]. This test scores from 0-10, with an increase of each unit reflecting a
doubled risk of disease progression. This combined with other factors such as
PSA and Gleason score provides a report of 10 years’ prostate cancer-specific

mortality risk [169].

Another similar study also reported that CCP score (reflective of proliferative

index) was predictive of BCR [188]. A further study demonstrated that in a
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combined cohort with 582 patients, CCP score was linked with both BCR and

metastatic disease [189].

The expression of CCP genes is directly correlated with tumour aggression
and recurrence, with the ability to provide information on the risk of prostate
cancer-related death using the Prolaris test. It can serve as a prognostic tool in
patients considering definitive treatment for their cancer and in patients who

are considering adjuvant therapy [169].

However, this test is expensive and is criticised for lack of cost-effectiveness
[190]. Furthermore, the clinical utility of Prolaris test awaits evaluation by
prospective, randomised clinical trials, which remain unlikely to be conducted

[191]. In addition, the test still requires a biopsy to be taken.

1.9.3 Oncotype DX (prognostic biomarker)

The Oncotype DX is a tissue based assay that analyses a 17-gene expression
panel by gPCR (12 cancer-associated genes and 5 housekeeping genes). It
was discovered based on 441 RP samples from low to intermediate risk
patients. From 732 candidate genes involved in multiple biological pathways,
288 were predictive of clinical recurrence and tumour multifocality, and 198
predicted aggressive disease following adjustment for PSA, Gleason score
and clinical stage [192]. This test was further confirmed in 167 biopsies taken
before RP to generate a multiple gene expression-based signature known as
the Genomic Prostate Score (GPS). The GPS scores from 0-100. Further
validation of this test in 395 needle biopsies from men who were candidates

for active surveillance determined its ability to predict clinical recurrence,
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cancer-associated death and adverse pathological features at the time of RP

[192].

The Oncotype DX test was validated by another group which included patients
with very low, low or intermediate risk of prostate cancer in which GPS scores
showed correlation with BCR, adverse pathology (primary Gleason 4 pattern
or any pattern of 5, pT3 disease) and metastatic recurrence [193], supporting

an independent predictive role of GPS scores.

The use of Oncotype DX on an initial needle biopsy may thereby predict
prostate cancer aggressiveness, and guide patients in decision-making with
regards to active surveillance versus treatment [194]. According to the
National Comprehensive Cancer Network guidelines, this assay may be used
post-biopsy for very low to low risk prostate cancer patients with a 10 to 20-

year life expectancy [186].

The lack of large and prospective assessments of GPS correlation with
oncological outcome may limit the actual clinical benefit of this assay [184].
Furthermore, this test also requires a biopsy and therefore once again relies

on accurate targeting of biopsies.

Taken together, the use of PSA may be enhanced by other biomarkers, which
combine evaluation of protein, DNA and RNA in addition to DRE. Ultimately,
this may reduce unnecessary biopsies and treatments, and allow earlier

detection of the disease.
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1.10 Single Nucleotide Polymorphisms (SNPs)

Over-treatment of prostate cancer necessitates the identification of individuals
most at risk of developing the disease. At present, it is recommended that
early and selective screening should be carried out in men with a positive
family history (FH) [195]. Currently, the use of FH is the most common method
for determining whether a man has increased risk of developing prostate
cancer with 1.5 to 2.5-fold raised risk if there is an affected relative [196]. The
use of FH for risk assessment in the general population only proves beneficial
for men who are confident about their FH of prostate cancer [195]. Several
genomic studies offer a promising method to stratify men in the general
population who harbour increased risk for prostate cancer. Various genome-
wide association studies (GWASs) comparing the germline genotypes of men
with prostate cancer to controls without known disease have identified SNPs
that are associated with increased susceptibility to the disease, known as
prostate cancer risk-associated SNPs [197]. SNPs are a simple form of DNA
variation within individuals and can occur throughout the genome. Over 100
prostate cancer risk-associated SNPs have been described with an estimation
that such genetic loci increase the estimated proportion of the familial risk to
33% [198]. These risk predictor SNPs at present are a better measure of the
genetic component of prostate cancer susceptibility. Studies have
demonstrated that the combination of FH with SNPs provide essential
information to better identify men who are at risk of developing the disease
[195]. Although individual SNPs are only modestly linked with disease risk,
their combination shows a greater association [199]. Only a subset of SNPs

show association with aggressive metastatic disease [200]. Furthermore,
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certain risk alleles affect PSA level, which could impact prostate cancer
screening. Amongst the SNPs identified, at least 5 distinct loci within
chromosomal region 8g24 harbour germline variants associated with prostate
cancer. GWAS has further demonstrated an association between certain
SNPs and disease risk including chromosomes 2p15, 3p12, 6925, 7p15, 7p21,
8924, 9933, 10qgl1, 10926, 11913, 17912, 17924.3, 19913, and Xpll [201,

202].

1.11 D’Amico

The D’Amico classification model developed in 1998 is used for prostate
cancer patient risk stratification, which is categorised into three risk-based
recurrence groups including low, intermediate, or high-risk of BCR following
surgery. It is a measure based on the clinical TNM stage, biopsy Gleason
score and pre-operative PSA level [202]. It is a widely used approach to
assess prostate cancer risk post localised treatment allowing a more informed

decision regarding patient treatment [202].

The categorisation of risk is based upon a D’Amico risk score of 0-12 as

follows:

Low risk is a result of a PSA of 10ng/ml or less, a Gleason score of 6 or less,
and a clinical stage T1-2a with O points and risk of prostate cancer recurrence
of less than 25% at 5 years post treatment. Intermediate risk is based on a
PSA between 10-20ng/ml, a Gleason score of 7, and a clinical stage of T2b
with 1 to 3 points and risk of 25-50% at 5 years post treatment. High risk is a

result of a PSA more than 20ng/ml, a Gleason score of 8 or more, and a
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clinical stage ofT2c-3a with 4 to 12 points and risk of more than 50% at 5

years post treatment.

Two groups investigated over 14,000 prostate cancer patients for the ability to
predict cancer-specific and overall survival rates along with the clinical
relevance of D’Amico classification in contemporary medicine. It was shown
that patients with additional information available to them by D’Amico
classification had a higher overall survival rate post treatment for their prostate

cancer, mostly the patients with a high risk of recurrence [202, 203].

The original study demonstrated the test to be more useful in intermediate and
high-risk patients compared to low-risk patients [204]. A validation study a few
years later showed the overall 5-year BCR-free survival rate to be 84.6%, with
94.5% for low, 76.6% for intermediate and 54.6% for high-risk group [202].
Another study showed the hazard ratio of death (chance of death occurring in
the intermediate and high-risk group/chance of death occurring in the low-risk
group) from prostate cancer after surgery in patients with high or intermediate
disease was 11.5 and 6.3, respectively, as compared to patients with low risk
[203]. Another group reported D’Amico low-risk criteria not safe enough to
identify candidates for active surveillance [205]. Due to the rise in multiple risk
factors in prostate cancer, the D’Amico classification system may not be the
most appropriate tool for evaluation of risk recurrence in those cases in low-

risk cases.

1.12 mpMRI and PROMIS study
The diagnostic pathway for prostate cancer involves TRUS-biopsy in patients

presenting with raised PSA levels. The disadvantages of TRUS-biopsy include
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unnecessary biopsies of men without cancer, detection of clinically
insignificant cancers, missed detection of clinically significant cancers,
development of morbidity, bleeding, pain, and may cause serious sepsis. [206,
207]. A recent prospective study Prostate MRI Imaging Study (PROMIS) used
multi-parametric magnetic resonance imaging (mpMRI) as a triage test to
investigate its utility in avoiding unnecessary TRUS-biopsies and improved
diagnostic accuracy in men against a reference test template prostate
mapping biopsy (TPM-biopsy). TPM-biopsy is able to accurately characterise
disease status in men at risk by sampling the entire prostate every 5 mm.
Subjects with no previous biopsies and PSA concentrations of up to 15ng/ml
were employed. They undertook mpMRI, which was followed by both TRUS-
biopsy and TPM-biopsy. The test taking and reporting of each test was done
blind to other test results. Of the 740 men, 576 underwent mpMRI before
TRUS-biopsy and TPM-biopsy. On TPM-biopsy of 576 men, 71% had cancer
with 40% having clinically significant cancer. For clinically significant cancer,
mpMRI was more sensitive (93%) than TRUS-biopsy (48%) and less specific
(41% for mpMRI compared to 96% for TRUS-biopsy). The study suggested
that using mpMRI to triage men may allow 27% of patients to avoid a primary
biopsy and diagnosis of 5% fewer clinically insignificant cancers. If subsequent
TRUS-biopsies were directed by mpMRI findings, up to 18% more cases of
clinically significant cancer might be detected as compared with the standard
pathway of TRUS-biopsy for all. mpMRI used before initial biopsy, may reduce
unnecessary biopsies by 25%. mpMRI may also reduce over-diagnosis of
clinically insignificant disease and improve detection of clinically significant

cancer [206].
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1.13 Prostate Cancer Development

Prostate cancer is usually a relatively slow developing proliferative disease
with no apparent symptoms for years. Only when the prostate becomes large
enough to pressurise the urethra is when symptoms begin to appear.
Symptoms include frequent urge to urinate, strain during urination, and
bladder often seeming not fully emptied. Prostate cancer is an
adenocarcinoma (glandular cancer) and its aggressive form commonly

metastasises to the bone.

Prostate cancer is characterised by an imbalance in cellular differentiation
[208]. With disease progression, a number of features are altered; the tissue
architecture degrades [123], there is destruction of the basement membrane
and glandular structure, there is a significant reduction in the number of basal
cells (<1%) and a considerable increase in luminal cells (>99%) making up the
tumour bulk [209]. Aberrantly differentiated luminal cells are highly proliferative

and therefore actively cycling in the disease [210].

1.14 Genetic Basis of Prostate Cancer

Gene mutations can frequently occur in tumour suppressor genes and
oncogenes altering their gene expression in cancer. Phosphatase and tensin
homolog (PTEN), a commonly studied tumour suppressor gene is frequently
deleted in prostate cancer [211]. The PTEN homologue deleted on
chromosome 10 on 10g23.3 locus is a negative regulator of the
phosphatidylinositol 3-kinase (PIK3)/AKT survival pathway [212], the signal
transduction pathway contributing to cancer growth and survival in a number
of human cancers including prostate cancer [213]. PTEN genomic deletion has

been found in human tissues representing all stages of prostate cancer
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development and progression including high grade PIN, primary prostate
cancer and with a higher incidence in metastatic disease and castrate-
resistant prostate cancer (CRPC) [211]. It has also been reported that PTEN
deletion associated with early disease recurrence concurrently showed

reduced AR expression in human prostate cancer tissue [211].

The gene fusion product resulting from the translocation of the promoter
region of the androgen-induced TMPRSS2 gene with the TF ERG is one of the
most common genetic events in prostate cancer, present in approximately
50% of all cases and accounting for 90% of prostate cancer fusions [214]. The
TMPRSS2-ERG fusion is specific to prostate cancer, and is also detectable in
precursor lesions, such as PIN, if these lesions are proximal to, or contiguous

with, regions of cancer [215].

Primary prostate cancer can be sub-classified as a result of a recurrent set of
mutually exclusive genomic alterations that are found early in cancer
development [216]. The Cancer Genome Atlas project identified seven
mutually exclusive genetic subtypes including ERG, Speckle-Type POZ
Protein (SPOP), ETV1, ETV4, Friend Leukaemia integration 1 (FLI1),
Forkhead box Al (FOXA1) and Isocitrate dehydrogenase 1 (IDH1) [216], with
about 75% of prostate cancers falling into one of the listed genetic subtypes,
and about 25% remaining uncharacterised of the total 333 tumours analysed

[216].

Whole genome sequencing (WGS) studies have identified additional genetic
alterations providing evidence that primary tumours display multiclonality in

parallel with multifocal disease. A WGS study demonstrated extensive
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genomic heterogeneity within prostate tumours from a cohort of 5 patients with
Gleason scores of 7-8 [217]. The same study demonstrated multiclonality in
the tumour of a patient that was dissected into 4 regions, each of which
harboured disease foci. The index lesion shared SPOP mutations and
chromosomal deletions on chromosome 8 and 16 with one focus, however not
in the remaining 2 dissected foci, which shared a deletion on chromosome 19
[217]. The study also found a previously unidentified recurrent amplification of
MYCL associated with TP53 loss [217]. Likewise, morphologically normal
prostate tissues have shown high levels of mutations and distinct ERG fusions
that are present in malignant tissues [218], reflecting clonal expansions and
the underlying mutational events present in both normal tissue and cancer
[218]. This causes extensive branching evolution and cancer clone mixing as a
result of the co-existence of several cancer lineages harbouring distinct ERG
fusions within a single cancer nodule. It was shown that this subset of
mutations was common in morphologically normal and malignant tissue or
between different ERG-lineages, highlighting earlier or separate clonal cell
expansions [218]. However, whether the clones of cells in normal tissue are
produced by a pathological process or are a result of somatic mosaicism
involving unexpectedly high mutation rates remains to be understood. The
consequential clonal fields of cells may influence cancer development and/or
contribute to multifocality and the existence of multiple cancer lineages in a

single cancer mass [218].

Where gradual acquisition of genomic alterations is commonly thought to be
the primary driver of tumourigenesis, other events that accelerate the process

could include chromothripsis and chromoplexy [219]. Chromothripsis, a huge
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and catastrophic reshuffling of entire chromosomes or regions of
chromosomes, and chromoplexy, the complex rearrangements that could arise
from numerous rounds of DNA repair, may account for the rapid

tumourigenesis and metastasis [220, 221].

Patterns of consistent allelic loss reflects the reduction or loss-of-function of
putative tumour suppressor genes in prostate cancer. Frequent events include
loss of heterozygosity at chromosomes 8p, 10q, 13g and 17p affecting genes

such as NKX3.1, PTEN, Rb and p53 [222].

1.15 Castration-Resistant Prostate Cancer

There is consensus that the initial stage of prostate cancer depends on
androgens for growth and thereby can be effectively treated by androgen
deprivation therapy (ADT) [223, 224]. However, almost all cases invariably
recur within 2-3 years with a more advanced and aggressive form of prostate
cancer known as CRPC whereby the cancer acquires an androgen
deprivation-resistant phenotype for which there is currently no effective
treatment [223, 225]. The prevailing model suggests that CRPC development

is initiated by adaptation of previously androgen dependent cells [226].

In CRPC, the AR is constitutively expressed by a number of mechanisms
resulting in the expression of AR target genes indicating the vital interplay

between AR and its signalling pathway (Figure 9) [227].
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Figure 9. Various mechanisms of androgen receptor (AR) activation in castration
resistant prostate cancer (CRPC).

1. Increased expression of steroid receptor co-activator (SRC 1,2 and 3) has poor prognosis
[228]. 2. Loss of tumour suppressor gene RB transcriptional co-repressor 1 (RB1) enhances
AR activity via E2F1 transcription factor activation to induce resistance [229], decreased
expression of co-repressors nuclear receptor corepressor (N-CoR) and silencing mediator of
retinoid and thyroid receptors (SMRT) may lead to resistance [230]. 3. Increased expression
of pioneer factors Forkhead box Al (FOXA1), GATA binding protein 2 (GATA2) and
Octamer transcription factor (OCT1) has shown poor prognosis may be due to hyper-
sensitising cells [231]. 4. Increased AR mRNA expression due to gene amplification [230]. 5.
Mutations in the N terminal of AR influences downstream interactions with co-regulators
[232, 233]. 6. Constitutive activity of AR splice variants such as AR-V7 promote therapy
resistance [234]. 7. Upregulation of growth factor signalling pathways mitogen-activated
protein kinase (MAPK) and phosphatidylinositide 3-kinase (PI3K) induces ligand-
independent activation of AR [235, 236]. 8. Ligand binding domain mutations allow AR
activation by other steroid hormones [237, 238]. 9. Increased AR phosphorylation at
different amino acid sites may occur under low androgen levels which sensitises the AR
[239].
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1.16 The CSC Hypothesis

At present, two conflicting schools of thought of carcinogenesis exists [240]
(Figure 10); the conventional stochastic model suggests that all cells in a
heterogeneous tumour have an equal probability of acquiring mutations and
initiating a tumour. Conversely, the hierarchical model upon which the CSC
hypothesis is based, suggests only a minor distinctive subset of cancer cells in
the population have the capacity to initiate a tumour, whereas the majority of
tumour cells are differentiated with limited replicative ability [241]. Currently,
anti-cancer therapies are based on the conventional model and have not had
success with curing cancer, which compels attention to be directed to the
hierarchical model of CSCs [240], however, the CSC perception remains a

controversial area.
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Figure 10. Two carcinogenesis models of prostate cancer

The classic stochastic model (A) depicts all cells in a heterogeneous tumour can acquire
mutations and can equally initiate a tumour. The cancer stem cell (CSC) model (B) suggests
that only a small number of CSCs have the ability to generate a tumour, whereas other
population of tumour cells are differentiated with only limited replicative ability [242].

CSCs with tumour-initiating ability were initially hypothesised based on
transplant experiments showing a heterogeneous cell population with
differences in self-renewing ability and reconstitution of the original tumour
following transplantation [243, 244]. The CSC model is emerging as the more
widely accepted model for cancer initiation with a subset of cancer cells
possessing CSC characteristics discovered in a number of cancer tissues

such as haematopoietic system [245], breast [246], prostate [247] [248, 249],
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lung [250], melanoma [251], colon [252], pancreas [253] and bladder [254].
Most of these putative CSCs have been identified using normal SC markers as
they are analogues of normal SC and therefore share common markers and
behaviours, including high proliferative potential, self-renewal and ability to

generate new tissue and undergo symmetric or asymmetric cell division [240].

1.17 CSC Characteristics

Aponte and Caicedo recently reviewed the SC properties as the ability to
self-renew, ability to give rise to progeny capable of differentiating into
diverse cell types, and the existence of a SC niche in which the SCs reside.
The term “stemness” is used to refer to such aforementioned properties and
correspond to cells devoid of differentiation markers [255]. Malignant cells
undergo all aspects of stemness, but instead of sustaining tissue
homeostasis, they promote progression of cancer [255].

1.18 Prostate CSCs

A study by Collins et al. was first to identify prospective prostate cancer cells
[247]. Whilst this study showed the replicative potential, colony forming
ability and differentiation capacity of the putative CSCs, it did not show the
gold standard at the time, which is the ability of a CSC to form a tumour in
mice. Since this publication other groups have also worked on prostate SCs.
A study by Heer et al. used the same markers as Collins et al, a2B1 integrin
and CD133, to subdivide prostate basal cells into SC (a2p1"/CD133*) and
TA cells (a2B1"/CD133") [248].

A further study using the same markers showed low detectable levels of AR

in the SCs and TA cells, which was in contrast to the original papers. Activity
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of AR was shown by the expression of low levels of AR regulated genes

PSA, KLK2 and TMPRSS2 [249].

Contradictory evidence suggests that (i) prostate CSC can originate from the
luminal compartment [256, 257], (ii) prostate cancer is derived from
intermediate progenitor cells with acquired ability to self-renew [27], or (iii)

CSC residing in the basal compartment initiates the disease [247].

It has been reported that hyperplastic and tumour cells in PTEN knockout
mouse model of prostate cancer have a phenotype of luminal epithelial
progenitor cells, including the overexpression of CK8, CK19 and Sca-1 luminal
cell and progenitor cell markers. However, tumour cells were negative for the
expression of basal epithelial cell cytokeratins. Furthermore, AR expression

was detected at all stages of tumour development [256, 257].

Unlike studies that solely report on luminal phenotype of prostatic carcinoma,
an early study indicated co-localisation of basal and luminal cell cytokeratins
expression in human prostatic tumour tissue of primary and hormone-
independent prostatic carcinoma. Cells positive for K14 (basal cell marker)
and Kbpasal (Stain for basal cell compartment in human prostate including CK5)
were not detected in the tumours which indicated a stem cell phenotype was
not present, however Kroasat and K18 (luminal cell marker) were detected in
both primary and hormone-independent prostate cancer tissue postulating the
presence of transit amplifying cells responsible for the neoplastic

transformation [27].

Growing evidence strongly supports initiation of prostate cancer from a CSC
residing within a basal niche [247, 258-260]. Xenotransplantation experiments
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have further shown that less than 100 cells of tumour initiating fraction of
human cells from prostate biopsies are needed to generate a hew tumour in

mice and that these cells exhibit a basal phenotype [64].

Rajasekhar et al. identified a small subset of stem-like human prostate tumour
initiating cells (TICs) that did not express AR or PSA. These cells exhibited SC
characteristics and multi-potency as shown by in vitro sphere formation and in
vivo tumour initiation, respectively. The putative prostate CSCs represented an
undifferentiated subtype of basal cells that were purified from prostate tumours
using the co-expression of the human pluripotent SC marker T cell receptor
alpha locus (TRA-1-60), CD151 and CD166. The triple marker positive cells
demonstrated high capacity for self-renewal and differentiation, and were able
to recapitulate the original tumour heterogeneity in serial xenotransplantations,
suggesting a tumour cell hierarchy in prostate cancer development. These
cells also exhibited high nuclear factor-kappa B (NF-kB) activity pointing to a
potential mechanism involved in the CSC biology [261]. This study suggests
the triple markers as driver of stemness for sphere formation and tumour
initiation. This study did not test for the presence of the CD133 marker in the

same population of cells.

Studies have also investigated the hedgehog pathway to target CSCs. One
such study used an inhibitor erismodegib to investigate the mechanisms that
regulate SC characteristics and tumour growth in prostate cancer. Prostate
CSCs were isolated from human tumours based on positive expression of
CD44 and CD133. Use of the inhibitor demonstrated reduced cell viability by
suppressing miR-21 and reduced spheroid formation, and induction of
apoptosis by activating caspase-3 and cleaving poly-ADP ribose polymerase
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(PARP). The hedgehog pathway was also inhibited by inhibiting Gli
transcriptional activity and Gli nuclear translocation in the CSCs. In addition,
erismodegib inhibited pluripotency maintaining factors Nanog, Oct-4, c-Myc
and Sox-2. The inhibition of polycomb-group gene Bmi-1, which is
overexpressed in prostate CSCs by the inhibitor was regulated by upregulation
of miR-128. The inhibitor also suppressed epithelial-to-mesenchymal transition
(EMT) by upregulating E-cadherin and inhibiting N-cadherin, Snail, Slug and
Zebl through regulation of the miR-200 family. It also inhibited motility,
invasion and migration of the CSCs. The study also showed the inhibitor
inhibited tumour growth in vivo. The study highlighted targeting the hedgehog
pathway may result in the depletion of CSCs and suggested the CSCs to be

drivers of the processes studied [262].

A recent study demonstrated the knockdown of disabled homolog 2-interacting
protein (DAB2IP), a novel tumour suppressor, led to the transformation of
immortalised normal human prostate epithelial cells derived from androgen
receptor negative basal cell population into tumorigenic cells that acquired
stem cell phenotype. These included increased formation of spheroid
prostaspheres, increased exclusion of Hoechst dye, and increased in vitro
migration and invasion. The stem-like cells showed increased chemo-
resistance to docetaxel. DAB2IP has previously been shown to play a crucial
role in suppressing stemness through modulating CD117 transcription [263].
These cells exhibited CD44*/CD24 instead of CD177" indicating existence of
another regulation mechanism. It was shown that CD44 alongside being a SC
marker is also a driver for prostate CSC formation in which CD44 expression

is modulated by the Wnt pathway via direct interaction with the promoter. The
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use of Wnt inhibitor and docetaxel synergistically to target CSCs and their
progeny non-CSCs enhanced the therapeutic efficacy of CRPC both in vitro
and in vivo models showing reduction in chemo-resistance of knock down

cells. The study suggested driver roles of the CSCs in Wnt signalling [264].

The aforementioned studies indicate that the stemness features of the putative
prostate CSCs are drivers of tumourigenesis, metastases and therapy

resistance.

1.19 Prostate CSC Markers
Alongside using CD44*, a2B1-integrin™@" and CD133* as CSC marker, are
other important markers that have been used to identify and isolate prostate

CSCs.

For example, ATP binding cassette (ABC) transporters, which are proteins that
play a vital role in the efflux of drugs have also been used to enrich CSCs,
however they are also expressed in normal SCs [265, 266]. The use of a
unique phenotype of CSCs, including at least two markers that are only
present in CSCs and not normal SCs is more desirable for isolation of CSCs

[265].

Recently, it is becoming more evident that certain aldehyde dehydrogenase
(ALDH) isoenzymes may fit this purpose as a marker for CSCs, and may also
have functional roles in differentiation, self-protection and expansion [267].
The family member ALDH1 is a marker for normal and malignant mammary
SCs in humans and is also a predictor of poor clinical outcome [268]. The
functional activity of ALDHs has been extensively used to identify and purify

CSCs in the breast [269], ovaries [270], bone marrow [271], lungs [272],
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prostate [273], colon [268] and pancreas [274]. Prostate cancer cell lines PC-
3M-Pro4luc and C4-2B with high ALDH activity have shown both increased
clonogenicity and migratory capacity in vitro and furthermore, the PC-3M-
Pro4luc cell line has enhanced tumourigenicity and increased metastatic ability

in vivo [273].

The self-renewal and regeneration characteristics of CSCs allow their
prolonged survival in tumours, which makes them potential candidates for
acquisition of genetic and epigenetic alterations leading to a more aggressive
cancer and therapy resistance. In short-lived differentiated cells however, the

opportunity to accumulate mutations becomes reduced [275].

1.20 Treatments for Prostate Cancer

Treatment for prostate cancer is currently based on the stage of the disease
(Figure 11). Once a Gleason score is assigned, the cancer can be separated
into either low-grade organ-confined disease, locally advanced or high grade
metastatic disease. Localised prostate cancer can be separated into low risk

(PSA 10ng/ml or less, Gleason score of 6 or less, clinical stage T1-2a) [202].

1.20.1 Treatments for Low Risk Prostate Cancer

Low risk localised prostate cancer is generally defined as PSA less than
10ng/ml, Gleason score 6 or less, clinical stage T1-2. The National
Comprehensive Cancer Network guidelines [276] have further divided low risk
disease into very low and low risk groups. The very low risk group is
characterised as PSA less than 10ng/ml, Gleason score 6 or less, clinical

stage Tlc, presence of disease in fewer than 3 biopsy cores, 50% or less
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prostate cancer involvement in any core and PSA density less than

0.15ng/ml/g [277].

In low-grade non-malignant tumours, the cancer cells are well differentiated

forming intact glands, thus the treatment option can be active surveillance.

Active surveillance involves the deferral of treatment initially for a proportion of
patients detected with low risk disease. Men are followed carefully with serial
PSA monitoring and repeat biopsies [278]. Serial mp-MRI is also recently
being used in diagnosis to identify patients with clinically significant cancer and

larger disease burden who would most likely benefit from intervention [279].

Prostate Testing for Cancer and Treatment (ProtecT) trial is a large UK based
randomised trial that provided the first evidence comparing the long-term
impacts of active surveillance, surgery (RP) and radiation on outcomes such
as prostate cancer-specific mortality, all-cause mortality, quality of life,
incidence of metastases and disease progression of patients aged from 50 to
69 with localised prostate cancer, at a median of 10 years of follow-up. Results
showed that all 3 treatments resulted in similar, very low rates of prostate
cancer related death. Surgery and radiotherapy reduced the risk of cancer
progression over time as compared to active surveillance, but caused more
side effects. Some men in the surgery group experienced urine leakage and
problems with sex life, whereas some men in the radiation group experienced
bowel problems. Overall quality of life such as anxiety and depression, was

not affected by any treatment at any time [280].

No significant difference was observed in prostate cancer-related death

among the active monitoring group (8 deaths overall), surgery group (5 deaths
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overall) and radiation group (4 deaths overall) from a total of 1643 men that
participated in the trial. In addition, no significant difference was observed in
the number of deaths from any cause (169 deaths overall) among the 3
groups. Furthermore, development of metastases was significantly higher in
the active monitoring group (33 men), than in the surgery (13 men) or the
radiotherapy group (16 men). Significantly higher rates of prostate cancer
progression were found in the active monitoring group (112 men), than in the

surgery group (46 men) or the radiotherapy group (46 men).

Radiotherapy is another option for the treatment of organ-confined disease in
which ionising radiation is exposed to the tumour to limit its growth. There are
two methods by which radiation can be delivered, the first method is the
external beam radiation therapy which utilises external source of radiation to
target the tumour. The second method is the brachytherapy in which several
radioactive seeds are implanted into the prostate next to the tumour through
which radiation can be emitted. A low dose rate permanent implant of
radioactive seeds using isotopes such as iodine 125, palladium 103 or cesium
137, delivers a high intraprostatic radiation dose over an extended 6-month
treatment interval. The average dose rate is about 10 cGy per hour. A high
dose rate brachytherapy involves the temporary implantation of hollow source-
carrier needles (or catheters) delivering a high activity iridium 192 source at

about 100 Gy per hour with a treatment of 6-8 minutes [281].

The first method of external beam radiation offers treatment which is less
invasive but with more side effects, whereas the second method of
brachytherapy limits radiation dose to surrounding tissues minimising

undesirable side effects [282].
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More recently, the use of cyberknife, a non-invasive method of delivering high
radiation dose at a more accurate tumour location, has shown improved
patient tolerance and treatment outcome in comparison to brachytherapy

[283].

1.20.2 Treatments for Intermediate and Advanced Prostate Cancer

Intermediate risk is defined as a PSA between 10-20ng/ml, Gleason score of
7, clinical stage T2b, and high risk is defined as a PSA more than 20ng/ml,
Gleason score of 8 or more, clinical stage T2c [202]. In locally advanced
prostate cancer, the tumour cells break through the capsule of the prostate
gland and may spread to nearby tissues or lymph nodes (PSA higher than
20ng/ml, Gleason score between 8-10, T3, NO, MO/T4, NO, MO/any T, N1, MO).
In advanced/metastatic prostate cancer, tumour cells spread to other parts of
the body (any T, any N, M1). The status of the primary tumour is assigned
from organ-confined to fully invasive (T1-4), with or without lymph node
involvement (NO or 1), and the presence and degree of distant metastases

(MO and 1a-c) [284].

In high grade malignant prostate cancer, the cells are poorly differentiated with
compromised tissue architecture indicating spread outside of the prostate.
Current treatments for metastatic prostate cancer are mainly ineffective

resulting in poor prognosis.

ADT is usually recommended as a treatment option in metastatic prostate
cancer [285]. It exploits the dependency of tumours on androgens for
development by either removing circulating androgens or by blocking their

binding to the AR. The following are some of the main hormone ablation
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therapies, which are often used in the following order, however the exact
treatment plan may differ depending on other factors that a patient may

present.

1. Finasteride is a gonadotropin-releasing hormone (GnRH) antagonist
that blocks 5a-reductase activity by binding to the GnRH receptor [286].
It is used to treat patients with BPH before any signs of prostate cancer
[88].

2. Zoladex is a synthetic decapeptide analogue of luteinising hormone-
releasing hormone (LHRH) used as a potent inhibitor of pituitary
gonadotropin secretion [287]. It removes testosterones from testes and
is used as medical castration. It is approved for use in combination with
antiandrogens (to minimise side effects such as flare) for locally
advanced prostate cancer. This combination treatment starts 8 weeks
before radiation and continues during radiation. Zoladex is also
approved to lessen or relieve symptoms of advanced prostate cancer
[288].

3. Hydroxyflutamide/flutamide is a non-steroidal AR antagonist that is
involved in the inhibition of androgen mediated transcription [289]. It is a
15t generation antiandrogen approved in 1989. It is used to treat locally
advanced prostate cancer or metastatic castration sensitive prostate
cancer (mCSPC). It is used with a LHRH agonist to provide combined
androgen blockade [290]. Due to significant gastrointestinal toxicity, it
has been mostly replaced by the antiandrogen bicalutamide.

4. Bicalutamide is a non-steroidal AR antagonist, an anti-androgen that

binds to the AR thereby preventing ligand binding [291]. Bicalutamide is
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a 1st generation antiandrogen approved in 1995 for the treatment of
locally advanced and metastatic prostate cancer. It is used with LHRH
agonist and has a 4-fold greater affinity for AR compared to flutamide
[292].

. Stilbestrol/diethylstilbestrol (DES) binds strongly to estrogen receptors
alpha and beta, inhibiting 5a-reductase inactivating testosterone [293].
It was the first endocrine treatment for prostate cancer as shown by
Huggins et al [294]. Surgical castration (orchidectomy) and DES were
used as first line treatment options for CRPC over the next two decades
with reported efficacy [295, 296]. However, increased mortality from
cardiovascular and thromboembolic toxicities were reported [297]. The
discovery of LHRH agonists, which showed similar efficacy to that of
orchiectomy and DES as first line therapy, but without the concerning
toxicities, led to a loss of interest in DES [298]. DES has significant
activity in CRPC and remains a palliative option for symptomatic CRPC
in patients that are not fit for chemotherapy [299]. DES has an
acceptable toxicity profile in the management of patients with
symptomatic CRPC when used at a dose of 1-3mg [299].

. Abiraterone — used to block the action of the enzyme CYP17, thereby
blocking the androgen biosynthesis [300]. Abiraterone is approved to be
used with prednisone to treat high-risk mCSPC and metastatic CRPC
(mCRPC) [301]. In 2011, abiraterone was approved for use with
prednisone following docetaxel treatment for mCRPC. In 2012, it was
approved for use with prednisone before docetaxel treatment for

mMCRPC [302].
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7. Enzalutamide — a nonsteroidal antiandrogen directly binds to the AR
and inhibits the binding of androgens, AR nuclear translocation, and
AR-mediated DNA binding [303]. Enzalutamide is a 2" generation anti-
androgen designed to overcome resistance to 1St generation
antiandrogens, and avoid antagonist-to-agonist conversion, which is
often seen in the 1% generation anti-androgens [302]. It is more potent
with a 5 to 8-fold higher binding affinity for AR than bicalutamide [304].
Enzalutamide is used with flutamide and radiation therapy in localised
prostate cancer, it is also approved to treat non-metastatic CRPC
following findings from the PROSPER trial [305]. It has also shown
significantly improved progression-free  survival compared to
bicalutamide in metastatic prostate cancer [306]. In 2012, enzalutamide
was approved for use following docetaxel treatment for mCRPC. In
2014, it was approved for use before docetaxel treatment for mCRPC

[302].

Chemotherapy is an important treatment modality in metastatic CRPC that is
hormone-refractory upon ineffectiveness of ADT. FDA approved drugs
generally used to treat CRPC include docetaxel, cabazitaxel and
mitoxantrone. These drugs mainly function by targeting dividing cells, causing
disruption of microtubule function by stabilising tubulins, and thereby hindering
mitosis through prevention of depolymerisation [307]. Before the approval of
docetaxel with prednisone in 2004, treatment for mCRPC was limited to
agents with no evidence of survival benefit such as mitoxantrone [302]. Since

the approval of docetaxel, other agents such as cabazitaxel have been
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approved by FDA for treatment of mMCRPC with established survival benefit
[302]. Docetaxel is the most common chemotherapy used to treat mCRPC,
however, in certain circumstances if side effects are too severe, mitoxantrone
may be offered as first-line treatment to improve quality of life. Cabazitaxel
with prednisone was approved in 2010 as a second-line treatment after

docetaxel treatment in mCRPC [302].

However, in almost all cases, the tumour ultimately acquires a chemotherapy
resistant phenotype making chemotherapy largely ineffective, thus

development of novel therapies for CRPC is required.

Immunotherapy is also used to treat asymptomatic or minimally symptomatic
MCRPC that no longer responds to ADT. Sipuleucel-T comprises of
autologous peripheral blood-derived mononuclear cells that are cultured with a
PAP and granulocyte-macrophage colony-stimulating factor (GM-CSF) fusion
protein. Sipuleucel-T, approved in 2010, is the only FDA approved
immunotherapy to date based on the results of 3 trials that showed its clinical

efficacy [308].

Sipuleucel-T has shown robust activation of antigen-presenting cells (APCs),
T-cell responses specific to the antigens, and increased cytokine association
with T-cell activation. The number of activated APCs, which is measured by
CD54 upregulation showed positive correlation with improved overall survival

[309].

A combined analysis of two of the trials showed an improved overall survival
(over 4 months) in patients treated with sipuleucel-T compared to placebo

control. However, the primary endpoint of improved progression-free survival
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was not met [310]. The third trial (IMPACT) further showed a 4.1 month
increase in overall survival in patients with mCRPC treated with sipuleucel-T

compared the control, however with no difference in time to progression [311].

Despite the approval of sipuleucel-T, subsequent progress in the field of
prostate cancer immunotherapy development has been limited by
unsatisfactory results with novel vaccination approaches and by the

development of resistance to immune checkpoint blockade [308].
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Figure 11. Stages of prostate cancer and treatment options.

