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Abstract

Elevated extracellular uric acid is associated with inflammation and gout.
Activins are inflammatory cytokines and negative growth regulators in the
prostate. Both uric acid and activins are elevated in the synovial fluid of
patients with gout. Recent evidence has linked elevated uric acid and cancers
but little is known about uric acid in prostate cancer. A hallmark of prostate
cancer progression is activin insensitivity and the mechanisms underlying the
inability to respond to activins are unclear.
It is proposed that elevated uric acid is evident during prostate cancer
progression and this is one of the local factors that blocks the growth
inhibitory effects of activin
To test our hypothesis, we examined the expression of activins A & B, uric
acid and the urate transporter, GLUT9, in human prostate disease tissue
arrays. Intracellular and secreted uric acid in human prostate cancer cell lines
was also assessed. The effect of uric acid in the presence of activin was
assessed in the activin responsive LNCaP prostate cancer cell line as was
TGF-β mediated gene expression. Finally, the effect of probenecid, which
inhibits the reabsorption of urate, was assessed in an activin responsive and
activin insensitive prostate cancer cell line.
Results show uric acid expression significantly decreased in all prostate
diseases, including BPH and prostate cancer. No differences were evident for
activin A but activin B expression reduced in both BPH and prostate cancer.
Human prostate cancer cell-lines showed striking differences in intracellular
and secreted uric acid. The activin responsive LNCaP cell-line had higher
intracellular uric acid and lower secreted uric acid than the activin insensitive
PC3 cell-line. Uric acid caused a dose-dependent growth promotion on
LNCaP cells, and antagonised the growth inhibitory effect of activin A & B.
Through TGF-β arrays, it was evident that this growth promotion was not
due to alterations in TGF-β superfamily signalling. Exposure of a known gout
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treatment, probenecid (1 mM), was unable to restore activin sensitivity in the
PC3 cell line. Overall, this thesis demonstrates for the first time that elevated
extracellular uric acid is growth promoting in vitro, increased uric acid
antagonises the growth inhibitory effects of activins independent to canonical
activin signalling and Probenecid was growth inhibitory in the LNCaP cell
line.
These results indicate lowering extra-cellular uric acid and targeting uric acid
transport may be beneficial in prostate cancer.
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1. Introduction

1.1

Activins

Activins are members of the transforming growth factor-beta (TGF-β)
superfamily. Within the TGF-β superfamily there are over 30 members
including bone morphogenetic protein (BMP) and growth and differentiation
factor (GDF) [1]. As a highly conserved superfamily of dimeric proteins, they
all signal through a common signaling pathway via their respective
serine/theorine kinase receptors [1, 2]. The TGF-β superfamily members are
involved in diverse roles in the body, both during development [3-6] and
maintenance of tissue homeostasis [7-9]. Therefore, mutations in any of TGF-β
superfamily ligands or disruption in their signaling pathway can result in
diseases including cancer [10-12].
Activins are dimers consisting of two inhibin-β subunits (βA, βB, βC, and βE)
joined by a disulphide-link [13]. These proteins can either be homodimers or
heterodimers depending on whether like or unlike subunits join together. The
three most common activins that are known to occur in vivo are the
homodimers activin A (βAβA) and activin B (βBβB) and the heterodimer activin
AB (βAβB) [14]. More recently there is emerging evidence of another activin
homodimer, activin C (βCβC) which is emerging as an activin A antagonist
[15]. Activins were originally identified from the gonadal fluids based on
their ability to stimulate follicle stimulating hormone (FSH) release from the
pituitary gland [16]. In addition to their role in reproduction, activins are
potent growth factors in both reproductive [17-19] and non-reproductive
organs [20-23]. Inhibin-β subunit messenger RNA (mRNA) has been localised
in many different tissues including the liver, pituitary gland, ovary, testis and
the prostate [24].
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1.1.1 Activin Signaling Pathway
Activins signal via a canonical pathway common to all members of the TGF-β
superfamily [1, 2, 25]. Intrinsic to this pathway is the formation of a
heteromeric complex between the ligand (in this case activins) and
transmembrane serine/theorine receptors (Type I and Type II) that
subsequently phosphorylate intracellular Smad molecules. These Smad
molecules interact with co-factors in the nucleus that influence gene
transcription. Multiple levels of regulation exist within this pathway to
control the signaling process [26], including binding proteins at an
extracellular level such as follistatin [27], an antagonist ligand that competes
for the same receptor such as inhibins [14] or activin C [15, 24], and inhibitory
Smads [28] (Figure 1.1). Activin signaling is contextual, with different
regulatory systems being active only in specific areas of the body.
Additionally, there is convergence of multiple ligands onto shared
downstream intracellular Smad-4 signaling that can generate redundancies in
the functions of activins, or enhanced activities in others, again depending
upon context [29].
In recent times, there is increasing evidence of additional non-canonical
pathways for activins that act via different intracellular pathways, such as
MAPK, JNK/p38 and ERK [30-34], which provide increasing complexity to
the signaling system of activins.

2

Figure 1.1 Canonical activin signaling pathway. As members of the TGF-β
superfamily, activins signal via their respective serine/theorine kinase receptor in
the canonical pathway. 1) Activin binds to the activin type II receptors; 2) this
recruits the activin type I receptor; 3) which results in the phosphorylation of the
type I receptor; 4) the phosphorylated type I receptor can then activate the regulatory
Smads (Smad-2/3) by phosphorylation; 5) activated Smad-2/3 can then form a
complex with Co-Smad (Smad-4); 6) this complex can then translocate into the
nucleus; 7) and bind with transcriptional factors, either co-activators or corepressors, to regulate the transcription of target genes. Several inhibitors are present
to regulate this pathway, such as follistatin, inhibin and inhibitory Smads (Smad6/7) [1].
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1.1.2 Models of Activin Action
Activins were discovered for their endocrine role in regulating FSH release in
the pituitary gland. Subsequent studies have attributed a wider range of roles
for activins, amongst which include inflammation [35, 36], developmental
biology [13], and oncogenesis [24]. Characteristic of this, activins are
produced and secreted by a number of different tissues and cells in the body.
Macrophages secrete activins, and expression is up-regulated during
inflammation by a number of pro-inflammatory cytokines including
interleukin-1 (IL-1), interferon-gamma (INF-γ), and interleukin-8 (IL-8) [3739]; whilst suppressors of inflammation such as glucocorticoids and retinoid
acids reduce activin levels [40]. There is a growing body of research
demonstrating the association of activins in inflammatory joint disease, such
as rheumatoid arthritis. Activins secreted into joint synovial fluids are
produced by cells lining the synovium, including fibroblasts and leucocytes
[41]. During acute inflammatory phases of rheumatoid arthritis, activin A
concentrations increase three-fold relative to other known arthropathies such
as osteoarthritis [42]. The exact role of activins in inflammation is currently
unknown, but in vitro studies have shown that activin A suppresses the
activity of interleukin-6 (IL-6), a known pro-inflammatory cytokine that is
associated with inflammatory destructions of joints in inflammatory
arthropathies [41, 42].
The acute arthritis in gout is another inflammatory arthropathy with elevated
activin A in the synovial fluid. Acute gouty arthritis is characterised by an
increase in pro-inflammatory cytokines similar to rheumatoid arthritis
including IL-1, IL-8, and INF-γ [42]. Increased IL-6 is also seen, suggesting
that there may be a role for activins in acute gouty arthritis. The hallmark of
acute gouty arthritis is precipitated by the presence of monosodium urate
crystals, and patients with gout commonly have elevated levels of serum
urate [43]. Although the direct link between activins and uric acid in the
setting of gout cannot yet be ascertained, a genome-wide association study
found activin A and type II activin receptor genetic locus is associated with
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serum urate in a large population study [44]. This genetic relationship sets up
the premise to investigate other settings for the relationship between uric acid
and activins in this thesis

1.1.3 Activins in the Prostate
Activins are also crucial in the development of specific organs, maintenance
of tissue homeostasis, and disruptions of normal activin action is associated
with oncogenesis.
During development of the prostate, activin A inhibits branching and growth,
independent of the actions of androgens, which are known key growth
promoters of the prostate [45]. This growth suppressing effect of activins can
be reversed by the addition of follistatin, an activin binding protein that
inactivates activin in the circulation and prevents the activation of the activin
receptors by the ligand [27].
Prostate tissue homeostasis depends on the balance of the regulation of cell
proliferation and cell death. It has been suggested the cross-talk between
activin and follistatin has a profound role on the regulation of growth in the
prostate [46] but since the discovery of the activins in prostate epithelium
little is known about the role of activin in the normal human prostate [47, 48].
The majority of research has focused on the role of activins in prostate cancer.
A) Activins in Prostate Cancer
The growth inhibitory effects of activins extend to the early stages of prostate
cancer, and may confine the disease within the prostate gland. Activin A
inhibits prostatic cancer growth by increasing apoptosis and promoting cell
cycle arrest, through its modulation of gene expression, such as up-regulation
of the pro-apoptotic p53 gene, and down-regulation of the bcl-2 gene [49]. The
LNCaP prostatic cell line is a classical model of activin and androgen
responsive prostate cancer [50], and exhibits dose dependent growth
inhibition when exposed to activins [51, 52].
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However some prostate cancer cells acquire the ability to become activin
resistant. The characteristics of these prostate cancers are generally more
advanced. These cancers are usually also androgen resistant [53], and the PC3
prostate cell line is commonly used to model this dual hormone/activin
resistant prostate cancer [51]. Mechanisms underlying androgen insensitivity
include lack of expression of androgen receptors, however there is
inconsistencies amongst the literature if PC3 cells are truly androgen receptornegative. As these cells are androgen insensitive it is presumed that these cells
do not express androgen receptors as their presence would be redundant.
Emerging evidence suggest PC3 cells do in fact express androgen receptors
[54]. This is evident by the detection of androgen receptor mRNA and protein
both in the presence and absence of androgens. It has been proposed its due
to the alterations in phosphorylation of androgen receptors in the PC3 cell
line that causes androgen resistance, not the lack of androgen receptors [54].
The mechanisms underlying development of activin resistance are currently
unclear as PC3 cells still express activin receptors and Smads [55]. One of the
mechanisms by which PC3 cells may be insensitive to activin A is increased
expression of activin antagonists such as follistatin, inhibin and activin C [56].
Like the cell line data, prostate tissue samples from men with metastatic
prostate cancer contain increased expression of activin mRNA compared to
men with organ-confined disease [57].
Activin insensitivity is not only evident in prostate cancer, many advanced
cancers are also resistant to the growth inhibitory effects of activin. Several
international groups are currently characterising the mechanisms by which
activin insensitivity develops, proposing that this acquired characteristic may
have therapeutic or diagnostic utility [26].
We postulate that elevated uric acid may play a novel role in the development
of activin resistant prostate cancer.
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1.2

Uric Acid

Uric acid is the end-product of endogenous and dietary purine metabolism
via the xanthine oxidase enzyme. Humans are unable to convert uric acid into
allantoin, which is more water soluble and can be easily excreted via urine.
This is due to a loss-of-function mutation in the enzyme uricase [58], which
leads to higher serum urate in humans (~240-360 µM) when compared to
lower mammals such as mice (~30-50 µM) [59]. Individuals with an elevated
serum urate level have a condition known as hyperuricaemia. The control of
serum urate concentration is related to a complex system of urate transports
in the kidney, such as GLUT9, URAT1, ABCG2 and MRP4 [60-63]. Variation
of urate transporters within individuals and populations are evident [64-66].
A recent genome wide association study identified 18 new loci implicated in
serum urate control [44]. Three of these 18 new loci were activin B, and activin
receptors, ActRIA and ActRIIB.

1.2.1 Uric Acid as an Anti-Oxidant
Uric acid is a known anti-oxidant [67] and the wider role of anti-oxidants is to
scavenge for reactive oxygen species (ROS) that are given off during normal
biochemical activities [68]. During oxidative stress, excessive ROS are
generated and can damage cells and DNA, induce an inflammatory response
and activate various transcription factors that contribute to the initiation and
progression of carcinogenesis, such as p53, NF-κB and STAT3 [69-71]. Due to
higher levels of uric acid and the power it has an anti-oxidant, it was
postulated that uric acid provided an in vivo defense mechanism against
carcinogenesis [72]. However, this view has been relative controversial given
that hyperuricaemia (serum urate level > 360 µM) is a major risk factor for the
development of gout [43].
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1.2.2 Uric Acid, Gout and Cancer
Uric acid has established anti-oxidant properties and should therefore have a
potential protective effect against carcinogenesis [72], however this does not
appear to be the case. Epidemiological studies have found a positive
correlation between elevated uric acid levels, and/or gout, with increased risk
of development of solid organ cancers in human [73-79]. In particular, men
with a history of gout have the greatest risk of developing prostate cancer
amongst all solid organ cancers, thereby linking the two diseases [73, 74, 77].
Furthermore, there is a dose-dependent effect of uric acid level in blood on
the characteristic of different prostate cancer, with higher serum levels,
particularly approaching that commonly found in gout patients (> 360 µM)
being associated with more malignant and less differentiated forms of
prostate cancer [80]. In a New Zealand context, Māori men have the highest
incidence in both hyperuricaemia/gout, as well as metabolic syndrome [8186]. This group coincidentally also tend to present with prostate cancer that is
more malignant than other ethnic groups [87-90].
To date there has not been any research assessing for causation between uric
acid and prostate cancer, despite the positive correlation found in the
literature. Uric acid may be up-regulated as a systemic protective anti-oxidant
response to prostate cancer. Alternatively, uric acid may contribute to the
development of prostate cancer induced by elevated concentrations of uric
acid either at a systemic level or at a localised level in the prostate.
Uric acid in prostatic fluid in normal men are of similar magnitude to serum
urate [91]. Elevated uric acid in prostatic fluid is associated with the
development of non-bacterial prostatitis, suggesting that uric acid has the
capacity to influence prostate pathology [92]. Normalisation of both serum
and prostatic uric concentration with allopurinol, a xanthine oxidase inhibitor
that prevents the formation of uric acid from its purine substrate, leads to
amelioration of prostatitis syndrome, lending support to a dose-dependent
effect of uric acid on the prostate, both at a systemic and at a localised level
[93].

8

1.3

Current Study

Activin is an inflammatory regulator and a negative growth regulator in the
prostate. Elevated activin is evident in the synovial fluid/joints of patients
with gout and also in patients with advanced prostate cancer. Given that gout
is an inflammatory disease and inflammation is linked with prostate cancer,
this thesis proposes that elevated uric acid level may be one of local factors
that block the growth inhibitory effects of activin during prostate cancer
progression.

Figure 1.2 Schematic presentation of the study. This schematic presentation outlines
how prostate cancer, activins and elevated uric acid (associated with gout) may
potentially form a triumvirate and forms the basis of this study.

Therefore, the aims of this study will demonstrate if there is any association
between elevated uric acid and activin growth inhibition in prostate cancer
cells.
Specifically this study will:

•

Determine if the relative levels of activin A & B, uric acid and GLUT9
(urate transporter) differ across different prostate pathologies:
-

Normal prostate tissue & cancer adjacent normal prostate tissue

-

Benign prostatic hyperplasia; BPH)

-

Prostate inflammation (prostatitis)

-

Prostate cancer tissue (both organ confined and metastatic).
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•

Examine the intercellular and extracellular level of uric acid in three
different human prostate cancer cell lines (LNCaP, DU145 and PC3)
that differ in their responsiveness to activins.

•

Examine if the association between hyperuricaemia and prostate
cancer is causative in vitro, in a dose dependent fashion at
physiological blood concentrations found in hyperuricaemic patients
by adding exogenous uric acid to a human prostate cancer cell line that
is responsive to activins (LNCaP).

•

Explore if there are alterations in growth in the presence of both
exogenous uric acid and inhibitory activins (A & B) in the LNCaP cell
line.

•

If exogenous uric acid does interfere with the inhibitory effects of
activins, explore one of the possible mechanisms that may be occurring
specifically: exogenous elevated uric acid may alter TGF-β/activin
related gene expression.

•

Examine

if

treatment

with

an

anti-hyperuricaemic

therapy

(probenecid), on an activin insensitive cell line (PC3) would restore the
sensitivity to activins and determine the effect probenecid has on an
activin sensitive cell line (LNCaP).
Therefore, this study will potentially link hyperuricaemia and activin
insensitivity, and aims to demonstrate an association between gout and
prostate cancer.
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2. Methods and Materials

2.1

Immunohistochemistry
Tissue

of

Human

Prostate

Immunohistochemistry (IHC) was performed on human prostate tissue
sections and human prostate disease tissue microarrays to determine the
localization of activin A, activin B, GLUT9 and uric acid. These microarrays
would give an insight into the various expression patterns across the
spectrum of prostate disease by using a well-establish grading system known
as immunoreactive score (IRS).

2.1.1 Preparation of Slides
A) Human Prostate Tissue
Normal human prostate tissue samples were used for antibody optimization.
Samples used were obtained under human ethics approval H13/097 . Sample
blocks were sectioned into 5 µm thick sections using a Leica RM2025
microtome (Leica Instruments GmbH, Nussloch, Germany) and placed in 30%
alcohol then a 40°C water bath before being mounted on a microscope slide
(Menzel-Gläser, Braunschweig, Germany). Slides were left in an incubator
(37°C) overnight to dry.
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B) Human Prostate Disease Tissue Microarrays
The human prostate disease tissue microarrays were obtained commerically
from US Biomax, Inc. (cat. # PR8011 and cat. # T195a, US Biomax Inc., MD,
USA). These particular microarrays contain a panel of different human
prostate disease tissue samples ranging from adenocarcinoma (adenoCa),
metastatic carcinoma, benign prostatic hyperplasia (BPH), prostatitis, cancer
adjacent normal tissue and normal prostate tissue (Figure 2.1).
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Figure 2.1 Slide layout of human prostate disease tissue microarray. Overview of
PR8011 and T195a tissue microarrays containing different prostatic pathology
samples (1.5 mm, each).
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2.1.2 Immunohistochemistry Protocol
IHC is a common procedure used in the Gold Lab. All but the GLUT9 and
uric acid antibody had been optimized previously.
A) Activin A and Activin B
Human prostate disease tissue arrays were de-waxed in a series of two xylene
changes for five minutes then three minutes in absolute ethanol, 95% ethanol
and 70% ethanol each. The slides were placed in a microwave on high for 16
minutes in 0.01M sodium citrate (Na-citrate), pH 6 (Appendix A), and left to
cool in the heated buffer for 20 minutes. Slides were dipped twice in distilled
water then the tissue sections were outlined with a PAP pen and then washed
in 1X PBS + 0.1% Tween-20 (Appendix A) for five minutes three times. The
sections were quenched with 3% hydrogen peroxide blocking reagent (cat. #
ab64218, abcam, MA, USA) for 20 minutes then washed in 1X PBS (Appendix
A) for five minutes three times. Next the sections were blocked with Casblock (cat. # 00-8210, Life Technologies, Thermo Fisher Scientific, IL, USA) for
20 minutes before applying the primary antibody (1° Ab) or negative control.
The 1° Ab used were anti-inhibin βA (cat. # ab56057, Abcam, MA, USA) and
anti-inhibin βB (cat. # ab69286, Abcam, MA, USA), which were diluted to 1:70
and 1:50 using 1° Ab diluent (Appendix A), respectively. For the negative
controls, Ab diluent alone was applied. Slides were then incubated overnight
at 4°C.
The next day the slides were washed with 1X PBS + 0.1% Tween-20 three
times for five minutes. For the secondary antibody (2° Ab) the DAKO REAL
EnVision Detection System Peroxidase/DAB + Rb/Ms kit (cat. # K5007,
Dako, Glostrup, Denmark) was applied to all the slides and let on for 30
minutes at room temperature. The slides were then washed in 1X PBS + 0.1%
Tween-20 to remove the 2° Ab. Diaminobenzidine (DAB, Appendix A) was
applied to sections for 60 seconds then washed off with MilliQ water then
further washed with 1X PBS three times for five minutes with gentle shaking.
Next the slides were counterstained with Gill’s haematoxylin #2 for 30
seconds and rinsed with running tap water for around three minutes. Lastly,
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the slides were dehydrated in a series of 70% ethanol, 95% ethanol for three
minutes each then five minutes in absolute ethanol and two five minute
changes of xylene then cover slipped with DPX.
B) GLUT9
A series of trials was performed to optimize the protocol for IHC on human
prostate tissue using the GLUT9 antibody (cat. # AB104623, Sapphire
Bioscience, NSW, Australia). Variables tested were the 1° Ab dilution
concentrations (1:300, 1:500, 1:1,000, 1:1,500 & 1:2,000) and the antigen
retrieval buffers (0.01M Na-citrate solution, pH 6, 0.01M glycine solution, pH
4 and 0.001M ethylenediaminetetra-acetic acid (EDTA) solution, pH 8
(Appendix A). The variables were trialed using the standard IHC protocol
outlined in section 2.1.2A using normal human prostate tissue before using the
human prostate tissue arrays. The best outcome was produced for the GLUT9
antibody was with 0.01M Na-citrate for the antigen retrieval and 1:1,500 for
the 1° Ab dilution.
C) Uric Acid
The uric acid antibody (cat. # ab53000 Abcam, MA, USA) required
optimization prior to moving forward on the human prostate tissue arrays.
The variables tested were similar to those outlined in section 2.1.1A for the
GLUT9 antibody; 1° Ab dilution concentrations (1:250, 1:500, 1:1,000, 1:2,000 &
1:5,000) and the antigen retrieval buffers (0.01M Na-citrate solution, pH 6,
0.01M glycine solution, pH 4, 0.001M EDTA solution, pH 8, proteinase K in
1X PBS, pH 7.4 and proteinase K in TE Buffer, pH 8 (Appendix A) and no
antigen retrieval. Using the standard IHC protocol outlined in section 2.1.2A,
the variables were trialed with normal human prostate tissue. In terms of
antigen retrieval for the two different proteinase K treatments, the slides were
not boiled with the buffer to prevent tissue damage. Instead for the proteinase
K in 1X PBS, slides were covered with buffer and left for 10 minutes at room
temperature. While proteinase K in TE buffer, the slides were covered with
the working solution and incubated for 10 minutes at 37°C in a humidified
chamber and then allowed to cool at room temperature for 10 minutes. The
best variables for the uric acid antibody were the proteinase K in TE buffer for
antigen retrieval and 1:250 for the 1° Ab dilution.
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2.1.3 Analysis of Immunohistochemistry
The analysis of the human prostate disease tissue microarrays were
preformed using the IRS. The IRS is a system established to quantify staining
between multiple tissue samples [94]. IRS was determined by denoting two
numbers to each tissue spot; 1) the percentage of positive stained cells and 2)
the optical staining intensity (Table 2.1 and Figure 2.2). These two numbers
were then multiplied together to get the overall IRS for the sample. After
assessing the IRS of each spot, a spectrum of images representing the different
human prostate diseases were captured using QCapture software (QImaging,
BC, Canada).
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Percentage of positive stained Pts

Optical staining intensity

Pts

cells
No stained cells

0

No staining

0

< 10%

1

Weak staining

1

11-50%

2

Moderate staining

2

51-81%

3

Strong staining

3

>81%

4

Table 2.1 Evaluation criteria for immunoreactive score of human prostate disease
microarray. Table showing the grading system of the IRS. The first number was
determined by the percentage of positive stained cells in the sample ranging from 0
(no stained cells) to 4 (>81% positive cells). The second number was an indication of
the optical staining intensity. The multiplication of these two numbers gave the
overall IRS [94].
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Figure 2.2 Example of assessment of human prostate tissue using the
immunoreactive score. Images showing examples of the grading system of the IRS.
(A) Overall IRS of 12 (4 = >81% positive cells & 3 = optical staining). (B) Overall IRS
of 6 (3 = 51-81% positive cells & 2 = optical staining). (C) Overall IRS of 2 (2 = 11-50%
positives cells & 1 = optical staining). (D) Overall IRS of 0 (0 = no positive cells & 0 =
optical staining). Black bars in A-D are 100 µM.
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2.2