Localised cancer is managed with either active surveillance, radical prostatectomy or
radiotherapy. Hormone responsive cancer is treated with androgen deprivation therapy or
radiotherapy. Castration resistant cancer can be treated with second-line androgen
deprivation therapies, chemotherapy or immunotherapy.
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1.21 CSC Differentiation Therapy

Current treatment strategies using monotherapy or combined therapy such as
ADT and chemotherapy, have largely failed due to the heterogeneous nature
of prostate cancer, in which ADT therapy fails to target AR negative cancer
cells, and the capacity of chemotherapy to only target proliferating cancer cells
and not quiescent cells, both resulting in resistance. This could lead to an
enrichment of the therapy resistant CSC population resulting in tumour
relapse. However, the challenge of targeting CSCs cannot be underestimated
and can be attributed to the protected niche in which they reside and their
quiescent phenotype. An exploitation of the phenotypic differences between
CSCs and their differentiated counterparts through differentiation therapy
could potentially enable elimination of CSCs [312]. Promoting differentiation of
CSCs involves stimulating a quiescent CSC to undergo cycling and the use of
drugs to push the cells to differentiate into proliferative progenitor cells [313].
In general, CSCs display a more chemotherapy-resistant phenotype, due to
multidrug resistance (MDR), and increased expression of ABC transporters
[314]. Moreover, CSCs have an enhanced DNA repair mechanism in glioma
[315], anti-apoptotic pathway in glioblastoma [316], and slower cell-cycle
kinetics in atypical teratoid/rhabdoid tumors [317]. Some studies have
demonstrated the potential of differentiation therapy in leukaemia, however

any potential use in prostate cancer has yet to be realised [313].
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1.22 Clonal Evolution of Prostate Cancer

Recent studies have highlighted the complexity of prostate cancer and new
techniques have allowed the tracking of prostate cancer within individual
patients. Clonal populations of cancer cells undergo persistent evolution due
to environmental conditions [219]. The concept of tumour evolution was
proposed by Nowell in 1976, based on cytogenetic data [318]. According to
this early model, a cell of origin acquires genetic alterations promoting
neoplasia. Further genetic instability fuels clonal expansion of “fit” clones that
ultimately results in advanced malignancy, metastasis, and emergence of
therapy resistance [318].

Compared to advanced disease, primary tumours display lower mutational
events and genomic instability [216, 319]. Upon disease progression to
metastatic and castration resistant phases, there is increased mutations,
structural rearrangements, and genomic instability. Such genomic alterations
suggest clonal evolution and sub-clonal selection against environmental
pressures. Alterations in AR signalling following metastatic spread occurs in
more than 50% of metastases, and remains a key target for therapies [319].
Frequently observed genomic alterations in metastatic CRPC include TP53
mutations or loss, PTEN loss and associated PI3K pathway defects, DNA
repair pathway deficiencies, and amplification or mutation of AR [319-323].
Differentiation between alterations that promote metastasis and alterations
that promote treatment resistance has been difficult due to the use of tissues
that are from extensively treated CRPC patients to study metastasis. Where

some studies have pointed to genomic AR mutations as a driver of metastasis
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[216], others have indicated it to be a driver of treatment resistance [321, 324-
326].

One investigation of sub-clonal structure within CRPC metastases showed
that different AR gene alterations can occur in different metastatic foci within a
single patient, an indication that the alterations occurred in response to
treatment, following metastatic spread [325]. Furthermore, it was indicated that
TP53 loss, PTEN loss, and DNA repair pathway alterations occurred prior to
metastatic spread [325]. In addition, the TP53 and PTEN inactivation was
more frequent in MCRPC as compared to primary tumour, indicative of driver
roles in metastasis [216].

Early studies using rapid autopsy demonstrated varied PSA immunostaining
across and within metastatic foci, indicating that multiple sub-clonal
populations existed with metastases [327, 328]. Studies investigating genome
wide copy number and targeted sequencing have shown that metastases
within a patient shared common mutations and thus shared clonal origins [329,
330]. However, it was also revealed that these tumours harboured sets of
divergent mutations, highlighting that sub-clonality existed between individual
tumour foci.

Robbins et al, showed shared amplifications at chromosomes 5p and 14q
along with a set of shared somatic mutations in 3 spatially distinct metastases
from a single autopsy subject [330], which indicated a clonal progenitor cell
likely from the primary tumour. This study was limited by the absence of the
availability of primary tumour tissue from the same patient [330]. Likewise, Liu
et al, demonstrated that 80 anatomically distinct metastatic foci isolated from

24 patients with CRPC shared a clonal origin in most patients [329]. Notably,
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metastases shared clonal copy number variations with the primary tumour in 5
patients with tissue availability [329].

A generally accepted model of metastasis depicts sub-clonal populations
colonising metastatic sites in waves originating from the primary tumour [331].
Sub-clonal populations within the primary tumour compete for dominance and
are selected for survival and growth by environmental selection pressures
[332]. A recent longitudinal study performed on 4 patients revealed that
metastases were seeded in temporally separated waves originating from the
primary tumour [321]. It was presumed that as the primary tumour acquired
more mutations, structure variations, and alterations in copy number, new
metastatic sub-clonal populations were released to seed and re-seed organ
sites [321]. Another similar study, which investigated a single case,
demonstrated that anatomically different metastatic sites of a patient with
CRPC shared several genetic alterations which included high level
amplification of the AR locus, TP53 loss, PTEN loss, and SPOP mutation
reflecting the clones to be monoclonal in origin [333]. Furthermore,
investigation of the micro-dissected primary tumour exhibited that a small well-
differentiated Gleason pattern 3 lesion displayed PTEN negative
immunohistological staining. In addition, DNA sequencing of the lesion
showed the same 4 base pair deletion in PTEN found in the metastatic clones
concurrent with TP53 mutation, indicating that this lesion harboured the
progenitor cell that seeded distant metastases [333]. Interestingly, the
surrounding higher grade Gleason pattern 4 tumour tissue did not contain the

same underlying mutations as the metastases [333]. These studies suggest
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that the primary index lesion is not always responsible for harbouring the lethal
cell clone that is accountable for seeding distant metastasis [219].

Along with monoclonal metastatic evolution, polyclonal patterns have also
been defined. It was shown that 50% of the subjects in a rapid autopsy study
displayed polyclonal seeding of multiple metastatic sites [325]. Herein,
polyclonal seeding was described as multiple genetically distinct sub-clones
colonising a single metastatic site. Interestingly, all cases of polyclonal
seeding involved genetic mutations with known association in treatment
resistance, suggesting that polyclonal seeding and inter-clonal cooperation
may be needed for therapy evasion. Together, these studies have highlighted
that the initiation of metastatic seeding may be by monoclonal or polyclonal
population of tumour cells that originate in both the primary tumour and
metastases in other sites [321, 325].

ADT confers a selection pressure upon tumour foci, such that cell clones that
harbour genomic alterations including AR point mutations promote ADT
derived resistance by seeding and reseeding multiple sites [325]. Such rare
sub-population of cells within tumour foci promote ADT escape by reactivating
AR through acquired mutations, copy number alterations, or induce
constitutively active AR splice variants [334]. A targeted sequencing study by
Carreira et al, further demonstrated this concept by showing AR amplification
and the appearance of AR point mutations in response to treatment with
abiraterone acetate or enzalutamide in tumour samples obtained from ERG

positive patients prior to, during and following treatment [324].
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1.23 Treatment Resistance

Epithelial plasticity may enable cancer cells to adapt in response to treatment
resulting in tumour cells exhibiting reduced to no expression of AR and the
frequent display of neuroendocrine features, both of which are recognised
mechanisms of resistance to AR-directed therapy [335]. However, the
molecular basis of such resistant cell types remains largely unknown. The
prognostic outcome of neuroendocrine (CRPC-NE) tumours is poor as a result
of late recognition, heterogeneous clinical features, and a shortage of effective
systemic therapies [336, 337]. A recent study demonstrated significant
genomic similarities between castration-resistant adenocarcinoma (CRPC-
Adeno) and CRPC-NE histologies by whole exome sequencing data of
metastatic biopsies from patients, wherein, analysis of serial progression
samples pointed to a model most consistent with divergent clonal evolution.
Unlike the genomic landscape, epigenomic analysis of genome-wide DNA
methylation showed marked epigenetic differences between CRPC-NE and
CRPC-Adeno which also designated cases of CRPC-Adeno with clinical
features of AR-independence as CRPC-NE, indicating that epigenetic
modifiers may play a role in the treatment resistance state. This study
supported divergent evolution of CRPC-NE from one or more CRPC-Adeno
cells by adaptation as compared to linear or independent clonal evolution, with
selective pressure of AR-wild type sub-clonal population and acquisition of
new genetic and epigenetic drivers linked with reduced AR signalling and

epithelial plasticity [335].

67



1.24 Factors Contributing to Prostate Cancer Progression
A complex interplay of prostate cancer cells with the surrounding stroma, AR
signalling, EMT and other signalling pathways lead to progression of the

disease.

1.24.1 Role of the Stroma in Prostate Cancer Progression

Stromal cells such as fibroblasts and myofibroblasts are involved in hormone
signalling and thereby control the stromal-epithelial interactions in the primary
tumour setting [338]. Similar to epithelial cancer cells, the surrounding stromal
cells undergo progressive histopathological, molecular and functional
alterations in prostate cancer [339]. While the main focus of most prostate
cancer studies involves the use of epithelial cancer cells, tissue recombination
assays have been used to demonstrate the significance of the stroma. It has
been demonstrated that cancer-associated fibroblasts (CAFs) isolated from
human prostate cancer tissue induce the benign prostate epithelial cell line
BPH-1 to form tumours [18, 340]. However, normal prostate fibroblasts (NPFs)
derived from benign prostate specimens did not [340]. These findings
emphasise the role of CAFs in prostate cancer, highlighting the importance of

the stromal microenvironment of prostate cancer.

1.24.2 Role of EMT in Prostate Cancer Progression

The cancer cells acquire a more invasive and migratory phenotype through the
EMT process [341]. Cell adhesion is reduced in early metastatic prostate
cancer by downregulation of E-cadherin and b-catenin expression
(characteristically expressed in normal epithelial cells) [342]. In contrast, the
expression of N-cadherin (characteristically expressed in mesenchymal cells)

is upregulated [343]. Clinical studies have shown lower E-cadherin and b-
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catenin expression and higher N-cadherin expression in tumour specimens
from patients with higher grade prostate cancer than lower grade specimens
[344, 345]. Overexpression of E-cadherin and b-catenin were also associated
with the metastatic prostate cancer cells in bone, indicating their involvement

in the intercellular adhesion of the metastatic cells in bone [346].

1.24.3 Role of PTEN in Prostate Cancer Progression

SC maintenance requires the expression of the PTEN gene as demonstrated
in mouse models of leukaemia [347] and prostate cancer [348]. Studies have
demonstrated approximately 2-14% of prostate cancer specimens harbour
PTEN mutations, and 12-41% have copy number loss [349]. Mutations in
PIK3CA have been observed in 3-4% of patients, and amplifications have
been reported in 4-10% of cases [349]. PTEN is a negative regulator of the
PISK/AKT signalling pathway [350]. Deficiency of PTEN and TP53 together in
prostate cancer results in increased hexokinase-2 expression, which promotes
aggressive prostate cancer growth in vivo [351]. The absence of PTEN in

prostate cancer is linked to a poor prognosis [352].

1.25 The Role of ALDHs in Prostate Cancer

Failure of current therapies in the treatment of CRPC necessitates the need to
develop new therapeutic strategies to circumvent the current clinical
challenge. As a consequence, it is important to further understand the
underlying biology of the disease and identify prostate cancer markers and
markers unique to the putative CSC population. It is hypothesised that ALDHs
may have an important role in prostate cancer, and so they were the focus of

this study.
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1.25.1 ALDHs

Enhanced ALDH activity confers resistance to chemotherapy. Early studies in
1984 first demonstrated a chemo-resistant role of ALDHs in a
cyclophosphamide (CP) resistant L1210 leukaemia cell line [353]. There were
high levels of ALDH activity in L1210 cells and treatment with disulfiram
(ALDH inhibitor) reversed the resistance phenotype of the cells to CP. A
subsequent study confirmed the role of ALDH-mediated CP resistance in
medulloblastoma [354]. Similar studies later demonstrated that high ALDH
activity does confer CP resistance in cancer and CSCs [355]. Therefore,
inhibiting ALDH activity can serve to sensitise CSCs to drugs such as CP
[356]. ALDH1A1 and ALDH3A1 were found to inactivate CP [357]. Moreover,
ALDH appears to confer resistance to other drugs such as cisplatin,

doxorubicin, temozolomide and taxanes [357].

A recent study revealed sphere forming cells from the sarcoma cell line MG63
with strong resistance to doxorubicin and cisplatin compared with their
monolayer adherent counterparts. The sarcosphere cells with high ALDH1
activity were proposed as a candidate for sarcoma SCs, with strong chemo-
resistant capacities. The efficient detoxification may contribute to the chemo-
resistant phenotype of the stem-like sphere cells [358]. Furthermore, high
ALDH expression in CSCs conferred chemo-resistance in breast cancer SCs
and head and neck squamous cell carcinoma (HNSCC) SCs [359]. The ALDH
expression in HNSCC SCs was associated with high Snail expression, since
knockdown of Snail expression significantly decreased the expression of
ALDH1, inhibited cancer stem-like properties and blocked the tumorigenic

abilities of CD44* CD24 ALDH1* cells [359].
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1.26 The Human Aldehyde Dehydrogenase Superfamily

The human ALDH superfamily consists of 19 putatively functional genes in 11
families and 4 subfamilies [267] with distinct chromosomal locations [360]
(Figure 12). In 1998, a standardised gene nomenclature classification, based
on divergent evolution and amino acid identity of the ALDH family was
established [361], such that families within the superfamily shared more than
40% sequence identity and members of the same subfamily shared more than
60% sequence identity. ALDHs are found in the cytoplasm, mitochondria,
nucleus, and endoplasmic reticulum, with several found in more than one
compartment [267, 362]. The enzyme levels and tissue and organ distribution
varies with different ALDHs [363-365] and they display distinct substrate
specificity [366] . Highest levels are found in the liver, followed by the kidney,
uterus and brain [367]. ALDHs are involved in several normal physiological
processes including protection of SCs and are therefore used as a SC marker

(Table 4) [241].
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Figure 12. The human aldehyde dehydrogenase superfamily of enzymes

Clustering dendrogram depicting the evolution of mammalian aldehyde dehydrogenases
(ALDHSs) and their chromosomal location. The nomenclature is referred as the following: ALDH
identifies the root symbol, the first number identifies the family, the following letter identifies
the subfamily and the last number identifies the individual gene. Figure modified from [368].
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ALDH Subcellular  Tissue/Organ distribution Preferred aldehyde Additional functions
location substrate and characteristics
ALDH1A1 Cytosol Liver, kidney, erythrocytes, Retinal Ester hydrolysis; binds
skeletal muscle, lung, androgen,
breast, lens, stomach cholesterol, thyroid,
mucosa, brain, pancreas, daunorubicin, and
testis, prostate, ovary flavopiridol; corneal and
lens crystallin;
ALDH1A2 Cytosol Testis, small amounts in liver, Retinal High affinity for LPO-
kidney derived aldehydes
ALDH1A3 Cytosol Kidney, skeletal muscle, lung, Retinal High affinity for LPO-
breast, testis, stomach derived aldehydes
mucosa, salivary, glands
ALDH1B1 Mitochondria  Liver, kidney, heart, skeletal Acetaldehyde May protect the cornea
muscle, brain, prostate, lung, from UV-light
testis, placenta, more
ALDH1L1 Cytosol Liver, kidney, skeletal muscle 10- Binds acetaminophen
Formyltetrahydrofolate
ALDH1L2  Mitochondria Pancreas, heart, brain 10- Induced by the anti-
Formyltetrahydrofolate inflammatory agent
indomethacin
ALDH2 Mitochondria  Liver, kidney, heart, skeletal Acetaldehyde Ester hydrolysis;
muscle, lung, lens, brain, nitroglycerin
pancreas, prostate, spleen bioactivation, oxidizes
LPO-derived
aldehydes; binds
acetaminophen;
oxidizes DOPAL and
DOPEGAL
ALDH3A1 Cytosol, Stomach mucosa, cornea, Aromatic, aliphatic Ester hydrolysis;
nucleus breast, lung, lens, esophagus, aldehydes scavenges ROS; UVfilter
salivary glands, skin corneal crystallin;
oxidizes LPOderived
aldehydes; regulation of
cellcycle;
inducted by PAHs
ALDH3A2  Microsomes, Liver, kidney, heart, skeletal Fatty aldehydes Insulin regulates gene
peroxisomes Mmuscle, lung, brain, pancreas, expression
placenta, most tissues
ALDH3B1 Cytosol, Kidney, lung, pancreas, Lipid peroxidation- Oxidizes LPO-derived
Endoplasmic placenta derived aldehydes aldehydes
reticulum
ALDH3B2 Cytosol, Parotid gland Unknown Unknown
Endoplasmic
reticulum
ALDH4A1 Mitochondria  Liver, kidney, heart, skeletal Glutamate y- Ester hydrolysis; may
muscle, brain, placenta, lung, semialdehyde mitigate oxidative
pancreas, spleen stress
ALDH5A1  Mitochondria  Liver, kidney, heart, skeletal Succinate semialdehyde¢ Neurotransmission
muscle, brain efficiency
Continued
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ALDH6A1

ALDH7A1

ALDHB8A1

ALDH9A1

ALDH16A1

ALDH18A1

Mitochondria  Liver, kidney, heart, skeletal

muscle
Cytosol, Fetal liver, kidney, heart, lung,
nucleus, brain, ovary, eye, cochlea,

mitochondria spleen, adult spiral cord

Cytosol Liver, kidney, brain, breast,
testis
Cytosol Liver, kidney, heart, skeletal
muscle, brain, pancreas,
adrenal gland, spinal cord
Unknown Neuronal cells

Mitochondria Kidney, heart, skeletal muscle
pancreas, testis, prostate,
spleen, ovary, thymus

Malonate semialdehyde

y-Aminobutyraldehyde

Esterase activity; only
known human
CoA-dependent ALDH
Closely related to plant
osmoregulatory
protein; may regulate cel
cycle
Oxidizes LPO-derived
aldehydes and
acetaldehyde
Oxidises betaine,
acetaldehyde and
DOPAL; involved in

a —Aminoadipic
semialdehyde

Retinal

carnitine
biosysnthesis; esterase
activity
Unknown Unknown
Glutamic y- Unknown

semialdehyde

Table 4. The aldehyde dehydrogenase superfamily
The table shows 19 different aldehyde dehydrogenase (ALDH) cellular localisation,

tissue/organ distribution, preferred aldehyde substrate and associated additional functions.
Modified from [241, 369, 370].

1.27 Principal Function of ALDHs

ALDHs are NAD(P)+ dependent multi-functional enzymes that play a major

role in a detoxification process and belong to phase 1 drug metabolising

enzymes (DMEs). Specifically, they catalyse the irreversible oxidation of

aldehyde substrates to their corresponding less reactive forms of carboxylic

acids, a process which enables ALDHSs to protect cells from the harmful effects

of highly reactive aldehydes and maintain cellular homeostasis [362, 371, 372]

(Figure 13). The most convincing evidence relies on the observation that

mutations and polymorphisms in ALDH genes which results in loss-of-function

are associated with various human pathologies (Table 5) [373].
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Figure 13. ALDH driven oxidisation of aldehydes

lllustration of highly toxic sources of aldehydes irreversibly oxidised to their corresponding
carboxylic acid that are involved in normal cellular processes to maintain homeostasis.
Unconverted aldehydes can harm the cell by several mechanisms including causing DNA and
protein damage, membrane destruction and oxidative stress leading to cellular toxicity and/or
disease (Figure exemplifies retinoic acid generation) [374].
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Gene Chromosome Mutation/LOH/SNP Mutational phenotype Reference
ALDH4A1 1p36.13 A 1 bp deletion (G) at Type Il hyerprolinemia [375]
nucleotide 21 (A7fs (-1)),
1bpinsertionofa T
following nucleotide 1563
(G521fs (+1)) cause a
frameshift. Missense
mutations (S352L and
P16L)
ALDH7A1 5g31 missense mutation P169S | Pyridoxine-dependent seizures [376]
ALDH1A1 9021.13 17-base-pair deletion, Alcohol sensitivity;(?) Aldhlal [877]
ALDH1A1*2 allele "~ mice develop cataracts
ALDH1A2 15¢g22.1 Silent change A151A (c. 1 Risk of spina bifida; (?) [378]
453A>G), 2 intronic Aldh1a2" mice are
polymorphisms rs3784259 embryonic lethal
and rs3784260
ALDH1A3 15026.3 Transgenic knock out mice (?) Aldh1a3” mice are [379]
embryonic lethal
ALDH1B1 9pll.l Unknown Unknown -
ALDH2 12924.2 ALDH2*2 allele (single base | | Risk for alcoholism; 1 risk for | [380-382]
pair mutation G/C — A/T), cancer, AD, myocardial
which results in an E487K infarction and cirrhosis
substitution
ALDH1L1 3g21.2 Knockout (?) Aldh1l1" mice have [383]
decreased hepatic folate
and low fertility
ALDH1L2 12g923.3 Unknown Unknown -
ALDH9A1 1g23.1 Unknown Suggested candidate gene for [384]
human non-alcoholic
steatohepatitis
ALDH5A1 6p22.2 Aldh5al”’- knockout mice y - Hyroxybutyic aciduria [385]
ALDH8A1 6923.2 Unknown Unknown -
ALDH6A1 14924.3 a transversion (1336G > A) Developmental delay, [386]
in ALDH6AL1 leading to the metabolic abnormalities,
replacement of a highly methylmalonic aciduria
conserved glycine with an
arginine (G446R)
ALDH3A1 17p11.2 Transgenic knockout mice (?) Aldh3al”’ mice develop [387]
cataracts
ALDH3A2 17p11.2 €.943C>T mutation, Sjogren-Larsson syndrome [388]
€.1297 1298delGA allele
ALDH3B1 11913.2 A SNP in intron 2 Locus linked to paranoid [389]
(rs581105; T/G) schizophrenia
ALDH3B2 11913.2 Unknown Unknown -
ALDH18A1 10g24.3 a missense mutation Hyperammonemia; [390, 391]
resulting in the replacement hypoprolinemia;
of a highly conserved neurodegeneration;
leucine with a serine cataracts
(L396S), and an arginine to
glutamine substitution
(R84Q) at a conserved
residue within the y-
glutamyl kinase domain
ALDH16A1 19913.33 Unknown Unknown -

Table 5. Mutational phenotypes of the human aldehyde dehydrogenase (ALDHS)
lllustration of the evolutionary relationship of the 19 human ALDH genes. Different mutational
events of ALDH genes leading to several disease states. Question mark (?) indicates phenotype
demonstrated in animal only [373].
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Other catalytic functions of ALDHs include ester hydrolysis and nitrate
reductase activity [362, 371]. ALDHSs are also involved in the generation of RA
which is required for several cellular processes [392]. Non-catalytic functions
include antioxidant roles (production of NAD(P)H, and the absorption of UV
light. Furthermore, several ALDHs act as binding proteins for various
endogenous (androgen, thyroid hormone and cholesterol) and exogenous

(acetaminophen) compounds [373].

1.28 Sources of Aldehydes

Aldehydes are highly reactive electrophilic species that play an important role
in normal physiological processes such as embryonic development, vision and
neurotransmission, however, most are highly cytotoxic and carcinogenic, and

therefore effectively removed by ALDHSs [241, 360].

Aldehydes are produced from a range of endogenous and exogenous
precursors during several physiological processes. Endogenous precursors
include biotransformation of amino acids, neurotransmitters, carbohydrates
and lipids [373]. Over 200 aldehyde species are generated from oxidative
degradation of lipid peroxidation such as malondialdehyde [373]. Catabolism
of amino acids produces numerous aldehyde intermediates such as glutamate
y-semialdehyde, whilst neurotransmitters, such as y-aminobutyric acid
(GABA), dopamine, noradrenaline and serotonin also generate aldehyde
metabolites [373]. Aldehydes are also generated by the metabolism of

vitamins (retinal to retinoic acid (RA)) [241] and steroids [371, 372].

Exogenous sources of aldehydes derive from xenobiotics and drugs such as

ethanol, which produces acetaldehyde, and the anti-cancer drugs CP and
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ifosfamide, involved in producing acrolein, are essential aldehyde precursors.
Other forms of aldehydes are generated from the environment (smog),
industrial processes (polyester plastics) and exist as dietary aldehydes added

as food additives [373].

1.29 Association of ALDHs with SCs

ALDH1 has been primarily used as a SC marker for identification and isolation
of SCs and CSCs. The isoforms 1Al and 3A1 have essential functional roles
in SCs in the context of differentiation, self-protection and expansion of their

population [267].

1.30 Role of ALDH as a SC Marker

SCs from adult tissues have become attractive therapeutic targets due to the
expression of cell surface molecules which are used to isolate them allowing
efficient expansion in culture [393]. The expression of a broad range of cell
surface molecules such as CD73, CD90, CD105, CD34, CD14, CD45, and
HLA-DR are used to identify SCs in tissues such as liver, mesenchymal cells,
and hematopoietic cells [267]. Due to the negligible level of extracellular MHC
class | and Il determinants, these markers exhibit no proliferative response
from allo-reactive lymphocytes [394]. SCs also function in innate and adaptive
immune responses [394]. Different types of SCs can be isolated using specific
SC markers either as a single marker or in combination with other markers.
HSCs are usually identified by CD34 and/or CD133 [395], whereas neural SCs

are identified by CD133 or the surface antigen Lewis X [396].

High ALDH1 activity combined with the presence of ABC transporter G2 and

high telomerase activity may potentially be a universal SC marker due to their
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presence in SCs isolated from most tissues [396]. SCs purified using the

aldefluor assay have been used in the field of regenerative medicine [397].

ALDH isoforms 1A1, 1A2, 1A3 and 3Al play an important role in drug
resistance and RA generation and are also crucial for the protection of SCs
from reactive forms of aldehydes and for SCs to differentiate [267]. It is still
unclear which ALDH isoforms are responsible for the ALDH activity used for

identification of SC progenitors [398].

ALDH1A1 has been identified as an established SC marker for haematopoietic
progenitors for several years [267]. RA function in granulocyte differentiation of
HSCs led to the discovery of ALDH isoform 1A1 and 1B1’s role in the
catalysation of cellular RA synthesis as well as their expression in CD34*
haematopoietic progenitors [399, 400]. ALDH2 and ALDH7A1 have also been

identified as markers in different SC populations [267].

1.31 Role of ALDH as a CSC Marker

For the first time in 2003 the existence of CSCs in solid tumours was reported
in tumour-initiating breast cancer cells upon their identification and isolation
from primary tumours and pleural effusions of breast cancer patients based on
a CD44*CD24 phenotype [401]. These cells demonstrated high tumorigenic
properties in mouse models [401]. Further studies demonstrated CD44*CD24"
breast cancer cells exhibited high expression of SC markers, their ability of
self-renewal, increased capacity for in vitro mammosphere formation and
invasion, expressing high levels of anti-apoptotic proteins, and their ability to
recapitulate a heterogeneous tumour population [401-404]. CSCs and putative

CSCs have now been further identified in many other cancer types such as
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liver, brain, pancreas, colon, and prostate depending on their surface antigens

[267, 401].

Soon after the isolation of leukaemia SCs based on the increased activity of
ALDH through the use of the aldefluor assay [405], ALDH* cells from breast
cancer which exhibited tumourigenic and self-renewal properties of CSCs
were successfully isolated [406]. This research enabled further studies to
qguantify the activity of ALDHSs in solid tumours. Alongside other CSC markers,
ALDH activity is used as marker for CSCs in cancers such as lung [407], colon
[408], bone [409], pancreatic [410] and prostate [273]. High ALDH activity was
used to identify tumour-initiating as well as metastasis-initiating cells in human

prostate cancer [273].

Recently, studies have demonstrated the activity of cytosolic ALDH1 as a
reliable CSC marker in various solid tumours including lung, head and neck,
liver, cervix, pancreas, breast, ovaries, bladder, colon and prostate [267]. High
ALDHL1 is also linked with poor prognosis in breast, bladder and prostate

cancer patients [267, 269].

The expression of ALDH1 has been shown as a marker for normal and
malignant human mammary and colon SCs [268, 269]. Interestingly, it was
observed that the number of SCs expressing high levels of ALDHL1 increased
from normal epithelium of colon to the mutant epithelium to adenoma

progression [268].

It has been reported in a study that breast cancer patients with ALDH1 positive
tumours showed a lower overall survival than patients with ALDH low tumours

[267, 269]. Decreased survival may be due to the ability of ALDH1A1* breast
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cancer cells to promote tumour invasion in vitro and tumour metastasis in
mouse Xxenografts. Furthermore, ALDH1Al expression has shown to be
independent predictor factor for early metastasis and decreased survival in

inflammatory breast cancer [411].

Likewise, two different studies showed high expression of ALDH1A1 in primary
prostate cancer patient samples which were correlated with lower overall

survival, pathological stage and Gleason score [412, 413].

Studies have revealed that highly expressing ALDH1 CSCs in adenoid cystic
carcinoma [414], head and neck squamous cell carcinoma [267], pancreatic
adenocarcinoma [413], lung cancer [272], bladder cancer [415], cervical
carcinoma [416], and prostate cancer [412, 417] are greatly tumourigenic and
exhibit enhanced SC characteristics in vitro and in vivo when compared to low

ALDHL1 activity cells.

An in vivo study showed that when 1x10* breast cancer cells expressing low
levels of ALDH1 were transplanted into a mouse model, no tumour formation
was observed. In contrast, injection of only 500 cells expressing high levels of
ALDH1 generated tumours within 40 days, suggesting the ALDH* breast
cancer stem-like cells are greatly tumorigenic [269]. Other studies have
indicated that an ALDH1MCD44* phenotype can be used for the identification
of stem-like breast cancer cells and that these cells display a significant
increase in the metastatic potential as compared to ALDH1'°% CD44- cells both
in vitro and in vivo [418]. Several other studies have shown that breast,

bladder, and prostate CSCs expressing elevated levels of ALDH1 activity
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seem to exhibit more aggressive features, which may facilitate metastasis as

well as linked to poor prognosis [267].

Suitability of ALDH1 as a CSC marker comes down to specific tumour types. A
recent study showed that ALDH1-high cells are clearly distinguished as they
are found in regions in which epithelial stem/progenitor cells are commonly
located [267]. Moreover, normal tissue distribution of ALDH1 was classified
into 3 main categories: tissues with no or limited ALDH1 expression such as
lung and breast, tissues with relatively weak ALDH1 expression such as
gastric epithelium and colon, and tissues with relatively elevated ALDH1
expression such as pancreas and liver [267]. This lead to the conclusion that
ALDH1 may be effectively used as a CSC marker only in tissue types that
express relatively low levels of ALDH1 including lung, breast, gastric and colon
and not in tissues that have high expression of ALDH1 such as pancreas and

liver [270].

As various ALDH isoforms including -1A1, -1A2, -1A3 and 8A1 function in RA
production by oxidation of all-trans-retinal and 9-cis-retinal in RA cell
signalling, ALDHs may potentially also have a role in CSC biology other than

just as CSC markers [392].

1.32 The Aldefluor Assay

The activity of ALDHs especially ALDH1 in live cells can be efficiently
measured using flow cytometry and/or fluorescent microscopy using
fluorescent substrates for ALDH1 [267, 419]. ALDH bright cell populations
from adult tissue are isolated through flow sorting. The aldefluor assay was

originally used to isolate primitive HSCs by the use of the fluorescent substrate
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BODIPY aminoacetaldehyde (BAAA) [267-269], however, it is now commonly
used to measure the activity of ALDHs from adult tissue cells, primary cancer
cells and cultured cells. In theory, cells that express ALDH1 can uptake
uncharged ALDH substrate BAAA (non-toxic fluorescent substrate) through
passive diffusion after which they convert BAAA into negatively charged
BODIPY aminoacetate (BAA). BAA stays retained within the cells and causes
fluorescence of cells (ALDH"9") with high ALDH activity. Addition of a cold
assay buffer prevents the ABC transporters from pumping out the BAA
substrate from the cells. 4-(diethylamino)benzaldehyde (DEAB) quenches the
activity of ALDH"9" cells, preventing their fluorescent (Figure 14). Populations
of ALDHM9" and ALDH"" cells can be determined by sorting gates. ALDHMd"
cells can be distinguished by comparing them to DEAB used as a negative
control which is a pan-ALDH inhibitor [267, 420]. Commonly, 100,000-
1,000,000 cells are suspended in the aldefluor assay buffer which contains
BODIPY aminoacetaldehyde with or without DEAB. Fluorescence excitation is
at 488nm and emission is detected at 530nm [417]. This assay can be used to
isolate viable HSCs and more recently ALDHM" CSCs. However, care must
be employed as studies have reported that ALDH1A1 deficient haematopoietic
cells demonstrated aldefluor activity due to the presence of other isoforms

including ALDH1A3, -2, -3A1 and -9A1 [392].

83



ALDH1*
cell

BAAA —— - BAA

BAAA substrate p_assn_;e
diffusion
cell
No
BAAA + product
DEAB

Figure 14. The Aldefluor assay

Aldehyde dehydrogenase (ALDH) positive cells uptake uncharged fluorescent substrate
BODIPY aminoacetaldehyde (BAAA) by passive diffusion and convert it to negatively charged
BODIPY aminoacetate (BAA) fluorescent product which is retained inside the cell and causes
the ALDH high cells to become fluorescent. The intensity of fluorescent signal is proportional
to the ALDH activity in the cells as measured by flow cytometer. The addition of an ALDH
inhibitor 4-(diethylamino)benzaldehyde (DEAB) acts as a negative control by quenching the
activity of ALDH. This allows sorting cells into ALDH high or low population of cells. Modified
from [241].

Despite the successful use of this assay in several human models [267, 269,
421], there are controversies for its use in murine HSC models [421]. A study
on breast cancer patient tumour samples showed the expression of ALDH1A3
to be best correlated with the activity of ALDH in cell lines. Knockdown of
ALDH1A3 decreased ALDH activity in the aldefluor high breast cancer cell
lines [422]. Van den Hoogen et al. identified prostate CSCs using the

aldefluor assay and reported that higher level of expression of other ALDH
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isoforms such as ALDH7AL1 but low expression of ALDH1A1 was observed in
prostate cancer cell lines, prostate cancer tissue and matched bone

metastasis samples, [417].

1.33 AldeRed-588-Assay

Only recently has a new assay emerged which allows fluorescence signal
detection in the red channel using the ALDH substrate AldeRed-588-A (532nm
excitation and 615nm emission) as compared to the conventional Aldefluor
assay which offered signal in the green fluorescence (488nm excitation and
530nm emission) channel for labelling viable ALDH* cells. However, both
assays provide the same efficacy and efficiency based on sharing
acetaldehyde as a common substrate moiety. However, lack of selectivity of

this assay is similar to that of Aldefluor [423, 424].

1.34 ALDH1 and the Retinoid Signalling Pathway

The retinoid signalling pathway has been implicated in normal SCs [425] and
cancer cells [426-429]. RA plays a role in several vital physiological processes
such as the regulation of gene expression, morphogenesis and development
in a wide range of tissues, including prostate, through regulating numerous
genes involved in proliferation, differentiation and homeostasis [430-432]. RA
also stimulates apoptosis through upregulation of the expression of caspase 7
and 9 [433]. RA can both positively and negatively affect prostate gland
development depending on the stage of prostate development suggesting that
RA is crucial for the development and differentiation of the prostate epithelium
[434, 435]. There are four different families of retinoid dehydrogenases which
are involved in the conversion of retinol (vitamin A) to RA (Figure 15). These

include alcohol dehydrogenase (ADH), aldoketo reductase, short chain
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dehydrogenase and ALDH [430]. ADH first reversibly oxidises retinol to
retinaldehyde, cytosolic human ALDH1 (-1A1, 1A2, and 1A3) then irreversibly
oxidises retinaldehyde to RA [267]. The second reaction is a highly regulated
event which is also tissue specific [267]. The second step is tissue specific
because the oxidation of retinaldehyde to RA is an irreversible reaction, with
RA having a potent biological activity. All ALDHSs identified are tissue-specific,
therefore they specifically metabolise retinaldehyde to RA in the tissues in
which they are present. The selective expression of ALDHs (1A1, 1A2 and
1A3) catalysing the second step is what limits the tissues that can completely

metabolise retinol to RA to initiate retinoid signalling [436].

In situ synthesised RA then binds to nuclear retinoic acid receptor (RAR) and
retinoid X receptor (RXR) forming a heterodimer complex that binds to RA
response elements (RARES) in the DNA sequence and leads to downstream
regulation of gene expression and cell differentiation [430-432, 437]. All-trans
retinoic acid (atRA) and 9-cis-RA bind to RARs, whereas only 9-cis-RA can
bind to RXRs [267]. Upon synthesis of RA, the RA signalling pathway is
initiated and can be inhibited by degradation of RA [430]. In the absence of
ligand, RARs are found in the nucleus predominantly bound to RARESs located
in the promoter of target genes repressing transcription through their

association with HDAC-containing complexes and corepressors [438].

Retinoids are hydrophobic and are therefore stored and transported in
complex with either cellular retinoid-binding proteins (CRBP) or cellular RA-
binding proteins (CRABP) [439]. CRABP shuttles RA to the nucleus where it
binds to the RAR/RXR heterodimer [440]. This subsequently leads to the

dissociation of co-repressors NCoR, SMRT and HDAC complex and allows co-
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activators SRC/p160 family, creb-binding protein  (p300/CBP) and co-
activator-associated arginine methyltransferase 1 (CARM-1) to bind [441]. The
chromatin structure is modified by histone acetyltransferase (HAT) or
methyltransferase activity causing the chromatin structure to relax [442]
facilitating the recruitment of transcriptional machinery and for gene

transcription to initiate [443] (Figure 15).
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Figure 15. RA signalling pathway

Retinol is first converted to retinaldehyde and then irreversibly oxidised to RA which binds onto
cellular RA-binding proteins (CRABP). Upon translocating to the nucleus, RA binds to retinoic
acid receptor (RAR) and retinoid X receptor (RXR) forming a heterodimer which binds onto the
RA response elements (RARES) releasing co-repressors and recruiting co-activator
complexes that destabilise the nucleosomes and facilitate assembly of the transcription
machinery. In the absence of RA, RAR/RXR bind to RAREs in their target genes interacting
with co-repressors to stabilise the chromatin nucleosomal structure and prevent access to the
promotor. Adapted from [444]. Image re-used with permission from license: ‘Development’ is
an Open Access journal and According to SHERPA/ROMEO

ALDH isoforms 1A1, 1A2, 1A3 and 8ALl function in the RA signalling pathway
[431, 445-447] which is associated with the “stemness” characteristics of

CSCs [427]. RA signalling has an important role in prostate development and
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function as transgenic mice lacking RAR-G develop prostate squamous

metaplasia which also renders them sterile [448, 449].

In prostate cancer it has been reported that there is aberrant retinoid signalling
with prostate carcinoma tissues containing significantly less RA than normal
prostate or BPH tissues [450]. Evidence from clinical trials using atRA for
hormone-refractory prostate cancer showed no or minimal response among

patients potentially due to enhanced clearance of atRA [451].

Studies have shown RA represses invasion and SC phenotype by inducing
metastasis suppressors retinoic acid receptor responder 1 (RARRES1) and
latexin (LXN) in prostate cancer [452]. RA also induces apoptosis in androgen-
independent prostate cancer cells through the non-cyclin regulator p35

cleavage and cyclin-dependent kinase 5 (Cdk5) over activation [453].

Retinoids are used as cancer treatment, in part due to their ability to induce
differentiation and arrest proliferation. However, delivery of retinoids presents
a challenge because of the rapid metabolism of some retinoids and the

epigenetic alterations that can render cells retinoid resistant [454].

1.35 Tumour Microenvironment and Hypoxia

Microenvironment-related mechanisms may also contribute to drug resistance
of CSCs. Hypoxia is a major feature of the tumour microenvironment and a
potential contributor to MDR and enhanced tumourigenicity of CSCs [455].
Within this niche, hypoxic cells are surrounded by an acidic microenvironment
which activates a subset of proteases that contribute to metastasis [456]. As a
consequence of poor angiogenesis and the inaccessible location, hypoxic cells
do not receive sufficient therapeutic concentrations of chemotherapeutics
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thereby contributing to patient relapse. Furthermore, certain drugs require
oxygen to function and so all these factors lead to MDR [359].

Hypoxia is a common feature of solid tumours which occurs as a result of
limited oxygen diffusion in avascular primary tumours or their distant
metastases. Continuous hypoxia causes significant reduction in the efficacy of
radiation and chemotherapy leading to therapy-resistance and therefore the
acquisition of a more aggressive cancer phenotype. Hypoxia leads to an
increased expression of genes involved in the suppression of apoptosis such
as c-myc, 5' AMP-activated protein kinase (AMPK) and glucose transporter 1
(GLUT1), and it promotes tumour angiogenesis, EMT, invasion and metastasis
[457]. Hypoxia inducible factor (HIF) is known as the master regulator of
several transcriptional targets. HIF is a heterodimeric TF that is comprised of
an oxygen-regulated a subunit and a constitutively expressed 3 subunit [457].
HIF1a is an oxygen-responsive TF that mediates adaptation to hypoxia.
During low oxygen concentration, HIF1a is stabilised and is translocated to the
nucleus where it leads to specific target gene expression through binding of
HIF1B to a hypoxia response element (HRE). HIF1a is involved in the
regulation of several genes that contribute to tumour progression [457]. A
recent study showed breast cancer SCs with ALDHM9" activity had a greater
hypoxic response and subsequent induction of HIF1a expression compared to
the ALDH"" cells, and silencing of HIF1a in these ALDH"9" cells resulted in
significant reduction of the SC properties [458]. Other studies have
demonstrated increased expression levels and transcriptional activity of HIF1a
in prostate cancer during progression and bone metastases and is associated

with therapy-resistance and poor clinical outcome [459].
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1.36 ALDH Associated Drug Resistance

The elevated levels of ALDHs in cancer has been associated with drug
resistance and cancer relapse [460, 461]. For drugs that are aldehyde based
or releases aldehyde-containing metabolites from drugs or prodrugs, it is
proposed that resistance potentially occurs due to metabolic inactivation of the
drugs as a consequence of ALDH activity linked with detoxifying capacity. A
number of studies focused on oxazaphosphorines exemplify this as shown in
Table 6.

It is well established that ALDHs are involved in chemotherapy resistance
potentially due to the CSC niche and the quiescent characteristic of the
putative CSCs, rendering these cells more drug-resistant and aggressive (see
Table 6).

ALDHSs play a critical role in acquiring drug resistance with a variety of different
mechanisms and confer resistance to aldehyde-based drugs, conventional

chemotherapeutics and targeted therapeutics.
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Drug

ALDH-Associated Resistance

Reference

ALDH based drugs/metabolites from prodrugs

CP

Oxazaphosphorines

CP and its metabolite, 4-
hydroperoxycyclophospha
mide (4-HCPA)

Mafosfamide

Breast cancer patients with low levels of ALDH1
had enhanced response to CP based treatment
in comparison to patients with high ALDH1A1

Resistance to oxazaphosphorines was directly
correlated with ALDH3AL activity in breast cancer

RNA interference mediated knockdown of
ALDH1A1 and ALDH3A1 effectively sensitised
lung cancer cell lines to CP and 4-HCPA
reflecting their levels as predictors of therapeutic
response to oxazaphosphorines

Lung adenocarcinoma and glioblastoma cells
have re-sensitivity towards mafosfamide upon
ALDH3A1 inhibition

[462]

[305]

[306]

[307]

Cytotoxic drugs lacking ALDHs

Paclitaxel/Cisplatin

Paclitaxel/Doxorubicin

1-B-D-
Arabinofuranosylcytosine

5-Fluorouracil

ALDH1 was upregulated in paclitaxel-resistant
and cisplatin-resistant lung cancer cells
compared to their parental cell lines

Over expression of ALDH1 led to resistance
against paclitaxel, doxorubicin and radiotherapy
in breast cancer cell lines which was reversed
following treatment with DEAB or RA

There is an association of ALDH1A2 with drug
resistance in leukaemia cells, which was
overcome by knocking down ALDH1A2
expression leading to sensitisation of cells to 1-3-
D-arabinofuranosylcytosine

Upregulated levels of ALDH1A3 were found in 5-
fluorouracil-resistant colon cancer cells in
contrast to the parental cell line HT29

[308,
309]

[310]

[311]

[312]

Resistance to molecularly-targeted therapy

Crizotinib

Zoledronic acid

A MET kinase inhibitor-resistant gastric
carcinoma displayed high ALDH1 expression

Proteomics analysis exhibited high ALDH7A1
expression in prostate cancer cells DU145
resistant to zoledronic acid, a nitrogen-containing
bisphosphonate

[313]

[314]

Table 6. ALDH associated resistance

The table exemplifies ALDH-linked resistance to ALDH-based drugs, chemotherapeutics and
targeted therapeutics in which different ALDH isoforms have been identified to confer
resistance.
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1.37 Chromatin Remodelling of ALDHSs in Prostate Cancer

Chromatin remodelling consists of a number of covalent modifications of the
histones including acetylation, phosphorylation and methylation [463].
Acetylation is mediated by HATS and deacetylation is mediated by histone
deacetylases (HDACSs). Acetylation of conserved lysine residues in histone
tails neutralises the positively charged histones and thereby loosens their
interaction with negatively charged DNA which leads to the opening of the
chromatin structure. This facilitates binding of transcription factors and
initiation of gene transcription. Whereas, deacetylation of histones is
involved in the tightening of their interaction with DNA, leading to a closed
chromatin structure and the inhibition of gene transcription (Figure 16) [464].
Aberrant transcriptional regulation by histone acetylation or deacetylation
has implications in a variety of diseases including cancer and is the most

studied histone modification [465].

“Image/photo/mapl/illustration/graph not included due to copyright restrictions” Image
can be viewed at:
https://www.ahajournals.org/doi/full/10.1161/01.RES.0000197782.21444.8f?url ver=
Z739.88-2003&rfr id=0ri%3Arid%3Acrossref.ora&rfr dat=cr pub%3Dpubmed

Figure 16. Histone modification by acetylation/deacetylation
DNA/chromatin assembly into nucleosomes can either by stimulated in an open structure by
histone acetyltransferases (HATSs) allowing the transcription of genes or a closed structure by
histone deacetylases inhibiting gene transcription (HDACS) [466].
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Methylation of DNA in the promoter region of tumour suppressor genes (TSG)
seems to take place at early stages of cancer progression [467]. Other
epigenetic alterations of such genes also includes histone modification [467].
CpG islands are regions rich of CpG of 200bp to many kilobases in length,
commonly located near the promoter of highly expressed genes [467]. These
sites are commonly methylated in human tumours [468], including prostate
cancer. Hypermethylation of cytosine 5’ to guanosine (CpG) in the regulatory
area [467, 469] results in 5-methyl cytosine which is unstable and thus
mutated to thymine and methylated CpG sites are degraded to TpG [467].
Hypermethylation of TSGs in prostate cancer plays a significant role in the

carcinogenesis and progression of the disease [470].

Prostate cancer exhibits low prostatic RA levels and altered retinoid
metabolism [471, 472]. 1t has been demonstrated that ALDH1A2 promoter
regions in primary prostate tumours are densely hypermethylated in
comparison to normal prostate tissues [473]. This is further shown by Touma
et al.,, who detected lower ALDH1A2 expression in all prostate tumour
formalin-fixed paraffin embedded sections as compared to normal prostate
tissue [472]. Thus, it is suggested that ALDH1AZ2 is a TSG in prostate cancer,
and its epigenetic changes may potentially occur in the early stages of
prostate cancer [467]. In addition, ALDH1A2 is a RA synthesis gene with pro-
differentiation properties. A study showed that re-expression of methylated
ALDH1A2 in the prostate cancer cell line DU145 lead to reduced colony
growth in culture which was comparable to treatment with a demethylating

agent or RA [474].
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Another study showed ALDH1A3 as androgen responsive [475], and up
regulation of it can increase the conversion of retinal to RA [467]. Studies have
also shown hypermethylation of ALDH1A3 promoter region in prostate cancer

[476].

Therefore, methylation of the promoter regions of ALDH1A2 and ALDH1A3
may be used as potential markers for prostate cancer detection and
prevention [467], but further exploration is required to establish clinical

potential.
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1.38 Aims and Objectives

Aggressive prostate cancer remains a challenge to treat perhaps due to a

small number of cancer cells that are multidrug resistant with tumour-

initiating and metastasising properties. ALDHs are gaining recognition as

enzymes with implications in a number of solid tumours, with high activity

found in CSCs, however their exact role is yet to be elucidated. A better

understanding of the role of ALDHs in prostate cancer may lead to

identification of a potential biomarker or therapeutic target.

The main aim of this project was to investigate the expression and function of

selected ALDH isoforms in prostate cancer.

More specifically, the objectives of the study were to:

Investigate the gene and protein expression of isoforms from ALDH1-3
families (ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1, ALDHZ2,
ALDH3A1l) and additionally ALDH7AL in prostate cell lines, primary
prostate epithelial cultures, SCs, TA cells and CB cells.

Explore potential regulatory roles of selected ALDH isoforms in primary
prostate epithelial cultures.

Investigate ALDH expression in docetaxel-resistant cells and examine a
library of small molecules to identify potential hit compounds, which
could serve as starting points for discovery of more potent and selective

ALDH inhibitors.
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Chapter 2

Materials and Methods
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2.1 Culturing of mammalian cells

PNT2C2, LNCaP, DU145 and PC3 cells were obtained from American Type
Culture Collection (ATCC) and were routinely cultured in RPMI 1640 (Sigma)
medium supplemented with 10% v/v fetal calf serum (FCS) (Gibco), 2mM L-
glutamine (Sigma) and 1mM sodium pyruvate (Sigma). Bob and SerBob cells
were cultured in complete keratinocyte serum-free medium (cKSFM)
consisting of KSFM with 5ng/ml EGF, 50ug/ml bovine pituitary extract (BPE)
(Invitrogen), 2ng/ml leukaemia inhibitory factor (LIF) (Millipore), 0.05ug/ml
cholera toxin (CT) (Sigma), 1ng/ml granulocyte macrophage colony stimulating
factor (GM-CSF), and 2ng/ml stem cell factor (SCF). 10% v/v FCS was added
to the culture medium of SerBob cells only. SerBob and Bob cell lines are
spontaneously immortalised, with Bob cells cultured in the absence of serum
which presents a basal phenotype of the cell line, whereas SerBob cells are
cultured in the presence of serum with limited differentiation [477]. Cells were
maintained at 37°C with 5% CO: in a humidified incubator. Cells were routinely
passaged for sub-culture in T75 flasks when 70-80% confluent and medium

was changed every 2 days (Table 7).
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Cell line Origin Culture Reference
media
PNT2C2 | Normal prostate cells RPMI [478]
originating from young male 1640
organ donors
Bob TURP of CRPC tissue cKSFM [477]
SerBob | TURP of CRPC tissue cKSFM [477]
LNCaP | Left supraclavicular lymph RPMI [479]
node metastasis 1640
DU145 | Isolated from the brain of a RPMI [480]
patient with prostate cancer 1640
metastasis
PC3 Bone metastasis from grade 4 | RPMI [481]
prostate adenocarcinoma 1640

Table 7. Details of cell lines used.

The table lists the benign cell line PNT2C2 and the cancer cell lines Bob, SerBob, LNCaP,
DU145 and PC3 used in the present study, with their origin and culture media used.
Transurethral resection of the prostate (TURP), castration resistant prostate cancer (CRPC),
complete keratinocyte serum-free medium (cKSFM).

2.2 Determination of cell number
A 10pul cell suspension was diluted 1:1 with 10ul 0.4% trypan blue solution
(Sigma) and loaded onto each chamber of a haemocytometer. Cells were

counted using standard methods. Cells stained blue were not counted.

2.3 Epigenetic drug treatment of prostate cell lines

Stock solutions for drugs were first prepared at 20mM in dimethyl sulfoxide
(DMSO) (Fisher Scientific) and aliquoted to smaller volumes which were
stored at -20°C. Working concentrations of the drugs were prepared fresh in
complete culture medium. In all cases, DMSO concentration was always
below 0.1% to minimise effect on cells. Same volume of DMSO was used in

the control to account for any effects of the carrier on the cells.

Cells were seeded at a density of 1 x 10° cells per T75 flask 24 hours prior to
treatment. On the day of treatment, cell confluence was about 60%, and cells
were either treated with demethylating drug decitabine (DAC) or HDAC
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inhibitors trichostatin A (TSA), entinostat (MS275) or vorinostat (SAHA). Cell
treatments included 1uM DAC for 6 days (replacing media containing drug
every other day due to the short 8-12 hours half-live of DAC in culture), 0.1uM
TSA for 48 hours, 0.5uM MS275 or SAHA for 48 hours for RNA and protein
extraction. Due to the longer treatment of cells with DAC, the confluence was
about 80% prior to harvesting for RNA and protein extraction and this may
have impacted on results as cells are towards the end of their exponential

phase of growth before entering plateau.

2.4 Treatment of primary prostate cultures with TSA
Cells were either treated with DMSO or TSA at 0.6uM concentration for 24
hours. This was performed by Prof. Norman J. Maitland’s team in the

University of York.

2.4 Treatment of primary prostate cultures with atRA

Cells were treated with atRA for 72 hours at 100nM. Primary samples used
included BPH, BPH containing prostatic intraepithelial neoplasia (BPH-PIN)
and cancer samples. atRA treatment was performed by Prof. Norman J.

Maitland’s team in the University of York.

2.5 Exposure of prostate cell lines to hypoxia

A seeding density of 2 x 10° cells / T75 flask was used for all cell lines followed
by incubation in either the hypoxic chamber (Don Whitley Scientific) containing
hypoxic conditions of 0.1% Oz, 95% N2, 5% COz2, 37°C and 80-100% humidity
or in normoxic condition incubator containing 20% Oz, 5% CO2, 37°C and 80-
100% humidity for control samples. Cells were incubated either in normoxic or

hypoxic conditions for 24 and 48 hours before being harvested for RNA and

100



protein extraction. For hypoxic conditions, culture media was kept in the
hypoxic chamber at least 24 hours before use to allow it to equilibrate to the

hypoxic conditions. Cell harvesting was performed in the hypoxic chamber.

2.6 Real-time quantitative PCR

Cells were harvested using trypsin/ethylenediaminetetraacetic acid (EDTA)
and the cell pellet washed in phosphate buffered saline (PBS). PBS was
completely removed from the cell pellet and the pellets were stored in -20°C
until analysis. Trypsin/EDTA can have an impact on cell surface proteins if
incubated for a long period of time as it cleaves the junctions between cells
including amino acids. Therefore, cells were only briefly (about a minute)
treated with trypsin/EDTA to avoid damage to cell surface proteins and quickly
resuspended in culture media containing serum which includes protease
inhibitors such as a1-antitrypsin that inhibits trypsin activity. Since ALDHs are
not cell surface proteins, this study used trypsin/EDTA for cell-cell and cell-
dish detachment. Another method which may be used is to scrape off the cells
from the culture dish to avoid any usage of trypsin for cell harvesting, thus

reducing an impact on expression of targets.

2.6.1 RNA extraction, purification and quantification

The RNA of all primary samples used in chapter 3 only were kindly provided
by Prof. Norman J. Maitland. Sample details are outlined in appendix. Cell
lines and primary cells used in chapter 4 were processed for RNA extraction
in this study.

Cells were washed with 10ml PBS after drug treatment, trypsinised with 1ml
trypsin/EDTA for a minute, re-suspended in 10ml complete medium, and

centrifuged at 1000rpm for 5 minutes. The supernatant was removed, and
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cells resuspended in 10ml PBS. The cells were then centrifuged at 1000 rpm
for 5 minutes, supernatant removed, and the resultant dry pellet (no PBS) was
stored at -20°C. RNA extraction was carried out using the RNeasy Mini Kit
(Qiagen). Cells were resuspended in 350ul buffer RLT and thoroughly
vortexed to allow disruption and homogenization. Equal volume of 70%
ethanol was added to the lysate and mixed well by pipetting and the 700ul cell
lysate was transferred to a QIAgen RNeasy Mini spin column placed in a 2ml
collection tube and centrifuged for 15s at 10000rpm. The flow-through was
discarded. 350ul of buffer RW1 was then added to the column and centrifuged
for 15s at 10000rpm, and the flow-through was discarded. 80pul of DNase | was
added directly to the RNeasy column membrane and incubated for 15 min at
room temperature. 350ul buffer RW1 was then added to the RNeasy column
and centrifuged for 15s at 10000rpm and the flow-through was discarded.
500ul of buffer RPE was then added to the spin column and centrifuged for
15s at 10000rpm and the flow-through was discarded. 500ul buffer RPE was
again added to the spin column and centrifuged for 2 min at 20000rpm. Next,
the RNeasy spin column was placed in a new 2ml collection tube and
centrifuged at full speed for 1 min to dry the membrane. The RNeasy spin
column was then placed in a new 1.5ml collection tube and 30ul of RNase-free
water was added to the spin column membrane and centrifuged for 1 min at
10000rpm to elute the RNA. The concentration and quality of the eluted RNA
was determined by measuring the absorbance of UV light using
Nanodrop™2000 (Thermo Fisher Scientific) spectrophotometer and measuring

the 260/280 ratio. The RNA samples were stored at -80°C until further use.
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2.6.2 cDNA synthesis

Total RNA of 50-2000ng was reverse transcribed into single-stranded cDNA
using the High Capacity cDNA Reverse Transcription Kit (Life technologies).
The components of the kit were allowed to thaw on ice and the reaction mix
was also prepared on ice. A 2X RT master mix was created by adding 2pl of
10X RT buffer, 0.8ul of 25X dNTP Mix (100mM), 2ul of 10X RT Random
Primers, 1ul of Multiscribe reverse transcriptase, 1pl of RNase inhibitor and
3.2pl of nuclease-free H20. The reaction mix was mixed well by pipetting. 10ul
of total RNA sample was added to each reaction mix to obtain a 1X mix giving
a final reaction volume of 20pl to be reverse transcribed. The reaction tubes
were then briefly spun down and kept on ice. The conditions of the ML
Research PTC-200 Peltier thermal cycler were set as listed in Table 8 below
and reverse transcription was started. Once the reaction finished, samples

were either stored at -20°C or purified using the QIAquick PCR Purification Kit

(Qiagen).
Step 1 Step 2 Step 3 Step 4
Temperature (°C) 25 37 85 4
Time (min) 10 120 5 )

Table 8. Thermal cycling conditions for cDNA synthesis

2.6.3 cDNA purification and determination of concentration

The QIAquick PCR Purification Kit was used to purify DNA prior to determining
cDNA concentration after cDNA synthesis from RNA of primary cells kindly
provided by Prof. Norman J. Maitland (Cancer Research Unit, University of
York). All centrifugation steps were carried out at 13000rpm at room
temperature. Briefly, 100ul of buffer PB was added to the cDNA sample and
mixed by pipetting. If the colour of the mixture was orange, 10ul of 3M sodium
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acetate pH5.0 was added upon which the colour of the mixture turned yellow.
The contents were transferred to a QIAquick column to bind DNA and
centrifuged for 60s after which the flow-through was discarded. To wash,
750l of buffer PE was added to the QIAquick column and centrifuged for 60s
followed by discarding the flow-through. The QIAquick column was placed in a
new 2ml collection tube and centrifuged for 1 min to remove residual wash
buffer before being placed in a clean 1.5ml microcentrifuge tube. To elute the
purified cDNA, 30ul H20 was added to the centre of the QIAquick membrane
and left to stand for 1 min followed by centrifuging the column for 1 min. The
concentration and quality of the cDNA was measured by using Nanodrop

spectrophotometer and the samples were stored at -20°C.

2.6.4 Real-time quantitative PCR

gPCR was carried out in 25pl total PCR reaction using the TagMan Universal
PCR Master Mix (Applied Biosystems). The PCR reaction consisted of 12.5pl
of 2X master mix, 1.25ul of 20X TagMan Gene Expression Assay Mix, and
11.25pul cDNA diluted in dH20. The cDNA samples were diluted 1:5 and 2pl of
diluted cDNA was used. A 96-well MicroAmp Optical plate (Applied
Biosystems) was used and all reactions were run in triplicates. Primers used
were obtained from TagMan Gene Expression Assays as listed below in Table
9 and validated by the company before release. The PCR reactions were
centrifuged and then run on 7500 Real time PCR system and analysis was
carried out using the 7500 software v2.3 (Applied Biosystems). The thermal
cycling conditions consisted of an initial setup of a hot start of 10min at 95°C
which was followed by 40 cycles of 15s at 95°C for denaturing and 1min at

60°C for annealing/extending. The gene expression level relative to internal
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control RPLPO was calculated using the formula 29T and the fold change in

gene expression was worked out using the 2-99€T method.

Target gene TagMan gene Amplicon context Sequence containing
expression assay probe sequence
ALDH1A1 Hs00946916_m1 5’-gcc gac ttg gac aat gct gtt gaa t-3’
ALDH1A2 Hs00180254 m1 5’-gat cat ccc atg gaa ctt ccc cct g-3’
ALDH1A3 Hs00167476_m1 5’-agg aga taa gcc cga cgt gga caa g-3’
ALDH1B1 Hs00377718_m1 5’-cct gct gca gag tgt cag cat gct g-3’
ALDH2 Hs01007998 m1 5’-agc agc ccg agg tct tct gca acc a-3’
ALDH3A1 Hs00964880_m1 5’-aag tca ctg aaa gag ttc tac ggg g-3’
ALDH7AL1 Hs00609622_m1l 5’-aaa atc tgg gca gat att cct gct ¢-3’
RPLPO Hs04189669 gl 5’-gtc ctc gtg gaa ggc ccg gga ccg ¢c-3’
CA9 Hs00154208 m1l 5’-atc gct gag gaa ggc tca gag act ¢c-3’

Table 9. TagMan Gene Expression Assays.

The sequence of each Tagman gene expression assay is not provided as standard since
they are proprietary. The sequence was identified by the method advised by ThermoFisher
Scientific; the reference sequences are provided and the assay location is provided. The
25bp probe sequences surround this assay location (12bp upstream and downstream). All
Tagman probes adhere to the MIQE Guidelines (Minimum Information for Publication of
QRT-PCR Experiments). In addition, TagMan probes are accompanied by the TagMan
guarantee, where reproducibility and specificity are rigorously tested before the product is
released (see white paper on this guarantee -
https://www.thermofisher.com/content/dam/LifeTech/Documents/PDFs/PG1500-PJ9167-
C0017361-TagMan-Guarantee-WhitePaper-Global-FHR.pdf)

2.7 Analysis of protein expression in prostate cell lines by Western
blot

Cells were treated as before and the cell pellet washed with PBS and stored at
-20°C until further analysis. All steps were carried out on ice and cell pellets
were kept on ice throughout the procedure. RIPA buffer (50mM Tris-HCI pH
8.0, 150mM NacCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium

dodecyl sulphate (SDS), 10ul/ml protease inhibitor) was prepared and 300l
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was added to the cell pellet and mixed well by pipetting and left to stand on ice
for 20min to obtain whole cell lysates. For samples that appeared viscous,
sonication was carried out to allow further lysis. Since the high energy
produced by sonication can heat up the samples and generate free radicals,
samples were placed on ice during the process and sonication was applied in
short bursts only. Samples from all the cell lines in this study appeared viscous
and were therefore subjected to sonication. The samples were then
centrifuged at 16000 rpm in a pre-cooled centrifuge for 20min at 4°C. The
supernatant was transferred to a fresh pre-chilled eppendorf tube and stored
at -20°C. The protein concentration was then determined using the

Bicinchoninic acid assay kit (BCA).

2.7.1 BCA protein assay

The concentration of whole cell protein lysates was measured using the BCA
assay (Thermo Scientific) which is a colorimetric assay. According to the
manufacturers’ guide, briefly a series of standards were prepared using
2mg/ml BSA and 10ul of each concentration was added to 4 wells in a 96-well
plate. 2ul of unknown samples were also added to 4 wells. 200ul of the BCA
working solution was then added to each well at a ratio of 10:0.2 of reagent A
and reagent B respectively, and mixed by pipetting. The plate was left to stand
at room temperature for 30min. The absorbance was measured at 562nm on a
spectrophotometer. A graph of absorbance with bovine serum albumin (BSA)
standards was plotted to give a line of best fit from which the concentration of
the unknown samples was extrapolated. The final concentration of the
unknown samples was worked out by taking into account the difference of

volume input between standards and unknowns. The BCA protein assay was
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used as it was a standard method in our laboratory for quantifying protein
concentrations and it offers the convenience of using a 96-well plate in which
smaller volumes can be used as compared to other methods such as the

Bradford assay.

2.7.2 SDS-PAGE gel electrophoresis

20ug of protein lysate for each sample was prepared by mixing with 2X
laemmli buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004%
bromophenol blue, 0.125M Tris-HCI and adjusted to pH 6.8) which was
vortexed and spun down before incubating at 95°C for 5 min in a heating
block. The samples were then vortexed again followed by a quick spin before
loading on the gel. A 12% resolving gel (30% acrylamide mix, 1.5M Tris pH
8.8, 10% SDS, 10% ammonium persulfate, tetramethylethylenediamine
(TEMED) and H20) was poured into the glass slides before a layer of butanol
was added to obtain a levelled surface of the gel, which was allowed to set for
25min. A 12% gel was suitable for the size of the ALDHs to be separated
ranging from 50-65kDa according to Abcam’s western blot protocol. The layer
of butanol was discarded once the gel was set and the surface of the gel
washed twice with dH20 and carefully blotted off to dry. A 5% stacking gel
(30% acrylamide, 1.0M Tris pH 6.8, 10% SDS, 10% ammonium persulfate,
TEMED, H20) was then poured over the resolving gel and allowed to set. The
glass assembly containing the gel was transferred to a Bio-Rad
electrophoresis tank and running buffer (25mM Tris pH 8.3, 190mM glycine,
0.1% SDS) was poured into the tank. 20ug of the denatured protein samples
were loaded into the wells alongside of protein ladder (Thermo Scientific,

Pierce) for protein size determination and enable visualisation of protein
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transfer. The samples were subjected to a run at 70V for 5 min followed by

150V until they reached 1cm before the end of the gel.

2.7.3 Western blot

A wet transfer of the protein onto a nitrocellulose transfer membrane
(Whatman, Protran) was carried out by first immersing the membrane in dH20
for 5 min and then equilibrating in transfer buffer (25mM Tris pH8.3, 190mM
glycine, 20% methanol) for 5 min. Associated sponges and filter papers were
also immersed in dH20 for 10 min and subsequently in transfer buffer for 15
min. Gels were then assembled into a sandwich cassette with the membrane

and transferred at either 300mA for 2 hours on ice or overnight at 35mA.

Following transfer, membranes were washed in either TBST (20mM Tris
pH7.5, 150mM NaCl, 0.1% Tween 20) or PBST (PBS with 0.1% tween) for 5
min to remove any residual gel. TBST was initially used to wash the
membranes in early experiments, however due to faint signals detected upon
visualisation of the bands it was changed to PBST as a less harsh treatment
for the membrane. Membranes were then blocked in 5% (w/v) Marvel milk
prepared in PBST for one hour at room temperature on a shaker. Next,
membranes were incubated with unconjugated primary antibodies (Table 10)
prepared in blocking buffer overnight at 4°C on a shaker. Membranes were
washed 4 times for 10 min in PBST followed by one-hour incubation with
peroxidase-labelled secondary antibodies diluted in blocking buffer at room
temperature (Table 11). The membranes were washed four times again for 10
min in PBST. These were coated in HRP substrate chemiluminescent (Roche)

for 1-2min before exposure to films. Finally, the membranes were exposed to
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hyperfilim ECL (GE Healthcare) for 1-15 minutes depending on the target

protein and processed in Kodak GBX developer and fixer solutions.

1° Ab Species Supplier Working | Incubation | Incubation
dilution time temperature
(°C)
ALDH1A1 Goat Santa Cruz 1:250 Overnight 4
ALDH1A2 Rabbit Abcam 1:250 Overnight 4
ALDH1A3 Goat Santa Cruz 1:250 Overnight 4
ALDH1B1 Rabbit Abcam 1:1000 Overnight 4
ALDH2 Rabbit Abcam 1:250 Overnight 4
ALDH3AL1 Mouse Santa Cruz 1:50 Overnight 4
ALDH7A1 Rabbit Abcam 1:3500 Overnight 4
LDH Rabbit Abcam 1:5000 Overnight 4
B-actin Mouse Merk Millipore 1:20000 Overnight 4
Table 10. Primary antibodies for western blots
2°Ab Host species Dilution Supplier
Anti-Mouse Polyclonal rabbit 1:3500 Dako
Anti-Rabbit Polyclonal goat 1:3500 Dako
Anti-goat Polyclonal rabbit 1:3500 Dako

Table 11. Secondary antibodies for western blots

2.7.4 Data analysis

The detected protein band densities were measured using Image J software.
Data was normalised by dividing treated samples with control sample for each
target. The ratio of protein expression was then calculated by dividing target

protein with control protein.
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2.8 Analysis of protein expression of primary cultures by

immunofluorescence

Cells were seeded at a density of 10,000 cells per well in 8-well chamber
slides and allowed to adhere overnight in 37°C incubator. Media was removed
and the cells washed twice in PBS. Cells were then fixed with 200! of freshly
prepared 4% paraformaldehyde for 15 minutes. Following removal of fixing
agent, cells were washed three times in PBS for 5 minutes with each wash.
200pl of 0.3% Triton X-100 in PBS was then added to each well for 15 minutes
followed by three PBS washes for 5 minutes each. Cells were then blocked
with 200ul of 10% FCS in PBS for 1 hour at room temperature. Primary
antibodies were diluted in 0.1% Triton X-100 and added to the cells with an
overnight incubation at 4°C on a shaker. See Table 12 for antibody details.
Next, cells were washed three times in PBS with 5-minute wash each and
secondary antibodies (diluted in PBS) were added to the cells for one hour
(Table 13). Control wells included secondary antibodies only, however, non-
specific IgG control was not used. Antibody concentrations used were
recommended by the supplier as well as by our group in which the
concentrations had been previously titrated to reach an optimum. Cells were
washed three times in PBS with 5-minute wash each. Chambers were
carefully removed from the slide ensuring no glue was stuck to the slide. Three
drops of vectashield mounting medium with 4',6-diamidino-2-phenylindole
(DAPI) (Vector laboratories) were added to the slides followed by a coverslip.
Excess vectashield was dabbed off and the coverslip was sealed to the slide
using clear nail varnish. Slides were kept in the dark and analysed using a

fluorescent microscope.
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1°Ab Species Supplier Dilution
ALDHI1A3 Goat Santa Cruz 1:250
ALDH1A3 Rabbit GeneTex 1:250
ALDH1B1 Rabbit Abcam 1:250
ALDH2 Rabbit Abcam 1:250
ALDH7A1 Rabbit Abcam 1:250
CK5 Rabbit Abcam 1:500
CK14 Mouse Serotec 1:500

Table 12. Primary antibodies used for immunofluorescence

2°Ab Species Supplier Dilution
Alexa Fluor 568 (red) Goat Life technologies 1:1000
Anti-rabbit IgG
Alexa Fluor 488 Rabbit Invitrogen 1:1000
(green) Anti-goat
IgG
Alexa Fluor 568 (red) Goat Invitrogen 1:1000
Anti-mouse IgG

Table 13. Secondary antibodies used for immunofluorescence

2.9 Analysis of protein expression and localisation in primary prostate

BPH tissue by immunohistochemistry

2.9.1 Generation of BPH tissue slides

BPH samples were collected from patients undergoing TURP procedure.
Patient consent was obtained and patients were anonymised. Several tissue
chips were collected, following the procedure, by a dedicated tissue
procurement officer. Follow-up pathology results were obtained from the
pathologist based at Castle Hill Hospital (Dr. Greta Rodriguez) to confirm BPH

diagnosis. Following paraffin-embedding and tissue slicing, every tenth slide
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was stained for hemotoxylin and eosin. In this way, pieces of tissue that
showed areas of epithelial glands can be picked for staining i-e. areas of
tissue that showed only stroma would not be chosen. This procedure was
performed by Prof. Norman J. Maitland’s team in the University of York. The

dewaxing, rehydration, antigen retrieval and IHC was performed in this study.

2.9.2 Dewaxing and rehydration

Sections were dewaxed in four different xylenes troughs for 2x 10 minutes and
2x 1 minute. Sections were then immersed in three different 100% ethanol
glass troughs for 1 minute each, followed by 1 minute in 70% ethanol. Slides

were then washed under running tap water for 5 minutes.

2.9.3 Antigen retrieval

Sections were immersed in sodium citrate buffer (2.94g trisodium citrate/1L,
pH 6.0, 0.05% tween 20) and left in a pressure cooker for at least 24 hours
ensuring the sections stay immersed to protect from drying out. The pressure
cooker was used for heat-induced epitope retrieval (HIER). This can be done
using a pressure cooker or microwave or a steamer. Some optimization is
required for each method in terms of buffers and time of incubations. The
cycle time in the pressure cooker is 20 minutes then the slides are left to cool
from 2 hours to overnight. This is according to the manufacturer’s instructions.
Slides were then washed in running tap water for 5 minutes and ready to be
stained using the INlmPRESS Excel peroxidase Staining Kit containing anti-

rabbit Ig (Vector laboratories).

112



2.9.4 Immunohistochemistry (IHC)

Circles were drawn around each tissue section (Table 14) using a grease
marker to separate out each section. Sections were first incubated in 70-100ul
BLOXALL blocking solution to quench endogenous peroxidase activity for 10
minutes. Slides were then washed in running water for 10 minutes. Each
section was incubated with 70ul of 2.5% normal horse serum for 20 minutes.
Next, sections were incubated with rabbit primary antibody diluted in 2.5%
normal horse serum overnight at 4°C in a moist container (Table 15) before
the slides were washed in TBST three times for 5 minutes on a shaker.
Control sections included incubation with Amplifier antibody (2° antibody)
without the primary antibody. The primary antibodies were selected based on
supplier's recommendation for use in IHC and from our group in which the
antibodies have been used previously. Sections were then incubated for 15
minutes with Amplifier antibody and washed twice in TBST for 5 minutes on a
shaker. Each section was incubated with INPRESS Excel Reagent for 30
minutes before washed once in TBST and dH20 for 5 minutes each. 3,3-
diaminobenzidine (DAB) was prepared by combining equal volumes of
ImmPACT DAB EqV reagent 1 and reagent 2 and added to sections until they
turned brown (2-5 minutes). Slides were rinsed in dH20 followed by tap water.
Each slide was counterstained with haematoxylin for up to 30 seconds. Finally,
the slides were rinsed in running tap water and coverslip mounted with
diphenylxylene (DPX). Slides were allowed to air dry before visualised using
the OLYMPUS light microscope. Sections used are listed in Table 14. NKX-3.1
was used as a positive control to label luminal cells in BPH tissue. Antibodies

used are listed in Table 15.
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BPH tissue
039108 11
039108 13

Table 14. BPH tissue samples used for IHC.