Human Prostate Cell Culture

2.2.1 Human Prostate Cell Lines
The different cell lines utilized in this thesis were the well-known established
prostate carcinoma cell lines: LNCaP, DU145 and PC3, to show an in vitro
spectrum of human prostate cancer. These cell lines are immortalized and
individually represent the human prostate cancer spectrum; low-, mediumand high-grade adenoCa, respectively. While all are malignant cells, for the
purposes of this study we classify them as low to high based on androgen and
activin sensitivity.
First on the malignancy scale is the LNCaP cell line. This particular cell line
was derived from a Caucasian male with lymph node metastasis, hence its
name: Lymph Node Cancer of the Prostate [50]. LNCaP cells are a reflection
of low-grade human prostate as they are the only human prostate cancer cell
line to be androgen dependent and sensitive to the growth inhibitory effects
of activin A and activin B [51].
The medium-grade prostate cancer cell line is DU145. This cell line originated
from a brain metastasis and unlike the LNCaP cell line, they are no longer
hormone-dependent, which is reflected in the absence of androgen receptors
[95, 96]. In spite of DU145 cell lack of androgen-dependence, they are still
sensitive to growth inhibitory signals from activin A and B but at much
higher concentrations than the LNCaP cells (50ng/ml vs 10ng/ml in the
LNCaPs) [51].
Last on the malignancy scale are the PC3 cell line. These cells were derived
from a bone metastasis, [97]. PC3 cells are androgen-independent, however
PC3 cells are insensitive to the growth inhibitory effects of activin A and B.
Despite their inability to response to activins inhibitory effect, they still
express activin receptors. Thus, in conjunction with its androgen-
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independence and activin insensitivity, they have the greatest metastatic
potential out of the three cell lines.

2.2.2 Cell Maintenance
When all the cells in a 75 cm2 flask were 90% confluent, they were passaged.
All cell lines were cultured in RPMI 1640 medium (Gibco, Invitrogen
Technologies) with 10% fetal bovine serum (FBS) and 1% antibioticantimycotic (Gibco, Invitrogen Technologies) (Appendix B) and were
passaged using the same method unless stated. Passaging was achieved by
removing the existing conditioned medium and discarding it to a dedicated
waste container. Next 5 mL of versene (Appendix B) was added for five
minutes at room temperature. Versene acted as a chelating agent to lift the
cells off the flask surface into suspension. The versene was discarded and
then 3 mL of 0.1% trypsin (Appendix B) was added to neutralize the versene
and then the flask was incubated at 37°C for five minutes. After incubation,
the flask was gently tapped on the side and then examined underneath the
microscope to ensure the cells had lifted off the bottom of the flask. If not, it
was left for a couple minutes longer in the incubator. With the trypsin still in
the flask, 6 mL of 10% FBS/RPMI culture medium was added to dilute the
trypsin. It was essential to dilute the trypsin as long exposure to trypsin can
cause cell damage. The flask was then washed with the diluted trypsin
solution. Washing of the flask with the fresh medium was done repetitively to
ensure all the cells collected at the bottom corner of the flask. The diluted
trypsin solution in the flask was transferred to a 15 mL Falcon tube and
centrifuged for 5 minutes at 1,500 RPM at 25°C. The supernatant was
discarded and the cell pellet was re-suspended with of fresh filtered media; 5
mL for LNCaP cells and 10 mL for both PC3 cells and DU145 cells.
Seeding volume was determined by the aggressiveness of the cell line. For
LNCaP cells ~700,000 – 800,000 cells per 75 cm2 were required for seeding
while ~500,000 cells per 75 cm2 for PC3 cells. The required volume of
suspended cell solution for seeding was dispensed into a new T75 cm2 flask
containing 15 mL of fresh filtered medium. Flasks were then returned to a
37°C incubator with humidified atmosphere of 5% CO2 in air until confluent.
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2.2.3 Treatment Groups
There were six variables that were used to make up the various treatment
groups: 1X PBS, DMSO, uric acid, activin A, activin B . The application of 1X
PBS acted as a control rather than media alone, because the production of the
uric acid solutions required 1X PBS, therefore PBS would account for any
confounding results. Three different levels of uric acid were used; 200 µM, 300
µM and 500 µM uric acid, to mimic the normal lower limit, normal upper limit
and hyperuricaemic serum urate levels in males, respectively.
To determine the effect of uric acid on the activins, activin A and B were
independently combined with the three different levels of uric acid and
applied at a total concentration of 20 ng/mL. This concentration was chosen
to mimic super-physiological levels of activin in the prostate as it has been
previously shown that 5 ng/mL of activin can inhibit LNCaP cell growth [52].
A known urate transporter inhibitor, probenecid, that is a second line therapy
(after allopurinol) for gout treatment were exposed to both the LNCaP and
DU145 cell line. The probenecid was applied at a total concentration of 1 mM
with combinations of two activin concentrations (50 ng/mL and 100 ng/mL)
and 500 µM uric acid. DMSO acted as the control for these treatment groups.
The dose of probenecid used was super-physiological, 10 fold higher than
what is used in clinical practice as activin doses were super-physiological.

2.3

Uric Acid Assay

Measurement of intracellular and extracellular uric acid was investigated in
the three different cell lines using a colourmetric reaction. The InfinityTM Uric
Acid Stable Reagent utilizes peroxide formed from the conversion of uric acid
to allantoin by uricase. The peroxide reacts with the 4-aminoantipyrine (4AAP) and 2,4,6-tribromo-3-hydroxy benzoic acid (TBHB) in the reagent, via
peroxidase, to produce quinoneimine dye. This dye is detected at an
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absorbance at 520 nm and is proportional to the uric acid concentration in the
sample.

2.3.1 Collection of Conditioned Media and Cell Pellets Along
the Malignancy Scale
When the cell lines underwent routine passaging as described in section 2.2.2,
rather than discarding the conditioned media, they were collected and spun
down at 1,500 RPM for five minutes. The supernatants were collected and
pipetted into clean 15 mL Falcon tubes. Subsequently versene, trypsin and
10% FBS/RPMI culture medium steps were undertaken. After the diluted
trypsin solution was spun down, the supernatant was discarded and the cell
pellet was re-suspended in cold 1X Dulbecco’s PBS (Appendix C) to further
rinse the cells and then transferred to a clean Eppendorf tube. The tubes were
centrifuged at 1,500 RPM for five minutes and the supernatant was removed.
Then 100 µL of RIPA buffer (cat. # 89901, Thermo Fisher Scientific, IL, USA)
was added to break down the cell membranes and the tubes were
immediately stored at -80°C until uric acid assay.

2.3.2 Uric Acid Assay Protocol
A) Thermo Scientific Protocol
In a 96-well plate, 1 µL of a 0.800 µmol/L uric acid stock solution (Appendix
C) and samples were pipetted in triplicates. Next 150 µL of InfinityTM Uric
Acid Stable Reagent (cat. # TR24321, Thermo Fisher Scientific Inc., IL, USA)
was added to each well with a multi-channel pipette and the plate was gently
rocked to mix the solutions. The plate was then incubated at 37°C for five
minutes.

B) Analysis of Uric Acid Assay
A microplate reader with the Gen5 software (Bio-Tek Instruments, Inc., VT,
USA) was used to construct a standard curve from the concentration of
standards. The following system parameters were set at 520nm for the
primary wavelength and 620nm for the secondary wavelength. The primary
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wavelength detects the quinoneimine dye, which is proportional to the level
of uric acid, while the secondary wavelength eliminates any background
absorbance from the plate itself. The curve was only valid if the R2 value was
between the range of 0.990-1.000.
C) Thermo Scientific Protocol Optimization
The assay protocol used was slightly adapted to the original assay protocol
given by Thermo Scientific. The main disadvantage of using the protocol
advised by Thermo Scientific is that the calculation of uric acid relied solely
on the calibrator, which opened many potential false data if the calibrator
value or the absorbance of the calibrator was incorrect (Equation 1).
Therefore, a different approach was taken and a new protocol was devised to
ensure the accuracy of the uric acid measurement; a series of dilutions of
known uric acid concentrations was made to form a standard curve, in which
sample values would be extrapolated from.
The addition of 150 µL of InfinityTM Uric Acid Stable Reagent and the gently
rocking of the plate then incubated at 37°C for five minutes stated in section
2.3.2A was kept the same as they are the pivotal steps in the uric acid assay.
The analysis maintained the same as outlined in section 2.3.3B.

Equation 1 Equation to calculate the concentration of uric acid in an unknown
sample

D) Validation of Adapted Uric Acid Assay Protocol
Prior to using the InfinityTM Uric Acid Stable Reagent on the cell line samples,
the method was validated by developing standard curves using various
diluting liquids involved in the preparation of uric acid and the treatment and
collection of the condition media and cell pellets, that might impeded the
integrity of the concentration of uric acid in the various samples.
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Firstly, 10 mL of 2,000 µmol/L of uric acid stock solution was made
(Appendix C) and then 11 defined concentrations were prepared with the uric
acid stock solution and one of the four diluting liquids (1X PBS, 10%
FBS/RPMI culture medium, RIPA buffer and distilled water) according to
Table 2.1. Standards were aliquoted in a 96-well plate then 150 µL of InfinityTM
Uric Acid Stable Reagent was dispensed to each well with a multi-channel
pipette. The plate was gently rocked to mix and incubated at 37°C for five
minutes.
i) Adapted Uric Acid Assay Prostate on Conditioned Media
The standard series dilutions outlined in Table 2.2 was made with 10%
FBS/RPMI culture medium as the diluent for the conditioned media
measurement.
The conditioned media of each cell line collected was thawed out and
aliquoted on to a 96-well plate with triplicates along with the standard series
dilutions.
ii) Adapted Uric Acid Assay Prostate on Cell Pellets
From a trial uric acid assay, it showed that concentration of uric acid in the
cell pellets was lower than in the conditioned media. Hence, a new series
dilution was formed with RIPA buffer to encompass the lower concentrations
of uric acid as shown in Table 2.3. The standard series dilutions and the
defrosted cell pellets were dispensed in a 96-well plate with three replicates.
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Table 2.2 InfinityTM Uric Acid Stable Reagent standard dilution series.
Final
uric
acid Volume
of Volume and source of uric
conce ntration
diluting
acid (μL)
(μmol/L)
liquid (μL)
2,000
0
1,000 of stock solution
1,500
250
750 of stock solution
1,000
500
500 of stock solution
750
625
375 of stock solution
500
750
250 of stock solution
375
812.5
187.5 of stock solution
250
875
125 of stock solution
125
937.5
62.5 of stock solution
100
950
50 of stock solution
62.5
875
125 μL of 500 μmol/L solution
0 = Blank
1,000
0
The final concentrations (µmol/L) of the blank solution and eleven standard
solutions used to determine the standard curve for uric acid assay. Volumes of
diluting liquids (µL) and uric acid stock solution (µL) used to prepare these solutions
are shown.

Table 2.3 InfinityTM Uric Acid Stable Reagent standard dilution series for cell
pellets.
Final
uric
acid Volume
of
RIPA Volume and source of uric
conce ntratio
buffe r (μL)
acid (μL)
n (μmol/L)
2,000
0
500 of stock solution
1,000
250
250 of stock solution
500
375
125 of stock solution
200
450
50 of stock solution
50
475
25 of 1,000 μmol/L solution
25
487.5
12.5 of 1,000 μmol/L
solution
5
495
5 of 500 μmol/L solution
1
480
20 of 25 μmol/L solution
0.700
430
70 of 5 μmol/L solution
0.500
430
70 of 5 μmol/L solution
0.300
470
30 of 5 μmol/L solution
0.100
450
50 of 500 μmol/L solution
0 = Blank
500
0
The final concentrations (µmol/L) of the blank solution and eleven standard
solutions used to determine the standard curve for uric acid assay. Volumes of RIPA
buffer (µL) and uric acid stock solution (µL) used to prepare theses solutions are
shown.
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2.4

Growth Assays

Several growth assays were conducted using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay on both the LNCaP and PC3 cell lines. This
assay is a colourimetric method of quantifying cell proliferation by ultilising a
tetrazolium compound and an electron-coupling reagent (phenazine
ethosulphate, PES). The tetrazolium compound is reduced in metabolically
active cells into a insoluble coloured product called formazan, which can be
measured thus the absorbance of formazan is directly proportional to the
number of living cells.

2.4.1 Preparation of Plate
A) LNCaP Cell Line
The LNCaP cell line was seeded at 20,000 cells per well (100 µL) in 5%
FBS/RPMI filtered culture medium and left for 24 hours to allow the cells to
adhere to the plate.
i) Extracellular Uric Acid and Activin A & B Treatment
The next day the conditioned media was discarded and 12 treatment groups
were applied: 1X PBS, the three concentrations of uric acid (200 µM, 300 µM
and 500 µM uric acid) independently, activin A (20 ng/mL) alone, activin B
(20 ng/mL) alone and activin A (20 ng/mL) and activin B (20 ng/mL) with
the three concentrations of uric acid independently in 2% FBS/RPMI filtered
media (Appendix D). The plate was then left in the 37°C incubator for 72
hours.
ii) Extracellular Uric Acid and Probenecid Treatment
The next day the conditioned media was discarded and five treatment groups
were applied: DMSO, probenecid (1mM) alone, 500 µM uric acid and
probenecid (1 mM), activin A (50 ng/mL) and probenecid (1mM), and all
three variables (500 µM uric acid, activin A (50 ng/mL) and probenecid (1
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mM)) and in 2% FBS/RPMI filtered media (Appendix D). The plate was then
left in the 37°C incubator for 72 hours.
B) PC3 Cell Line
For the PC3 cell line, the cells were seeded at 10,000 per well (100 µL) in 5%
FBS/RPMI filtered culture medium and left for 24 hours.
i) Probenecid Treatment
The following day the conditioned media was discarded and seven treatment
groups were applied: 2% FBS/RPMI alone, DMSO, activin A (50 ng/mL)
alone, activin A (100 ng/mL) alone, probenecid (1mM) alone and probenecid
(1 mM) with the two concentrations of activin A independently in 2%
FBS/RPMI filtered media (Appendix D). The plate was then left in the 37°C
incubator for 72 hours.

2.4.2 Growth Assay Protocol
Aliquots of 20 µL of CellTiter 96® AQueous One Solution reagent (cat. # G3582,
Promega, WI, USA) was quickly added to each well of the plate followed by
gently agitation, then returned to the incubator. The plate was left for 30
minutes, with regular surveillance to monitor the reaction.
Upon reaction completion, the absorbance of the plate was read at 490 nm
using a Bio-Rad 550 spectrophotometic microplate reader (Bio-Rad
Laboratories, CA, USA).

2.5

Total RNA Isolation

2.5.1 Preparation of Cell Pellets for Total RNA Isolation
LNCaP cell were seeded at 700,000 cells in a T75 flask in 10% FBS/RPMI
filtered culture medium. Cells were left until they reached 50-60% confluence,
the conditioned media was discard and replaced with the three main
treatment groups: 1X PBS, 300 µM uric acid and 500 µM uric acid (Appendix
E). However, the media was supplemented with 5% FBS rather than 10% FBS
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to slow down cell growth. After the cells were incubated with treatment for
48 hours, the flasks were passaged as outlined in section 2.2.2A. Rather than
re-seeding the cells, after the diluted trypsin solution was spun down the
excess supernatant was removed and the cell pellet was re-suspended in cold
1X Dubbecco’s PBS. The solution was transferred into a Eppendorf tube and
centrifuged again at 1,500 RPM for five minutes. The supernatant was
removed and the cell pellets were immediately stored at -80°C until total
RNA isolation.

2.5.2 Total RNA Isolation Protocol
Extraction of total RNA from cell pellets was performed by combining the
TRIzol® method (Invitrogen Technologies, Life Technologies, Thermo Fisher
Scientific, IL, USA) and RNeasy Mini Kit (cat. # 74104, Qiagen, Hilden,
Germany). Firstly, cell pellets were defrosted and 1 mL of TRIzol® (cat. #
15596026, Invitrogen Technologies) was added and repetitively pipetted to
achieve homogenization. Samples were left for five minutes at room
temperature to allow complete dissociation of nucleoprotein complexes. Next
200 µL of chloroform was added to help phase separation, which was
followed by vigorous shaking by hand for 15 seconds then left to rest for three
minutes at room temperature. Samples were then centrifuged at 10,000 RPM
at 4°C for 15 minutes. Three distinct phase layers form after centrifugation:
the organic phase, which contains proteins, a grey interphase and a top
aqueous layer, containing the nucleic acids. This top aqueous phase was
carefully transferred to a clean Eppendorf tube. It was crucial that the top
aqueous was clear which would be indicative of no contamination. One
volume (equal to the amount of aqueous, usually 500 µL) of 100% ethanol was
aliquoted and mixed with the aqueous phase by gentle pipetting. Then
around 700 µL of the sample was transferred to an RNeasy spin column in a 2
mL collection tube and was spun for 15 seconds at 10,000 RPM at 25°C. The
flow through was discarded and the remaining sample was spun down in the
same manner. The silica-gel column membrane was washed by the addition
of 350 µL of Buffer RW1 to the RNeasy spin column then centrifuged at 10,000
RPM for 15 seconds at 25°C with the flow through discarded. The next steps
were to eliminated any contamination, aliquots of DNase I incubation mixture
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(80 µL, Appendix E) were added directly to the membrane of the RNeasy spin
column and left at room temperature for 15 minutes. After DNA digestion
incubation the membrane was washed with 350 µL of Buffer RW1 and
centrifuged at 10,000 RPM at 25°C for 15 seconds with the flow through
discarded. Two further wash steps were conducted with 500 µL of Buffer
RPE; both spun at 10,000 RPM at 25°C with the first wash for 15 seconds and
the second wash for two minutes to ensure no ethanol was carried through to
the next step. The flow through was discarded after each centrifugation step.
The final elution required the RNeasy spin column to be transferred into a
new collection tube and 30 µL of RNase-free H2O to be pipetted directly to the
membrane then centrifuged at 10,000 RPM at 25°C for one minute. This time
the flow through (elute RNA) was transferred back into the RNeasy spin
column and left to rest at room temperature for 10 minutes. The RNeasy spin
column was centrifuged again at 10,000 RPM at 25°C for one minute to give
the final elute RNA. To determine the purity and quantity of the RNA
samples, two independent measurements (NanoDrop spectrometry and
Agilent Bioanalyzer) were conducted prior to the samples storage at -80°C.

2.5.3 Total RNA Quality Check
A) NanoDrop Spectrometry
The NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, IL, USA)
was used with the NanoDrop software (Thermo Fisher Scientific, IL, USA) to
estimate the quantity and integrity of each RNA sample using the test type
setting at Nucleic Acid. Absorbance at 260 nm and 280 nm are measured to
determine the presence of RNA and DNA, respectively. This results in a
260/280 ratio, which is an indicator of total RNA purity. A 260/280 ratio
between 1.8-2.0 was considered to be “pure” for total RNA.
See Appendix E Table 7.1 for the summary of the NanoDrop Spectrometry
results.
B) Agilent Bioanalyzer
The Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA) was also used
to determine the quantity and integrity of the RNA samples. Through this
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software, the integrity of the RNA sample is determined by the visualization
of the 28S and 18S ribosomal RNA (rRNA) bands on an electrophoresis gel of
the RNA samples. The rRNA ratio was calculated, with again ~2.0 being
considered as pure RNA. Furthermore, this software translates this to a RNA
integrity number (RIN), with RIN values ranging from 10 (intact RNA) to 1
(degraded RNA) (Figure 2.3). Total RNA with a RIN between 8-10 was
considered pure with minimal degradation. Due to the upper limit of the
Bioanalyzer (500 ng), RNA samples were diluted 1:2 with RNase-free H2O
and sent to the Department of Pathology, University of Otago for analysis.
Because the Agilent Bioanalyzer more robust and reliable than the NanoDrop
spectrometry, the values obtained from this independent measurement was
carried on to the gene expression arrays.
See Appendix E Table 7.2 and Figure 7.1 for the summary of the Agilent
Bioanalyzer results.
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Figure 2.3 Example of Agilent Bioanalyzer results. The Agilent Bioanalyzer was
used to determine the quantity and integrity of the RNA samples. (A) An
electrophoresis gel should show two distinct bands for each sample at ~2,000 and
~4,000 to represent the ribosomal RNA 18S and 28S, respectively. (B) This is also
reflected in individual electropherogram, where there should be two distinct peaks
at again ~2,000 and ~4,000.
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2.6

TGF-β Gene Expression Focused Pathway Array

The Human TGF-β/BMP Signaling Pathway PCR arrays (cat. # PAHS-035ZA12, Qiagen, Hilden, Germany) were used to assess the gene expression in the
three main treatment groups (1X PBS, 300µM and 500µM uric acid) as
described in section 2.2.3 (Treatment Groups). These 96-wells contained 84
genes related to TGFβ/BMP signaling pathway, 5 housekeeping genes and 7
control wells (Figure 2.4 & Appendix F for full details).

Figure 2.4 Plate layout of TGFβ/BMP gene expression focused pathway array. The
Human TGF-β/BMP Signaling Pathway PCR array contains 84 genes related to the
TGFβ/BMP signaling pathway, 5 housekeeping genes and 7 control wells.

32

2.6.1 Reverse Transcription Quantitative Polymerase Chain
Reaction
The RT2 First Strand Kit (cat. # 330401, Qiagen, Hilden, Germany) were used
to convert the total RNA samples into first strand cDNA. Using a PCR
machine to ensure accurate temperatures and swift temperature changes, 100
ng of total RNA were incubated with genomic DNA elimination buffer
(Appendix F) at 42°C for five minutes. Next 10 µL of the reverse-transcription
mix (Appendix F) was added to the samples and incubated at 42°C for 15
minutes. The reaction was immediately stopped by incubation at 95°C for five
minutes. 91 µL of RNase-free H2O was then added to the samples to give a
final volume of 111 µL. cDNA synthesis reactions were stored at -20°C or on
ice until required.

2.6.2 Array Amplification Protocol
With three independent replicates of the treatment groups, 25 µL of the PCR
components mix (Appendix F) was loaded into each well of the arrays. The
arrays were centrifuged for one minute at 1,000 g at room temperature to
ensure no bubbles were present in the wells.
The Stratagene Mx3000P QPCR System (Agilent Technologies Inc., CA, USA)
was used with Stratagene MxPro QPCR software (Agilent Technologies Inc.,
CA, USA) to determine the gene expression of the treatment group in the
LNCaP cells using the following settings: Well-type: Unknown, Collect
fluorescence: SYBR and ROX, and Reference Dye: ROX. In order to achieve
amplification, a thermal profile was setup as recommended by the
manufacturer. Segment 1 was set at 95°C for 10 minutes for 1 cycle to activate
the HotStart DNA Taq Polymerase, while the fluorescence data collection
occurred at Segment 2 which was set at 95°C for 15 seconds then 60°C for 1
minute with a total of 40 cycles and finally for the dissociation curve in
Segment 3, the profile was set at 95°C for 1 minute, 55°C for 30 seconds and
95°C for 30 seconds with 1 cycle (Figure 2.5).
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Figure 2.5 Thermal profile for amplification. In order for amplification to occur, the
settings as shown in the thermal profile are documented. Segment 1: 95°C for 10
minutes for 1 cycle; segment 2: 95°C for 15 seconds then 60°C for 1 minute for 40
cycles; and segment 3: 95°C for 1 minute then 55°C for 30 seconds and then back to
95°C for 30 seconds for 1 cycle.