BPH samples collected following TURP procedure. The codes of BPH tissue are related to
sample 039108, with 391 being the patient number, 08 means year 2008, and the 11 and 13
refer to the number of slide as the tissue was sectioned.

Primary antibody Species Supplier Dilution
ALDH1A3 Rabbit Santa Cruz 1:250
ALDH1B1 Rabbit Abcam 1:250

ALDH2 Rabbit Abcam 1:250
ALDH7A1 Rabbit Abcam 1:250
NKX 3.1 Rabbit MenaPath 1:500

Table 15. Primary antibodies used for IHC

2.10 Multicellular Spheroids generation

2.10.1 Spheroid formation using the hanging-drop method

MCS were generated from LNCaP prostate cancer cell line. Cells were seeded
at a density of 10,000 cells per 30ul drop of culture medium containing 20%
methylcellulose as a drop on the flip side of the lid of a 10cm petri dish. A
series of drops were seeded onto the cover of the petri dish. The petri dish
itself was filled with 10ml PBS to allow for humidity. After seeding the cells as
drops, the lid containing the drops was inverted in one smooth movement
allowing the drops to hang over the petri dish containing PBS. The dish was
incubated at 37°C over a week. Images were taken using an inverted light

microscope (Leica Lumascope) with a 10x objective lens. The diameter of the
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spheroids was measured every day. Medium was carefully changed by

removing 15pl of old medium and replenishing with 15pul of fresh medium.

2.10.2 Determination of spheroid diameter

The diameter of LNCaP spheroids was measured in pm every day using a
calibrated graticule with a measuring scale fixed to the eye piece of the light
microscope. A minimum of 20 spheroids were measured and an average
diameter taken. The measured diameter was multiplied by 25 if the x4

objective was used and by 10 if the x10 objective was used.

2.10.3 Spheroid formation using the 96-well plate method

Cells were seeded at a density of 5000 cells in 200ul of medium containing
20% methylcellulose in a non-treated round bottom 96-well plate. Following
cell seeding, plates were centrifuged at 1000rpm for 20 minutes to allow the
cells to form a cluster at the bottom of each well and incubated at 37°C and
5% COz2 incubator to allow the spheroid to form and grow over a number of
days. Diameter of the spheroids was measured using an inverted light

microscope.

2.10.4 Preparation of culture medium with methylcellulose

Methylcellulose was dissolved in 250ml Dulbecco's Modified Eagle Medium
(DMEM) medium (Sigma) in a sterile bottle and stirred with a magnetic stirrer
for 30 minutes at 100°C. Then, fresh 250ml medium was added to the bottle
and stirred for 2 hours at 4°C. Next, 50ml aliquots were prepared and
centrifuged at 3700 rcf for 2 hours at room temperature. Finally, the

supernatant was transferred to a fresh 50ml tube carefully leaving at least a 2-
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3ml residual behind and the methylcellulose containing media was finally

stored at 4°C.

2.10.5 Harvesting and fixing spheroids

LNCaP spheroids were carefully collected using a P1000 pipette with the tip
slightly snipped off with scissors to allow ease of drawing up the 30ul drop or
200ul medium containing the compact spheroid. All spheroids were
subsequently harvested and pooled into a 25ml tube where they
settled/sedimented at the bottom of the tube. Medium was carefully removed
and the spheroids washed once in PBS and then fixed in a 3ml yellow Bouin’s
solution (Sigma), which contains formaldehyde as a fixing agent and picric
acid that stains it yellow. The spheroids were incubated in bouin’s solution for
75 minutes at room temperature before the Bouin’s solution was carefully
poured off and the spheroids washed 3 times in 70% ethanol. Finally, the
spheroids were stored in 70% ethanol in the final wash at room temperature

until further processing.

2.10.6 Spheroid embedding

The 70% ethanol was carefully removed from the spheroids and 90% ethanol
was added for 1 hour and incubated at room temperature. After 1 hour, the
90% ethanol was removed and 100% ethanol added for 30 minutes followed
by another 100% ethanol for 30 minutes. Ethanol was discarded after
dehydrating the spheroids and replaced by xylene for 30 minutes followed by
another xylene wash for 30 minutes. The spheroids were then transferred to
an embedding mould and excess xylene removed. Xylene is miscible with both

ethanol and molten paraffin wax, and clears out the ethanol, as ethanol cannot
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mix with paraffin. The mould containing the spheroids was filled with hot
paraffin wax and the mould was gently tapped to allow the spheroids to sit at
the bottom of the paraffin and incubated at 68°C for 30 minutes. This was to
ensure that the spheroids are positioned in the centre of the mould. The
paraffin wax was carefully removed using a pre-warmed pipette and replaced
with fresh paraffin wax and the mould returned to the incubator for a further 5
minutes (this step was repeated twice). These multiple steps of fresh wax
ensured gradual addition of molten wax to the spheroids and complete
removal of xylene. The mould was then immediately placed on a cold stage to
allow the wax containing the spheroids to set for 30 minutes before storing the
mould in -20°C. Storage at -20°C hardens the wax compared to a softer
texture at room temperature, and thus allows an easier removal from the

mould.

2.10.7 Spheroid sectioning

The paraffin wax blocks containing the spheroids were removed from -20°C
and placed on a microtome to cut a series of 5um thick sections. The sections
were first placed on room temperature dH20 to allow straightening out of any
paraffin folds followed by 30°C dH20. The sections were then mounted on
superfrost plus slides (BDH, Poole, UK) and left to dry on a heated stage of

37°C for 2 hours or overnight to allow attachment of section to the slide.

2.10.8 Hematoxylin and Eosin (H&E) Staining

Spheroid sections were first de-paraffinised by immersing the slides in xylene |
for 5 minutes, xylene Il for 5 minutes, and 50% xylene/ethanol for 5 minutes

and subsequently rehydrated by immersing in 100% ethanol for 5 minutes
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followed by 100% ethanol for 2 minutes, 90% ethanol for 2 minutes and finally
70% ethanol for 2 minutes. For histological visualisation of the spheroids, H&E
staining was performed by first immersing the sections in Harris’ hematoxylin
for 10 minutes before these were washed in running tap water for 5 minutes.
Removal of excess blue stain was achieved by immersing the slides in acidic
alcohol (0.5% HCI in 70% ethanol) for 3-5 seconds and washing in running tap
water for 5 minutes. Next, the slides were immersed in Scott’s tap water for 1-
2 minutes for blue colour development. Spheroid sections were subsequently
counterstained with 1% aqueous Eosin dye for 1 minute followed by washing
in running tap water. Sections were drained for 1 minute to remove excess
water. The sections were then dehydrated by immersing in absolute alcohol
for 1 minute, absolute alcohol for 3 minutes, 50% xylene/ethanol for 3 minutes,
xylene Il for 3 minutes and clear xylene for 5 minutes. Coverslips were then
mounted on the slide using DPX medium (BDH, Dorset) and left to air dry

overnight. Once dried, the sections were visualised using a light microscope.

2.10.9 APES coated slides

For immunofluorescence detection of hypoxia in spheroids, slides were first
immersed in acetone for 2 minutes and then coated in a freshly prepared 4%
(v/v) solution of 3-aminopropyltriethoxysilane (APES) in acetone for 2 minutes.
Excess APES solution was drained off the slides and the slides washed in
running tap water twice for 2 minutes. APES coated slides were air-dried
overnight and stored at room temperature. APES makes the slides more
adhesive to the tissue. The APES makes the slides positively charged, which
binds to negative charges in the tissue. Without it there is the possibility of the
tissue floating off the slide during further processing.
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2.11 Detection of hypoxiain MCS

Following culturing of spheroids using either the hanging-drop or 96-well plate
method, spheroids were harvested and pooled into a 1ml eppendorf tube. Old
medium was removed and spheroids treated with 1ml fresh medium
containing 100uM of pimonidazole (Hypoxyprobe-Green kit) for 2 hours at
37°C incubator. Negative samples with no treatment were also included. The
tubes were gently shaken every 30 minutes. Following incubation, medium
was removed and the spheroids fixed, embedded and sectioned respectively.
The sections were mounted on APES coated slides for immunofluorescence

detection of hypoxia marker pimonidazole and the proliferation marker Ki67.

2.11.1 Immunofluorescence staining of hypoxia and Ki67

Paraffin embedded 5um thick spheroid sections were baked for 20 minutes at
45°C on a slide dryer followed by rehydration. For antigen retrieval, slides
were then microwaved for 3 x 10 minutes on full power in freshly prepared
sodium citrate solution (2.94g trisodium citrate in 1L, pH6.0, 0.05% tween 20)
ensuring topping up of the buffer to avoid sections drying out in between. 3 x
10 minutes of microwaving was selected as this allowed gradual heating rather
than rapid heating. The stopping after 10 minutes between each run was done
to monitor liquid levels ensuring slides are not dried out by evaporation. By the
last 10-minute run, the buffer reached its boiling point upon which the slides
were removed from the microwave. The company Cell Signaling Technology
recommends microwave or pressure cooker methods for antigen retrieval,
suggesting to get the buffer to the point of boiling and then letting it cool. The

slides were left to cool in the buffer for 20-30 minutes before washed 3x for 5
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minutes in PBS on a circular rocker at medium speed. A PAP pen was used to
draw a water repellent circle around each tissue section to prevent the waste
of valuable reagents by keeping the liquid pooled in a small droplet. For
blocking, 10% FCS in PBS and 5% BSA in PBS was added to each section for
hypoxia and Ki67 detection respectively and incubated for 1 hour in a dark

moist box at room temperature.

For hypoxia detection, the block was removed and pimonidazole adducts were
detected by incubation of sections with FITC conjugated (mouse) Mabl
(Hypoxyprobe™-1 Green kit) at a 1:150 dilution in 10% FCS in PBS for 2

hours at 37°C.

Ki67 stains nuclear protein and it is used as a marker for cell proliferation. Ki67
staining was used to observe cell proliferation in the LNCaP spheroid model.
For Ki67 detection, the block was removed and Ki67 expression was detected
using primary rabbit monoclonal anti-Ki67 antibody (Abcam) at a dilution of
1:150 in 5% BSA in PBS with overnight incubation at 4°C. Primary antibody
was removed and sections washed 3x for 5 minutes in PBS on a circular
rocker at medium speed. Secondary antibody donkey anti-rabbit IgG Alexa
Fluor 546 (Molecular Probes) diluted at 1:200 in PBS was then added to the

section and incubated for 1 hour in a dark moist box at room temperature.

Finally, sections were washed 4x for 5 minutes in PBS on a circular rocker at
medium speed in the dark. Slides were mounted with a coverslip using
vectashield with DAPI and sealed with clear nail varnish. Slides were allowed

to dry before analysis using a fluorescent microscope (Leica).
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2.12 Isolation of primary prostate epithelial cultures

Primary prostate epithelial cells were initially cultured from patient tissue by
Prof. Norman Maitland’s group. Cancer samples were obtained by targeted
needle biopsy from radical prostatectomies and benign samples were obtained
from TURP. Patient consent and approval was received before biopsies were
taken and all samples were anonymised. Tissue processing was kindly
performed by Prof. Norman Maitland’s team in the University of York. Once
the cells were initially plated from tissue processing, subsequence sub-
culturing of the primary cells was performed in the present study. Limitations of
cells derived from RP and TURP samples include the inability to grow as
luminal cells in culture, resulting in a population of only basal cells.

Furthermore, primary cells have a short life-span, limiting their sub-culturing.

2.13 Primary prostate epithelial cultures derived from patient tissue

The pathology details of the samples used in chapter 4 are outlined in Table
16. The cancer samples were derived from patients aged 60-68 with a
Gleason scores of 7. The Gleason score 7 was mainly from (3+4) cancers,
with the exception of sample H488/14 RM which was from (4+3) cancer.
Interestingly, this sample was from the youngest patient in the cancer group
with 4+3 cancer which is more aggressive than 3+4. This exemplifies patient

variability in the samples used in this study.
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Patient sample | Operation | Diagnosis | Gleason Patient PSA score
code score age (ng/ml)
H398/14 TURP BPH N/A 66 2.7
H405/14 TURP BPH N/A 82 8.7
H415/15 TURP BPH N/A 74 0.61
H507/14 LM RP PCa Gl7 (3+4) 68 9.9
H507/14 RB RP PCa GI7 (3+4) 68 9.9
H488/14 RM RP PCa GI7 (4+3) 60 12.6
H568/15 RM RP PCa Gl7 (3+4) 69 8.5
H431/14 LM RP PCa GI7 (3+4) 66 14
H517/15 RM RP PCa GI7 (3+4) 65 4.4

Table 16. Pathology of patient samples used.

The table lists the primary prostate epithelial samples used in this chapter. Diagnosis is
based on the most up-to-date pathology. Patient information includes sample code,
operation type, diagnosis, Gleason score, patient age and PSA score. PCa- prostate cancer,
BPH- benign prostatic hyperplasia, Gl- Gleason, TURP- transurethral resection of the

prostate, RP- radical prostatectomy, PSA- prostate-specific antigen.

2.14 Maintenance of primary epithelial cultures

Cells were maintained in stem cell media (SCM) [482], which is KSFM (Gibco)
supplemented with 5ng/ml of human recombinant EGF protein EGF, 50ug/mi
of BPE, 1ng/ml GM-CSF (Milteny Biotec), 2ng/ml SCF (First Link UK Ltd),
100ng/ml CT (Sigma), 2ng/ml LIF (Chemicon) and 1% L-glutamine. Cells were
grown and sub-cultured with irradiated Sandoz inbred mouse, Thioguanine-

and Ouabain resistant (STO) fibroblast feeder cells in SCM to retain an
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undifferentiated basal cell population and to aid in structuring of primary
epithelial cells. With each subsequent sub-culture, the fibroblast population
diminishes. Cells were grown on BioCoat™ type | collagen-coated 100mm
dishes (BD Biosciences). Cells were passaged using 0.05% trypsin-EDTA
once 80% confluence and were passaged to a maximum of passage 5. Fresh

medium was added every 2 days.

2.15 Irradiation of STO fibroblasts

Mouse fibroblasts were inactivated using irradiation to interfere with mitosis.
Cells were trypsinised when 80% confluent and subsequently centrifuged to
collect a cell pellet. The cell pellet was resuspended in 10ml KSFM and
exposed to a radiation dose of 60Gy. Fibroblasts were stored at 4°C for a
maximum of 4 days before use. This procedure was kindly performed by Dr.

Fiona Frame and Dr. Robert Seed.

2.16 Preparation of siRNA reagent against ALDHs
20nmol of each siRNA was reconstituted in 1ml of 1X Dharmacon siRNA
resuspension buffer to make up a stock solution of 20uM. A working stock

solution was further prepared at 2 and 4uM and aliquots were stored at -80°C.

2.16.1 siRNA transfection of cells

Cells from passage 2-3 were seeded in a T-25 flask at a density of 1.5 x 10°
cells/flask ensuring they were roughly at 20-30% confluence and thoroughly
mixed followed by overnight incubation at 37°C. Transfection reagents were
prepared as shown in Table 17. 30 pl of either 2uM or 4uM siRNA working
stock solutions (Ambion) against ALDH1A3, ALDH1B1, ALDH2 and ALDH7A1

were added to the tubes containing Optimem to obtain a final concentration of
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SiRNA at either 20nM or 40nM respectively. Stock oligofectamine (Invitrogen)
was then thoroughly vortexed and a 1:5 dilution was prepared with Optimem to
obtain a diluted oligofectamine solution which was incubated for 20-30 minutes
at room temperature to allow formation of complexes. Following incubation,
45ul of the diluted oligofectamine was added to the relevant tubes and left for
45-minute incubation at room temperature. Cells were washed with 5mi
optimem after removing old media to ensure all serum traces are removed (in
the case of cell lines). 2ml optimem was then added to each flask followed by
500ul of the siRNA mixture which was added drop-wise. The flasks were
gently mixed and returned to the incubator. Following 4 hours of incubation,
2.5ml of normal complete media was added to the flasks and flasks returned
to the incubator for a further 48 or 72 hr before harvesting for downstream
applications. Images of cells were taken using a light microscope before
harvesting to see any phenotypic changes of cells post transfection. A mock
(media only) and liposomal only (media and oligofectamine only) control were
used to check for any non-specific effects given by the reagents. A non-sense
or scrambled control was not included as a negative control due to cost

restrictions. This is further explained in the discussion section.
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Optimem | siRNA | Diluted Final volume | Final volume
Oligofectamine| of mixture added to cells

Mock control 500ul - - 500pl 500ul
Liposome only 555ul - 45ul 600pl 500ul
control
SiRNA 525pl 30ul 454l 600pl 500pl
transfected
SiRNA co- 495ul 30ul 45pl 600ul 500ul
transfected (each)

Table 17. siRNA transfection reagents

2.17 Cell proliferation using trypan blue assay

Primary cells were seeded at a density of 3 x 10% cells/ml and counted 48hr
after siRNA transfection (72hr post seeding) using a hemocytometer. Briefly,
cells were harvested and resuspended in complete media. 10ul of cell
suspension was mixed with 10ul of 0.4% Trypan blue solution (Sigma) and
loaded on each side of the chamber. Cells were counted in 5 grids and an
average was taken which was multiplied by 2. Cells that stained blue were not

included in the cell count as they are indicative of dead cells.

2.18 Colony forming assay

Primary cells were harvested 48hr post transfection using trypsin/EDTA and
500 cells were seeded per well in a 12-well collagen-I coated plate in 1ml SCM
with about 200,000 - 250,000 feeder STO cells. Cells were incubated at 37°C
in 5% CO2. Medium was replenished every two days and STOs added when
they appeared sparse. STOs were primarily added during the establishment of
the primary cultures to get the cells from single cells to forming colonies and
then filling the plate. As the primary epithelial cells grew out, the irradiated

STOs gradually died off. At the point of plating primary cells for colony forming
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or viability assays the plate was predominantly primary cells with very few
STOs. The density of STOs and the volume they were resuspended in were

consistent.

Following 7-14 days of growth, old medium was removed and cells washed
once with PBS. Cells were fixed with 1ml crystal violet solution (dissolve 0.3g
crystal violet in 3ml 100% ethanol and add 27ml PBS) for 15 min followed by
removal of crystal violet solution and a single wash with PBS. Colonies were
then counted using a Leica DM IL LED microscope by Dr. Fiona Frame and
percentage colony forming efficiency (CFE) was worked out using the number
of colonies counted and dividing it by the cell seeding density and finally

multiplying it by 100.

2.19 Wound healing assay (Migration assay)

Primary cells were seeded at a density of 90,000 cells per well in a 12-well
plate 48hr post siRNA transfection in 1ml SCM and allowed to attach for 24
hours at 37°C and 5% CO2. A scratch was introduced vertically in the
monolayer of cells along the centre of the well using the tip of a 1ml pipette tip.
PBS was used to wash the cells once and fresh SCM was added to the cells.
Images were taken using Evos XL transmitted light microscope (AMG) at O
hours of scratch and subsequent images were taken at different time points of
3hr, 6hr and 24hr to assess cell migration. Image J software was used to
measure wound widths at three different areas and the migratory rate was

calculated using:

(width at O hour) - (width at x hours) / time (x)
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2.20 Cell cycle analysis

Media was removed from the cells 48hr post siRNA transfection and collected
in a 20ml tube. The cells were washed with PBS and the PBS was pooled with
media. Trypsin/EDTA was then added to the cells to allow detachment.
Trypsin/EDTA was neutralised with media and the cell suspension was pooled
with the old media and PBS wash. Cells were centrifuged at 1000x rpm for 3
minutes and the cell pellet was resuspended in 0.5ml PBS. The cells were
then fixed by adding 2ml ice cold 70% ethanol dropwise whilst vortexing and
left for a 30-minute incubation on ice. Cells were then centrifuged at 1000x
rpm for 3 minutes and the ethanol was removed. Cells were then resuspended
in 5ml PBS, centrifuged and resuspended in 0.4ml PBS. Then, 50ul of RNAse
(Img/ml) (Sigma) and 50ul of propidium iodide (PI) (Img/ml) (Sigma) were
added to the cells and incubated for 30 minutes at 37°C. Cells were then
analysed for 2N and 4N DNA content on a flow cytometer (Cyan ADP
Analyser, Beckman Coulter). Fluorescence was measured in the Texas red
channel and 10,000 events were measured. Data analysis was performed

using the Summit software.

2.21 Analysis of cell differentiation

Primary cells were harvested 48hr post siRNA transfection using trypsin/EDTA
and neutralised in SCM. Cells were then centrifuged at 1000 rpm for 3 minutes
and washed once in PBS and re-centrifuged. Cells were then resuspended in
300ul of cold magnetic-activated cell sorting (MACS) buffer (2mM EDTA, 0.5%
BSA in PBS) and split into three 5ml FACs tubes each containing 100ul cell
suspension. Tubes included cells only, control antibody and CD49b antibody.

10pl of MACS FcR blocking reagent was then added to the two antibody tubes
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followed by 10ul of the relevant antibodies to two antibody tubes (REA control
(s)-Fitc Ab and CD49b-Fitc) (cat:130-104-610 and 130-100-337, MACS,
Miltenyi Biotec). Tubes were then put on a rotator at 4°C for 10 minutes. Cells
were then washed in 2ml ice-cold MACS buffer, centrifuged at 1000 rpm for 3
minutes and resuspended in 1ml ice-cold MACS buffer. Cells were then
analysed for CD49b expression using a flow cytometer. Gates were set up
using cell only control samples. Pl stain was added immediately before
analysis at 1yl to test live/dead cells before running samples. Samples were
protected from light to avoid bleaching of the fluorescence signal. CD49b
expression was measured in the FITC channel (excitation 495nm / emission
519nm). 10,000 events were measured and data was analysed using the

Summit software.

The median of the FITC plot was used relating to the brightness of signal and
measured at a wavelength of 495nm excitation and 519nm emission. A ‘FITC
log versus Violet2 log’ plot was drawn (Violet 2 is negative). The positive area
was gated on one plot (CD49b positive). An area relating to high expression
and therefore relating to TA cells was gated on another plot (same axes). To
measure the percentage of CB cells, the cells inside the TA gate were
removed from the total positive gate. The numbers were plotted as a
proportion of total percentage. At least 6 biological samples were investigated

(BPH n=2, cancer n=4).

There is a risk to cell surface proteins, such as CD49b, when using trypsin to
harvest cells because the proteins may be cleaved off due to the proteolytic
activity of trypsin [483]. Therefore, to minimise cleavage, cells were only briefly

incubated with trypsin, which was neutralised by complete media. In addition,
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flow cytometry was carried out on separated cells, which gave the expected
high CD49b expression in TA cells and low CD49b expression in CB cells.

This acted as a CD49b control ensuring that it was still present on the cells.

2.22 Alamar blue cell viability assay

Primary cells were seeded in 96-well plates at a density of 5000 cells/well in
100ul SCM and incubated at 37°C, 5% CO:2 for 24 hours. ALDH compounds
were prepared in DMSO at a stock concentration of 200mM. Cells were
treated with 100ul of ALDH inhibitors at concentrations of 50uM and 200uM as
single treatment. Combination treatments included 100ul of 50uM ALDH
inhibitor + 1nM docetaxel and 100upl of 200uM ALDH inhibitor + 1nM
docetaxel. Cells were also treated with 100ul of 1nM docetaxel only. 1nM of
docetaxel was chosen since it was the IC50 when other primary samples had
been analysed previously by Dr. Fiona Frame in a different study. Control
wells included blank (media only) and untreated cells (DMSO only).
Experiment was performed in triplicate, and cell seeding density was the same
in all well, therefore changes in treated cells were compared to untreated
DMSO control cells. Plates were returned to the incubator for 72-hour
incubation before further processing. Alamar blue solution was added at 10%
of total sample volume and plates were incubated at 37°C for 1-4 hours before
absorbance was analysed in a plate reader. Alamar blue has excitation
wavelength of 530-560nm and emission wavelength of 590nm. Total % cell
viability/cell survival was calculated by dividing absorbance of treated sample

by absorbance of control and multiplying it by 100.
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2.23 Cell lines tested against different compounds

The cancer cell lines used for compound testing are summarised in Table 18.

Cell line Cancer Status Obtained from Reference
type
H1299/mock | NSCLC | Low endogenous ALDH Prof. Jan Moreb [484]
expression (Univeristy of
Florida)
H1299/7A1 | NSCLC | Low endogenous ALDH Prof. Jan Moreb [484]
expression, stable (Univeristy of
transfection with Florida)
ALDH7A1
A549 NSCLC Naturally expresses Dr. Klaus Pors [484]
ALDH1Al and ALDH3A1 (University of
Bradford)
PC3 Ag Prostate | Aged alongside PC3 D8 Dr. Amanda J [485]
as control O’Neil (University
College Dublin,
Ireland)
PC3 D8 Prostate Numerous docetaxel Dr. Amanda J [485]
treatment cycles O’Neil (University
College Dublin,
Ireland)

Table 18. Cancer cell lines used for compound testing

2.24 PC3resistant cell line development

The PC3 resistant cell line (D8) and its wild-type parental cell line (Ag) were
generated by Dr. Amanda J O’Neil’s group (University College Dublin, Ireland).
Briefly, the PC3- resistant sub-line D8 was generated by initially treating with
docetaxel at 4nM (dissolved in DMSOQO) in T75 flasks for 48 hours. The
generation of these cell lines have been described [485] but briefly involved
the following: after exposure to docetaxel, the surviving cells were re-seeded
into new flasks and recovery was allowed for 2-3 weeks. After 7 treatments at
4nM, the dose of docetaxel was increased to 8nM. The cells underwent a total
of 18 treatment cycles at 8nM (cell passage numbers 21-55). After each
treatment, the cells were allowed to fully recover prior to assessing their
resistance to docetaxel. As the passage number of the treated cells increased

over time, a subset of PC3 cells were aged alongside these cells as an
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appropriate control to ensure that the effects seen were due to resistance
rather than due to an aging effect of the PC3 Ag cells [485]. Resistance was
defined as the emergence of P-gp (ABC transporter MDR-1) expression and

the use of Elacridar (a potent inhibitor of P-gp).

2.25 H1299 mock and ALDH7A1 isogenic cell line pair development

The lung cancer cell line isogenic pair H1299/mock and H1299/7A1 was
developed by Prof. Jan Moreb’s group through inducing stable transfection of
ALDH7AL.

2.26 Drug cytotoxicity testing using the MTT assay

The effect of docetaxel and ALDH inhibitors on cell viability was assessed
using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. This assay is similar to the Alamar blue assay, however, since this part
of the study was carried out in University of Bradford, MTT was the available
method in house. Both methods are acceptable and work in similar ways such
as both are metabolic and colorimetric assays, with Alamar blue previously
reported as a more sensitive method [486]. MTT assay is based on the
bioreduction of tetrazolium salts from pale yellow to the dark blue formazan
crystals by mitochondrial dehydrogenases and is an end-point assay. Alamar
blue also known as resazurin, is transformed from blue colour to a highly
fluorescent resorufin (pink) within a redox reaction process. Alamar blue assay
is non-toxic and allows continuous monitoring of cultures over time, with the
advantage that further analytical assays can be performed on the same
samples compared to the MTT assay [487].

Cells were seeded in a 96-well plate at a seeding density of 2000 cells/well in

180ul complete medium and allowed to adhere for 24 hours at 37°C, 5% CO2
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and 95% humidity. Control wells included medium only to serve as the blank
and cells without drug (untreated) which act as 100% cell survival control. The
following day, cells were treated with 20ul of working drug solutions in
complete medium added to the relevant wells at different concentrations.
Control cells were treated with DMSO in complete medium with a final
concentration of no more than 0.1%. Cells were then incubated for 96 hours at
37°C and 5% COa2. After incubation, 20ul of MTT dissolved in dH20 (5mg/ml)
was added to each well of the plate and left for a further incubation of 4 hours.
All supernatant was carefully removed from the wells leaving the resulting
formazan crystals at the bottom of the wells which were dissolved with 150pl
of DMSO. Formation of formazan crystals correlated with cell number as
formazan is formed by metabolically viable cells. Absorbance was read in a
plate reader at 540nm and percentage cell survival was calculated by first
subtracting the absorbance of all the wells from the blank, then dividing treated

cells by untreated control and finally multiplying by 100.
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2.27 Statistical analysis

Statistical analyses were carried out using GraphPad Prism 6. Where
experiments were carried out in triplicate, error bars represent + standard
deviation. Statistical significance is highlighted as * p = 0.01 to 0.05, ** p =
0.001 to 0.01, ** p = 0.0001 to 0.001, **** p < 0.0001. Selection criteria of
statistical test was based on whether the data was parametric or non-

parametric.

Comparing untreated samples with treated samples derived from same cell
line or primary cells was considered paired analysis. Comparing one cell line
to another, or comparing a group of primary cultures from different patients
was considered unpaired. To determine whether the data had a Gaussian
distribution, and subsequently whether a parametric or non-parametric test
should be applied, normality tests were carried out using the GraphPad Prism
6 and SPSS software, taking into account the sample size. Normality test
used included Shapiro-Wilk test, and Skewness and Kurtosis test to determine

data distribution.

A student’s t-test was used to compare the means of an untreated group to a
treated group in which the samples were paired/unpaired and had a normal
distribution with n=3 or more. A Mann Whitney U test was applied to compare
two groups (paired/unpaired and non-parametric) with more than 3 samples. A
one-way ANOVA test was applied to make multiple comparisons at once using

a paired/unpaired group compared with 2 or more paired/unpaired groups.
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Chapter 3

Evaluation of the expression patterns and regulation of

ALDHSs in prostate cancer
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Introduction

3.1 ALDH expression in subpopulation of human prostate primary cells

DNA microarray analysis data of SC and CB cell types isolated from BPH and
prostate cancer tissue generated by Prof. Norman J. Maitland’s group (data
not published but kindly permitted by Prof. Norman J. Maitland to use for the
purpose of this chapter), revealed differential expression of all 19 human
ALDH isoforms within the selected cell populations and disease states.
Analysis of the ALDH expression pattern from 12 patient samples, showed
that ALDH1A3 is the highest expressing isoform in prostate tissue. ALDH1Al
is well studied but this data revealed that ALDH1ALl is not the most highly

expressed isoform in prostate tissue (Figure 17).
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Figure 17. Microarray analysis of selected aldehyde dehydrogenase isoform
expression levels in primary prostate samples.

Primitive stem cells (S) and their more differentiated progeny (C) from both clinical PCa (P)
and benign (N) samples. (data not published but used with the permission from Prof. Norman
J. Maitland, University of York), data is from the microarray reported in [488].
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3.2 Aims and Objectives

Currently, only two studies have described the epigenetic modulation of
ALDHs [474, 489], one of which demonstrated dense hypermethylation of the
ALDH1A2 gene promoter and reported it as a candidate TSG in prostate
cancer. Furthermore, the correlation between ALDH expression and hypoxia in
prostate cancer has not yet been explored while only little is known about the
influence RA has on selected ALDH isoform expression. Accordingly, this
chapter will explore the expression and regulation pattern of selected ALDH
isoforms including ALDH1Al1l, ALDH1A2, ALDH1A3, ALDH1B1, ALDH2,

ALDH3A1 and ALDH7AL in prostate cancer.

ALDH isoforms -1A1, -2 and — 3A1 were selected based on the findings of Dr.
Cosentino for further investigation. ALDH1A2 was reported as a candidate
TSG in prostate cancer [474], ALDH1A3 was the most highly expressed
isoform from the microarray analysis from Prof. Maitland’s group and
ALDH1B1 was studied to include a B member of the ALDH1 family as it is a
relatively unexplored member of the ALDH superfamily. Finally, ALDH7A1 was
selected as it has been reported to be contributing to the aggressiveness of

prostate cancer and is involved in bone metastasis [490].
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Specifically, the objectives were:

Profile gene and/or protein expression of the selected ALDHSs in a benign
prostate cell line, a panel of prostate cancer cell lines, primary prostate
epithelial cultures, subpopulations of SC, TA and CB primary prostate
cells and human benign tissue to investigate the expression pattern of

the ALDHs in normal and cancer state.

Evaluate the gene and/or protein expression of ALDHs following
treatment with epigenetic drugs in prostate cell lines and primary prostate

cultures.

Investigate the ALDH gene expression upon atRA treatment in primary

prostate cultures to explore ALDH regulation by RA.

Investigate the impact hypoxia has on the gene and protein expression of
ALDHs in prostate cell lines to understand if low oxygen tensions affect

ALDH expression.

Optimise a prostate cancer multicellular spheroid (MCS) model for future

exploration of ALDH expression within different regions of the spheroids.
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3.3 Results

3.4 ALDH gene expression investigation in prostate cell lines

Preliminary studies carried out by Dr. Laura Cosentino (previous PhD student
in the Pors’ group) using normal prostate cell lines and cancer cell lines to
explore ALDH1A1, ALDH2 and ALDH3A1 gene expression by qPCR (data not
published, but kindly provided for the purpose of this chapter by Dr. Pors),
revealed low levels of ALDH1Al in the normal PNT2C2 cells compared to
higher expression in cancer cell lines PC3, DU145 and LNCaP. The
expression of ALDH2 was also lower in PNT2C2 compared to PC3, DU145
and LNCaP cells. The expression of ALDH3A1 was low in PNT2C2, DU145
and LNCaP cells but high in PC3 cells (Figure 18). There was increased
expression of ALDH1A1 following DAC treatment of PNT2C2, PC3, DU145
and LNCaP cells. However, ALDH3A1 expression only increased in DU145
and LNCaP cells after DAC treatment (Figure 19). Interestingly, the normal cell
line PNT1A as compared to PNT2C2 and RC165, showed high expression of
ALDH1A1, -2 and -3A1, with increased ALDH1A1 expression following DAC
treatment. However, no further studies were undertaken to address this

observation.

Although Dr. Cosentino also looked at PNT1a, RC165 and P4ES6, the present
study has focused on PNT2C2, PC3, DU145 and LNCaP cell lines only due to
time limitations as this study further incorporated the use of primary prostate
cultures as a study model. PNT2C2 was the preferred cell line as a normal
model as it showed differences in ALDH expression compared to the cancer

cell lines, and it was the only normal cell line available in the institute’s cell
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bank. The three cancer cell lines were selected because they are traditionally
used in the field as standard models for prostate cancer, and a further two
prostate cancer cell lines SerBob and Bob were included in the present study.
The present study did not study ALDH1A1, -2, and -3A1 expression in cell
lines that was shown by Dr. Laura Cosentino. Data from Figure 18 and 19
were generated by Dr. Laura Cosentino prior to the work done in the present
thesis, and no statistical tests were applied by Dr. Cosentino to validate the

statistical significance of these previous findings.
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Figure 18. Preliminary gene expression data by gPCR on selected ALDH isoforms and
prostate cell lines.

(A) ALDH1A1, (B) ALDH2 and (C) ALDH3A1 gene expression in the benign cell lines PNT1A,
PNT2C2 and RC165, and in the cancer cell lines P4E6, PC3, DU145 and LNCaP. Data
produced by Dr. Laura Cosention.
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Figure 19. Preliminary gene expression data by qPCR following treatment with
decitabine (DAC) on selected ALDH isoforms and prostate cell lines

(A) ALDH1A1 and (B) ALDH3A1 gene expression in the benign cell lines PNT1A, PNT2C2,
and RC165, and in the cancer cell lines P4E6, PC3, DU145 and LNCaP. Data produced by Dr.

Laura Cosentino.
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3.5 Differential expression patterns of ALDH genes in prostate cell
lines

The basal MRNA expression levels of ALDH1A1, -1A2, -1A3, -1B1, -2, -3Al
and -7Al1 were quantified by gPCR in a normal prostate cell line PNT2C2 and
a panel of prostate cancer cell lines including SerBob, Bob, LNCaP, DU145
and PC3. For normalisation of the target genes, the housekeeping gene
RPLPO was used as it had been optimised as a reference gene for most
prostate cell lines by Professor Maitland’s group at the University of York. In
the case of using the SC/TA/CB selected populations from the primary
cultures, previous work in the Maitland lab showed that the expression of
some housekeeping genes varied between the subpopulations. Therefore,
multiple housekeeping genes were not used. RPLPO was chosen because it
was the most consistently expressed between the subpopulations. The basal
mRNA expression was generated using 29T method from three independent

experiments, and a mean value = SD was calculated.