2.6.3 Array Analysis
Prior to data analysis, the raw data obtained from the PCR machine was
converted into a more compatible data set according to the manufacture’s
instructions. Consequentially, the dissociation curve for each gene was
filtered through to ensure only one molecular beacon melting (Tm) curve was
present. Genes with either two or no Tm were removed from the analysis to
ensure the results were reflective of the amplification of a single target gene
since a dissociation curve with two Tm curves indicates the formation of a
primer dimer and no Tm curve indicates no amplification of the target gene.
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2.7 Statistical Analyses
Several different statistically analyses were performed depending on the
experiment, however for all the data the significance level was set at P <0.05.
For the IRS profiles, Mann-Whitney U test was conducted to test for
statistically significance between two groups. Bivariate correlations were
applied to the IRS of all the tested antigens according to Spearman’s rank
correlation.
A one-way analysis of variance (ANOVA) was performed for both the uric
acid assay and growth assays. The post-hoc test to determine significance was
the Tukey’s multiple comparison test.
Gene expression was analysed using the online RT2 Profiler PCR Array Data
Analysis software version 4.0 (Qiagen, Hilden, Germany). The software
calculates a fold change for each gene relative to the control group and was
normalized to two of the housekeeping genes (beta-2-microglobulin and
hypoxanthine phosphoribosyltransferase 1) on the array. A Student’s t-test
was then conducted via the software.
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3. Results

3.1

Immunohistochemistry

The spectrum of prostate disease was analyzed for their differential
expression of activin A (Figure 3.1), activin B (Figure 3.2), GLUT9 (Figure 3.3)
and uric acid (Figure 3.4) in the human prostate disease microarrays as a
primary investigation. Prostatic pathologies were classified into normal
tissue, BPH, prostatitis, and adenoCa. Cellular expression of the antigens
were graded for their presence or absence by qualifying for immunoreactive
staining, and subsequently quantifying the number of cells that express these
antigens via the IRS.

3.1.1 Differential Expression of IRS Profiles for Antigens
across Spectrum of Prostate Pathologies
The IRS levels for the different antigens expression in various prostatic
pathologies were tabulated in Table 3.1 and illustrated in Figure 3.5. The IRS
for activin A was similar across the spectrum of prostatic pathologies. The IRS
for activin B in contrast differed significantly between different prostate
diseases when compared to normal prostatic tissue with decrease in IRS in
adenoCa (Mann Whitney-U test, P<0.01) and BPH (Mann Whitney-U test,
P<0.01). GLUT9 IRS also differed significantly between different prostate
diseases

analyses

revealing

that

both

BPH

and

prostatitis

tissue

independently exhibited lower IRS compared to normal prostate tissue (Mann
Whitney-U test: cancer adjacent normal, P<0.01; BPH, P<0.01 & prostatitis P<
0.01). GLUT9 IRS were also significantly higher in adenoCa tissue compared
to BPH (Mann Whitney-U test, P<0.01) and prostatitis (Mann Whitney-U test,
P<0.01). Uric acid IRS levels as well differed significantly with different
prostate pathologies, showing a pattern of uric acid IRS expression
significantly lower in all the other groups when compared to normal prostate
(Mann Whitney-U test: cancer adjacent normal, P<0.01; adenoCa, P<0.01;
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BPH, P<0.01 & prostatitis, P<0.01). In addition, uric acid IRS was also
significantly higher in adenoCa tissue compared to BPH (Mann Whitney-U
test, P<0.01) and prostatitis (Mann Whitney-U test, P<0.01).

3.1.2 IRS Profiles of Antigens across Gleason Grade
The IRS profiles for antigens were then examined in the adenoCa tissues that
were subdivided into various Gleason Grades (Table 3.2 and Figure 3.6). For
activin A and GLUT9 there was no statistical difference across the five
Gleason Grades when compared to the normal prostatic tissue. However, for
activin B there was a significant difference in IRS in some of the Gleason
Grades. Both Gleason Grade 3 and 4 exhibited lower IRS than normal tissue
(Mann Whitney-U test: Gleason Grade 3, P<0.01 & Gleason Grade 4, P<0.03).
A post-hoc showed Gleason Grade 4 had a lower IRS when compared to the
normal prostate tissue. For uric acid, there was a significant difference in IRS
across the Gleason Grade with decreasing IRS with increasing Gleason Grade
(Mann Whitney-U test: Gleason Grade 2, P<0.02; Gleason Grade 3, P<0.03;
Gleason Grade 4, P<0.01 & Gleason Grade 5, P<0.04).

3.1.3 IRS Profiles of Antigens across Gleason Score
When the Gleason Score was utilized to define the prostate tumor tissue, the
IRS profiles of the investigated antigens are tabulated in Table 3.3 and
illustrated in Figure 3.7. Both activin A and GLUT9 IRS profiles shown no
differences across Gleason score. In contrast, activin B and uric acid IRS
profiles was statistically different across the groups. Activin B medium grade
IRS was significantly lower than normal prostatic tissue IRS (Mann WhitneyU test, P<0.01) while uric acid IRS were significant lower in both medium and
high grade when compared to normal prostatic tissue IRS (Mann Whitney-U
test: medium grade, P<0.01 & high grade, P<0.01).

3.1.4 IRS Profiles of Antigens in TNM
The IRS profiles for antigens were then examined in the adenoCa tissues that
were subdivided into whether the prostate cancer was organ-confined (OC)
or spread out beyond the prostatic capsular (ECS) (Table 3.4 and Figure 3.8).
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Both activin A and GLUT9 IRS profiles shown no differences across TNM.
The IRS for activin B differed significantly with analyses revealing that both
OC tissue and ECS tissue independently exhibited lower IRS compared to
normal prostate tissue (Mann Whitney-U test: OC, P<0.01 & ECS, P<0.01).
Uric acid IRS levels also differed significantly with different TNM similar to
that of activin B (Mann Whitney-U test: OC, P<0.01 & ECS, P<0.01).

3.1.5 IRS Correlation
The correlation between the four expression patterns in the human prostate
disease microarrays were also explored and shown in Figure 3.9. All the IRS
were significantly positive correlated with those it was compared with, except
for the correlation between activin B IRS profiles with activin A IRS profiles
(Pearson r=0.1700, P= 0.13) and uric acid IRS profiles (Pearson r=0.1262, P=
0.09).
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Figure 3.1 Immunohistochemistry of activin A in human prostatic pathologies.
Tissue samples showing the presence of activin A in of low-(A), medium- (B) and
high-grade prostate cancer (C), BPH (D), prostatitis (E), cancer adjacent normal
tissue (F) and normal prostate tissue (G). Negative control of human prostate cancer
tissue (H): primary antibody replaced with antibody diluent. Black bars in A-H are
100 µM.
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Figure 3.2 Immunohistochemistry of activin B in human prostatic pathologies.
Tissue samples showing the presence of activin B in of low-(A), medium- (B) and
high-grade prostate cancer (C), BPH (D), prostatitis (E), cancer adjacent normal
tissue (F) and normal prostate tissue (G). Negative control of human prostate cancer
tissue (H): primary antibody replaced with antibody diluent. Black bars in A-H are
100 µM.
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Figure 3.3 Immunohistochemistry of GLUT9 in human prostatic pathologies.
Tissue samples showing the presence of GLUT9 in of low-(A), medium- (B) and
high-grade prostate cancer (C), BPH (D), prostatitis (E), cancer adjacent normal
tissue (F) and normal prostate tissue (G). Negative control of human prostate cancer
tissue (H): primary antibody replaced with antibody diluent. Black bars in A-H are
100 µM.
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Figure 3.4 Immunohistochemistry of uric acid in human prostatic pathologies.
Tissue samples showing the presence of uric acid in of low-(A), medium- (B) and
high-grade prostate cancer (C), BPH (D), prostatitis (E), cancer adjacent normal
tissue (F) and normal prostate tissue (G). Negative contrhmmmol of human prostate
cancer tissue (H): primary antibody replaced with antibody diluent. Black bars in AH are 100 µM.
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Table 3.1 Mean ± SEM of different antigens across spectrum of prostate
pathologies
Normal
n
Activin A
Activin B
GLUT9
Uric acid

Cancer Adj.
Normal
6
5.8 ± 0.7
5.9 ± 0.5
3.8 ± 0.5
1.8 ± 0.5

8
5.6 ± 0.4
5.9 ± 0.4
7.6 ± 0.7
6.9 ± 0.5

BPH

Prostatitis

AdenoCa

26
6.2 ± 0.5
4.8 ± 0.3
2.9 ± 0.3
2.6 ± 0.3

6
4.8 ± 0.9
5.4 ± 0.4
3.0 ± 0.4
1.3 ± 0.5

34
7.1 ± 0.5
4.4 ± 0.4
6.4 ± 0.5
4.4 ± 0.4

Cancer Adj. Normal = cancer adjacent normal; BPH = benign prostatic hyperplasia;
AdenoCa = adenocarcinoma.

Table 3.2 Mean ± SEM of different antigens across Gleason Grade

n
Activin A
Activin B
GLUT9
Uric acid

Normal
8
5.6 ± 0.4
5.9 ± 0.4
7.6 ± 0.7
6.9 ± 0.5

1
4
9.3 ± 1.9
5.9 ± 1.5
7.8 ± 1.2
5.6 ± 1.1

2
2
7.0 ± 1.0
6.0 ± 1.0
6.3 ± 1.3
2.8 ± 1.2

3
13
6.9 ± 0.7
3.9 ± 0.3
6.2 ± 0.7
5.1 ± 0.6

4
8
6.0 ± 0.9
4.3 ± 0.9
6.4 ± 1.1
3.8 ± 0.8

5
4
8.0 ± 1.4
4.1 ± 1.4
7.2 ± 1.6
4.7 ± 0.8

Table 3.3 Mean ± SEM of different antigens across Gleason Score

n
Activin A
Activin B
GLUT9
Uric acid

Normal
8
5.6 ± 0.4
5.9 ± 0.4
7.6 ± 0.7
6.9 ± 0.5

Low
5
9.0 ± 1.5
5.9 ± 1.0
7.2 ± 0.
4.5 ± 0.9

Medium
17
6.7 ± 0.7
4.1 ± 0.4
6.8 ± 0.6
4.8 ± 0.5

High
8
7.0 ± 0.8
3.9 ± 0.8
5.4 ± 1.2
4.2 ± 0.6

Table 3.4 Mean ± SEM of different antigens in TNM

n
Activin A
Activin B
GLUT9
Uric acid

Normal
8
5.6 ± 0.4
5.9 ± 0.4
7.6 ± 0.7
6.9 ± 0.5

Organ-confined
12
6.7 ± 0.8
4.8 ± 0.6
6.3 ± 0.7
4.1 ± 0.5

Extra capsular spread
24
6.9 ± 0.6
4.2 ± 0.5
6.8 ± 0.6
4.8 ± 0.6
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Figure 3.5 IRS profiles of antigens across spectrum of prostate pathologies. Box
and whiskers plots showing the maximum and minimum IRS profiles of each
antigen across the spectrum of prostate pathologies. A Mann Whitney-U test was
conducted to determine statistically significance. ‘a’ indicates statistical significance
when compared to normal prostate (P<0.05) and ‘b’ indicates statistical significance
when compared to adenoCa (P<0.05). Cancer Adj. Normal = cancer adjacent normal;
BPH = benign prostatic hyperplasia; AdenoCa = adenocarcinoma.
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Figure 3.6 IRS profiles of antigens across the Gleason Grade. Box and whiskers
plots showing the maximum and minimum IRS profiles of each antigen across the
Gleason Grade. A Mann Whitney-U test was conducted to determine statistically
significance. ‘a’ indicates statistical significance when compared to normal prostate
(P<0.05).
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Figure 3.7 IRS profiles of antigens across Gleason Score. Box and whiskers plots
showing the maximum and minimum IRS profiles of each antigen across Gleason
Score. A Mann Whitney-U test was conducted to determine statistically significance.
‘a’ indicates statistical significance when compared to normal prostate (P<0.05).
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Figure 3.8 IRS profiles of antigens across TNM. Box and whiskers plots showing
the maximum and minimum IRS profiles of each antigen across Gleason score. A
Mann Whitney-U test was conducted to determine statistically significance. ‘a’
indicates statistical significance when compared to normal prostate (P<0.05). OC =
organ-confined; ECS = extra capsular spread.