Figure 20 (A) shows a significantly high expression of ALDH1Al in prostate
cancer cell line SerBob compared to PNT2C2. Figure 20 (B) shows a
significantly high expression of ALDH1A2 only in PC3 cells. ALDH1A3 mRNA
expression was significantly reduced in SerBob, Bob, LNCaP and DU145 cells
compared to PNT2C2 as shown in Figure 20 (C). Figure 20 (D) shows
significantly low mRNA expression of ALDH1B1 in SerBob, Bob DU145 and
PC3 cells. ALDH2 and ALDH3AL expression was significantly increased in
SerBob cells as shown Figure 20 (E and F). ALDH7Al expression was
significantly decreased in Bob, LNCaP and PC3 cells as shown in Figure 20

(G). Taken together, ALDHs showed varied expression in the different cell
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lines. ALDH1A3 showed highest expression in PNT2C2 benign cell line,
however its expression was also high in the most aggressive cell line PC3.
ALDH1AZ2 expression was not detected in most cases with the exception of
PC3 cells. This correlates with the potential hypermethylation of ALDH1AZ2 in
cells with malignant properties as reported by an earlier study [474]. The
expression of ALDH1A3, ALDH1B1 and ALDH7Al1 was observed in most

cancer cell lines to various degrees.
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Figure 20. gPCR analysis of ALDH gene expression relative to housekeeping gene
RPLPO in prostate cancer cell lines.

Gene expression of (A) ALDH1A1, (B) ALDH1A2, (C) ALDH1A3, (D) ALDH1B1, (E) ALDH2,

(F) ALDH3A1 and (G) ALDH7A1 was measured using 2°"in a panel of selected prostate
cancer cell lines. Where ALDH1A1, -2 and -3A1 had already been analysed previously by
Dr. Cosentino (Por's group) in LNCaP, DU145 and PC3 cell lines, these were not
investigated in this study. Note difference in scale of Y-axis. Statistical significance was
measured as a comparison of each cell line to the normal PNT2C2 cell line. Data are
represented as a mean of three independent experiments + SD. Statistical significance was
calculated using one-way ANOVA for unpaired groups; multiple comparisons (more than two
groups); cancer cell lines (red) compared to benign cell line (blue). * p =0.01 to 0.05, ** p =
0.001 to 0.01, *** p = 0.0001 to 0.001, **** p < 0.0001.
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3.6 Expression profiling of ALDH genes in primary epithelial cultures
derived from human prostatic benign and cancer tissues
Whole population RNA samples were kindly provided by Professor Maitland’s

group (University of York) with a Gleason score ranging from 6-9.

A significant difference was observed for expression of ALDH isoforms 1A3
(Figure 21 C), 1B1 (Figure 21 D) and 2 (Figure 21 E) in primary prostate
samples with a higher expression in cancer than in BPH samples and this
observation was more pronounced with ALDH1A3 expression (note difference
in scale). ALDH1A1, 3A1 and 7A1 were found to be similarly expressed in
benign and cancer samples (Figure 21 A, F, G). The expression of ALDH1A2

was low in most samples analysed (Figure 21 B).

In contrast to ALDH expression in cell lines, ALDH1A3 expression was much
higher in primary cancer samples compared to primary benign samples at
MRNA level. Taken together, these results exemplify the importance of using
primary cells as a model to validate gene expression and suggests the

correlation of ALDH1A3, ALDH1B1 and ALDH2 with prostate cancer.
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Figure 21. gPCR analysis of ALDH gene expression relative to RPLPO in prostate
primary epithelial cultures.

Gene expression of (A) ALDH1A1, (B) ALDH1A2, (C) ALDH1AS3, (D) ALDH1B1, (E) ALDH2,
(F) ALDH3A1 and (G) ALDH7A1 was measured using 2-9°T, RNA was extracted from patient-
derived prostate epithelial cells from prostate cancer tissue (n=9) and BPH tissue (n=9). *Note
difference in scale on Y-axis. Statistical significance was calculated using Mann Whitney U
test, for unpaired groups, non-parametric distribution, comparison of only two groups. BPH
samples denoted as blue circles and cancer samples as red squares. * p = 0.01 to 0.05, ** p =
0.001 to 0.01, *** p = 0.0001 to 0.001, **** p < 0.0001. See appendix | for sample details.
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3.7 Differential expression of ALDHs in the primary prostate epithelial
hierarchy

In an attempt to investigate the difference in ALDH gene expression pattern in
different population of cells within the tissue, RNA from primary benign and
cancer cells which had been selected into SC, TA, and CB cell populations
based on their cell surface antigens was used [491]. The different cell
populations were cultured, harvested and RNA extracted by Prof. Norman
Maitland’s group in University of York, and the RNA samples were kindly
provided by them for this study. cDNA synthesis of this RNA and qPCR was

performed as part of this study.

gPCR analysis of primary prostate epithelial cells showed differential ALDH
gene expression between the different cell types of cells within a
heterogeneous tissue. However, it did not differentiate between benign and
cancer samples. Analysis of more patient samples would be required in order
to determine if there is a distinction (Figure 22 A-G). In addition, the number of
samples was very low for each population in particular the SC population.
Since, the RNA vyield was very low for the SCs, analysis was focused on
ALDH1A3 and ALDH1B1 due to their high expression in cell lines and primary
cells. ALDH7A1 was also focused on as it has previously been reported to be
associated with prostate cancer. For these 3 isoforms, One-way ANOVA
statistical test was used to compare SCs with TA and CB as unpaired groups.
However, due to only 1 SC sample for the remaining ALDH isoforms (1A1,
1A2, 2, and 3Al), this comparison was not feasible, hence the TA population
was compared with CB population using the Mann Whitney U test. Both tests

were applied and it was shown that there was no statistical difference in ALDH
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expression between any populations for all the ALDHs. The expression
appeared varied in some samples within each population. This may be due to
the samples being different based on patient variability, and therefore having
an impact on the statistical outcomes. More samples are needed to truly see a

statistical difference between the cell types.

Interestingly the expression of ALDH1A1 was higher in CB cells than SC and
TA cells, contrary to previous studies using ALDH1A1 as SC marker (Figure
22 A). In accordance with cell line and whole population primary cell data, the
expression of ALDH1A2 is least expressed in most samples compared to
other ALDHs across the 3 population of cells, except one sample that showed
high ALDH1A2 expression in TA and CB cells (Figure 22 B). It was found that
ALDH1A3 expression was similar between the different cell types and the
expression was higher compared to other ALDH isoforms (note difference in
scale) (Figure 22 C). ALDH1B1, -2 and -3A1 showed a similar pattern of
expression between SC, TA and CB cell populations with some outliers
(Figure 22 D-F). The expression of ALDH7A1 was higher in the more

differentiated TA and CB cells than SC (Figure 22 G).

Taken together, this data suggests that ALDH1A3 and ALDH7A1 are highly
expressed in prostate tissue with the former also contributing to expression in
the SC component in contrast to ALDH1A1. However, none of the difference in
ALDH expression between different cell types was statistically significant and
therefore, more samples would be required to make this distinction and

validate the observed changes.
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Figure 22. gPCR analysis of ALDH expression in basal epithelial cells after
subpopulation selection.

Gene expression of (A) ALDH1A1, (B) ALDH1A2 and (C) ALDH1A3, (D) ALDH1B1, (E)
ALDH2, (F) ALDH3A1 and (G) ALDH7A1 using 2-9CT, RPLPO was used as the control gene.
SC- stem cell, TA- transit amplifying cell, and CB- committed basal cells. For ALDH1A1l, -
1A2, -2, and -3Al statistical significance was assessed using the Mann Whitney U test for
comparing unpaired groups for TA compared with CB, herein SC (h=1), TA (n=3) and CB
(n=4). Due to only one sample for SC, statistical test for this population was unobtainable.
For ALDH1A3, -1B1 and -7A1l statistical significance was assessed using the one-way
ANOVA for multiple comparisons of unpaired groups, TA (n=8) and CB (n=8) compared to
SC (n=3), and no statistical significance was found. *Note difference in scale. See appendix
Il for sample details.
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3.8 ALDH protein expression in primary prostate epithelial cultures

As the mRNA expression of ALDH1A3, -1B1, and -2 was high in cancer
samples compared to benign samples, the protein expression of these
selected ALDH isoforms was investigated by immunofluorescence in primary
cultures. ALDH7A1 was also included due to its reported association with
prostate cancer [490]. CK5 and CK14 were used as positive controls for basal
epithelial cells in benign and malignant samples.

The expression pattern at protein level correlated with that of mRNA level in
primary cultures. The expression of ALDH1A3 was moderate to weak in
benign samples (Figure 23 A-C) with the expression of ALDH7A1, 1B1 and 2
to be weak. In cancer samples, the expression of ALDH1A3 was very strong,
with weak expression of ALDH7A1, strong expression of ALDH1B1 and weak
to moderate expression of ALDH2 (Figure 23 D-G). The overall ALDH protein

expression is summarised in Table 19.

ALDH1A3 ALDH1B1 ALDH2 ALDH7A1
BPH ++ + + +
Cancer ++++ +++ + +

Table 19. ALDH protein expression in primary prostate epithelial cells.

Expression is represented as very strong (++++), strong (+++), moderate (++), and weak
(+). ALDH1AS3 expression was very strong in the cancer samples with moderate expression
in normal and BPH samples. Expression of ALDH1B1 was strong in cancer, moderate in
normal and weak in BPH. Expression of ALDH2 and ALDH7Al1 was weak in all different
stages of prostate tissue.

Secondary antibody only controls showed no staining, suggesting any staining
was specific to the primary antibody. The intensity of staining is different for
each ALDH isoform across the BPH and cancer samples, supporting the

specificity of the primary antibodies used, because if staining was non-specific

the intensity would be the same in all the samples. However, the addition of
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co-localisation controls for cytoplasm, nucleus and mitochondria staining
would have been appropriate to use to identify and confirm cellular location of
the ALDHSs. Although DAPI was included to stain the nucleus, other dyes to
stain the cytoplasm and mitochondria were not included. The use of
counterstains such as phalloidins to label actin filaments [492], DRAQS5 (a
modified anthraquinone) to label DNA/nuclei [493], and tetramethylrhodamine
methyl ester to label mitochondria [494] would have confirmed specificity of
the primary antibody binding to the subcellular location.

To confirm the observed high expression of ALDH1A3 in primary prostate
cancer cultures, siRNA knockdown of ALDH1A3 was performed to validate the
result. Primary prostate cancer sample H507/14 RB was used and no cell lines
were used for this experiment.

Primary prostate cancer cells were either mock only treated (no
oligofectamine, no siRNA-ALDH1A3), liposomal only treated (with
oligofectamine but without siRNA-ALDH1A3), or siRNA-ALDH1A3 treated
(with oligofectamine and siRNA for ALDH1A3). Mock and liposomal control
transfected primary cells showed high expression of ALDH1A3. Knockdown of
ALDH1A3 expression by siRNA reduced the ALDH1A3 expression although
some expression was expected as siRNA knockdown may not have
completely knocked down ALDH1A3 expression, confirming the observed
ALDH1A3 expression in mock and liposomal control samples by target
specificity. Furthermore, secondary antibody only control ensured no non-
specific binding to ALDH1A3 (Figure 24).

Taken together, ALDH1A3 is highly expressed in cancer compared to benign

and normal cells. The expression of ALDH7A1 was weak in all cell types while
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the expression of ALDH1B1 was strong in cancer but weak in benign cells.
The expression of ALDH2 was weak in benign with moderate expression in

cancer cells.
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Figure 23. Immunofluorescence analysis of protein expression in primary cultures
Representative images show merged picture of DAPI and red staining combined.
Fluorescence was measured at 358nm excitation/461 nm emission for DAPI, and 578nm
excitation/600nm emission for red signal for alexaFluor568 secondary antibodies. See
appendix IV for sample details.
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Figure 24. Immunofluorescence analysis of ALDH1A3 expression in primary prostate
epithelial cancer following knockdown of ALDH1A3 by siRNA.

ALDH1AS expression was assessed in primary prostate epithelial cancer sample H507/14
RB following the knockdown of ALDH1A3 by siRNA. Secondary only control was used to
ensure that the secondary antibody does not non-specifically bind to ALDH1A3. Mock
control did not carry any oligofectamine or siRNA for ALDH1A3, therefore observed staining
is for ALDH1A3. Liposomal control only carried oligofectamine but not siRNA for ALDH1A3
to ensure staining shown is not due to presence of the vehicle oligofectamine when
compared to mock control. SIRNA-ALDH1A3 was used to knockdown the expression of
ALDH1AS to confirm its stainin in mock and liposomal control. Fluorescence was measured
at 358nm excitation/461nm emission for DAPI, and 578nm excitation/600nm emission for
red signal for alexaFluor568 secondary antibodies. See appendix IV for sample details.
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3.9 ALDH protein expression and localisation in human BPH tissue

Tissue samples were obtained and prepared by Professor Norman J.
Maitland’s team in the University of York. Tissue slides were kindly provided
by Dr. Fiona M. Frame for immunohistochemistry staining. Samples used for
immunohistochemistry staining of ALDHs included BPH tissue from human
benign tissue. BPH sample was collected from patients undergoing TURP
procedure as detailed in chapter 2 Materials and Methods. Only two slides
containing 3 tissue sections each (a total of 6 sections) of the same BPH
tissue (successive tissue sections) were processed in this study. The 6 BPH
tissue sections from the same tissue were analysed for ALDH1A3, ALDH7AL,
ALDH1B1, ALDH2, NKX 3.1 (positive control, expressed in nucleus of luminal
cells) and secondary antibody only (negative control). Pathology results of the
BPH tissue was obtained by pathologist Dr. Greta Rodriguez from Castle Hill
Hospital confirming BPH diagnosis. Hemotoxylin and eosin staining performed
by Prof. Norman Maitland’s group determined tissue sections that contained
epithelial glands and these sections were then provided for the purpose of this
study. Therefore, all the successive 6 sections used for the present study

contained epithelial glands.

BPH tissue displayed some intact lumens within the tissue and a more
structured prostate tissue as expected in benign disease. Although BPH tissue
showed strongest staining of ALDH1A3 and ALDH1B1 (Figure 25), it appeared
non-specific due to its expression throughout the tissue including stromal
regions, with the intensity of staining the same across the tissue. Moderate

expression of ALDH2 mostly around the lumen was shown suggesting
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epithelial staining, with some stromal staining (blue stain indicating nuclei of
stromal cells) (Figure 25). Only low expression of ALDH7A1 was observed in
the epithelium surrounding the lumen (mostly stained blue), with ALDH7A1

staining mainly in the stromal cells (brown stain) (Figure 25).

NKX 3.1 is an androgen regulated homeodomain gene, found primarily in
secretory epithelia of BPH [495] and hence used as a positive control (Figure
25). Staining of NKX 3.1 is observed in the nuclei of luminal epithelial cells
(Figure 25) and no stromal staining is seen. Negative control used only
included secondary antibody, and no staining was observed in the tissue
indicating that the secondary antibody gave no non-specific staining (Figure

25).

Images taken with objective x40 magnification were out of focus due to a fault
in the lens and therefore not included here which may have clarified the
staining pattern at a higher magnification. In addition, the use of p63 as a
positive marker for basal cells may have assisted in compartmentalising basal
layer of epithelial cells. Furthermore, control tissue with no ALDH expression
could have been tested with ALDH antibodies as a negative control. Due to

the limitations of obtaining human tissue, this was not performed.

Future study could include peptide blocking of the antibodies to check for their
specificity. Positive and negative control tissues could be used alongside
experimental tissue to confirm specificity of staining. In addition, cancer tissue
could also be analysed alongside BPH tissue, preferably using tissue

microarrays, to distinguish ALDH expression between benign and cancer.
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Figure 25. Immunohistochemistry analysis of ALDH in BPH tissue.

Magnifications at x20. BPH tissue from patient 391 (2008). Brown stain 3,3-diaminobenzidine
(DAB) represents staining used to target ALDH1A3, -7A1l, -1B1, -2, and NKX 3.1. DAB reacts
with the HRP attached to the secondary antibody to give the brown signal. NKX 3.1 stains the
nuclei of luminal epithelial cells. The slide was counterstained with hematoxylin to visualise the
nuclei. Negative control included secondary antibody only. Code:03910811 and 03910813
represents 391 as the patient number, 08 as the year 2008, and 11 and 13 as successive
tissue sections from the same BPH tissue.
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3.10 Regulation of ALDH gene expression by epigenetic drugs in

prostate epithelial cell lines

Gene expression profiling of the selected ALDH isoforms were also
investigated following treatment of cells with epigenetic drugs DAC, TSA,
MS275 and SAHA. These experiments were performed in order to understand
if ALDHs may be sensitive to epigenetic control and treatment. The fold
change in gene expression relative to DMSO control was calculated using the
method 2-99CT by gPCR using three independent experiments. DAC was used

as a DNA demethylation agent, whereas HDACs were used as histone

deacetylation agents. The different HDAC inhibitors used are summarised in

Table 20.
HDAC Specificity of Structurally Mechanism of action
inhibitor inhibition grouped
classes
Trichostatin A Pan inhibitor of Hydroxamate Induced mitotic cell death by
(TSA) class I, Il and IV acetylated histones which disrupts the
Zinc binding HDACs structure and function of the
inhibitor centromere and the pericentric
heterochromatin, with loss of binding
to heterochromatin binding protein [62,
496]

Vorinostat Pan inhibitor of Hydroxamate Induced the cyclin-dependent kinase
(SAHA) class I, Il and IV inhibitor p21 expression, which
Zinc binding HDACs increased acetylation of histones H3
inhibitor and H4 associated with the proximal

promoter of the p21 gene [62]
Entinostat Selective inhibitor Benzamide Increases E-cadherin promoter
(MS275) of HDAC class | activation by reducing Twist and Snail
Zinc binding (HDAC 1, 2 and 3) association with the promoter, and has
inhibitor shown to inhibit cell migration [497]

Table 20. Characterisation of HDAC inhibitors.

Trichostatin A (TSA) and Vorinostat (SAHA) are both from the hydroxamate class of HDAC
inhibitors which are pan inhibitors of class I, Il and IV HDACs. Entinostat (MS275) belongs to
the benzamide class of HDAC inhibitors which selectively inhibits class | HDACs. All these
inhibitors are dependent on zinc for their inhibitory activity. Their mechanism of actions are not
fully understood but studies have demonstrated their effect on cell death, cell cycle arrest and
inhibition of EMT suppressing cell migration. MS275 differs from TSA and SAHA based in its
selectivity for class | HDACs. TSA and SAHA share non-specificity for HDACs but have shown
different mechanisms of action.
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There was a 3.5-fold and 17.5-fold increase in ALDH1A2 expression in
PNT2C2 cells following DAC and MS275 treatment respectively. No changes
in the expression of other isoforms were observed after treatment with any of
the epigenetic drugs (Figure 26 A). ALDH isoforms 1A1, 1A2 and 3A1 showed
to be highly expressed after epigenetic treatment with DAC, TSA and MS275
in the Bob cell line (Figure 26 B). In the SerBob cell line, ALDH isoforms 1A1
and 1A2 were expressed by DAC and at low levels following TSA and MS275
treatment (Figure 26 C). There was about 80-fold increase in ALDH7A1
expression following DAC treatment, and a notable increase in ALDH1A2 and
ALDH1A3 expression after DAC treatment in LNCaP cells (Figure 26 D). In
DU145 cells, there was a 15-fold increase in ALDH1A2 expression after DAC
treatment and a 4-fold increase after MS275 treatment (Figure 26 E). None of
the epigenetic drugs had much effect on the expression of the ALDHs in PC3
cells (Figure 26 F). Taken together, these results suggest that ALDH
expression may be regulated by DNA methylation and/or histone modification.
ALDH1A2, a previously proposed TSG, was re-expressed after epigenetic

drug treatment in most cases.
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Figure 26. Gene expression analysis in prostate cell lines before and after epigenetic
treatment.

Relative ALDH expression in (A) normal epithelial prostate cell line and (B-F) prostate cancer
cell lines. DMSO control samples are set at 1 and the treatments are plotted as fold change
relative to control. Data are represented as a mean of three independent experiments = SD.
Gene expression analysis was carried out by gRT-PCR and gene expression fold change of
the ALDHs were worked out using 2-99CT, RPLPO was used as the control gene. DAC
treatment of 1uM was repeated every other day for 6 days. Treatment of 0.1uM of TSA, 0.5uM
of MS275 and 0.5pM of SAHA was carried out for 48 hours. DAC- decitabine, TSA-
trichostatin A, MS275- entinostat, SAHA- vorinostat. Statistical significance was calculated
using one-way ANOVA for paired groups; multiple comparisons (more than two groups);
DMSO control compared to DAC, TSA, MS275 and SAHA. * p = 0.01 to 0.05, ** p = 0.001 to
0.01, *** p = 0.0001 to 0.001, **** p < 0.0001. * Note difference in scale. Where there are
different ALDH isoforms with high expression and low expression on the same graph, the
lower expressed isoforms that are significantly differently expressed compared to DMSO
control are also shown with asterisks.
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3.11 Effect of epigenetic drugs on ALDH protein expression in prostate

epithelial cell lines

Based on the gene expression data, western blotting detection was carried out
to study whether effects observed at the mRNA level were also observed at
the protein level. Herein, focus was made on four cell lines including PNT2C2
(to include a normal prostate cell line), Bob (as it showed the upregulation of
more than one ALDH isoform following epigenetic treatment, and as it is a
basal cell line), SerBob (as it showed the upregulation of more than one ALDH
isoform following epigenetic treatment, and it is a more differentiated cell line
compared to Bob) and LNCaP (as it showed a significantly high expression of
ALDH7AL1 following DAC treatment). SAHA was excluded due to no effect
seen at the gene level in most cell lines. For protein expression, only selected
isoforms were included for different cell lines for comparison analysis. For the
benign PNT2C2 cells, all the 7 ALDH isoforms were included, however
ALDH1A2 and ALDH3Al were not seen in this cell line. ALDH1B1 was
included in all cell lines to include a B family member of the ALDH family.
ALDH7AL1 was also included in all cell lines due to its association with prostate
cancer as previously shown by Hoogen et al. All isoforms were included in
Bob and LNCaP cells, however ALDH1A1 and ALDH1A2 were not seen in
Bob and LNCaP cells respectively. Due to time limitations only ALDH1B1 and

ALDH7A1 were studied in SerBob cells.

Specificity of the antibodies were assessed with the ALDH molecular weights
(MW), since the ALDH isoforms studied have different MWs. If a clear band

appeared at the corresponding MW of the ALDH isoform, the antibody was

167



regarded specific. However, in the case of isoforms with similar MW
(ALDH1Al1 56.2kDa, ALDH2 56kDa, ALDH7A1 55kDa, ALDH1Bl1 and
ALDH1A2 57kDa), a more direct way to check specificity would be to generate
knockout cell lines to included wild-type (with ALDH expression) and its ALDH-
I pair. Antibody testing with such a model would give more accurate results for
specificity, because the band would be absent in the knockout cell line.
Likewise, isogenic pair of cell lines to include wild-type ALDH cell line and an
ALDH transfected cell line pair may also be used. But these experiments
require time to generate such cell line pairs and therefore were not carried out
within the time frame for this study. In addition, the antibody for ALDH1A3 was
used to confirm its specificity by carrying out a knockdown experiment in PC3
cells. The siRNA knockdown of ALDH1A3 resulted in 74% knockdown of this
isoform as shown by the immunoblot in Figure 27 (data also used in chapter

4),

Liposomal SiRNA
PC3 control ALDH1A3

—— B D2

ALDH1A3

1 0.26

Actin

Figure 27. Knockdown of ALDH1A3 by siRNA in PC3 cells.

PC3 cells were treated with either oligofectamine only (vehicle) or with siRNA for ALDH1A3.
Actin was used as the control gene to normalise expression. Expression of ALDH was
reduced by 0.26 fold upon silencing with sSiRNA.
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The addition of positive control cells that highly express ALDH1A1 would have
been useful to test the ALDH1A1l antibody as no bands were observed in
PNT2C2 or LNCaP cells. If a positive control shows ALDH1A1 bands, then the
absence of ALDH1A1l expression in PNT2C2 and LNCaP cells would have
been validated. Herein, Bob cells were assessed for ALDH1A1 expression but

the results could not be obtained.

In PNT2C2 cells, the protein expression of ALDH1A3, -1B1, -2 and -7Al
disappeared after DAC treatment, however no change was seen at the mRNA
level of these isoforms (Figure 28 A). In SerBob cells, results obtained for the
isoforms 1B1 and 7A1 showed the expression to be the same in all conditions,

which is in correlation with the gene expression data (Figure 28 B).

Bob cells showed a reduced expression of ALDH1A2 with DAC, TSA and
MS275 treatment. ALDH1A3 expression was increased 9.84-fold with DAC,
correlating with the mRNA level. ALDH1B1 was expressed in all conditions
with a 10.13-fold higher expression in TSA treatment. ALDH2 and -7A1 were
expressed in all treatments and this was the case at the mRNA level
suggesting they are unaffected by treatments. ALDH3A1 protein expression
was 25.77-fold elevated in response to DAC treatment, which is consistent

with ALDH3A1 mRNA expression after DAC treatment (Figure 28 C).

In LNCaP cells there was a 4.15-fold increase in ALDH1A3 expression
following DAC treatment. ALDH1B1 expression was seen in all treated cells
but a slightly lower expression in DAC treated cells was observed. ALDH2
expression was increased by 4.07-fold, 2.43-fold and 3.59-fold following

treatment with DAC, TSA and MS275 respectively. ALDH3A1l was also
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expressed in all treated samples, with a 1.95 and 2.49-fold increase following
DAC and TSA treatment. ALDH7A1 was highly expressed following DAC
treatment. Herein, the protein expression data correlates with the gene

expression data (Figure 28 D).

Taken together, this data further suggests that the expression of certain ALDH
isoforms may be under epigenetic regulation including DNA methylation and
histone modification, in particular the upregulation of ALDH1A3, ALDH1B1,

ALDH2, ALDH3A1 and ALDH7AL.
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Figure 28. Protein expression analysis by western blot in prostate cell lines before
and after epigenetic treatment.
Relative ALDH expression in (A) normal epithelial prostate cell line and (B-D) prostate
cancer cell lines. Actin was used as control. DAC treatment of 1uM was repeated every
other day for 6 days. Treatment of 0.1uM of TSA, 0.5uM of MS275 and 0.5uM of SAHA was
carried out for 48 hours. DAC- decitabine, TSA- trichostatin A, MS275- entinostat. Numbers
below each blot represents the fold change in ALDH expression. Where DMSO had no
band, the fold change in ALDH expression following epigenetic treatment was not

achievable.
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3.12 ALDH expression after treatment with TSA in primary prostate

epithelial cultures

To further understand whether the observed epigenetic modulation of ALDH
expression in prostate cell lines showed a similar pattern in primary prostate
epithelial benign and cancer cells, the gene expression of ALDHs was
investigated following treatment with the HDAC inhibitor TSA. Dose
establishment was previously carried out by Dr. Euan Polson and Dr Davide
Pellacani [62] from Prof. Norman Maitland’s group and IC50 values were
obtained from which a non-toxic dose was selected. Cells were treated with
either DMSO or TSA at 0.6uM for 24 hours. After treatment, cells were
harvested and the RNA extraction was carried out. Prof. Norman Maitland
kindly provided the RNA samples for this study. The cDNA synthesis and
gPCR was performed in the present study. Specificity and off-target effects

were controlled by selecting a low enough dose not to be toxic.

TSA treatment showed upregulation of ALDH1Al1 (Figure 29 A), ALDH1A2
(Figure 29 B), ALDH1A3 (Figure 29 C), and ALDH2 (Figure 29 E) relative to
DMSO control set at 1 as shown in the bigger scale graphs, however it was
not statistically significant. Not much effect was seen in the expression of
ALDH1B1 (Figure 29 D), ALDH3A1 (Figure 29 F) and ALDH7AL1 (Figure 29 G)

across the range of samples following TSA treatment.

Taken together, this data suggests that certain ALDH isoforms may potentially
be regulated by histone modification whilst, ALDH1A2, -3A1l and -7Al are

predominantly affected by DNA methylation as previously observed in Figure
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31 and 32. Some ALDHSs exhibit regulation by both epigenetic mechanisms,

which complicates the process of understanding their expression pattern.
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Figure 29. qPCR analysis of ALDH expression in primary prostate epithelial cells
following treatment with TSA.

Samples were either treated with DMSO or 0.6uM TSA for 24 hours. The fold change in
ALDH expression was worked out using 2-99CT relative to DMSO control which was set at 1.
Values represented as the mean and SD of three technical repeats. Statistical test was used
to compare BPH samples (n=4), except for ALDH3A1l BPH (n=3), with Cancer samples
(n=9) using Mann Whitney U test which considered 2 unpaired groups, non-parametric
distribution, and differences in the number of BPH and cancer samples. There was no
statistical difference in ALDH expression between the two groups. *Note difference in scale.
See appendix V for sample details.
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3.13 Regulation of ALDH gene expression by retinoic acid in primary

prostatic epithelial cells

The RA signalling pathway was explored as there is some indication of a
potential link between ALDH expression and RA gene regulation as outlined in
the Introduction. Here. the ALDH gene expression was profiled in RA treated
and non-treated primary prostate epithelial samples. Benign samples (BPH)
were compared with BPH-PIN (BPH with evidence of PIN) and cancer

samples.

Cells were either treated with DMSO or atRA at 100nM for 72 hours; this dose
was previously used and optimised by Dr. Euan Polson, Dr. Davide Pellacani
and Dr. Emma Oldridge [452] in Prof. Norman Maitland’s group and showed
no phenotypical changes. The RNA samples were prepared and kindly
provided for this study. The cDNA synthesis and qPCR was carried out as part

of this study.

A small increase in ALDH1A1 expression following treatment with 100nM atRA
was observed in both cancer samples relative to DMSO (Figure 30 A). No
difference in ALDH1A2 expression was shown in the atRA-treated cancer
samples, however a small reduction in ALDH1A2 expression in the atRA-
treated BPH-PIN sample was shown (Figure 30 B). An increase of about 19-
fold, 8 and 12-fold and 27-fold in the expression of ALDH1A3 following atRA
treatment was shown in BPH, BPH-PIN and cancer samples respectively
(Figure 30 C). ALDH1B1, -2 and -7A1 expression showed no changes upon
atRA treatment (Figure 30 D, E, G). There was an increase of about 9-fold and

12-fold of ALDH3A1 expression in BPH-PIN and a cancer sample respectively
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after atRA treatment (Figure 30 F). However, due to the small number of
samples, a statistical test could not be applied to assess significance of
change on ALDH expression upon treatment with atRA. Furthermore, the use
of a positive control gene such as retinoic acid receptor responder 1
(RARRESL1) for atRA induced expression [452], would have been useful to
compare the observed upregulation of ALDH1A3 and ALDH3AL following

atRA treatment.
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Figure 30. ALDH gene expression analysis of primary prostatic epithelial cells after
atRA treatment.

Fold change of (A) ALDH1A2, (B) ALDH1AS3, (C) ALDH7A1, (D) ALDH1A1, (E) ALDH1B1,
(F) ALDH2 and (G) ALDH3A1 expression relative to untreated control. RPLPO was used as
the housekeeping gene. Analysis was performed by gPCR using 2-99CT, Retinoic acid
treatment was for 72 hours at 100nM. Samples studied were BPH, BPH-PIN (BPH sample
but with signs of PIN) and cancer primary cells. Due to the requirement of a minimal of 3
repeats (n=3) to compare means of the groups, it was not possible to do apply a statistical
test. Herein, BPH (n=1), BPH-PIN (n=1) and cancer (n=2) samples. See appendix VI for
sample details.
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3.14 Regulation of ALDH gene expression by hypoxia in prostate
epithelial cell lines

To investigate if hypoxia had an effect on the expression of ALDH gene
expression, prostate cell lines were exposed to either normoxic conditions,
hypoxic conditions for 24 hours or hypoxic conditions for 48 hours before
analysis by gPCR. Carbonic anhydrase IX (CA9) was used as a positive

control for hypoxia.

In the PNT2C2 cells, there was a small but statistically significant increase in
expression of ALDH1A1 at 24h hypoxia, ALDH2 at 48h hypoxia and ALDH3A1
at 48h hypoxia when compared to normoxia. However, the expression of
ALDH1Al decreased at 48h hypoxia (Figure 31 A). In SerBob cells, the
expression of ALDH1A1 at 48h hypoxia and ALDH1B1 at 24h and 48h hypoxia
were significantly reduced as compared to normoxia (Figure 31 B). In Bob
cells, a significant increase in ALDH1A3 expression at 24h hypoxia was
observed, but at 48h hypoxia ALDH1A3 expression was reduced. A significant
decrease in ALDH2 and ALDH7A1 was observed at both 24h and 48h hypoxia
as compared to normoxia (Figure 31 C). In LNCaP cells, a significant increase
in ADLH2 expression at 48h hypoxia was observed, with a significant
decrease in ALDH3Al expression at both 24h and 48h hypoxia when
compared to normoxia (Figure 31 D). In DU145 cells, the expression of
ALDH1A2, ALDH1A3, ALDH2 and ALDH3A1l were significantly increased at
48h hypoxia, with ALDH2 expression also significantly upregulated at 24h
hypoxia as compared to normoxia (Figure 31 E). In PC3 cells, there was a

significant downregulation of ALDH1A1, ALDH1A3 and ALDH1B1 expression
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at 24h and 48h hypoxia. The expression of ALDH1A2 and ALDH7A1 was also

decreased at 48h hypoxia as compared to normoxia (Figure 31 F).

Taken together, this data showed that ALDH expression may be affected by
the influence of hypoxia in prostate cell lines. Although changes observed in
ALDH expression seemed small but were statistically significant. ALDH
isoforms can be upregulated or downregulated under hypoxic stress in
prostate cell lines which may have phenotypic consequences. However, to
address this, further studies are needed to evaluate the effect of hypoxia

induced changes in ALDH expression on biological processes.
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Figure 31. Gene expression analysis in prostate cell lines under normoxic and
hypoxic conditions.

ALDH expression under hypoxia relative to normoxia in normal epithelial prostate cell line (A)
and (B-F) prostate cancer cell lines at 24h and 48h exposure. Normoxic control samples are
set at 1. Hypoxic conditions were maintained at 0.1% oxygen exposure. Data are represented
as a mean of three independent experiments + SD. Gene expression analysis was carried out
by gRT-PCR and gene expression fold change of the ALDHs was worked out using 2-4dCT,
RPLPO was used as the internal control gene and CA9 was used as a positive control.
Statistical test used was the one-way ANOVA for comparing paired groups including control
(normoxia) with two hypoxic groups. * p = 0.01 to 0.05, ** p = 0.001 to 0.01, *** p = 0.0001 to
0.001, **** p < 0.0001). * Note difference in scale.
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3.15 Effect of hypoxia on ALDH protein expression in prostate cell
lines

To investigate whether hypoxia had an effect on ALDH protein level, western
blot analysis was carried out on PNT2C2, SerBob, LNCaP, DU145 and PC3
cell lines. CA9 and HIF1a are often used as positive controls for hypoxia-
related experiments, but in this study, lactate dehydrogenase (LDH) was used
as previous experiments from Dr. Klaus Por's group suggested LDH as a

stronger positive control.

In PNT2C2 cells, protein expression of ALDH1A1 was increased by 1.23-fold
at 24h hypoxia which correlated with the mRNA expression data. In contrast to
MRNA data, a decrease of 0.47-fold of ALDH1A3 expression was observed at
48h hypoxia. ALDH1B1 expression was increased by 1.42 and 1.53-fold at
24h and 48h hypoxia respectively, whereas no change was seen at mRNA
level when compared to normoxia. The protein expression of ALDH3A1 was
increased at 24h hypoxia (3.51 fold) but reduced at 48h hypoxia by 0.71-fold.

Expression of ALDH7AL reduced by 0.60-fold at 24h hypoxia (Figure 32 A).

In SerBob cells, there was an increase of 2.95-fold in ALDH1B1 expression at
24h hypoxia which correlated with mRNA expression. In contrast to mRNA
expression, ALDH3AL1 protein expression was reduced by 0.45-fold at 24h

hypoxia (Figure 32 B).

In LNCaP cells, ALDH1A1 expression was reduced by 0.58 and 0.80-fold at
24h and 48h respectively which is in contrast to its mRNA expression. This

pattern was also seen in ALDH1B1 expression. ALDH3A1l expression
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decreased at 48h hypoxia which correlated with mRNA expression (Figure 32

Q).

In DU145 cells, a 2.2-fold increase in ALDH3A1 expression was observed at

48h hypoxia exposure which correlated with mRNA expression (Figure 32 D).

In PC3 cells, a reduction in ALDH1Al expression at both 24h and 48h
hypoxia was observed which is in correlation with mRNA expression. The
expression of ALDH1AS3 is increased by 2.77-fold at 24h hypoxia but reduced
by 0.47-fold at 48h hypoxia, the latter correlated with mRNA expression.
ALDH1B1 expression was decreased by 0.77-fold and undetected at 24h and
48h hypoxia respectively, which correlated with mRNA expression. ALDH7A1
expression was decreased by 0.48-fold at 48h hypoxia as compared to

normoxia correlating with the mRNA expression (Figure 32 E).

Taken together, gene and protein expression data suggested ALDH
expression may be regulated by hypoxia. Two time points of 24 and 48-hour
exposure to hypoxia identified 4 different expression patterns; changes in
expression at 24h hypoxia but no changes at 48h hypoxia (temporary change
in expression affected by hypoxia in a short time); no changes at 24h hypoxia
but observed changes at 48h hypoxia (longer exposure to hypoxia induces
changes); changes in expression at 24h also sustained at 48h (changes
observed at both time points); and no changes in expression at either time
point under hypoxic conditions. The ALDH expression pattern varied in the cell
lines examined following exposure to hypoxia. Future studies are needed to

investigate ALDH isoforms that are deregulated at 48h hypoxic exposure to
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evaluate if the changes in ALDH expression have implications on biological

processes in prostate cancer cells.

Where results are negative, inclusion of a positive control with high ALDH
expression would have been useful to validate results. For example, the
expression of ALDH1A3 was undetected in LNCaP and DU145 cells, but
present in PNT2C2, SerBob and PC3 cells. Therefore, the addition of one of
these cell lines in the LNCaP or DU145 blots could have served as a positive
control and allowed the determination of the negative results. If there was no
detection of ALDH1A3 in LNCaP and DU145 cells but a band in the PC3 cells

for example, this would have validated the negative results.

The quality of blots for ALDH1A1 expression appeared poor in SerBob, DU145
and PC3 cells. This could have been improved by optimising the experimental
methods in which a few variables could have been adjusted such as, blocking
time, blot washing time, number of washes, duration of incubation with primary
and secondary antibody, and exposure time of blots to ECL reagent. Or
simply, purchasing of a better antibody, which was not available at the time but

may now be available.

186



PNT2C2 24h 48h SerBob 24h 48h
ALDH1A1l ALDH1A1
56.2 kDa 56.2 kDa
ALDHI1A3 ALDH1A3
64 kDa 64 kDa

ALDH1B1 [T ALDH1B1
57 kDa Ll 57 kDa

ALDH3A1 ' ' ALDH3A1
50 kDa 50 kDa
ALDH7A1 ' ' ALDH7A1
55 kDa 55 kDa
LDH ' ' LDH

36 kDa ! 36 kDa
Actin . : Actin

43 kDa 43 kDa

LNCaP 24h 48h DU145 24h 48h
ALDH1A1 ALDH1A1
56.2 kDa 56.2 kDa -
ALDH1A3 ALDH1A3
64 kDa 64 kDa
ALDH1B1 ALDH1B1 )
57 kDa I-~~ 57 kDa --:q”
1

ALDH3A1 ' ' ALDH3A1 ' :
50 kDa 50 kDa

1 0.96 1 0.55 1 0.11 1 2.20
ALDH7A1 ALDH7A1
55 kDa 55 kDa
- - - - 1 0.90 1 0.86
LDH LDH
36 kDa 36 kDa
1 0.48 1 4.32 1 1.35 1 4.88

Actin ) Actin ) :
43 kDa 43 kDa

187



PC3 24h 48h

ALDH1A1l
ALDH1A3
B4 KDA | o —

ALDH1B1 [T — :
57 kDa —_—

1 0.77 1 -

ALDH3A1
50 kDa

ALDH7A1
55 kDa

LDH
36 kDa

Actin
43 kDa

Figure 32. Protein expression of ALDHs in prostate cell lines under normoxia and
hypoxia by Western blot analysis.

Relative ALDH expression in (A) normal epithelial prostate cell line and (B-E) prostate
cancer cell lines. Actin was used as control to normalise ALDH expression. LDH was used
as a positive control for hypoxia. ALDH protein expression under normoxia and hypoxia at
24h and 48h exposure. Hypoxic conditions were maintained at 0.1% oxygen exposure.
Numbers below each blot represents the fold change in ALDH expression.
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3.16 Generation of MCS using LNCaP cell line

To assess whether a MCS model of a prostate cancer cell line could be
generated using LNCaP cells, two methods were investigated; the hanging-
drop method and the 96-well plate method using methylcellulose as a key
component in the culture media to facilitate spheroid formation.
Methylcellulose, a cellulose derivative, is a polysaccharide that dissolves in
agueous solutions at temperatures below 50°C, forming a viscous gel. It
promotes cell aggregation and prevents cells from attaching to the culture
surface even in serum containing media [498].

Upon seeding 1000, 2000 and 5000 cells in a petri dish for the hanging-drop
method, the diameter of the spheroid was slightly reduced by day 2 and 3 of
measurement due to the spheroids acquiring a more compact and round
structure initially. This may be due to the broken cell-cell adhesion in the cell
suspension upon seeding the cells which may have occupied a larger surface
area, but by day 2 the cell-cell adhesion is re-established forming a tight
aggregate, hence the reduced spheroid diameter. By day 4 the diameter
increased (Figure 33 A and B). However, upon seeding 10,000 cells on day 1,
the diameter reduced even at day 4 of measurement suggesting the seeding
density was too high for generating spheroids possible due of cell death
(Figure 33 A and B).

Cell seeding of 5000 cells was tested using the 96-well plate method and the
diameter stayed similar over a growth period of 6 days which highlighted that
the hanging-drop method was more suitable for spheroid formation of LNCaP
cells (Figure 33 C and D). This is because in the hanging-drop method, the

diameter of the spheroids increased over the number of days in culture when
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seeded at 1000, 2000 and 5000 cells, facilitating the formation of a necrotic
core in the centre of the spheroid surrounded by a region of hypoxic cells
which are then surrounded by a periphery of a viable rim consisting of
normoxic cells that are the closet to the oxygen and nutrient supply in the
culture media. This method allows investigations to be carried out in the
different compartments of the spheroids. In the 96-well plate method, the
spheroid diameter did not change over 6 days suggesting no growth of the
spheroid and perhaps no formation of the hypoxic and necrotic fraction of
cells.

Figure 33 E showed H&E staining of LNCaP spheroid including the viable rim
(VR) and necrotic core (NC), immunofluorescence detection of the proliferation
marker Ki67 (red) sporadically across the VR and immunofluorescence
detection of hypoxic region (HR) (green), surface layer (SL) (blue) and necrotic
core (NC).

The empty NC observed in these spheroids by H&E and immunofluorescence
suggested that the semi-adherent cell line LNCaP may not be the ideal model
for a prostate cancer spheroid due to its compromised adhering ability in
culture. These MCSs only represented the SL and HR as shown by H&E
staining.

The LNCaP spheroids did not exhibit a perfectly round shape as not all cell
lines develop spherical spheroids, however their value as a MCS model may
be questionable since the SL and HR were only distinguishable but not the NC
as this was lost through processing of the spheroids.

Immunofluorescence of Ki67 was used to detect proliferating cells in LNCaP

spheroids. The Ki67 marker is a standard proliferation marker and the
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antibody had been previously optimised in the institute where clear detection
was observed. Although Ki67 detection was stronger in the VR of the
spheroid, some scattered detection was also observed in the hypoxic region
indicating cells may still have the ability to proliferate under hypoxic stress but
at a reduced rate. It would be interesting to compare Ki67 expression in this
LNCaP MCS model (with varying degrees of oxygen and nutrient supply
throughout the spheroid) to monolayer LNCaP cells grown in a T75 flask (with
enhanced oxygen and nutrient supply) as a control for Ki67 expression in the
spheroids.

LNCaP spheroids showed hypoxic cells as indicated in green, with a viable rim
of normoxic cells surrounding it in blue. Spheroids were either treated with
pimonidazole for hypoxia detection or not treated. Negative controls included
secondary antibody only for Ki67 detection and non-pimonidazole treated
spheroids for hypoxia detection.

Perhaps a different prostate cancer cell line with better cell culture adherence
may prove useful as a prostate cancer MCS model using the hanging drop
method described here. However, the spherical shape may still be
compromised as not all cell lines generate spherical spheroids, unlike e.g.
some colon cancer cell lines [499] that are well known for their spheroid
formation ability.

Taken together, this model can be further optimised using a different prostate
cancer cell line to investigate ALDH expression in the different regions within a

MCS.
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Figure 33. LNCaP spheroid generation and characterisation.

Hanging-drop method: (A) lllustration of spheroid development using different cell seeding
densities over a period of 4 days, and (B) generation of spheroid growth curve from hanging-
drop method. 96-well plate method: (C) lllustration of spheroid development over 6 days using
5000 cells, and (D) generation of spheroid growth curve from 96-well plate method. (E) H&E
staining depicting the viable rim (VR) and loss of a necrotic core (NC) visualised at x20
magnification (left), Ki67 staining in red detected in tritc channel (580nm excitation/620nm
emission) showing sporadic cell proliferation in VR and hypoxic region with DAPI staining
(8358nm excitation/461nm emission) cell nucleus (middle), secondary antibody only control for
Ki67 (below middle), hypoxia detection in the hypoxic region shown in green from fitc channel
(495nm excitation/519nm emission) with non-hypoxic surface layer in blue from DAPI staining
(right), and no pimonidazole treated control with DAPI staining (below right).
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Chapter 4

Investigation of the biological and therapeutic significance of
ALDHs in primary prostate epithelial cultures using siRNA

silencing and ALDH-affinic probes
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4.1 Introduction

It is well established that ALDHs play a major role as a CSC marker in
different cancer types. Multiple markers have been used for enriching cells
with stem-like properties from human tumour primary tissue and human

cancer cell lines by the use of aldefluor assay [357].

Other roles include ALDH7AL1 being functionally involved in prostate cancer
bone metastasis as shown by the knockdown of ALDH7A1l in a prostate
cancer cell line inoculated in nude mice which resulted in decreased intra-
bone growth and inhibited experimentally induced bone metastasis, while
intra-prostatic growth was not affected suggesting microenvironment
dependency [490]. Other ALDH isoforms include ALDH1Al as a potential
marker for malignant prostate SCs [500] while ALDH3A1 has been linked with
prostate tumorigenesis [501]. A more recent study that used a proteomic
approach revealed upregulation of ALDH7AL in prostate cancer cell DU145,
which is resistant to zoledronic acid, suggesting a potential role of ALDH7AL in
drug resistance [502]. Zoledronic acid is a drug known as bisphosphonate
which is often used to treat bone metastases. It is a potent osteoclast inhibitor
and is used to prevent skeletal related events including osteoporosis, high
blood calcium and bone breakdown due to cancer, preserving quality of life in

patients [503].

Furthermore, data obtained in chapter three showed ALDH1A3, ALDH1B1 and
ALDH2 to be expressed at a significantly higher level in primary prostate
cancer samples compared to BPH samples. In addition, ALDH7Al was re-
expressed in LNCaP cells following treatment with decitabine indicating

promoter silencing of ALDH7Al by hypermethylation. Most studies have
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focused on the isolation of putative CSC using the aldefluor assay which is
based on the activity of ALDHSs in cells, however, only relatively few studies
have highlighted functional roles of ALDHs in prostate cancer and these
studies have typically used cell lines. Therefore, the aim of this study was to
investigate the biological functions of ALDH isoforms related to prostate

cancer using primary epithelial cells derived from patient tissue.

ALDH gene expression may be linked with increased Snail expression as
studies have shown the knockdown of Snail expression significantly reduces
ALDH1 expression, prevents cancer stem-like properties and inhibits the
tumorigenic abilities of CD44%/CD24/ALDH1* cells [504]. Certain agents may
be effective against CSCs and result in reduced population of ALDH positive
cells [504], such as treatment of breast cancer cells with dietary polyphenols,
piperine and curcumin that significantly decreases mammosphere formation
[505]. Furthermore, DEAB a specific ALDH inhibitor may enhance the
sensitisation of ALDH*/CD44+ cells to chemo- and radiotherapy [504]. In
addition, disulfiram and atRA treatment inhibits ALDH and increases
sensitisation of cancer cells to chemotherapy [241]. Accordingly, this chapter
describes work that investigated novel ALDH-affinic compounds in single and
combination treatments to understand whether targeting ALDH-expressing
populations (potentially CSCs) can be used as a potential treatment strategy

for prostate cancer.

In order to study biological function in cells, RNA interference (RNAI)

technology was used.
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RNAI is a process to induce silencing of gene expression by degrading RNA
by either double-stranded small interfering RNA (siRNA) or the vector-based

short hairpin RNA (shRNA) [506-508].

siRNAs are 21-25 nucleotides long with both a sense and an antisense
polarity forming a duplex [509]. They are directly introduced to cells in culture
and steadily accumulate in the cytoplasm [507-510]. Once in the cytoplasm,
the siRNAs associate with an RNase complex known as RNA induced
silencing complex (RISC) consisting of endoribonuclease Argonaute-2 (Ago-
2), Dicer (a dsRNA-specific RNAse Il enzyme) and TAR-RNA-binding protein
(TRBP). The siRNA duplex is then nicked by Ago-2 and separated resulting in
the passenger strand to be removed from the RISC complex by the
endonuclease activity of component 3 promoter of RISC (C3PO) [511]. The
guide strand with RISC is then exposed for base-pairing with its homologous
MRNA target where it cleaves and degrades the mRNA by the activity of Ago-

2 [511]. The siRNA mechanism is diagrammatically illustrated in Figure 34.
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“Image/photo/mapl/illustration/graph not included due to copyright restrictions” Image
can be viewed at:
https://www.sciencedirect.com/science/article/pii/S0169409X09000969?via%3Dihub

Figure 34. Schematic of the siRNA mediated RNA interference pathway.

Once inside the cell, the siRNA associates with RNA induced silencing complex (RISC), Dicer
(RNase Il enzyme) and TAR-RNA-binding protein (TRBP). The double-stranded siRNA gets
nicked by Argonaute-2 (Ago-2) and splits into two resulting in the removal of passenger strand
from RISC complex via the endonuclease component 3 promoter of RISC, leaving the guide
strand to be exposed for base-pairing with target mRNA in which the target mRNA gets
degraded by Ago-2 activity. Adapted from [508].

shRNA synthesis occurs in the nucleus of transfected cells upon delivery of
bacterial or viral expression vectors into the cytoplasm of cells. Transcription
of shRNA can be driven by either RNA polymerase II or Ill based on the
promotor involved in the expression [512]. The resulting primary transcript (pri-
shRNA) formed consists of a hairpin-like structure containing a stem like
section of paired sense and antisense strands joined by a loop of unpaired
nucleotides. The pri-shRNA is processed in the nucleus by a complex
containing the RNase Ill enzyme Drosha and the double-stranded RNA-

binding domain protein DGCR8 to create pre-shRNA [513] before it is
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transported to the cytoplasm by exportin 5 [514]. The pre-shRNA is then taken
on by a complex consisting of Dicer-TRBP-protein activator of PKR (PACT)
causing the loop of the hairpin to be cleaved off to form a double stranded
siRNA [515]. The resultant siRNA is then taken up by Ago-2 protein consisting
RISC. Herein, the cleaving and degradation process is the same as described
for siRNA [508]. The shRNA mechanism is diagrammatically illustrated in

Figure 35.

“Image/photo/mapl/illustration/graph not included due to copyright restrictions” Image
can be viewed at:
https://www.sciencedirect.com/science/article/pii/S0169409X09000969?via%3Dihub

Figure 35. Schematic of the shRNA mediated RNA interference pathway.

The shRNA once in the nucleus is processed by a complex containing the RNase Il enzyme
Drosha and the double-stranded RNA-binding domain protein (DGCR8) to generate a pre-
shRNA prior to its transportation to the cytoplasm by exportin 5. Once in the cytoplasm, pre-
shRNA binds to a Dicer complex containing TAR-RNA-binding protein (TRBP) and protein
activator of PKR (PACT) in which the hairpin loop is cleaved forming a double-stranded
siRNA. The process is then the same as siRNA mediated RNA interference. Adapted from
[508].
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4.2 Aims and Objectives:

e To optimise the siRNA transfection protocol using siRNAs against

ALDH1A3, ALDH1B1, ALDH2, and ALDH7A1 in prostate cancer cell

lines PC3 and Serbob.

e To evaluate siRNA knockdown of ALDH1A3, ALDH1B1, ALDH2 and

ALDH7AL in primary prostate epithelial cultures.

e To evaluate the effect of silencing selected ALDHs in primary cultures

on:

=

5.

Cell proliferation using trypan blue exclusion assay
Cell cycle analysis using flow cytometry

Cell migration using the wound healing assay
Colony formation using the colony forming assay

Cell differentiation using CD49b as a marker

e To evaluate the effect novel ALDH-affinic compounds have on cell

viability of primary prostate epithelial cells when used as a single

treatment vs combination treatment with docetaxel.
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4.3 Results

4.4 Preliminary data for optimisation of siRNA concentration

SsiRNA knockdown efficiency was first tested in prostate cancer cell lines
SerBob and PC3 for method optimisation before starting knockdown
experiments in primary prostate epithelial cultures. siRNA knockdown against
ALDH1A3, ALDH7A1, ALDH1B1 and ALDH2 at 20nM was first investigated in
SerBob cells seeded at 2.75 x 10°cells/T25 flask seeding density and cells
harvested 48 and 72 hours post transfection. Figure 36 and Table 21 show

gPCR analysis of target knockdown achieved.

To further knockdown the expression of the selected ALDHSs, a lower seeding
density of 1.5 x 10°cells/T25 flask was then investigated and the siRNA
concentration was examined by a titration experiment of 20nM, 40nM and
80nM siRNA against ALDH1A3 and ALDH7Al. Figure 37 shows the
knockdown achieved. Taken together, a selection of 40nM and a lower
seeding density of 1.5 x 105cells/T25 flask gave the most efficient knockdown

of about 90%.

Efficiency of knockdown against ALDH1A3 was further tested in PC3 cells with
either 2 x 10°cells/T25 flask with 20nM siRNA or 1.2 x 105cells/T25 flask with
40nM siRNA. Figure 38 shows knockdown achieved with these two
combinations. At protein level, 74% knockdown of ALDH1A3 was achieved

following siRNA treatment (Figure 38).

Therefore, all subsequent knockdown experiments were performed using

40nM siRNA with 1.5 x 10°cell/T25 flask in primary cultures.
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Figure 36. Knockdown of ALDH achieved in SerBob cells at 20nM siRNA.

gPCR analysis of ALDH expression following siRNA knockdown of (A) ALDH1A3, (B)
ALDH7AL, (C) ALDH1B1 and (D) ALDH2 in SerBob cell line seeded at a cell density of 2.75
x 105cells/T25 at a concentration of 20nM siRNA transfection at 48h and 72h time points.
RPLPO was used as the reference gene and fold change in expression was relative to mock
control. Mock control (Cells only, no oligofectamine, no siRNA), Liposome control
(oligofectamine only, no siRNA), and siRNA (oligofectamine and siRNA). Experiment carried

out once for optimisation, therefore no statistical significance of the means compared.
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KD 48h 72h
ALDH1A3 44% 65%
ALDH7A1 76% 85%

ALDH2 50% 80%
ALDH1B1 26% 69%

Table 21. Percentage ALDH knockdown in SerBob cells at 20nM siRNA
Percentage of knockdown achieved after using siRNA at 48h and 72 hour transfection in the
SerBob cell line seeded at a cell seeding density of 2.75 x 10°cells/T25 using 20nM siRNA.
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Figure 37. Relative expression of (A) ALDH1A3 and (B) ALDH7A1 following titration of
SiRNA in SerBob cells at 48hr.
gPCR analysis of ALDH expression following siRNA knockdown of (A) ALDH1A3, and (B)

ALDH7AL1 in SerBob cell line seeded at a cell seeding density of 1.5 x 105cells/T25 at a
concentration of 20nM, 40nM and 80nM siRNA at 48h time point. RPLPO was used as the
reference gene and fold change in expression was relative to mock control. Mock control
(Cells only, no oligofectamine, no siRNA), Liposome control (oligofectamine only, no
siRNA), and siRNA (oligofectamine and siRNA). Experiment carried out once for

optimisation, therefore no statistical significance of the means compared.
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Figure 38. ALDH1A3 expression after knockdown in PC3 cells.

gPCR analysis of ALDH1A3 expression following siRNA knockdown at (A) 2 x 10°cells/T25
flask cell seeding density with 20nM siRNA or (B) 1.2 x 105cells/T25 flask cell seeding
density with 40nM siRNA in PC3 cell line at 48 and 72hr time points. RPLPO was used as
the reference gene and fold change in expression was relative to mock control. Mock control
(Cells only, no oligofectamine, no siRNA), Liposome control (oligofectamine only, no
siRNA), and siRNA (oligofectamine and siRNA). Experiment carried out once for
optimisation, therefore no statistical significance of the means compared. (C) Western blot
analysis of ALDH1A3 expression following siRNA knockdown at 40nM in PC3 cell line
seeded at 1.2 x 10°cells/T25 flask density at 48h time point. Actin was used to normalise
protein expression. ALDH1A3 knockdown was relative to Lipo control. Lipo control
(oligofectamine only, no siRNA). Experiment carried out once for optimisation, therefore no
repeated blots. (D) Densitometry plot for ALDH1A3 expression and (E) densitometry plot for
actin expression.
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4.5 Cell number changes in primary prostate epithelial cells upon
ALDH knockdown

Images were taken at 48-hour and 72-hour time points to monitor any
phenotypic changes of cells following transfection with ALDH siRNA in

H507/14 LM and H507/14 RB primary cells derived from Gleason 7 cancer.

These preliminary results seemed to show a small reduction in cell viability
upon knockdown of ALDH1A3 and ALDH7A2 only at 48-hour time point
compared to liposomal control in both samples (Figure 39 A and C). At 72-
hour, not much phenotype difference was observed between liposomal control
and ALDH1A3 and ALDH7A1 in both samples (Figure 39 B and D). Only a
small reduction was observed in the co-transfection of the two isoforms in the
H507/14 LM samples (Figure 39 B). ALDH1B1 and ALDH2 knockdown were
included at the 72-hour time point only to assess if they have an effect on
morphological changes and no changes were observed when compared to

liposomal control (Figure 39 B and D).

H405/14 and H415/15 BPH samples were also included to assess if they were
phenotypically different from the cancer samples post transfection of
ALDH1A3, ALDH7AL1 and their combination. At 48-hour post transfection, no
changes were observed in the siRNA transfected cells as compared to

liposomal control in both BPH samples (Figure 39 E).

Following this observation, to assess cell number changes upon ALDH
silencing, cell viability assays were performed and described later in this

chapter.
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H507/14 LM Mock 48h H507/14 LM Lipo 48h ALDH1A3 ALDH7A1

H507/14 LM Mock 72h H507/14 LM Lipo 72h ALDH1A3 ALDH7A1

COMBO ALDH1B1 ALDH2
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H507/14 RB Mock 48h H507/14 RB Lipo 48h ALDH1A3 ALDH7A1

H507/14 RB Mock 72h ALDH1A3 ALDH7A1

COMBO ALDH1B1 ALDH2

H405/14 Mock 48h H405/14 Lipo 48h COMBO

H415/15 Mock 48H H415/15 Lipo 48h ALDH1A3 ALDH7A1 COMBO

Figure 39. Morphology of primary BPH and cancer cells following ALDH knockdown.
Cancer sample H507/14 LM at (A) 48h (B) 72h post transfection. Cancer sample H507/12 RB
at (C) 48h (D) 72h post transfection. Benign samples H405/14 and H415/15 at (E) 48h post
transfection. Mock control excludes oligofectamine and siRNA. Lipo control is oligofectamine
only and no siRNA. ALDH1A3, ALDH7A1, COMBO, ALDH1B1 and ALDH2 illustrate cell
morphology following corresponding siRNA knockdown. COMBO is ALDH1A3 and ALDH7A1
co-silencing by siRNA. Images taken at x10 magnification using a light microscope.
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4.6 Evaluation of ALDH knockdown on RNA and protein expression in
primary prostate epithelial cultures

gPCR analysis and Western blots were performed to assess percentage
MRNA knockdown and protein level respectively of selected ALDHs upon

transfecting cells with relevant ALDH siRNAs.

4.7 RNA expression

Cancer cells were harvested 48 hours, 72 hours and 120 hours after
transfection to assess their ALDH silencing profile at mRNA level in H507/14
LM and H507/14 RB cancer samples. Knockdown of ALDH1A3 and ALDH7A1
was first assessed at 48 and 72 hours post transfection (Figure 40). Then
another time point of 120 hours was added to the investigation and a
combination knockdown of ALDH1A3 and ALDH7Al1 was also assessed.

ALDH1B1 and ALDH2 were also included in the investigation (Figure 41, 42).

Figure 40 show the percentage knockdown achieved at 48-hour and 72-hour

post siRNA transfection in H507/14 LM and H507/14 RB cells.

It was noticed that ALDH7A1l knockdown resulted in an upregulation of
ALDH1A3 expression by 3-fold at 48 hours and by 8-fold at 72 hours in both
samples. The contrary however was not observed with no effect on ALDH7A1

expression upon ALDH1A3 knockdown at mRNA level (Figure 40).
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Figure 40. Relative ALDH1A3 and ALDH7A1 RNA expression to liposomal control
post siRNA transfection.

gPCR analysis show RNA expression of ALDH1A3 and ALDH7ALl in H507/14 LM cells
transfected with either ALDH1A3 or ALDH7AL siRNA at (A) 48 hr and (B) 72 hr, or in H507/14
RB cells at (C) 48 hr and (D) 72 hr. Liposome control is cells treated with oligofectamine only.
Experiment was done once and therefore a comparison of the means could not be statistically
tested. Preliminary data to identify optimal transfection time.

A further time point of 120 hours post transfection was then assessed in the
same samples. ALDH1A3 and ALDH7Al co-transfection (to counteract
upregulation of ALDH1A3 upon ALDH7AL silencing), ALDH1B1 and ALDH2
were also investigated. Figure 41 and 42 show the percentage knockdown
achieved at 72-hour and 120-hour post siRNA transfection in H507/14 LM and

H507/14 RB cells.
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Figure 41. Relative ALDH RNA expression to mock control post 72 and 120 hours of
SiRNA transfection in H507/14 LM cells.

gPCR analysis show RNA expression of (A) ALDH1AS3, (B) ALDH7AL, (C), ALDH1B1 and (D)
ALDH2 in H507/14 LM cells transfected with either ALDH1A3 (A), ALDH7A1 (B), ALDH1B1
(C) and ALDH2 (D) siRNA at 72 or 120 hours. Expression was compared to mock control with
no oligofectamine or siRNA. Lipo control included oligofectamine only. Experiment was done
once and therefore a comparison of the means could not be statistically tested. Preliminary
data to identify optimal transfection time.

213



It is demonstrated in Figure 41 that the knockdown of ALDH1A3 and
ALDH7AL in H507/14 LM cells achieved at 72 and 120-hour was less than
the knockdown achieved at 48-hour transfection. Therefore, the 48-hour time
point was selected for transfection experiments as a high efficiency of
knockdown of ALDH1A3 and ALDH7A1 was achieved at this time point as
shown in Figure 40. Furthermore, knockdown of ALDH1B1 and ALDH2
showed inefficient knockdown at longer time points (Figure 41) and although
their efficiency was not assessed at 48-hour, this time point was selected for
these two isoforms based on the findings from ALDH1A3 and ALDH7Al

knockdown at 48 hours.
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Figure 42. Relative ALDH RNA expression to mock control post 72 and 120 hours of
siRNA transfection in H507/14 RB cells.

gPCR analysis show RNA expression of (A) ALDH1A3, (B) ALDH7AL1, (C), ALDH1B1 and (D)
ALDH2 in H507/14 LM cells transfected with either ALDH1A3 (A), ALDH7A1 (B), ALDH1B1
(C) and ALDH2 (D) siRNA at 72 or 120 hours. Expression was compared to mock control with
no oligofectamine or siRNA. Lipo control included oligofectamine only. Experiment was done
once and therefore a comparison of the means could not be statistically tested. Preliminary

data to identify optimal transfection time.

The trend in knockdown efficiency appeared similar in H507/14 RB cells as
compared to H507/14 LM cells. Figure 42 shows less efficient knockdown of
the ALDHs at longer time points compared to a high efficiency at 48 hours

(Figure 40). For all subsequent transfection experiments the 48-hour time
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point for transfection was selected for downstream functional assays outlined

in this chapter, unless otherwise stated.

4.8 Protein expression
Cell lysates were prepared from H488/14 RM cancer cells and protein
expression was analysed to investigate the effect of knocking down ALDH1AS3,

ALDH7AL1 and their combination on protein expression.

There was a complete knockdown of ALDH1A3 at protein level after
transfection as shown in Figure 43. The co-transfection of ALDH1A3 and
ALDH7A1 (Combo) also showed complete knockdown of ALDH1A3.
Interestingly, there was a 1.59-fold increase (59%) in the protein expression of
ALDH1A3 upon ALDH7A1 knockdown correlating to mRNA expression in
H507/14 LM and H507/14 RB cells as shown in this chapter. Therefore, co-
transfection of ALDH1A3 and ALDH7A1 was included in subsequent functional
assays outlined in this chapter to ensure efficient silencing of both ALDH1A3
and ALDH7AL. This was to ensure that the knockdown of one isoform does
not upregulate the expression of the other (as shown in Figure 40) and
therefore, co-transfection of both were studied. For example, knockdown of
ALDH1AS, reduced ALDH1A3 expression only, not ALDH7A1, and vice versa
and so each siRNA was considered a negative control for the expression of
the other isoform. However, the knockdown of ALDH7A1 which lead to an
increase in expression of ALDH1A3 suggested a compensatory role of
ALDH1A3 in the absence of ALDH7Al. Co-transfection was included to
assess any differences in biological processes when compared with ALDH1A3

and ALDH7A1 knockdown alone, for subsequent studies in this chapter.
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Figure 43. ALDH1A3 protein expression in H488/14 RM cancer cells after transfection.
Expression of ALDH1A3 was normalised to Actin and fold change in expression was relative
to mock control. Samples included mock (no oligofectamine, no siRNA), lipo (no siRNA),
ALDH1A3 siRNA, ALDH7A1 siRNA and Combo (ALDH1A3 and ALDH7AL siRNA).

No apparent knockdown of ALDH7A1 was observed in H488/14 RM cancer
cells at the protein level for sSiRNA-ALDH7A1. A 30% knockdown of ALDH7A1
was achieved with the siRNA- ALDH1A3 and ALDH7A1 combo. Interestingly,
there was a 4.73-fold increase in the protein expression of ALDH7A1 with
siRNA-ALDH1A3 as shown in Figure 44. However, at the mRNA level, the
knockdown of ALDH1AS3 did not increase ALDH7A1 expression in H507/14 LM

and H507/14 RB cancer cells.

As mentioned previously, all subsequent functional assay included the

ALDH1A3 and ALDH7A1 combo to ensure efficient silencing of both genes.
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Figure 44. ALDH7A1 protein expression in H488/14 RM cancer cells after transfection.
Expression of ALDH7A1 was normalised to Actin and fold change in expression was relative
to mock control. Samples included mock (no oligofectamine, no siRNA), lipo (no siRNA),
ALDH1AS3 siRNA, ALDH7A1 siRNA and Combo (ALDH1A3 and ALDH7A1 siRNA).
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4.9 Effect of silencing the expression of ALDHs on cell proliferation in
primary prostate epithelial cultures

Observation of cells showed a small reduction in cell number upon transfection
of ALDH1A3 and ALDH7A1 siRNAs. Accordingly, the role ALDHI1AS3,
ALDH1B1, ALDH2 and ALDH7A1 play in cell proliferation was explored in
benign and cancer patient samples using trypan blue exclusion assay upon

knocking down their expression by siRNA.

Figure 45 (A-C) showed there was a reduction in cell number after transfection
of ALDH1A3, ALDH7A1 and a combination of both in BPH samples in
comparison to mock and liposomal control post transfection. Figure 45 (D-H)
showed the same trend of reduction in cell numbers post transfection of
ALDH1A3, ALDH7A1l, and their combination. ALDH1B1 and ALDH2

transfection also showed reduction in cell viability in some samples.
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Figure 45. Determination of cell proliferation using trypan blue exclusion assay.
Cell proliferation was analysed in primary cells post siRNA transfection of ALDH1A3,
ALDH7A1, ALDH1A3+ALDH7Al, ALDH1B1 and ALDH2 using the trypan blue exclusion
assay. Cells stained blue were not counted. Values represent mean and standard deviation of
3 independent experiments. Cells were seeded at a density of 3 x 10* cells/ml at t=0 and
counted 48 hours post transfection and 72h post initial seeding. Statistical significance was
applied using one-way ANOVA to compare the means of Mock with multiple other treatment
groups. * p = 0.01 to 0.05, ** p = 0.001 to 0.01, *** p = 0.0001 to 0.001, **** p < 0.0001). *Note

difference in scale.
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4.10 Analysis of the cell cycle profile of primary prostate epithelial cells

upon silencing ALDH expression

Deregulated proliferation occurs due to accumulation of mutations that result
in constitutive mitogenic signalling. Cell cycle defects include unscheduled
proliferation, genomic instability and chromosomal instability which are
mediated by misregulation of CDKs. The activity of CDK requires binding of
regulatory subunits known as cyclins, which are synthesised and destroyed
at specific times during the cell cycle, thereby regulating kinase activity.
Cancer cell mutations often deregulate certain CDK-cyclin complexes,
leading to either continued proliferation or unscheduled re-entry into the cell
cycle [516].

Progression through the cell cycle is monitored by checkpoints in which
possible defects during DNA synthesis and chromosome segregation can be
detected upon which these checkpoints are activated to induce cell cycle
arrest by modulating CDK activity. Cell cycle arrest allows repairs of defects
to prevent their transmission to the resulting daughter cells. If repair is
ineffective, cells may enter senescence or undergo apoptosis. However,
accumulation of DNA alterations could cause genomic instability resulting in
cell transformation and oncogenesis [516].

This study investigated whether silencing of the ALDHs induced cell cycle
arrest. The DNA content of the samples was measured by Pl dye which
binds proportionally to the amount of DNA present in the cell. The intensity of
fluorescence is a measure of DNA content present in the different cell cycle
phases. So the more the DNA content (such as S phase will have more DNA

than cells in G1 phase), the higher the fluorescence intensity. This allows
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determination of cells in either the GO/G1, S and G2/M phase of the cell
cycle.

Flow cytometry analysis was carried out to investigate if ALDH1A3, ALDH1B1,
ALDH2 and ALDH7A1 knockdown had an effect on the cell cycle. H507/14
LM, H507/14 RB, H488/14 RM and H568/15 RM cancer cells were used to
investigate cell cycle distribution. In all samples, cells mainly resided in the
GO0/G1 phase (50-60%), with 10-15% in the S phase and 15-30% in the G2/M
phase and no apparent differences were seen following ALDH knockdown.
H507/14 LM cells showed a slight increase in G1 phase with ALDH2,
ALDH7A1 and combination (ALDH1A3 and ALDH7A1l) knockdowns. A
reduction in G2 phase occurred with ALDH7A1 and combination knockdown
(Figure 46 A). H507/14 RB cells showed slight increase in G1 with most single
treatments and a reduction in G2 with ALDH7A1 and combination knockdowns
(Figure 46 B). The H488/14 RM cultures showed a slight increase in the
percentage of cells in the G1 phase with combination knockdown, a small
increase in S phase after ALDH1B1, ALDH2 and combination knockdown, and
a slight reduction in G2 phase by ALDH1B1, ALDH2, ALDH7Al1 and
combination knockdown (Figure 46 C). Small differences in cell cycle profile
were seen in H568/15 RM culture post knockdown of ALDH1A3, ALDH1B1,
ALDH2 and ALDH7A1 as compared to mock control (Figure 46 D). Taken
together, cell cycle analysis indicated that ALDH1A3, ALDH1B1, ALDH2 and
ALDH7AL1 only exert minimal effect on the cell cycle with no obvious cell cycle
arrest by these ALDH isoforms. Although some changes appeared significant,
the changes were very small (less than 9% in every case with the exception of

combination treatment in H488/14 RM cells which was 16%) and were not
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consistent throughout all the four samples, therefore overall a change in cell

cycle is not a key change following the siRNA treatment.

Therefore, the reduction in cell viability post transfection of ALDH1A3 and
ALDH7AL reported in this chapter is potentially due to a mechanism other than
cell cycle arrest. It may be speculated that other mechanisms such as
apoptosis, autophagy or necrosis are potentially involved in the observed
reduction of cell number upon ALDH silencing. Future studies could evaluate
caspase activity and DNA fragmentation for apoptosis [517], microtubule-
associated protein 1 light chain 3 beta (LC3B) and p62 expression for
autophagy [518] and determine plasma membrane breakdown by measuring

LDH release for necrosis [519].
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Figure 46. Flow cytometry cell cycle analysis of primary prostate epithelial cells
following siRNA transfection of ALDH1A3, ALDH1B1, ALDH2 and ALDH7AL1.