47

Figure 3.9 IRS profile of correlations between pairs of antigens. Positive correlation
between uric acid IRS and (A) activin A IRS (Pearson r = 0.3497, P<0.01); and (B)
activin B IRS (Pearson r = 0.1862, P<0.09). Positive correlation between GLUT9 IRS
and (C) activin A IRS (Pearson r = 0.2865, P<0.01); and (D) activin B IRS (Pearson r =
0.2912, P<0.01). (E) A strong positive correlation between uric acid IRS and GLUT9
IRS (Pearson r = 0.7049, P<0.01). (F) Positive correlation between activin A IRS and
activin B IRS (Pearson r = 0.1700, P<0.13).
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3.2

Uric Acid Measurement Assay

Based on the results of the IRS profiles, to determine if the uric acid
expression results could be translated in the in vitro situation, we assessed the
intracellular and extracellular levels of uric acid across the human prostate
cell lines that vary in malignancy and their responsiveness to activin.
The mean for the percentage of uric acid secreted was 9.903% ± 9.704 in the
LNCaP cell line (n=3), 34.17% ± 11.76 in the DU145 cell line (n=3), and 67.47%
± 12.53 in the PC3 cell line (n=3) (Figure 3.10A); statistical analysis found the
percentage of uric acid secreted in the PC3 cell line was significantly greater
than compared to the percentage secreted in the LNCaP cell line (ANOVA,
P<0.03; Tukey’s multiple comparison test, P<0.05).
For the percentage of uric acid within the cells the means were 90.10% ± 9.70
in the LNCaP cell line, 65.83% ± 11.76 in the DU145 cell line, and 32.53% ±
12.53 in the PC3 cell line (Figure 3.10B); subsequent statistical analysis found
that the percentage of uric acid within the cells in the PC3 cell line was
significantly decreased when compared to the percentage of uric acid in the
LNCaP cells (ANOVA, P<0.03; Tukey’s multiple comparison test, P<0.05).
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Figure 3.10 Uric acid measurement on human prostate cancer cell lines. The mean ±
SEM of the percentage of uric acid (A) secreted and (B) within the cells in the three
different human prostate cancer cell lines (LNCaP, DU145 and PC3). (C) Ratio of
secreted uric acid and total uric acid. A one-way analysis of variance (ANOVA) was
conducted with a Turkey’s multiple comparison post-hoc test. A star (*) indicates
statistical significance (P<0.05).
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3.3

Growth Assays

3.3.1 Extracellular Uric Acid Effect on LNCaP cells
From the uric acid measurement assay it was evident that intracellular and
extracellular level of uric acid was correlated to the PCa cell line and it’s
responsiveness to activins. Therefore to determine if uric acid is a potential
local factor that blocks activins growth inhibitory effect during PCa
progression, an activin-responsive PCa cell line (LNCaP) was treated with the
three levels of uric acid (200, 300 and 500 µM).
For the LNCaP growth assays all of the absorbance read at 490 nm were
normalized to the 1X PBS (Figure 3.11 & 3.12). The mean for 1XPBS was 100 ±
0.1477 (n=8). For the three different levels of uric acid the normalized means
were 92.54 ± 4.809 for 200 µM uric acid (n=3), 222.4 ± 4.923 for 300 µM uric
acid (n=4) and 265.3 ± 17.82 for 500 µM uric acid (n=4). When comparing
these three uric acid groups to the 1X PBS there was a significant increase of
cell growth in both the 300- and 500 µM uric acid treatment groups (ANOVA,
P<0.01; Tukey’s multiple comparison test, P<0.05); but there was no
significant difference when comparing the 200 µM uric acid treatment to 1X
PBS.
A) Activin A Treatment
In the presence of activin A (20 ng/mL) alone, the normalized mean was 74.49
± 2.268 (n=8) as illustrated in Figure 3.11. When compared to the 1X PBS,
there was a significant decrease in cell growth in the presence of activin A
alone (ANOVA, P<0.01; Tukey’s multiple comparison test, P<0.05). The
normalized mean of cell growth for the LNCaP cell lines in the presence of
both activin A and one of the three different uric acid levels were 68.06 ± 1.004
for 200 µM uric acid (n=3), 216.9 ± 24.01 300 µM uric acid (n=4) and 279.5
±22.31 for 500 µM uric acid (n=4). Both treatment groups of 300- and 500 µM
uric acid with activin A (20 ng/mL) showed a significant increase in cell
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growth when compared to 1X PBS (ANOVA, P<0.00; Tukey’s multiple
comparison test, P<0.05) and activin A (20 ng/mL) alone (ANOVA, P<0.01;
Tukey’s multiple comparison test, P<0.05). There was a significant decrease in
cell growth when comparing the treatment group of 200 µM uric acid with
activin A (20 ng/mL) to treatment groups activin A (20 ng/mL) alone
(ANOVA, P<0.01; Tukey’s multiple comparison test, P<0.05) and 200 µM uric
acid alone (ANOVA, P<0.01; Tukey’s multiple comparison test, P<0.05).
B) Activin B Treatment
The normalized mean for activin B (20 ng/mL) alone was 71.36 ± 2.632 (n=8),
which was statistically significant when compared to the 1X PBS (ANOVA,
P<0.01; Tukey’s multiple comparison test, P<0.05) (Figure 3.12). In terms of
the three different uric acid levels in the presence of activin B (20 ng/mL)
their normalized means were 68.27 ± 0.659 for 200 µM uric acid (n=3), 289.6 ±
18.40 for 300 µM uric acid (n=4) and 287.3 ± 10.38 for 500 µM uric acid (n=4).
For the two treatment groups of 300 µM uric acid with activin B (20 ng/ml)
and 500 µM uric acid with activin B (20 ng/ml) showed a significant increase
in cell growth when compared to both 1X PBS (ANOVA, P<0.01; Tukey’s
multiple comparison test, P<0.05) and activin B (20 ng/mL) alone (ANOVA,
P<0.01; Tukey’s multiple comparison test, P<0.05). While when comparing
the treatment group of 200 µM uric acid with activin B (20 ng/ml) exhibited a
significant decrease of cell growth when compared to the treatment groups of
1X PBS (ANOVA, P<0.01; Tukey’s multiple comparison test, P<0.05) and 200
µM uric acid alone (ANOVA, P<0.01; Tukey’s multiple comparison test,
P<0.05).
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Figure 3.11 Growth assay results for the LNCaP cell line with activin A.
Absorbance (490 nm) results shown are normalized to 1X PBS. A one-way analysis of
variance (ANOVA) was conducted with a Turkey’s multiple comparison post-hoc
test. For statistically significance, “a” indicates significance when compared to 1X
PBS (P<0.05), “b” indicates significance when compared to activin A (20 ng/mL)
alone, “c” indicates significance when compared 200 µM uric acid. Results are from
3-5 independent assays.
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Figure 3.12 Growth assay results for the LNCaP cell line with activin B.
Absorbance (490 nm) results shown are normalized to 1X PBS. A one-way analysis of
variance (ANOVA) was conducted with a Turkey’s multiple comparison post-hoc
test. For statistically significance, “a” indicates significance when compared to 1X
PBS (P<0.05), “b” indicates significance when compared to activin B (20 ng/mL)
alone, “c” indicates significance when compared 200 µM uric acid. Results are from
3-5 independent assays.
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3.3.2 Probenecid Treatment of LNCaP and PC3 cell lines
Based on the association found between the intracellular uric acid levels with
the degree of malignancy, another experiment was conducted to determine if
the level of intracellular uric acid in turn reflects the responsiveness to
activins. A known urate transporter inhibitor used as a second-line gout
treatment, probenecid, was added to both a low growing prostate cancer cell
line, LNCaP, and a highly aggressive prostate cancer cell line, PC3. This was
to determine if altering intracellular uric acid could restore the prostate cancer
cells receptiveness to inhibitory effect of activin A.
A) Probenecid Treatment on LNCaP Cells
The probenecid (1 mM) treatment groups were normalized to the DMSO
(Figure 3.13). The mean for DMSO was 100 ± 1.369 (n=3).
In the presence of probenecid (1 mM) alone, the normalized mean was 63.06 ±
1.234 (n=3). When compared to DMSO, there was a significant decrease in cell
growth (ANOVA, P<0.01; Tukey’s multiple comparison test, P<0.05).
The normalized mean of cell growth for the LNCaP cell lines in the presence
of both probenecid (1 mM) and 500 µM uric acid (n=3) and probenecid (1
mM) and activin A (50 ng/mL) were 4.602 ± 1.061 (n=3) and 46.94 ± 0.9977
(n=3), respectively. Both these groups were significantly decreased when
compared to DMSO and probenecid alone, (ANOVA, P<0.01; Tukey’s
multiple comparison test, P<0.05).
When all three treatments were combined (probenecid (1 mM), 500 µM uric
acid and activin A (50 ng/mL)) the mean was 43.08 ± 1.155 (n=3) and
statistical analysis showed a significant decline in cell growth when compared
to DMSO and probenecid (1 mM) alone (ANOVA, P<0.01; Tukey’s multiple
comparison test, P<0.05).
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B) Probenecid Treatment on PC3 Cells
Activin A treatment was normalized to the RPMI media, while the
probenecid (1 mM) treatment was normalized to DMSO (Figure 3.14). The
mean for media control was 99.46 ± 3.274 (n=8). For the two different
concentrations of activin A the normalized means were 103.6 ± 2.805 for 50
ng/mL (n=8) and 113.6 ± 4.494 for 100 ng/mL (n=8).
The mean for DMSO was 97.49 ± 4.285 (n=8). Probenecid (1 mM) alone gave a
normalized mean of 129.0 ± 3.572 (n=8). At both activin A concentrations,
there was a significant decrease in cell growth when compared to probenecid
(1 mM) alone (ANOVA, P<0.01; Tukey’s multiple comparison test, P<0.05).
In the presence of probenecid and activin A (50 ng/mL) the normalized mean
was 121.6 ± 2.910 (n=8) and probenecid and activin (100 ng/mL) was 114.3 ±
2.32 (n=8). The two combined treatments groups displayed a significant
increase in cellular growth when compared to their control, DMSO (ANOVA,
P<0.01; Tukey’s multiple comparison test, P<0.05). The probenecid (1 mM)
and activin A (50 ng/mL) also showed significant increase in cell growth
when compared to activin A (50 ng/mL) alone (ANOVA, P<0.01; Tukey’s
multiple comparison test, P<0.05).
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Figure 3.13 Growth assay results for the LNCaP cell line with probenecid
treatment. Absorbance (490 nm) results shown are normalized to either DMSO or 1X
PBS. A one-way analysis of variance (ANOVA) was conducted with a Turkey’s
multiple comparison post-hoc test. For statistically significance, “a” indicates
significance when compared to DMSO (P<0.05), “b” indicates significance when
compared to Probenecid (1 mM) alone, “c” indicates significance when compared 1X
PBS. Results are from 3-8 independent assays.
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Figure 3.14 Growth assay results for the PC3 cell line with probenecid treatment.
Absorbance (490 nm) results shown are normalized to either RPMI media or DMSO.
A one-way analysis of variance (ANOVA) was conducted with a Turkey’s multiple
comparison post-hoc test. For statistically significance, “a” indicates significance
when compared to probenecid (1 mM) alone (P<0.05), “b” indicates significance
when compared to DMSO, “c” indicates significance when compared Activin A (50
ng/mL) alone. Results are from 3-8 independent assays.