H507/14 LM (A), H507/14 RB (B), H488/14 RM (C), and H568/15 RM (D) cancer cells 48
hours post transfection. (E) Representative cell cycle profile (H488/14 RM-mock). Mock is
cells only, Lipo is oligofectamine with cells only, 1A3, 1B1, 2, 7A1 are siRNA against these
ALDH isoforms and COMBO is ALDH1A3 and ALDH7A1 siRNA. All measurements were
taken in triplicate and graphs represent the average values. Standard deviations showed
consistency between the triplicate samples. Four biological replicates were analysed (n=4).
Statistical significance was applied using the one-way ANOVA for paired samples, comparing
mock with siRNA treated samples for G1 (blue asterisks), S (red asterisks) and G2 (green
asterisks) phase for 4 samples.
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4.11 Regulation of cell motility in primary prostate epithelial cultures
by ALDHs

Knockdown of ALDH1A3 has shown reduced cell migration in HuCCT1
cholangiocarcinoma cells (bile duct cancer) [520]. It has also been
demonstrated that ALDH7AL1 is involved in promoting cell migration in prostate
cancer cell line PC3 cells with stable ALDH knockdown by lentiviral ShRNA
[490]. However, this has not yet been investigated in primary prostate cells.
The present study therefore studied the migratory phenotype of primary
prostate cancer cells after ALDH knockdown using the wound healing assay

which mimics cell migration [521].

There was a complete closure of the wound 24 hours after initial scratching of
H507/14 LM (Figure 47 A) and H507/14 RB (Figure 47 B) cancer cells that
were transfected with siRNAs against ALDH1A3, ALDH7A1, combination,
ALDH2 and ALDH1B1. Consequently, H488/14 RM and H568/15 RM
transfected cancer cells were then assessed at various time points of 3 hours,
6 hours and 24 hours post initial scratching to assess the migratory rate of the

cells.

The H488/14 RM cells transfected with siRNAs against ALDH1A3, ALDH7A1
and combo showed reduction in cell migration rate at 3 hours relative to mock
control but this was not statistically significant. At the 6-hour time point, the
same pattern was observed with a significant reduction of migratory rate in
ALDH7ALl treatment. At the 24-hour time point, there was a significant
reduction in cell migration with ALDH1A3, ALDH7A1, ALDH1B1 and ALDH2

treatments (Figure 47 C).
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The H568/15 RM cells showed reduction in cell migration at the 3-hour time
point with ALDH1A3 treatment. At the 6-hour time point, although there was
reduction observed in ALDH1A3 knockdown, only Lipo control showed
statistically significant increase in migration rate. At the 24-hour time point,
ALDH1A3, Combo and ALDH2 knockdown showed significant reduction in cell

migration rate (Figure 47 D).

Therefore, ALDH1A3, ALDH7A1, ALDH1B1 and ALDH2 may be involved in
promoting cell migration in primary prostate epithelial cultures to various

extents.

H507/14 cells showed a complete closure of the scratch after 24 hours in all
the conditions. A control which includes low cell seeding density could have
been included to test the change in migratory rate between different cell
seeding densities, hence selecting an optimal density for the experiment.
Furthermore, controls that included serum/no serum, supplements/no
supplements would have allowed to test the change in migratory rate between
cells with different nutritional conditions. A higher migration rate in the

presence of serum may be indicative of cell proliferation.

Cell migration can also be measured by other methods such as using the
Boyden Chamber Assay in which cells are seeded in an insert in serum-free
media and placed in the well of a cell culture plate containing media with
chemoattractant. Cells migrate through a porous membrane and are counted
to determine number of migratory cells. Another similar method uses

Fluorobloks which are cell culture inserts that allow measuring of the
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fluorescently labelled migratory cells in a plate reader format or by a

microscope.
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Figure 47. Wound healing assay after modulation of ALDH expression in primary
prostate epithelial cells.

Representative images of wound healing in (A) H507/14 LM cells (B) H507/14 RB cells (C)
H488/14 RM cell and (D) H568/15 RM cells. Migration rate of cells post knockdown of
ALDH1A3, ALDH7A1, Combo (ALDH1A3 and ALDH7Al), ALDH1B1 and ALDH2 in (C)
H488/14 RM cells (left panel) and (D) H568/15 RM cells (right panel). Values represent mean
and SD of 3 repeats. Statistical significance was measured by one-way ANOVA for multiple
comparisons of paired groups, mock compared to treated groups. p<0.05* p<0.01**,
p<0.001*** and p<0.0001**** *Note difference in scale.
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4.12 Effect of ALDH silencing on the colony forming ability of primary
prostate epithelial cultures

ALDH1A3 is highly upregulated in NSCLC with clonogenic and tumorigenic
properties [522]. ALDHM9" cells have also shown clonogenic and metastatic
capacity in vitro using prostate cancer cell lines LNCaP and PC3 [523]. The
involvement of ALDH in clonogenicity has not yet been explored down to its
specific isoforms except for ALDH7A1 which has shown reduced colony
forming ability of cells upon ALDH7A1 knockdown in prostate cancer cell lines
[490]. Accordingly, this study also explored whether ALDH1A3 and ALDH7A1l
play a role in colony formation of primary prostate epithelial cells and whether
the observed reduction in cell number following knockdown of these isoforms

was correlated with colony formation.

The colony formation assay was employed followed by the knockdown of
ALDH1A3, ALDH7A1 or a combination of both. siRNA ALDH1A3, ALDH7A1
and a combination knockdown resulted in a reduction in the percentage of
colonies formed relative to mock control in both the BPH samples (Figure 48 A
and C) and cancer samples (Figure 48 B and D). Interestingly the effect was
more pronounced in BPH samples than cancer samples and patient variability
was observed. A significant colony reduction was observed after ALDH1A3,
ALDH7A1, and combination knockdown in BPH cells (Figure 48 C).
Knockdown of the ALDH isoforms in cancer cells did not show a significant
reduction in colonies, however the trend was the same as in BPH (Figure 48
D). Taken together, the results suggest that both ALDH1A3 and ALDH7Al
expression affects colony formation with ALDH7AL silencing decreasing the

colony forming ability to a greater extent than ALDH1AS3 silencing.

234



BPH
H415/15

SiRNA-ALDH1A3 SiRNA-ALDH7A1

SiRNA-ALDH1A3 +ALDH7A1

Cancer
H568/15 RM

235



150~ BPH 1501 Cancer
*
*k
*
>
> =
Z 1004 @0 = 100 -eee
= o
e} ——
< <
(o))
o c
< IS
S o
S w
- A -
c c
o o
=] A o
© 404 O 501
S S
—_ -
€ .
0 T T x T T 0 ! ! ! ! !
>
~ > ° N o o
o < \2\'\,?~ \2\«?‘ & @00 R Q\\’V \2\«‘? 06\0
A Q Q ® D D 9
v v v v

Figure 48. Colony forming ability of primary cultures following siRNA knockdown of
ALDH1A3 and ALDH7A1.

Crystal violet staining images of (A) BPH cultures, (B) cancer cultures. % colony forming ability
of (C) BPH cultures and (D) cancer cultures relative to mock control. Experiment was carried
out in triplicate and values presented are the mean of 3 technical repeats. BPH n=3, cancer
n=3. Statistical significance analysis performed using a one-way ANOVA test for multiple
comparisons and samples compared to liposomal control, *P<0.05, **P<0.01 and ***P<0.001.
Liposomal control (Lipo) was about 10% above or below the 100% mark due to cell plating
error as hemocytometer estimates the cell count, therefore giving room for error. Cells were
treated with siRNA for 48 hours before being seeded at 500 cells/well for colony formation,
along with 200,000 — 250, 000 feeder STO cells.
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4.13 Analysis of ALDH knockdown on primary prostate epithelial cell
differentiation

Patients with acute promyelocytic leukemia undergoing RA treatment have
shown improved clinical outcomes with hematopoietic stem/progenitor cell
differentiation [524]. However, there are mixed clinical trial results when RA
was used to treat other cancer types in an attempt to induce cancer cell
differentiation [525]. In prostate cancer, the biological implication individual
ALDH isoforms have on cancer cell differentiation has not yet been elucidated.
As a consequent, the cell differentiation status upon knocking down ALDH1A3
and ALDH7A1 was explored to investigate if it correlates and therefore plays a
role in mediating colony formation observed upon the silencing of these ALDH

isoforms.

The cell surface marker CD49b expression was used as a marker for TA cells
to investigate whether ALDH1A3 and ALDH7Al play a role in cell
differentiation process. A reduction of CD49b expression is indicative of cell
differentiation from transit amplifying cells to committed basal cells therefore
towards differentiation. CD49b antibody was used to measure azintegrin. TA
cells are azB1integrin™d" cells whereas CB cells are azB1integrin'¥ cells. CD49b

is the azintegrin part of azB1integrin.

ALDH1A3 knockdown after 48 hours showed up to 28% decrease in TA cells
and 11% increase in CB cells when compared to mock control in H415/15
cells (Figure 49 A). ALDH7A1 knockdown showed up to 38% decrease in TA
cells and 27% increase in CB cells in H431/14 LM cells (Figure 49 F). In
addition, there was a 38% reduction in TA cells and 18% increase in CB cells

in the H431 sample (Figure 49 F). All other samples showed the same pattern
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of differentiation of cells but to a lesser extent (Figure 49 B, C, D, E). Figure 49
G shows the CD49b FITC median expression of BPH and cancer samples. In
all the samples studied there was a reduction in CD49b expression indicating
cell differentiation. ALDH7A1 knockdown showed a higher level of cell
differentiation in most cases. However, the trend was found to be more striking

in BPH.

6 biological samples were investigated (BPH n=2, cancer n=4). If available it
would have been better to include at least one more BPH sample so that
patient variability could have been accounted for with a higher number of
samples, and also to make more precise comparisons with cancer samples.
However, since the trend was the same regardless of disease state, all six
samples could be plotted together with statistics indicating a significant

change in cell differentiation.
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Figure 49. FACS analysis of CD49b differentiation marker expression in primary BPH
and cancer cells post transfection of ALDH1A3, ALDH7A1 and a combination of both.
Percentage of transit amplifying (TA) and committed basal (CB) cells in (A, B) BPH cells and
(C-F) cancer cells. (G) FITC median relative to liposomal control measured at excitation
495nm / emission 519nm. Statistical significance was measured using the Mann Whitney U
test (n=6) for unpaired groups and non-parametric distribution. Blue dots are BPH samples
and red dots are cancer samples.
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4.14 Evaluation of ALDH hit compounds on cell viability of primary
prostate epithelial cultures

ALDHs play a protective role in cancer cells by inactivating cancer drugs by
various mechanisms and are therefore also involved in cancer cell survival
[357]. It has been found that ALDHs are co-expressed with antioxidant factors
and drug efflux channels in cells with high ALDH activity [373]. Alkylating
agents including CP and other oxazaphosphorines are enzymatically
inactivated by ALDH1A1 and ALDH3A1 [462]. ALDHs also confer resistance to

doxorubicin, cisplatin, temozolemide and taxanes [357].

Current treatments for CRPC include chemotherapeutic drugs including
docetaxel, paclitaxel and vinblastine which work by microtubule stabilisation of
dividing cells. However, a substantial number of patients soon develop
resistance to these drugs by various resistance mechanisms such as the
existence of subpopulations of cancer cells with cellular mechanisms of
resistance, inefficient drug delivery to cancer cells and resistance linked to
cancer cells and the microenvironment [526]. Therefore, there is a need to
develop new therapies which are more selective for CSCs to target the
tumour-initiating population of cancer cells. Accordingly, this chapter also
focused on testing novel hit ALDH compounds on cell survival as a single

treatment and as a combination treatment with docetaxel.

Pan ALDH inhibitor DEAB and three analogues of DEAB; ALII-9, ALII-14 and
ALII-18 were tested against 5 patient samples (4 cancers and 1 BPH) to
investigate if they had an effect on cell viability. Patient samples assessed
included BPH sample H415/15, and cancer samples H568/15 RM, H431/14

LM, H488/14 RM, and H517/15 RM. All 4 compounds showed reduction in
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percentage cell viability of primary prostate epithelial cultures at high
concentration of 200uM (Figure 50 A-D). Interestingly, ALIl-14 and ALII-18
showed a synergistic reduction as part of a combination treatment with
docetaxel (Figure 50 C and D). As initial testing, a concentration of 50 and
200uM of the ALDH inhibitors was selected as these compounds had not been
tested before, and are not cytotoxic agents. Therefore, a lower and a higher
concentration was selected. Future studies would incorporate a larger range of
concentrations. The 1nM concentration of docetaxel was selected based on its

optimization previously done in Prof. Norman Maitland’s group.

Taken together, such inhibitors could be further designed to push cells towards
differentiation allowing current treatments such as docetaxel to work better

when used in combination with specific ALDH inhibitors.
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Figure 50. Cell viability of primary cells following treatment with pan ALDH inhibitors

as a single or combination treatment with docetaxel.

Treatment with DEAB (A), treatment with ALII-9 (B), treatment with ALII-14 (C) and treatment
with ALII18 (D). 5 patient samples were analysed per condition, BPH (n=1) and cancer (n=4).
Experiment was carried out in triplicate and values represented as the mean. Statistical
significance was calculated using a paired two-tailed student’s t-test in which the mean of
untreated cells was compared with the mean of treated cells, *p<0.05, **p<0.01 and
***n<0.001.
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Chapter 5

Pharmacological implications of small molecule inhibitors in

docetaxel-resistant prostate cancer and lung cancer
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5.1 Introduction

It is becoming increasingly evident that ALDHs play a pivotal role in
carcinogenesis mainly due to their role as a CSC marker, and association with
therapy resistance, making them an attractive target for therapeutic
intervention. Published studies and the work described in chapter 2 and 3
suggest ALDH1A3 and ALDH7AL1 as isoforms that may be exploited as cancer

markers and/or for therapeutic intervention.

A library of ALDH-affinic compounds based on the DEAB pharmacophore
were designed and developed by Mr. Ali Ibrahim (Dr. Klaus Pors’ group,
University of Bradford) and used in the present study. These compounds
contain structural differences to the pan-ALDH inhibitor DEAB, which were

incorporated in an attempt to achieve improved ALDH isoform selectivity.

In addition, HAN00316 (HAN) compound was purchased from Maybridge
company based on its high binding affinity to ALDH7Al1 and was used in this
study to determine its effects on the viability of docetaxel-sensitive and -
resistant PC3 cells. HAN was discovered from a virtual screen study using
computational modelling of a library of thousands of compounds against the
ALDH7AL crystal structure (unpublished observations; the virtual screen was
carried out by Dr Zoe Cournia, Biomedical Research Foundation Academy of

Athens).

Only very recently has the first crystal structure of ALDH1A3 been revealed by
Moretti et.al’'s group [527] and is now available for structure-based design of
selective inhibitors and substrates. Unfortunately, this was not available during

the time of the present study for detailed investigation. ALDH1A3 has emerged
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as a key ALDH isoform in prostate cancer progression from this study.
Therefore, future work could focus on designing and developing selective
ALDH1AS inhibitors based on the available crystal structure and investigate

their potential in targeting ALDH1A3 in prostate cancer.

In an attempt to unravel the ALDH expression in aggressive drug resistant
prostate cancer, the androgen independent PC3 cell line pair sensitive and
resistant to docetaxel (PC3 Ag and PC3 D8 respectively) was acquired from

Dr. Amanda J O’Neill (University College Dublin, Ireland).

To further investigate the potential of a library of ALDH inhibitors generated by
Dr. Klaus Pors’ group, the NSCLC cell lines H1299/mock and H1299/7A1 were
obtained from Prof. Jan Moreb (University of Florida). This parental cell line
has low endogenous ALDH expression [484] and was therefore a good model
for stable transfection with ALDH7AL1 allowing the development of an isogenic
cell line pair. Although not a prostate cancer cell line, this was a good initial

model for screening ALDH compounds.

The present study included another lung cancer cell line A549 to screen the
ALDH compounds that naturally expresses ALDH1A1 and 3A1 [528], hence a

useful comparative cell line to the ALDH7A1/mock isogenic cell line pair.

Future work is required to fully show ALDH isoform expression in prostate
cancer cell models with higher sample number and further target validation.
However, ALDH-affinic compounds were already designed and developed to
test against cell lines for other cancers (another project under Dr. Klaus Pors
group), and therefore due to their availability this study carried out initial

screening in prostate and lung cancer cell lines.
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5.2 Aims and Objectives

The aim of this chapter was to first investigate the expression of ALDHS in
drug-resistant prostate cancer and the effect of ALDH-affinic compounds on

cell viability. Specific objectives were:

e Evaluate selected ALDH compounds for activity against H1299/mock,

H1299/7A1 and A549 cells at various concentrations

e Evaluate gene expression of selected ALDHs in PC3 Ag and PC3 D8

cells

e Explore the effect of selected ALDH-affinic compounds on the cell

viability of PC3 Ag and PC3 D8 cells
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5.3 Results

5.4 Effect of a library of ALDH inhibitors on cell viability in
H1299/mock, H1299/7A1 cells and A549 cells

This study used an isogenic cell line pair of H1299 NSCLC cells to assess a
library of novel lead ALDH-affinic compounds for their activity. The H1299 cell
line was used as it has low endogenous ALDH expression [484] and is an
ideal model for stable transfection of ALDH7A1 allowing interrogation of lead
ALDH inhibitors against the isogenic cell line pair (H1299/mock and
H1299/7A1). Furthermore, the NSCLC cell line A549 was used as a
comparative model. The preliminary screen using the MTT assay and two
dose points in all three cell lines (50 and 200uM) revealed several compounds

of the 39 compounds evaluated as potential agonists and antagonists.

Preliminary data from this study displayed several compounds including ALII-
9, -14 and -18 as agonists and antagonists against the isogenic pair of H1299
NSCLC cells (Figure 51 A and B). These 3 inhibitors were tested in this
chapter first, and were later selected for evaluation in primary prostate
epithelial cells as described in experimental chapter 4. Further exploitation of
these compounds may identify small molecules with potential to selectively
target certain ALDH isoforms in NSCLC at the first instance, however they

may also potentially be active against prostate cancer.

In A549 cells, compounds ALII-7, ALII-37 and ALII-38 resulted in decreased %
cell survival when used at a concentration of 200uM compared to other
compounds screened. In contrast to the isogenic H1299 cell line pair,

compounds Ali 9, Ali 14 and Ali 18 did not show any activity against A549 cells
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at both concentrations. Furthermore, compounds such as ALII-8, ALII-17, ALII-

34 and ALII-35 showed no activity against the cells (Figure 51 C).
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Figure 51. Percentage cell survival after ALDH-affinic compound treatment in NSCLC
cell lines.
A library of ALDH-affinic compounds screened for chemosensitivity at 50uM and 200pM, (A) in
H1299/mock cells, (B) in H1299/7A1 cells and (C) in A549 cells. The values represent a mean
and SD of 3 independent experiments. Compound ALII-39 represents DEAB. Statistical
significance was applied using the one-way ANOVA test for paired groups in which the means
of % cell survival from multiple compounds at both concentrations were compared with control
untreated cells which were at 100% cell survival. p<0.05* p<0.01**, p<0.001*** and
p<0.0001****,

251



5.5 Chemosensitivity analysis of selected ALDH-affinic compounds

Based on the outcome from the study of three cell lines, selected compounds
were assessed for effect on cell viability using a larger concentration range.
The compounds selected were ALII-7, ALII-8, ALII-9, ALII-14, ALII-17, ALII-18,
ALII-34, ALII-35, ALII-37 and ALII-38. Cell lines used for the first screen were
used again and all compounds were tested at 12.5uM, 25uM, 50uM, 100puM

and 200uM. Docetaxel and DEAB were included as controls.

In H1299/mock and H1299/7A1 cells there was a dose dependent decrease in
cell survival with treatment of docetaxel (Figure 52 A), ALII-7 (Figure 52 C),
ALII-14 (Figure 52 F), ALII-17 (Figure 52 G), ALII-35 (Figure 52 J), ALII-37
(Figure 52 K) and ALII-38 (Figure 52 L). Whereas this effect was reduced
across the range of concentrations by ALII-8 (Figure 52 D), and ALII-34
(Figure 52 1). ALII-9 (Figure 52 E) and ALII-18 (Figure 52 H), and these

compounds only showed a decrease in cell survival at 200uM.

The trend in cell survival following treatment of ALDH compounds was found
similar in both H1299 cell lines. A direct comparison cannot be made as the
experiments were carried out at different times. However, compounds ALIl 9,
14 and 18 which were also tested in primary prostate epithelial cells as
described in experimental chapter 4, showed similar reduction in cell survival
to H1299 cells when used at 200uM. The ALDH-affinic inhibitors are generally
not cytotoxic compounds, they are analogues of DEAB designed to target the
ALDHSs. Only when used at much higher concentrations they exhibited some
cytotoxicity. None of the compounds showed full toxicity, which would equate

to 0% cell survival, however, ALII-35 showed about 20% cell survival only in
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both H1299 cell lines, making this compound the most potent amongst others

tested.

In A549 cells, most compounds had no effect on cell survival across the
different range of concentrations except for ALII-37 (Figure 53 K) and ALII38
(Figure 53 L). ALII-37 showed reduction in cell survival only at 200uM
concentration (Figure 53 C and K), whereas ALII-38 showed a dose
dependent decrease in cell survival with only about 20% cell survival at 200uM
concentration (Figure 53 L). The results are summarised as outlined in Table

22.
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Figure 52. Chemosensitivity testing of selected ALDH-affinic compounds in
H1299/mock and H1299/7A1 cells.

Percentage cell survival after treatment with (A) docetaxel, (B) DEAB, (C) ALII-7, (D) ALII-8,
(E) ALII-9, (F) ALII-14, (G) ALII-17, (H) ALII-18, (1) ALII-34, (J) ALII-35, (K) ALII-37 and (L)
ALII-38. Values represent the mean and SD of 3 independent experiments. Blue line
represents H1299/mock and red line represents H1299/7A1. Statistical significance carried out
using the one-way ANOVA for paired groups comparing the mean of treated cells with
untreated control cells at 100% cell survival. p<0.05*, p<0.01**, p<0.001*** and p<0.0001****,
Blue asterisks represent significance in H1299/mock cells and red asterisks represent
significance in H1299/7A1 cells.
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Figure 53. Chemosensitivity testing of ALDH-affinic compounds in A549 cells.
Percentage cell survival after treatment with (A) docetaxel, (B) DEAB, (C) ALII-7, (D) ALII-8,
(E) ALII-9, (F) ALII-14, (G) ALII-17, (H) ALII-18, (1) ALII-34, (J) ALII-35, (K) ALII-37 and (L)
ALII-38. Values represent the mean and SD of 3 independent experiments. Statistical
significance carried out using the one-way ANOVA for paired groups comparing the mean of
treated cells with untreated control cells at 100% cell survival. p<0.05*, p<0.01**, p<0.001***
and p<0.0001****,
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Indication of effect

- = compound had no effect on cell survival

+/- = compound had minimal to no effect on cell survival

+ = compound reduced cell survival

++ = compound further reduced cell survival

+++ = compound greatly reduced cell survival
Compound NSCLC cell line

H1299/mock H1299/7A1 A549

Docetaxel +++ +++ +++
DEAB +- - +-
ALII-7 +++ ++ +
ALII-8 n " -
ALII-9 ++ ++ -
ALII-14 ot ot -
ALII-17 ++ ++ -
ALII-18 ++ ++ -
ALII-34 + + -
ALII-35 +++ +++ -
ALII-37 ++ ++ ++
ALII-38 +++ ++ +++

Table 22. Summary of the effect of selected ALDH-affinic compounds on NSCLC cell
lines.
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5.6 ALDH expression pattern in docetaxel-sensitive and -resistant
cells

In order to understand the role of ALDHSs in cancer cell resistance to therapy,
the ALDH gene expression was investigated in a pair of docetaxel-sensitive
and docetaxel resistant PC3 cells by gPCR. It was shown that amongst the
seven different ALDH isoforms analysed, ALDH1A3 was found to be highly
expressed in the PC3 cell line. Furthermore, the expression was higher in the
docetaxel-sensitive (Ag) PC3 cells compared to the docetaxel-resistant (D8)
PC3 cells (Figure 54 B). However, the higher expression of ALDH1A3
observed in PC3 Ag cells was not statistically significant as compared to PC
D8 cells. Consistent and in correlation with the data represented in chapter 3
of this thesis and shown again in Figure 54 (A), ALDH1A3 was the highest
expressing isoform in PC3 cells, with observed expression of ALDH1B1,
ALDH3A1 and ALDH7AL. However, the expression of ALDH1A3 found in this
PC3 cell line pair is much higher (with relative expression of ~175 in PC3 Ag
and ~140 in PC3 D8) than the previously analysed PC3 cells (with relative
expression of ~ 50) (Figure 54). This may be potentially due to a higher
passage number of this cell line pair due to repeated passages to maintain a
resistant phenotype and its control sensitive cells (Figure 54 B). The
expression of ALDH3A1 was significantly higher in PC3 D8 cells as compared
to PC3 Ag cells. Taken together, this data confirms ALDH1A3 to be the
highest expressing ALDH isoform in the malignant PC3 cell line and its

expression is also high in docetaxel-resistant cells.
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Figure 54. ALDH gene expression in PC3 cells.

gPCR analysis of ALDH gene expression in (A) PC3 cell line used in chapter 3 and (B)
docetaxel-sensitive (Ag) and docetaxel-resistant (D8) PC3 cell line pair. 29T was used to
calculate relative expression to housekeeping gene RPLPO. Values represent the mean and
SD of 3 independent experiments. No statistical significance test was applied to (A) as the
graph only shows endogenous expression of ALDHs in PC3 cells and is not compared to a
normal control. Statistical significance was applied to (B) using student’s t-test for paired
groups using parametric distribution, Ag was compared to D8 for the expression of each ALDH
isoform. p<0.05* p<0.01**, and p<0.001***. PC3 Ag (docetaxel-sensitive cells) and D8
(docetaxel-resistant cells).

259



5.7 Effect of ALDH-affinic compounds and docetaxel on cell viability

Given the importance of targeting the CSC population in prostate cancer for a
more effective treatment outcome, it was hypothesised that an ALDH inhibitor
could be used to sensitise cells to docetaxel. Accordingly, evaluation of ALDH-
affinic compounds as single agents and in combination with docetaxel was
carried out to understand if an additive/synergistic effect could be achieved.
The MTT assay was employed to explore viability of the cells after treatment

with a range of drug concentrations with or without 1nM of docetaxel.

As expected, there was a significant reduction in cell viability of PC3 Ag cells
after docetaxel treatment with increasing concentrations compared to the
resistant PC3 D8 cells (Figure 55 A). The ALDH pan inhibitor DEAB showed
no effect on cell viability in PC3 Ag and PC3 D8 cells, however, there was
reduction in cell survival in both cell lines when used with 1nM docetaxel. PC3
Ag showed the most reduction in cell survival (Figure 55 B). Compound ALII-9
had no effect on cell viability in the PC3 Ag cells but there was a reduction in
cell viability at the highest concentration of 200uM in the PC3 D8 cells.
Treatment with 1nM docetaxel showed a high reduction in cell viability in
combination with ALII-9 at 12.5uM in PC3 Ag cells whereas this combination
only showed reduction in viability at 100uM and 200uM concentration in PC3
D8 cells (Figure 55 C). Compound Ali 14 showed a dose dependent decrease
in cell viability of PC3 Ag cells with a more pronounced effect in the PC3 D8
cells. The same trend was observed when cells were treated in combination
with 1nM of docetaxel, however the reduction in cell viability was greater with
the most reduction in PC3 Ag cell even at 12.5uM concentration (Figure 55 D).

Compound ALII-18 showed a similar pattern of effect on cell viability as ALII-
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14, however the reduction in cell survival was less in the single treatments
even at 200uM in the PC3 Ag and D8 cells (Figure 55 E). The ALDH7A1
inhibitor (HAN) showed reduction in cell survival only at high concentrations of
100pM and 200uM except for PC3 Ag cells also treated with 1nM docetaxel
where, a great reduction was observed even at a low concentration of 12.5uM

(Figure 55 F).

Due to the difference in range of concentrations used for docetaxel (nM) as
compared to other compounds (UM), it was not feasible to plot them on the
same graph and perform statistical analysis on them. Therefore, the
concentration 200uM was selected as it showed the highest cell kill to illustrate
the data in a different format as shown in Figure 56. Only one most effective
concentration was selected for illustration as including all the concentrations
would have generated too many graphs. A representative illustration of the
drug treatments at 200uM, with and without 1nM docetaxel treatment are
shown in Figure 56. The negative number of cells observed in Figure 56 E
may be due to variation or inconsistency in cell numbers plated during

experimental repeats.

Taken together, ALDH-affinic compounds have demonstrated the potential to
reduce viability of docetaxel sensitive and resistant prostate cancer cell line
PC3. This underpins the potential of such compounds to reverse resistance

to docetaxel by inhibiting ALDH functional activity.
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Figure 55. Cell viability upon docetaxel and ALDH inhibitors treatment in PC3
docetaxel-sensitive and resistant cells.

Graphs shows an overview of cell viability upon treatment with different compounds using a
range of concentrations. PC3 Ag and PC3 D8 cells treated with (A) Docetaxel, (B) DEAB, (C)
ALII-9, (D) ALII-14, (E) ALII-18 and (F) HAN with or without 1nM docetaxel. Values represent a
mean and SD of 3 independent experiments. Statistical significance selected for the 200uM
concentration as illustrated in Figure 56 Ag (docetaxel-sensitive) and D8 (docetaxel-resistant).
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Figure 56. A representative illustration of drug treatments at 200uM with or without
combination treatment with 1nM docetaxel in PC3 Ag and PC3 D8 cells.

(A) DEAB, (B) ALII-9, (C) ALII-14, (D) ALII-18 and (E) HAN. Percentage cell viability
following drug treatments. Statistical significance was carried out using Student’s t-test for
comparisons of paired groups, parametric distribution, comparing the mean of docetaxel
with the mean of ALDH-affinic inhibitors. p<0.05*, p<0.01**, and p<0.001***, Ag (docetaxel-
sensitive) and D8 (docetaxel-resistant).
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Chapter 6

Discussion
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6.1 Discussion

6.2 ALDH isoforms in prostate cancer

To date, most studies have used ALDH high activity to isolate putative stem-
like cells, which exhibit tumour-initiating and propagating properties, however,
only few studies have explored the different ALDH isoforms in cancer.
ALDH1A1 is commonly known to be responsible for the ALDH activity of SCs
and CSCs, however recent evidence suggests that other isoforms such as
ALDH1AS3 contribute significantly to aldefluor activity [392]. Other isoforms
such as ALDH3A1 have been reported to be upregulated in prostate cancer
cell lines, xenograft models and primary tumours [501]. The purpose of the
present study was to understand if ALDH expression in benign and malignant
disease was different. Potential mechanisms impacting on ALDH expression
such as epigenetic regulation, hypoxia regulation and RA induced expression

of ALDHs were explored.

6.3 ALDH expression pattern analysis

Differential expression of the ALDHs was observed in the normal and cancer
cell lines and primary cultures. This indicates that specific ALDH isoform
expression is cell line/primary culture dependent. Our data showed that other
ALDH isoforms including ALDH1A3, -1B1 -2 and -7A1, as opposed to the most
reported ALDH1A1 in most cancers, were highly expressed in prostate cancer

cell lines and primary cultures (except ALDH7AL in primary cancer cultures).
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ALDH1A2

ALDH1A2 is downregulated in bladder cancer due to aberrant methylation
[489]. It has also been reported as a TSG in prostate cancer due to its down
regulation by dense hypermethylation of the promoter region [474]. The
epigenetic silencing of ALDH1A2 in the aforementioned studies may explain
the absence of its expression in most cell lines and primary cultures in the
present study. Aberrant methylation of ALDH1A2 may be the reason for gene
transcriptional inactivation. Future studies could investigate the methylation
status of ALDH1A2 in prostate cancer cells by bisulfite pyrosequencing to
explore if silencing is due to methylated CpG islands of the promoter region of

ALDH1AZ2.

ALDH1AS

It has been reported that the RA producing ALDH isoform ALDH1AS3 is
associated with haematopoietic and solid tumours. ALDH1A3 is functionally
involved in lung and breast cancer cell invasion and migration, but the
underlying mechanisms are not yet established [529, 530]. Furthermore,
ALDH1A3 expression has been correlated with expression of RA inducible
genes with RARESs and poorer patient survival in breast cancer patients [529].
In neuroblastoma (NB), ALDH1AS3 is widely expressed in NB cell lines and
moreover, it has been reported to be associated with poor survival. ALDH1A3
activity contributes to clonogenicity and CP resistance [531]. In non-small cell
lung cancer (NSCLC), ALDH1A3 is the predominant isoform responsible for
ALDH activity and tumourigenicity [522]. In regard to prostate cancer, a recent

study revealed the correlation of ALDH1A3 with luminal phenotype in prostate
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cancer [532], while the study also reported on its association with
proliferation, invasion and cell cycle [532]. Another recent paper highlighted
increased expression of ALDH1A3 in prostate cancer samples and its inverse
correlation to miR-187 using a proteomics approach suggesting ALDH1A3
may be a candidate tumour biomarker [533]. The data presented in this
chapter demonstrated ALDH1A3 to be the highest expressing isoform
amongst all ALDH isoforms studied and supports the two aforementioned

studies as an isoform that is worthy of further studies in prostate cancer.

ALDH7A1l

ALDH7AL1 expression has already been reported in prostate cancer [273, 490],
however, gene and protein data from cell lines and primary cultures from this
chapter showed lower expression of ALDH7AL than expected given the results
by Hoogen et al. The difference in expression may be due to patient variability
for primary cultures and prolonged culturing of cell lines. In addition,
experiments carried out on different days and in different laboratories may also

affect reproducibility.

ALDH gene expression in sub-population of cells

The present study demonstrated that ALDH expression was similar in the
different cell populations of a heterogeneous tumour. ALDH1A3 and ALDH7A1
were highly expressed in all samples. Expression of ALDH1A3 was high in the
SC component in contrast to ALDH1Al. Accumulating evidence suggests
increased ALDH1A3 expression selects for tumour cell sub-populations that
exhibit a stem-like/aggressive tumour cell phenotype, indicating that the

tumourigenic “branch” of the RA pathway may be selected in some tumours
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and/or that other non-RA-dependent functional roles of ALDH1A3 might be
involved in tumourigenesis [357]. Further studies are needed to determine if
high ALDH1A3 expression in SCs is associated with tumourigenic processes.
As such, a study has described the aggressive phenotypes of mesenchymal
glioma SCs as compared to proneural glioma SCs by higher in vitro cell
growth and faster in vivo generation of tumours. In addition, this study showed
that mesenchymal SCs have a higher ALDH1A3 activity with resistance to
radiation treatment as compared to the proneural SCs [534]. Future studies
will also need more samples to further separate the populations into BPH and

cancer to enable a better understanding of the biology of the disease.

6.4 Epigenetic regulation of ALDHs

To date, very little is known about the epigenetic regulation of ALDHs. Only
two studies have reported silencing by hypermethylation of the gene promoter
of ALDH1AZ in prostate cancer [474] and bladder cancer [489], reporting it as
a candidate TSG. Consequently, the present study explored the effect of
demethylating agent DAC and the HDAC inhibitors TSA, MS275 and SAHA

have on the expression of selected ALDHSs.

In line with the aforementioned studies, data from this chapter showed
increased ALDH1A2 expression at mRNA level following epigenetic treatment
in most cell lines, further supporting its potential epigenetic silencing and
perhaps a role as a TSG in prostate cancer. Future studies could confirm the
methylation status of the promoter of ALDH1A2 and assess the biological
responses upon the knockdown and over-expression of ALDH1A2 using
transfected cells to support the data in this chapter. The expression of
ALDH3Al1 and ALDH7Al was significantly increased following DAC/HDAC
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inhibitor treatment at mMRNA (gPCR) and protein (western blot) level in Bob
and LNCaP cells respectively. Bob cells represent a more basal phenotype
than the more differentiated SerBob cells, it may be that the expression of
ALDH3AL is epigenetically silenced in the progenitor cells as compared to the
more differentiated cells. In contrast to the previous study by Hoogen et al.
[273] data is this chapter showed low expression of ALDH7AL1. Upon
epigenetic treatment there was a robust increase at mRNA and protein level of
ALDH7Al1 in LNCaP cells only as compared to other cell lines. Other
metastatic prostate cancer cell lines such as DU145 and PC3 did not show
this observation. LNCaP cells are derived from lymph node metastasis, and its
epigenetic status has not previously been assessed. Future studies could
investigate methylation status of ALDH7A1 promoter in cell lines and primary
cultures to provide information on the low expression observed in the present
study. It has been previously reported by Pellacani et al that methylation of cell
lines is very different to primary cells, therefore cell lines may not be indicative
of gene regulation in the patient [62]. As a starting point, this study
investigated epigenetic treatment using TSA on ALDH expression in primary
cultures (BPH and cancer). TSA treatment caused increased expression of the
ALDHs when compared to DMSO control (set at 1), however BPH compared

to cancer samples showed no difference.

It may be speculated that there is possible epigenetic silencing due to CpG
island hypermethylation of ALDH3Al1 and ALDH7Al gene promoters, in
addition to histone modification of ALDH3A1. To confirm this, future studies
need to determine the DNA methylation status of these isoforms by using

pyrosequencing technique and analysis of the acetylation/methylation of
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amino acid residues on the histones (chromatin structure) should also be
explored using chromatin immunoprecipitation (ChlIP) for defined isoforms.
The epigenetic treatment findings from the present study only used drugs to
interrogate possible links, therefore, this should then be correlated with
methylation/acetylation status in follow-up studies to validate potential

epigenetic silencing.

A previous study showed DAC treatment of prostate cancer cells was followed
by direct DNA methylation measurement to verify correlation of drug treatment
with epigenetic silencing of ALDH1A2 [474]. Another study reported epigenetic
silencing of the prostate SC marker CD133 by histone modification by treating

with HDAC inhibitors and performing ChIP analysis [62].

Current methods for quantifying DNA methylation mostly use bisulfite
conversion of DNA to mediate the deamination of un-methylated cytosine
into uracil, thereby distinguishing between methylcytosine and cytosine. A
comparison of the bisulfite converted sequence to an untreated DNA sample
enables the detection of the methylated cytosines. However, this technique
comes with it limitations. Bisulfite conversion reduces genome complexity to
3 nucleotides, and therefore post-next generation sequence alignment
becomes a more difficult task. Furthermore, bisulfite treatment results in
DNA fragmentation, making amplification of long fragments difficult and may
potentially result in the generation of chimeric products [535]. Subsequent

pyrosequencing requires specialised equipment which is expensive.

Another method of assessing DNA methylation is PCR with high resolution

melting. Herein, the amplified PCR product is analysed using high resolution
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melting with the use of intercalating dye such as Eva green which binds
double stranded DNA and is highly fluorescent. As the temperature
increases, the DNA is dissociated resulting in reduced fluorescence.
Methylated DNA retains the cytosines and has a higher melting point
compared to un-methylated cytosines. The level of methylation is correlated
with the melting profile of the product. The advantage of this method is if a
pure PCR product is obtained, then even small differences (5%-10%) in DNA

methylation could be detected [536].

A commonly used method for studying protein-DNA interaction includes
ChIP analysis in which acetylation can be studied. Briefly, the technique
involves chromatin bound protein fixation by formaldehyde (induces cross-
linking), sonication or nuclease treatment to fragment the DNA,
immunoprecipitation using specific antibodies, and analysis of the
immunoprecipitated DNA. The drawback of this method is that is requires a
high number of cells (about 10 million) and it is a more qualitative approach
than a quantitative one. It is difficult to determine if the association of a
specific protein with DNA is the same for every cell in the cell lysate. There
can be variability in cross-linking between DNA and target protein. The

antibodies may not efficiently immunoprecipitate all of the antigen [537].

Another assay which can be used instead of ChIP is DNasel hypersensitivity
assay. This assay provides a more general determination of the changes
chromatin has undergone. DNasel hypersensitivity sites are mainly
harboured in or around promoter regions thus, allowing for mapping of

transcriptionally active versus inactive chromatin [538]. Furthermore, TSA at
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low concentrations inhibit HDACs allowing the determination of the role

acetylation/deacetylation plays in the regulation of a specific gene [539].

6.5 ALDH expression regulation by RA

The RA signalling pathway was also explored as very little is known about the
involvement of ALDH with RA signalling in prostate cancer. Higher expression
of ALDH1A3 and ALDH3A1l after atRA treatment was detected in primary
cancer cells compared to BPH and BPH-PIN cells. Thus RA induced these two
ALDH isoforms in prostate cancer. Interestingly, a previous study showed
atRA down-regulated ALDH1A1 and -3A1 activity and protein levels but not
MRNA levels in lung cancer cell lines which resulted in a significant increase in
the cytotoxicity of 4-HCPA and acetaldehyde suggesting a post-translational
mechanism through which RA decreases ALDH expression [540]. Future
studies could analyse the protein expression and activity of ALDH1A3 and
ALDH3AL1 upon atRA treatment and investigate whether a post-translational

mechanism exists in prostate cancer cells.

As RA promotes cellular differentiation, the upregulated expression of
ALDH1A3 and ALDH3A1 may be harboured in the more differentiated luminal
cells as compared to the more stem-like cells. However, our data showed
ALDH1AS3 expression to be high in the SC subpopulation as well, although a
higher number of samples is needed for validation. The expression of
ALDH1A3 may depend on the presence and quantity of RA, whereby in higher
concentrations it leads to higher expression of ALDH1A3 in the more
differentiated cells, and under low concentrations, the expression of ALDH1A3
is higher in the SCs. Future studies are needed to investigate this link between

ALDH1A3/RA and subcellular expression. Therefore, it would be of interest to
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investigate ALDH1A3 and ALDH3A1 expression status in the sub-population

of cells upon atRA treatment in benign and cancer cells.

6.6 Impact of hypoxia on ALDH expression

The impact of hypoxia on the regulation of ALDHs was explored since a
previous study suggested that the observed upregulation of ALDH7AL is
linked to the tumour microenvironment in prostate cancer [541]. Hypoxia is a
key feature of solid tumours and results in altered gene regulation. It has been
reported that prostate tumours are very hypoxic and new biomarkers and drug
targets are required [542]. Untreated prostate tumours are known to be very
hypoxic (~0.3% oxygen), which is more than 12 times lower than oxygen
levels found in the normal prostate [542]. No studies have reported the
relationship between hypoxia and ALDH expression in prostate cancer, and so
the effects of hypoxia on ALDH expression was investigated here. There were
small but significant changes in ALDH expression upon exposure of cells to
hypoxia at both gene and protein level confirming that at least in mono-layered
prostate cancer cells, ALDH expression is altered by hypoxia. In an attempt to
explore ALDH expression in 3D, prostate cancer spheroids were generated
using the hanging-drop method. This technique can be used to grow spheroids
and explore the ALDH expression in the different layers of the MCS including
SL, HR and NC. Although it remains to be elucidated whether this model can
be used for co-culturing with fibroblasts to account for the interplay between
cancer cells and the stroma. The current study investigated the impact of
hypoxia on ALDH expression in mono-layered cells as a starting point to
understand ALDH regulation in a stressful environment before undertaking the

work in xenograft models. Due to limitations in time, budget, and expertise in
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mouse models, expression of ALDHs in xenograft models generated from

cancer cell lines was not obtainable.

6.7 Investigating ALDH isoforms in primary prostate cells

Although established immortalised cell lines present a good model for
optimising methods and providing preliminary data, prolonged culturing in
media containing serum can result in chromosomal changes and
hypermethylation of DNA [543-545]. Due to such limitations of using cell lines,
it is essential to include primary cells as a model for investigation as they
resemble the patient more closely and therefore provide more accurate data.
However, primary cultures present their own limitations such as short life-span
limiting the number of sub-culturing and difficulty in obtaining patient tissue
biopsy from which the primary prostate epithelial cultures are derived. Biopsies
are obtained from patients undergoing TURP, RP or cystectomy with their
consent and ethical approval. The use of primary cells as a model is even
more challenging because it requires investment and expertise in using

primary cells and it is more expensive as it involves clinical contact [546].

Following the elevated expression of ALDH1A3, ALDH1B1 and ALDH2 in
primary prostate epithelial cancer cells observed at both mRNA and protein
level, the functional and therapeutic significance of these isoforms was
investigated. Although seemingly not particular significant in this study, the
importance of ALDH7AL in prostate cancer has been demonstrated [490],
therefore it was also investigated here. To date most studies have used ALDH
high or low expression to study their role in cancer progression, consequently
the present study explored various cancer phenotypes using specific ALDH

isoforms.
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6.8 siRNA knockdown of ALDH isoforms in primary prostate cells

There are advantages and disadvantages of using both siRNA and shRNA for
gene knockdown. shRNA exhibits the advantage of using viral vectors for ease
of delivery to transfect different cell types having varying sensitivities to the
introduction of nucleic acids [547]. Whilst certain viral delivery protocols are
transient, lentiviral or retroviral transduction stably integrates the shRNA into
the cell’s genome, allowing for persistent expression. A disadvantage of using
ShRNA lies in the difficulty of delivery of it into the nucleus of cells to work

[547).

SiRNAs are easily delivered in most cell types, however it may exhibit off
target effects due to its short nucleotide sequence. siRNAs can be chemically
altered for optimal activity to reduce such off target effects. Furthermore,
siRNAs provide transient silencing of target genes suited for certain

experiments [508].

In order to study biological functions of selected ALDHs in prostate cancer,
siRNA transfection was employed to knock down the expression of ALDHSs to
investigate the effect of ALDH silencing on biological processes involved in

prostate cancer progression.

Knockdown of ALDH1A3 and ALDH7A1 was achieved at mRNA level with a
60-93% knockdown in prostatic cancer cells. Interestingly, the knockdown of
ALDH7AL upregulated the expression of ALDH1A3 at both mRNA and protein
level suggesting ALDH1A3 may be compensating for the absence of
ALDH7AL. This study is the first to report such a compensatory relationship

between these two ALDH isoforms, suggesting a possible acquired functional
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advantage of the cancer cells for persistent growth. Further study is needed to
explore this novel finding and address its biological significance in prostate
cancer. Herein, specific ALDH inhibitors against ALDH1A3 and ALDH7A1 and
their use in combination could be used to investigate effects on biological
processes and SC markers in cancer. However, there is time limitation for the

development of such specific inhibitors.

Preliminary experiments were carried out to limit any toxicity or off target
effects from the carrier. In addition, an optimal siRNA concentration was
chosen through siRNA titration experiments ensuring selection of the lowest,
most effective concentration to give efficient knockdown. Off target effects are
concentration dependent and hence a reduced siRNA concentration may help

minimise these effects [548].

The liposomal control in comparison to mock transfected cells acted as a
control to assess for any toxic or non-specific effects due to liposome

formation/the transfection reagent.

The decision to use multiple siRNAs as controls was made for initial
investigations to compare the effects of knockdown of different ALDH isoforms
and different biological effects of them. And to determine the specificity of
knockdown for the particular isoform against which the siRNA was designed.
By doing so, each served as a comparative control for the other where there is
an actual mRNA target present in the cell and an active RNAi process. A
scrambled siRNA could have been used as a control as well as multiple
independent siRNAs against the different ALDH isoforms (and also rescue

experiments).
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6.9 Observation of cell number upon ALDH knockdown

Initial observation of cells using a light microscope revealed a small reduction
in cell number in cancer cells after ALDH1A3 and ALDH7A1 knockdown.
These initial observations suggest that ALDH1A3 and ALDH7Al could
potentially be involved in cancer cell survival, possibly by playing a protective
role in prostate cancer. It has been suggested that ALDHs are involved in
promoting the tumour cell survival phenotype through direct inactivation,
indirect expulsion of xenobiotics, and enhancement of the oxidative stress
resistance response [357]. Based on this initial observation, ALDH isoforms
ALDH1A3 and ALDH7A1 were selected as the main two isoforms for further

biological investigation.

6.10 Cell proliferation

A study has shown the proliferative potential of ALDH3A1 by modulating its
expression directly by either inhibiting its expression using inhibitors,
antisense oligonucleotides, or siRNA, or indirectly by inducing the TF
peroxisome proliferator-activated receptor y (PPARy) with polyunsaturated
fatty acids or PPARYy transfection. It was indicated that the expression of
ALDH3A1 was indirectly regulated by PPARYy via the inhibition of NF-kB and
the TF activator protein-1 binding activity [549]. Another study demonstrated
ALDH7AL involved in the mediation of cell growth in a prostate cancer cell
line [490]. Accordingly, the proliferative potential of specific ALDH isoforms
was explored in primary prostate epithelial BPH and cancer cells in this
study. Knockdown of ALDH1A3, ALDH7A1, ALDH1B1 and ALDHZ2
expression reduced the growth or proliferation significantly. Future studies
need to confirm the role of these isoforms in cell proliferation by measuring
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the Ki67 expression. As the reduction in cell proliferation was not associated
with cell cycle arrest, it may be speculated that other mechanisms such as
induction of PPARy may have resulted in the reduction of cell proliferation.
Furthermore, investigation of the death mechanisms including apoptosis,
autophagy and necrosis may unravel potential pathways involved in the
observed reduction in cell number. To confirm if the ALDHs are involved in
promoting cell proliferation, experiments will ideally need to be carried out
using cell line pairs that include over expression or no expression of the

ALDHs to observe a direct effect on cell proliferation.

6.11 Migration

An integral part of cancer progression includes tumour invasion and
metastasis forming one of the major hallmarks of cancer amongst other
multistep processes [550]. Cancer cells exhibit enhanced migratory capacity
and subsequently acquire invasive properties thereby invading surrounding

tissues causing metastasis.

Although published studies have shown involvement of ALDHM" cells in
migratory phenotype [551], only relatively few studies describe individual
ALDH isoforms responsible for the observed effects. In line with Hoogen et al’s
findings, this study showed ALDH7A1 knockdown leads to significant reduction
in cell migration in primary cancer cells. For the first time our data showed that
knockdown of ALDH1A3, ALDH1B1 and ALDH2 significantly reduced cell
migration in prostate primary cells suggesting their indirect or direct role in
migration. It would be of interest for future studies to investigate a role of these
isoforms in bone metastasis using in vivo models as bone is a common site for
metastasis in prostate cancer. Future studies should also determine the
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invasive properties of these reported ALDH isoforms by exploring their
involvement in the EMT such as E-cadherin loss, and gain of N-cadherin and

vimentin expression [552].

6.12 Colony Formation and Cell Differentiation

Most studies to date have focused on cells sorted based on high and low
ALDH activity for studying biological functions in cancer [523] with only few
studies studying specific ALDH isoforms. One such study has shown that
ALDH1AS is responsible for clonogenicity in NSCLC [522]. To assess the role
ALDH1A3 and ALDH7A1 play on colony formation, the colony forming assay
was performed following knockdown of these isoforms. This assay measures
the self-renewing, proliferating capacity and potential of the cells to initiate
colony growth. Our data showed for the first time that the absence of both
isoforms inhibited colony growth in primary prostate BPH and cancer cells.
Therefore, this suggests that when upregulated, these isoforms may enhance
self-renewal and proliferative potential of prostate SCs. This finding is in
concordance with published data by Van den Hoogen et al that showed
ALDH7A1 increases colony formation efficiency in a prostate cancer cell line
[490]. The present study therefore indicates that at least ALDH1A3 and
ALDH7A1 are essential for the acquisition of a metastatic stem/progenitor cell

phenotype in prostate cancer.

Our data for the first time revealed that silencing of both isoforms ALDH1A3
and ALDH7A1 caused reduction in CD49b levels indicating cell differentiation
and expansion of the differentiated pool of cells. This data suggests a role for
ALDH1A3 and ALDH7A1 in maintaining a more stem-like/progenitor cell

phenotype in prostate cancer and supports our speculation of their association
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with promoting colony formation reinforcing that their high activity found in

CSCs/progenitor cells may contribute to tumorigenicity.

Taken together, these results indicate that ALDH1A3 and to a greater extent
ALDH7A1 may be involved in driving expansion of undifferentiated SC and TA
cells which exert more clonogenic potential as compared to differentiated

primary prostate epithelial cells.

6.13 Inhibitors

With growing evidence of the importance of targeting CSCs as a therapeutic
strategy to overcome drug resistance and relapse in the clinic it is crucial to
design compounds that would selectively target the CSC population [504].
Based on the high activity of ALDHs found in CSCs and our findings that
support high ALDH expression with cancer progression, compounds designed
against the ALDHs may potentially result in a better clinical outcome.
Accordingly, ALDH chemical probes that are in their early stages of
development were tested against primary prostate epithelial cultures in this
study. All compounds showed reduced cell survival when used at high
concentrations with inhibitors ALII-14 and -18 showing a synergistic reduction
in cell viability when used in combination with docetaxel. Therefore, it may be
speculated that targeting both the undifferentiated progenitor cell population by
use of ALDH inhibitors as well as the differentiated dividing cell population by
using current therapeutics may potentially lead to tumour remission and
subsequently a better patient prognosis. Data from this study suggests that
targeting ALDHs sensitises the resistant cell population to docetaxel and
hence may have clinical potential in prostate cancer. Results from this study

also highlight the necessity to design and develop specific inhibitors against
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both ALDH1A3 and ALDH7A1 to overcome the compensatory mechanism that
these two isoforms exhibit in prostate cancer. Further studies are needed to
design such isoform specific inhibitors and investigate their potential in

overcoming tumourigenesis in prostate cancer.

The limitations of current treatments for prostate cancer reflects the
heterogeneity of this cancer type indicating the importance of the CSC
hypothesis in which targeting the CSC population is crucial for successful
treatment [553]. Although this presents the challenge of targeting the rare
population of SCs which reside in a protected niche, ALDH specific inhibitors
may potentially eradicate CSCs based on the ALDH"9" phenotype by various
mechanisms including overcoming CSC resistance [554] and promoting CSC
differentiation. Together with current treatments that function by eradicating
the tumour bulk, combination with ALDH specific inhibitors may provide an

effective therapeutic strategy.

6.14 ALDH and drug resistance

To date, studies have reported the association of ALDHs with drug resistance
in a number of cancer types. However, no studies have explored the role of
ALDH1A3 in mediating drug resistance in prostate cancer. Only recently, a
study revealed high expression of ALDH7AL1 in a zoledronic acid resistant
DU145 prostate cancer cell line through proteomics analysis [502]. ALDH1A3
and ALDH7AL1 expression in prostate cancer appears to contribute to the

aggressiveness of this disease, in ways that are poorly understood.

Through initial screening of 39 ALDH-affinic compounds in NSCLC cell lines,

several compounds have emerged as potential agonists for cell viability
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highlighting that future studies should focus on these compounds in prostate
cancer cell lines to validate their usefulness in prostate cancer as potential

therapeutics.

The use of the isogenic cell line pair, H1299/mock and H1299/7A1 showed
minimal difference of cell survival in response to these compounds suggesting
ALDH7AL expression status made no significant difference in cell viability.
Compounds designed more selectively for ALDH7AL are required to further

understand the role of ALDH7A1L in cell viability.

Although ALDH1A3 expression was high in the PC3 sensitive and resistant
cells, and in experimental chapter 3, a direct comparison cannot be made as it
is very difficult to compare results run on different plates and different days

due to experimental variability in conduction of the experiments.

The use of a highly specific ALDH1A3 inhibitor may be useful in identifying
changes at both molecular and cellular level. The crystal structure of
ALDH1AS3 has only very recently been revealed [527] and therefore biomarker
and drug discovery against this isoform is only in its infancy. Selective
chemical probes and inhibitors designed against ALDH1A3 can act as tools to
probe the enzyme’s role in prostate cancer and potentially be used to progress

new types of therapies [370].

Docetaxel is used in the treatment of CRPC patients and its therapeutic effect
could potentially be enhanced when used in combination with an ALDH
inhibitor as indicated with early-staged compounds in this study. These ALDH-
affinic inhibitors may reverse resistance to docetaxel but further studies are

needed to investigate this notion. Herein, cells resistant and sensitive to
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docetaxel could be investigated using ALDH-affinic inhibitors as single agents
and in combination with docetaxel. Another possible suggestion is that the
presence of ALDH inhibitor may push cells towards differentiation thereby
increasing their susceptibility to current treatments by reducing the therapy
resistant fraction allowing current treatments such as docetaxel to work better
when used in combination with specific ALDH inhibitors. However, these

compounds need further developing to prove ALDH specificity.

Future studies will need to include virtual screening of more ALDH isoforms
and isogenic cell line pairs deficient/proficient in target ALDHs. Importantly,
biochemical assays using purified recombinant ALDHs could be employed to
understand how effective the ALDH-affinic compounds are in inhibiting the
functional activity of the ALDHs, enabling a better understanding of the

selectivity profile [484].

6.15 Overall Conclusions

Prostate cancer is the second most common form of cancer and accounts for
a fifth of all cancer-related deaths to affect men worldwide (cancer research
UK 2014). Despite improvement in overall survival rates, many patients
relapse with a disease that is more aggressive, drug-resistant and metastatic.
Emerging information suggests that ALDHs are enzymes that contribute to
drug-resistance, cellular proliferation and aggressiveness of several cancer
types including prostate cancer. The elevated expression of ALDHs in CSCs
helps to protect the SC niche, suggesting their contribution to MDR and
enhanced tumourigenicity of CSCs [555]. Furthermore, the lower oxygen
tension increases resistance to radiotherapy and also enriches the CSC niche.

A recent study revealed that primary human prostate cancer samples express
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both elevated levels of ALDH1Al and HIF-1a, which have been linked to
radio-resistance [556]. Another recent study [557] demonstrated that
irradiation enriched the CSC population of DU145 and PC3 cells. ALDH"9"
sub-populations were shown to possess enhanced DNA damage response
activity and in vivo the irradiated cells were shown to exert tumorigenic
properties, suggesting these might be radio-resistant in vivo. In the context of
these and other ALDH investigations, this study set out to explore the
regulation and function of this class of enzymes in prostate cancer with the
principal aim of gathering information for discovering novel biomarker and/or

drug opportunities.

Traditionally, ALDH1A1 or just ALDH1 functional activity has been associated
with sub-population of cells with stem-like cell features while more recent
studies indicate ALDH1A3 also play vital roles in these rare cell types [558].
However, it is likely other members from the ALDH1 family could be expressed
in prostate cancer cells and hence ALDH1A1, 1A2, 1A3 and 1B1 were
investigated. Additionally, a member from the 2, 3 and 7 family were included
to broaden the scope of the study to include an isoform involved in
acetaldehyde metabolism (ALDH2: important in detoxification and
osteoporosis), drug resistance (ALDH3AL: e.g. nitrogen mustard prodrugs)

and metastasis (ALDH7AL: link with stemness features and migration).

In the present study, ALDH1A3 was shown to be highly expressed in prostate
cancer cell lines, primary prostate cancer cells compared with benign cells and
docetaxel-resistant PC3 cells compared to other isoforms, suggesting a

potential link to malignancy and drug resistance.
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MiRNAs regulate gene expression [559] and can function as either a tumour
suppressor or oncogene, depending on the target gene [560] in which they
contribute to the initiation and development of prostate cancer [561].
Interestingly, a study identified the potential use of ALDH1A3 as a tumour
biomarker in prostate cancer [529]. It was found that ALDH1A3 expression
was significantly downregulated in prostate cancer cell lines after the
reintroduction of the tumour suppressor miRNA miR-187 [562]. A follow up
study from the same group measured ALDH1A3 expression in patient urine
samples to evaluate its predictive capability as a biomarker for prostate cancer
using an ELISA assay [533]. Urine samples were centrifuged and supernatant
was used to estimate the ALDH1AS3 protein level. It was shown that both PSA
and ALDH1A3 were significantly associated with a positive biopsy of prostate
cancer. This study provided insight into the utility of ALDH1A3 as a new
biomarker for prostate cancer in a diagnostic setting [533]. An ELISA (enzyme-
linked immunosorbent assay) assay works by having an immobile antigen or
capture antibody on a plate (e.g. a 96-well plate). The urine or plasma from the
patient would then be added to the plate and any antigen of interest (in this
case ALDH1A3) would bind to the capture antibody. A further primary (direct
detection) or primary and secondary antibody (indirect detection) would then
be used to detect how much antigen of interest is present. This is detected
through a conjugated substrate on the antibody such as alkaline phosphatase

(AP) or horseradish peroxidase (HRP).

It would be interesting in future experiments to investigate if a secreted form,
such as a peptide or the protein of ALDH1A3 and ALDH7AL is present in

conditioned media from benign and cancer cells using ELISA assay.
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Furthermore, the ALDH expression of these isoforms from urine samples (from
patients with BPH or cancer) can also be evaluated using ELISA assay for a
more clinically relevant experiment. Urine is an excellent source of material
for new biomarker identification because it provides an ease of sample

collection for diagnosis.

Several investigations have linked ALDH expression with RA synthesis and
cell differentiation [529]. In the present investigation, results indicated that both
ALDH1A3 and ALDH3Al were induced in primary prostate cancer cells
following treatment with atRA. However, no induction of ALDH1Al and
ALDH1A2 was observed, which has previously been reported to be involved in
the RA signalling pathway [563]. As previously reported by other groups, high
ALDH1A3 has been associated with more aggressive forms of breast,
glioblastoma, gall bladder cancer and pancreatic cancer [529]. In breast
cancer, it has been reported that ALDH1A3 expression in patient samples
correlates with expression of RA-inducible genes RARB and RARRES1,
poorer patient survival and triple-negative breast cancers, strengthening the
link between ALDH1A3 expression and RA signalling in aggressive cancer
[529]. To unravel these observations and understand the importance of the
ALDH-RA link in prostate cancer, future directions should be focused on
exploring the downstream RA signalling pathway to identify modulators
involved in the upregulation of ALDHSs, thereby providing mechanistic insight to

their regulation.

The literature is sparse on epigenetic regulation of ALDHs, however one key
study revealed ALDH1A2 as a TSG that become silenced in prostate cancer
[474]. Treatment of PNT2C2, Bob, SerBob, and DU145 cell lines supported
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the previous study by Kim et al, demonstrating higher expression of ALDH1A2
after DAC/HDAC inhibitors treatment. Although DNA methylation of the
ALDH1A2 gene promoter was not analysed, the results supports this gene is
under epigenetic control. In some cell lines there was indication that DAC and
the HDAC inhibitors modulated gene expression, but analysis at the protein
level did not confirm a constant pattern and suggest expression may be cell
line specific and unlikely to be clinically relevant apart from ALDH1A2 results.
Treatment of prostate cancer cell lines with DAC indicated ALDH1A2 is likely
to be under epigenetic control via methylation of the gene promoter region.
DNA methylation analysis (e.g. via classical bisulphite sequencing or
Combined Bisulphite Restriction Analysis (COBRA) [564] of treated samples is

required to validate this finding.

A larger study (>200 samples) is required to understand if the epigenetic
regulation of ALDH1A2 can be used to distinguish benign from malignant
cancer and if this isoform can be used to identify patients at risk of progressing

to advanced stages of prostate cancer.

Another research objective was to explore the influence of hypoxia on ALDH
expression as alluded to earlier in this chapter. Although the data presented
here only showed minimal changes in ALDH expression following exposure of
cells to hypoxia, the role of the tumour microenvironment cannot be
underestimated in the modulation of ALDH expression. Hypoxia is known to
accelerate the Warburg effect and interaction in the tumour microenvironment
[565] and interaction with e.g. fibroblast and stroma tissue. The cell lines used
in this study therefore does not serve as a great model in regard to clinical

relevance and it is possible hypoxia will have a larger impact in an in vivo
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environment with functional vascular network [566]. In future studies, it is
suggested that prostate tumours could be grown in vivo followed by ALDH and
hypoxia marker (e.g. LDA, GLUTL1 or CAIX) co-expression analysis to evaluate

the impact of hypoxia on ALDH expression [566].

Knockdown studies of ALDH1A3 and ALDH7Al were performed to unravel
mechanisms of regulation. Interestingly, knockdown by siRNA of either isoform
in primary prostate epithelial cells was compensated by the upregulation of the
other isoform and may have implications for biomarker and/or drug discovery.
Specifically, siRNA reduced the viable cell number in primary prostate cells
suggesting an induction of cell death or reduction in cell proliferation while cell
cycle analysis indicated suppression of these isoforms leads to reduced
proliferative potential, perhaps due to increased doubling time rather than
initiating cell cycle arrest or cell death [567]. It has been reported that
ALDH7A1 knockdown decreases the stem/progenitor cell subpopulation in
prostate cancer cell line PC-3M-Pro4 [490], supporting the reduced viable cell

number observed in our study upon ALDH7A1 knockdown.

The migratory role of ALDH1A3, 1B1 and 2 in prostate cancer progression
was a novel finding. Furthermore, ALDH7A1 exhibited similar migratory
capacity to these aforementioned isoforms which is in agreement with Van den
Hoogen'’s finding [490]. The contribution of ALDHs to migration and potentially
metastasis is poorly explored but could be linked with cells harbouring
stemness features. The investigation also revealed for the first time that
ALDH1A3 and ALDH7A1l knockdown reduced colony formation. This could
mean that they have a role in stimulating colony forming ability causing

proliferation and self-renewal of the SCs. This suggests that these isoforms
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may contribute to a metastatic stem/progenitor phenotype in prostate cancer,
although this would have to be further investigated. In line with this, the
present study revealed that knockdown of these isoforms induced cell
differentiation, causing cells to differentiate from a TA state to a CB state. This
reinforces the hypothesis that the role of these ALDH isoforms is to maintain a

more CSC-like/progenitor phenotype in prostate cancer.

The final research objective of this study was to explore ALDH expression in
docetaxel-resistant cells and examine a library of small molecules to identify
potential hit compounds, which could serve as starting points for discovery of
more drug-like potent and selective ALDH inhibitors. The importance of
therapeutic targeting of the rare population of CSCs for improved clinical
outcomes requires the development of new therapies. ALDH expression is

high in CSCs and as such, suitable target for biomarker and drug discovery.

DEAB is a poorly characterised commercial ALDH inhibitor with studies
describing it as a reversible competitive inhibitor of ALDH1 [568]. It is also
commonly used as an ALDH1A1-specific inhibitor in the Aldefluor assay [569]
while it has also been shown to irreversibly inactivate ALDH7AL via a stable
covalent acyl-enzyme species [570]. To improve on DEAB as a chemical
probe, several analogues were evaluated in this study and were shown to be
anti-proliferative at high doses (200 uM) as single agents and in combination
with docetaxel in primary prostate cancer cells and in docetaxel-resistant PC3
cells. The data indicated that synergy with docetaxel is possible and supports
further optimisation of such chemical probes to target ALDH1A3 and other
ALDHSs; modulation of ALDH levels could increase susceptibility of prostate

cancer to other treatments by reducing the therapy resistant fraction. It will be
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important for future studies to design and biologically evaluate chemical
probes highly selective for ALDH1A3 and ALDH7A1 to firstly, circumvent the
compensatory effects of these two isoforms when used together in prostate
cancer and secondly, deplete the SC pool of cells that are tumourigenic.
ALDH-targeted drugs could be used to circumvent drug resistance to
docetaxel in patients with aggressive forms of prostate cancer and extend
overall survival rates. Accordingly, this investigation supports further the
important roles that some ALDHs such as ALDH1A3 and ALDH7A1 play in
prostate cancer [273, 490]. The crystal structures of ALDH1A3 and ALDH7A1
are now both available and hence drug design using in silico can speed up the
drug discovery process of developing more selective and potent inhibitors.
Future studies could also include liquid chromatography mass spectrometry
metabolism studies using recombinant ALDH isoforms and docetaxel to

identify key isoforms that confer docetaxel resistance.

A recent study examined > 11,000 individuals from Chinese and Caucasian
populations and discovered a SNP ALDH7A1 susceptibility gene associated
with hip osteoporotic fracture and low bone mineral density. The authors of the
study postulated that ALDH7A1 might be involved in inhibiting osteoblast
proliferation and decrease bone formation via detoxification of acetaldehyde.
Given the involvement of ALDH7AL in metastatic prostate cancer [490] and
acetaldehyde detoxification it is tempting to speculate that ALDH7AL is highly
expressed in the bone microenvironment. In this regard, ALDH7AL1 or a SNP
variant lends itself as a potential novel biomarker and drug target for treatment
of prostate cancer that has metastasised to the bone, which currently is an

unmet clinical disease. Further studies are required to validate this rationale.
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6.16 Potential for route to clinic

To date, most prostate cancer research has focused on androgen signalling,
however with the knowledge that basal cells, including SCs are largely
independent of androgen signalling, future work ought to focus on (i) the CSC
population and (ii) prostate cancer cell heterogeneity. Work could be focused
on combination therapies, including differentiation therapy, e.g. with RA or
other differentiating agents, to diminish the SC pool and/or novel ALDH
inhibitors targeting the SC niche to deliver a treatment option aimed at
removing the roots that may be responsible for treatment relapse. Specifically,
inhibitors designed and optimised against ALDH1A3 and ALDH7Al1 may
provide an effective treatment strategy of aggressive prostate cancer disease.
This study supports ALDH1A2, 1A3 and/or ALDH7A1 as potential biomarkers

and therapeutic targets for prostate cancer.

Many studies, including the data presented here, support the potential for
ALDH inhibitors to be anti-cancer therapeutics. Many ALDH inhibitors have
been generated and the focus for successful therapeutic relevance is
selectivity. The large number of ALDH isoforms means that cross-selectivity
can be a problem with novel compounds [368]. In terms of using ALDH
isoforms as a biomarker, there is again potential with high expression of ALDH
isoforms correlating with metastasis. However, the path to generate a
meaningful biomarker that could be used for diagnosis and prognosis is a
rigorous one. In particular, the need for a consistent and sensitive detection
method combined with a clear range of informative measurements is required.
Much validation would be required before a new biomarker such as this could

be implemented in clinical practice [357]. The next steps to take this work
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forward would be to (i) significantly increase the number of samples used to
further stratify ALDH expression in SC, TA and CB cell populations in samples
obtained from benign and cancer tissues to validate a diagnostic role of
ALDHs within a complex heterogeneity, (ii) include tissue samples of different
Gleason grades to explore a prognostic role of ALDHs and (iii) further design
highly selective compounds against ALDH1A3 and ALDH7Al to enable a
better understanding of the importance of ALDH biological functions, use in

detection of ALDH activity and their therapeutic significance.
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Appendices

Appendix |

Sample name Code Date Diagnosis Operation Patient PSA

WP 1 24/3/10 BPH TURP
PEY011/09p2 | WP 2 24/3/10 | Ca3+5o0n TURP - -
hormones
PEY012/09 p4 WP 3 24/3/10 BPH TURP - -
PEY013/09 p1 WP 4 24/3/10 BPH TURP - -
PEY021/09 p1 WP 5 24/3/10 Ca4+4 on TURP - -
hormones
PEY030/09 WP 8 24/3/10 BPH TURP - -
PEY047/09 WP 9 24/3/10 BPH TURP - -
PEY029/09 WP 10 24/3/10 BPH TURP - -
PEY025-26/09 WP 11 24/3/10 BPH TURP - -
PEY046/09 WP 12 24/3/10 BPH TURP - -
PE434 pl10 WP A 3/6/09 GI8/9 cancer RP 59 -
PE569 p5 WP B 3/6/09 GI8 (3+5) RP 67 -
cancer
PEGGS5 p4 WP C 3/6/09 GI7 (3+4) RP 53 -
cancer
PEG65 p7 WP D 3/6/09 GI7 (3+4) RP 53 -
cancer
PE671 p3 WP E 3/6/09 GI7 (3+4) RP 62 -
cancer
PEH016/09 p4 WP F 3/6/09 GI7 cancer RP - -
PEY023/09 p1 WP G 20/5/09 BPH TURP 88 -
PEY008/06 p1 WP H 3/6/09 3+3 cancer TURP 65 -

WP =whole population
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Appendix Il

SEINNERE Y] Cell type Code Date Diagnosis  Operation Patient

Age
PEHO030/10 p2 CB 13 22/7/10 Normal Cystectomy -
PEH030/10 p2 TA 14 22/7/10 Normal Cystectomy -
PEHO030/10 p2 SC 15 22/7/10 Normal Cystectomy -
PEHO030/10 p4 CB 16 22/7/10 Normal Cystectomy -
PEHO030/10 p4 TA 17 22/7/10 Normal Cystectomy -

PEY033/10 p1 CB 19 22/7/10 BPH TURP 84

PEY033/10 p1 TA 20 22/7/10 BPH TURP 84
H020/09 p5 CB 22 22/7/10 Ca 3+4 RP -
H020/09 p5 TA 23 22/7/10 Ca3+4 RP -

CB = committed basal cells, TA =transit amplifying cells, SC = stem cells
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Appendix Il

Sample name Cell type Date Diagnosis Operation Patient
Age

PEH030/10 p2 20/3/10 Normal Cystectomy
PEH030/10 p2 TA 20/3/10 Normal Cystectomy 48
PEH030/10 p2 SC 20/3/10 Normal Cystectomy 48
PEHO030/10 p4 CB 20/7/10 Normal Cystectomy 48
PEH030/10 p4 TA 20/7/10 Normal Cystectomy 48
PEY033/10 p1 CB 20/7/10 BPH TURP 68
PEY033/10 p1 TA 20/7/10 BPH TURP 68
PEY033/10 p1 SC 20/7/10 BPH TURP 68
H020/09 p5 CB 21/7/10 GI7 Ca 3+4 RP -
H020/09 p5 TA 21/7/10 Gl7Ca3+4 RP -
Appendix IV
Sample Diagnosis Operation Patient PSA
Age
H398/14 BPH TURP 66 -
H405/14 BPH TURP 82 8.7
H415/15 BPH TURP 74 0.61
H523 RM Cancer RP 66 3.8
H507/14 LM Cancer GI7 (3+4) RP 68 9.9
H507/14 RB Cancer GI7 (3+4) RP 68 9.9
H554 LB Cancer RP 68 9.4
H554 RM Normal RP 68 9.4

RM =right middle, LM = left middle, RB =right base, LB= left base
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Appendix V

Sample Diagnosis Operation Patient Age

Y029/09 BPH TURP 91
Y040/10 BPH TURP 67
YO60/10 BPH TURP 73
Y025/09 BPH TURP 84
665 GI7 (3+4) cancer RP 53
HO35/11 GI7 (3+4) RP -

(RA,RM,LA,LM)

HO41/11 GI7 (3+4) RP 66
(RA, RB, LA, LB)

RA =right apex
RM=right middle
RB =right base

LA = left apex
LM = left middle
LB = left base
Appendix VI
Diagnosis Operation Patient Age
H157/12 Rb Cancer GI7 RP 69 14
H157/12 Lb Cancer GI7 RP 69 14
H158/12 BPH TURP 64 0.81
H159/12 BPH (evidence TURP - -
of PIN)
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