58

3.4

TGF-β Gene Expression Focused Pathway Array

In the presence of elevated uric acid, there was a significant growth
promoting effect on the LNCaP cell line even in the presence of activin A and
B. To tease out the potential mechanism of how this increase growth may be
occurring TGF-β/BMP gene expression arrays were conducted to determine if
the growth promotion was TGF-β mediated.
Table 3.5 and Table 3.6 summaries the results for the TGF-β/BMP gene
expression focused pathway arrays using the LNCaP cell line with treatment
of 300 µM and 500 µM uric acid, respectively. There was no statistically
significant changes to the gene expression in any of the activin receptors
(ACVR1, ACR2A and ACVRL1), activin ligands (INHA, INHBA and INHBB),
transcription factors and regulators or Smad target genes in both treatment
groups when compared to the 1X PBS group. Minor changes with statistical
significance were observed in TGRBR3 in the 300 µM uric acid group and FOS
and BGLAP in the 500 µM uric acid group.
It is evident from these results that the cell growth promoting effect of uric
acid are not TGF-β/BMP mediated.
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Table 3.5 TGF-β arrays results for the LNCaP cell line with 300 µM uric acid
Gene
ACVR1
ACVR2A
ACVRL1
AMHR2
BMPR1A
BMPR1B
BMPR2
TGFBR1
TGFBR2
TGFBR3
AMH
BAMBI
BMP1
BMP2
BMP3
BMP4
BMP5
BMP6
BMP7
CHRD
DCN
FST
GDF2
GDF3
GDF5
GDF6
GDF7
INHA (Inhibin-α)
INHBA (Activin A)
INHBB (Activin B)
LEFTY1
LTBP1
LTBP2
NODAL
NOG
TGFB1
TGFB2
TGFB3
TGFBI
TGIF1
THBS1
DLX2
FOS
GSC
HIPK2

Fold change
95% CI
TGF-β superfamily Receptors
0.4534
(0.09,0.82)
0.8860
(0.52, 1.25)
1.205
(0.00001, 2.78)
0.7839
(0.55, 1.02)
1.011
(0.65, 1.37)
0.9651
(0.54, 1.39)
0.7857
(0.38, 1.20)
0.9452
(0.49, 1.40)
1.205
(0.00001, 2.78)
0.6808
(0.51, 0.85)
TGF-β superfamily Ligands
0.5805
(0.00001, 1.54)
0.8004
(0.41, 1.19)
0.7048
(0.24, 1.17)
1.205
(0.00001, 2.78)
0.9606
(0.00001, 2.33)
1.119
(0.00001, 2.64)
1.205
(0.00001, 2.78)
1.7557
(0.58, 2.93)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
0.5927
(0.00001, 1.78)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
0.9387
(0.12, 1.76)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
0.7048
(0.33, 1.08)
0.8718
(0.06, 1.68)
0.7537
(0.06, 1.44)
0.9854
(0.26, 1.177)
0.8248
(0.03,1.62)
1.205
(0.00001, 2.78)
1.368
(0.00001, 3.16)
1.098
(0.00001, 2.57)
0.6251
(0.21, 1.04)
1.205
(0.00001, 2.78)
0.8134
(0.58, 1.05)
0.9452
(0.39, 1.50)
Transcription Factors and Regulators
0.9718
(0.83, 1.12)
1.191
(0.01, 2.37)
0.8658
(0.38, 1.35)
0.6426
(0.29, 0.99)

P value
0.06
0.66
0.72
0.17
0.85
0.87
0.45
0.90
0.72
0.04
0.41
0.41
0.36
0.72
0.97
0.88
0.72
0.19
0.72
0.72
0.72
0.44
0.72
0.72
0.87
0.72
0.72
0.72
0.72
0.30
0.78
0.53
0.95
0.90
0.72
0.59
0.82
0.23
0.72
0.25
0.81
0.73
0.51
0.63
0.21
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ID1
JUN
JUNB
MYC
RUNX1
SMAD1
SMAD2
SMAD3
SMAD4
SMAD5
SMAD7
SOX4
STAT1
TGFB1/1
TSC22D1
ATF4
BGLAP
BMPER
CDKN1A
CDKN1B
CDKN2B
COL1A1
COL1A2
EMP1
ENG
GADD45B
HERPUD1
ID2
IFRD1
IGF1
IGFBP3
IL6
MECOM
PDGFB
PLAU
SERPINE1
SMURF1

0.8191
(0.44, 1.20)
0.8022
(0.36, 1.25)
0.5996
(0.20, 1.00)
0.8538
(0.62, 1.09)
0.6887
(0.00001, 1.49)
0.9172
(0.44, 1.40)
0.9215
(0.55, 1.29)
1.196
(0.00001, 2.43)
1.114
(0.38, 1.84)
0.9628
(0.52, 1.40)
0.8059
(0.54, 1.08)
0.8558
(0.19, 1.52)
0.8004
(0.58, 1.02)
1.205
(0.00001, 2.78)
0.8738
(0.59, 1.16)
SMAD Target Genes
0.7967
(0.42, 1.16)
0.7875
(0.42, 1.16)
1.233
(0.00001, 2.82)
0.7607
(0.47, 1.05)
0.7948
(0.48, 1.11)
0.4191
(0.09, 0.75)
0.9899
(0.71, 1.27)
1.205
(0.00001, 2.78)
1.612
(0.00001, 3.81)
1.4
(0.36, 2.44)
1.116
(0.38, 1.85)
0.8963
(0.58, 1.22)
0.8134
(0.47, 1.16)
1.056
(0.91, 1.21)
0.8421
(0.45, 1.24)
0.3541
(0.00001, 1.24)
1.156
(0.00001, 2.68)
0.6761
(0.36, 0.99)
1.011
(0.71, 1.31)
1.205
(0.00001, 2.78)
1.205
(0.00001, 2.78)
0.7016
(0.40, 1.00)

0.44
0.47
0.19
0.33
0.79
0.78
0.83
0.49
0.73
0.96
0.29
0.50
0.20
0.72
0.51
0.12
0.41
0.71
0.25
0.34
0.08
0.96
0.72
0.49
0.41
0.59
0.61
0.39
0.48
0.66
0.71
0.76
0.18
0.90
0.72
0.72
0.19
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Table 3.6 TGF-β arrays results for the LNCaP cell line with 500 µM uric acid
Gene
ACVR1
ACVR2A
ACVRL1
AMHR2
BMPR1A
BMPR1B
BMPR2
TGFBR1
TGFBR2
TGFBR3
AMH
BAMBI
BMP1
BMP2
BMP3
BMP4
BMP5
BMP6
BMP7
CHRD
DCN
FST
GDF2
GDF3
GDF5
GDF6
GDF7
INHA (Inhibin-α)
INHBA (Activin A)
INHBB (Activin B)
LEFTY1
LTBP1
LTBP2
NODAL
NOG
TGFB1
TGFB2
TGFB3
TGFBI
TGIF1
THBS1
DLX2
FOS
GSC
HIPK2

Fold change
95% CI
TGF-β superfamily Receptors
0.3202
(0.00001, 0.66)
0.4742
(0.00001, 0.98)
1.146
(0.00001, 2.60)
0.6058
(0.00001, 1.44)
0.9097
(0.00001, 1.89)
0.9035
(0.00001, 2.00)
0.6675
(0.00001, 1.35)
1.234
(0529, 1.94)
1.146
(0.00001, 2.60)
0.0572
(0.44, 1.48)
TGF-β superfamily Ligands
0.8294
(0.00001, 2.31)
0.5771
(0.00001, 1.27)
0.5177
(0.00001, 1.32)
1.146
(0.00001, 2.60)
0.9140
(0.00001, 2.19)
1.047
(0.00001, 2.38)
1.146
(0.00001, 2.60)
0.9638
(0.00001, 2.19)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
0.5639
(0.00001, 1.68)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
0.8391
(0.06, 1.62)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
0.6975
(0.00001, 1.59)
0.7023
(0.00001, 1.59)
0.99.0
(0.00001, 2.45)
0.3165
(0.00001, 0.64)
1.149
(0.00001, 2.33)
1.192
(0.00001, 2.77)
1.149
(0.00001, 2.61)
1.373
(0.00001, 3.04)
0.6815
(0.14, 1.22)
1.573
(0.00001, 3.44)
0.8972
(0.48, 1.31)
1.010
(0.12, 2.08)
Transcription Factors and Regulators
0.7372
(0.23, 1.25)
0.5323
(0.28, 0.79)
0.4775
(0.12, 0.83)
0.7811
(0.18, 1.39)

P value
0.098
0.39
0.79
0.74
0.75
0.76
0.55
0.47
0.79
0.95
0.79
0.46
0.51
0.79
0.89
0.99
0.79
0.76
0.79
0.79
0.79
0.43
0.79
0.79
0.10
0.79
0.79
0.79
0.79
0.93
0.92
0.79
0.10
0.53
0.72
0.79
0.62
0.39
0.47
0.71
0.68
0.54
0.02
0.14
0.67
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ID1
JUN
JUNB
MYC
RUNX1
SMAD1
SMAD2
SMAD3
SMAD4
SMAD5
SMAD7
SOX4
STAT1
TGFB1/1
TSC22D1
ATF4
BGLAP
BMPER
CDKN1A
CDKN1B
CDKN2B
COL1A1
COL1A2
EMP1
ENG
GADD45B
HERPUD1
ID2
IFRD1
IGF1
IGFBP3
IL6
MECOM
PDGFB
PLAU
SERPINE1
SMURF1

0.6286
(0.18, 1.08)
0.5177
(0.20, 0.83)
0.3942
(0.10, 0.69)
0.8256
(0.17, 1.48)
0.6228
(0.12, 1.12)
0.7121
(0.24, 1.18)
0.9750
(0.34, 1.61)
0.9683
(0.09, 1.84)
1.146
(0.18, 2.11)
1.060
(0.18, 1.94)
0.7288
(0.11, 1.35)
0.3799
(0.08, 0.68)
0.8086
(0.47, 1.15)
1.845
(0.00001, 3.76)
0.9418
(0.76, 1.13)
SMAD Target Genes
0.5919
(0.00001, 1.20)
0.1962
(0.03, 0.37)
1.146
(0.00001, 2.60)
0.5237
(0.09, 0.95)
0.5237
(0.00001, 1.07)
0.8430
(0.00001, 2.09)
0.6644
(0.17, 1.15)
1.146
(0.00001, 2.60)
0.5626
(0.00001, 1.30)
1.414
(0.00001, 3.640)
0.5460
(0.11, 0.98)
0.6660
(0.35, 0.99)
0.5561
(0.13, 0.98)
0.8687
(0.12, 1.62)
0.6271
(0.13, 1.12)
0.7650
(0.00001, 1.85)
1.010
(0.00001, 2.51)
1.094
(0.00001, 2.55)
0.8105
(0.48, 1.14)
1.146
(0.00001, 2.60)
1.146
(0.00001, 2.60)
0.9440
(0.14, 1.75)

0.29
0.13
0.09
0.83
0.31
0.36
0.84
0.73
0.60
0.65
0.62
0.09
0.40
0.32
0.51
0.38
0.01
0.79
0.17
0.27
0.75
0.32
0.79
0.47
0.48
0.17
0.18
0.25
0.96
0.27
0.88
0.83
0.47
0.38
0.79
0.79
0.81
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4. Discussion

4.1

Assessment of Activin A & B, GLUT9 and Uric
Acid in the Prostate

Evidence for the presence of activins, GLUT9 and uric acid in human prostate
disease was determined with commercially available prostate disease
spectrum tissue arrays using immunohistochemistry and a semi-quantitative
immunoreactive scoring system.
Activin B expression decreased in aggressive prostate cancer
Activin A and B are growth factors with diverse roles in both reproductive
[98-100] and non-reproductive tissues [101, 102]. In the prostate, both activin
A and activin B have a negative growth effect on the prostate gland by
inducing cellular apoptosis [14]. The expression of both activin A and B have
been previously examined in the prostate [57, 103, 104]. The secretory
epithelial cells of the prostate are the primary site of activin synthesis and
action [57]. In this study this is reflected in the localisation of activin A and
activin B primarily to epithelial cells. The expression of activin A remained
relatively constant across the spectrum of prostate disease. There are
inconsistencies throughout the literature as to whether the expression of
activin A is increased [104] or static during prostate cancer progression [57,
103].
The results of the current study support the findings that expression of activin
A did not change during prostate cancer progression. The majority of
publications examining activin in the prostate have focused on activin A,
whereas this study examined both activin A and activin B expression. This
study revealed a decrease in activin B in aggressive prostate cancer
(extracapsular spread vs organ confined and normal). To the best of my
knowledge this is the first time this has been shown. Most previous studies
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have examined prostate cancer rather than classifying into Gleason Grade,
Gleason Score or by TNM, as has been done in this study. As prostate cancer
is a heterogeneous disease, having latent and aggressive forms this study took
account of that by classifying the human prostate tissue into various clinical
categories based on pathology. This may be the primary reason why
inconsistencies are evident in the literature.
Activin A is growth inhibitory therefore one would expect to see a reduction
in a growth inhibitor in cancer because in simple terms cancer is increased cell
growth and decreased cell death. In this study a reduction is evident in the
expression of activin B, but not for activin A. This raises the question as to
how the cancer can be developing in the presence of a negative growth
regulator such as activin A. Publications that show excess activin A in
prostate cancer have proposed that insensitivity to the growth inhibitory
effects of activin A are a hallmark of prostate cancer progression, much like
androgen insensitivity [57]. My results may indicate that activins A and B
together regulate tissue homeostasis in the prostate and the reduction of one
is enough to allow tumour progression to occur.
Urate transporter, GLUT9, shows no differential expression across prostatic
disease
Cancer cells express a variety of transporters that aid in their survival and
accelerated growth rate. Glucose transporters such as the GLUT family
mediate the transport of glucose that is vital for the rapid proliferation of both
benign and malignant human prostate tissue [105]. There is emerging
evidence that members of the GLUT family have the ability to transport more
than just glucose, with GLUT9 as an example that has a higher affinity
towards urate than glucose [106]. GLUT9 mRNA has previously been shown
to be present in both benign and malignant prostate cells [107].
This study examined whether GLUT9 protein is associated with the
mechanisms of prostate cancer progression in its role as a possible dominant
urate transporter in prostatic tissue based on unpublished preliminary data
(Bahn personal communication). There are two distinct cell populations in the
prostate that reflect their role and function in the prostate: epithelial and
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stromal cells. The main function of epithelial cells is to produce and secrete
prostatic proteins that contribute to the seminal fluid. In contrast, the stromal
cells play a more supportive role [108]. In the prostate, the majority of GLUT9
expression was seen in the epithelium rather than in the stroma, which likely
indicates a role in prostate secretory cells rather than the supporting stromal
cells.
In the kidneys, the GLUT9 protein expression has been detected at both the
basolateral and apical surface of the nephron to maintain urate homeostasis
[60]. Therefore, this study would hypothesis it is likely that GLUT9 in the
prostate cells has a similar reabsorbing function as in the kidneys. BPH and
prostatitis showed a decrease in GLUT9 expression. For the prostate cancer
histology, there was no significant change across prostate cancer pathologies.
If GLUT9 was associated with prostate cancer progression, a differential
expression would likely be evident as prostate cancer advances, either an upregulation [109] or down-regulation [110]. A prime example of this is evident
in the diabetic mouse model, where diabetic mice have an up-regulation in
GLUT9 when compared to non-diabetic mice [111]. In this study we see the
expression of GLUT9 remains constant across prostate cancers and is
decreased in BPH and prostatitis, thus suggesting GLUT9 expression is
associated with benign prostate pathologies rather than prostate cancer.
This is the first time GLUT9 has been investigated in prostate tissue, it is
uncertain, if the transporter has the same function as it does in the kidney. It
is possible to speculate from our findings that despite GLUT9 having a higher
affinity for uric acid and the strong correlation seen between the GLUT9 and
uric acid expression in this study of human prostate tissue, in the prostate,
GLUT9 might have a preference to transport glucose, rather than uric acid to
aid in increased glucose consumption in prostate cancer, thus giving the
cancer a survival advantage when compared to benign prostate diseases.
Uric acid expression is decreased in prostate disease
Uric acid is the end-product of purine metabolism and due to a loss-offunction mutation in the uricase enzyme, humans are unable to convert uric
acid to a more soluble form, allantoin. Therefore a build up of urate within
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cells may occur if there are no suitable urate transporters present on the cell
membrane to aid in the active secretion. Our study shows for the first time a
significant high uric acid concentration inside epithelial cells of human
prostate tissues. Most importantly, intracellular uric acid levels decreased as
prostate cancer progressed. This is a surprising finding as aggressive prostate
cancer is often accompanied by a high turnover of cells and would therefore
be expected to have a high metabolism rate and high extracellular uric acid.
This was the underlying principle behind our initial prediction that the local
concentration of extracellular uric acid would increase as prostate cancer
progresses. This contradictory result may be due to cancer-associated
disturbances in epithelial cell secretion leading to an increase in extracellular
uric acid. Our cell line data supports this concept (outlined in section 4.2). Or
alternatively, one aspect that was not investigated in this study was the
presence xanthine oxidase (XO), which is the enzyme that catalyzes the
oxidation of xanthine to uric acid. This enzyme is abundantly present in the
intestine and liver [112]. However there are low levels of XO in the serum
[113, 114]. Further studies would need to be done to investigate whether there
are detectable levels of XO in prostate tissue and if expression correlates with
the level of uric acid present in prostate cancer.
This study would suggest alterations in uric acid levels may be a potential
marker for prostate cancer progression if those levels are also reflected in
local prostate tissue levels or urinary uric acid. However, uric acid is a
universal waste product and also it was evident that uric acid levels are also
decreased with both BPH and prostatitis. Therefore, uric acid is unlikely to be
a marker reflective of prostate cancer. The current screening tool for prostate
cancer is the prostate-specific antigen (PSA) test. PSA is a protein, only
secreted by the cells of the prostate. This test works on the premise that an
elevation of serum PSA concentration is an indication of abnormality in the
prostate [115]. However, this test can not distinguish between prostatic
diseases as PSA levels also increase with age and BPH, therefore it is not
prostate cancer specific. PSA testing is however routinely used for monitoring
the reoccurrence of prostate cancer after prostate removal and in this case it is
prostate cancer specific [116].
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Through immunohistochemistry it is evident the intracellular levels of uric
acid decrease but due to the limitation of fixed tissue, it is difficult to directly
quantify the local concentration of uric acid. Ideally fresh tissue would be
practical as uric acid could be directly measured in two ways: firstly,
fluorescently labelled uric acid in the fresh human prostate tissue [117] or
alternatively by homogenising human tissue and measuring uric acid levels
in a similar fashion as the one we have used for the cell lines in this study (see
section 2.3 Uric Acid Assay).
To determine, if elevated uric acid secretion was the reason why decreased
intracellular uric acid was evident in prostate cancer we next assessed uric
acid in isolated prostate cancer epithelial cells and the conditioned media
from those cell lines.

4.2

As Prostate Cancer Progresses, Intracellular
Uric Acid Decreases & Extracellular Uric Acid
Increases

Different prostate cancer cell lines have different morphology and growth
characteristics with the chief distinctions between them are the degree of
malignancy and their response to hormonal regulation [14, 24, 51, 52, 118].
LNCaP is marked as having slow growth in comparison to PC3 and is
hormonally responsive to androgens. DU145 and PC3 are at the opposite end
of the spectrum and they have fast proliferation rate that displays androgen
independent growth [54]. Of particular relevance to this study, these prostate
cancer cell lines also vary in their ability to respond to the growth inhibitory
effects of activin A. LNCaP cells are very sensitive to activin A induced
growth inhibition (30% reduction in growth evident with 10 ng/mL), DU145
are an intermediate phenotype whose growth is inhibited with 50 ng/mL of
activin A and PC3 cells are insensitive to activin A [51].
In the in vitro experiment, LNCaP cells had higher levels of intracellular uric
acid than extracellular. In contrast, PC3 cells showed the opposite, low levels
of intracellular and high levels of extracellular urate concentration. This is the
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first report of uric acid concentration in prostate cell lines and is consistent
with the immunohistochemical human prostate cancer data with low levels of
uric acid present inside the cells of more aggressive prostate cancer (Gleason 4
& 5).
Urate homeostasis is dependent on the balance between production and
secretion. As these prostate cancer cells are producing uric acid, they must
have a mechanism to achieve uric acid homeostasis. In the kidneys, facilitated
active transporters are key mechanisms by which urate is transported across
membranes. However, the molecular mechanisms of renal urate transport are
still incompletely understood. Several transport proteins are candidate
participants in urate handling, with URAT1 and GLUT9 being the best
characterised to date. Other possible urate transporters include hUAT2,
ABCG2 and MRP4.
To date the expression of URAT1 or GLUT9 in the prostate or their
association with prostate cancer has not been determined. The mRNA of
hUAT2 has been identified in the prostate [119]. ATP binding cassette
transporter G2 (ABCG2) is a high-capacity urate transporter and it is
intriguing to note, expression of ABCG2 is a marker used to isolate stem cell
like populations of prostate cancer cells [62]. Multidrug resistance protein 4
(MRP4) is a transmembrane transport protein found in may cell types and is
involved in substrate-specific transport of substrates including urate [63].
MRP4 has been shown to be present in the prostate and expression decreases
in advanced androgen resistant prostate cancer [120]. Further testing would
need to be conducted into the expression of urate transporters in prostate to
determine if there is differential expression as prostate cancer progresses.
The level of intracellular uric acid may contribute to the growth
characteristics of the cells
There is likely to be an underlying reason why extracellular uric acid levels of
LNCaP cells are not the same level as in PC3 cells. The data presented here
suggest that uric acid has a putative role in the growth characteristics of
prostate cancer cells, given the association between the degree of malignancy
and the level of intracellular/ extracellular uric acid. One aspect of this is that
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uric acid is a known anti-oxidant and the wider role of an anti-oxidant is to
protect against tumorigenesis [72, 121]. The high level of uric acid in LNCaP
cells may contribute to its indolent characteristic compared to PC3 and DU145
cells. Whereas the level of intracellular uric acid in DU145 and PC3 cells
decreases with its degree of malignancy, therefore less anti-oxidants present
inside the cell may promote tumorigenesis.
Another aspect supporting that the secretion levels of uric acid may
contribute to the growth characteristics of these prostate cancer cells is that
secreted uric acid likely changes the local microenvironment. The prostate is
influenced by several hormones and growth factors, such as testosterone,
estrogen, activins and inhibins, within the local microenvironment which
maintain normal homeostasis [24, 122]. There is emerging evidence that the
microenvironment is a crucial determinant of tumor development and new
therapeutic strategies are targeting the microenvironment. The results of the
cell line study show high secretion of uric acid in more aggressive cancer
cells. Increased uric acid may ultimately change the local extracellular
microenvironment to one where it promotes tumorigenicity via establishing a
promitogenic microenvironment. This concept supports the model proposed
by Fini et al (2012), that extracellular uric acid aids in the transformation of
cancer cells to a more aggressive status [123]. The exact mechanism of how
uric acid is doing this still requires further testing. There is increasing
evidence that supports the theory that tumour cells have the ability to secrete
paracrine factors that can effect its microenvironment and surrounding
epithelial and stromal cells by either altering apoptosis or proliferation [124].
Therefore, the most likely explanation of increased extracellular uric acid is
that secreted uric acid has an autocrine/paracrine function by stimulating
proliferation, or disrupting the local growth factors that are trying to maintain
homeostasis.
It is not yet possible to confirm secretion of uric acid as a causal factor for
malignancy, but this in vitro study has shown a strong association between
the two and warrants further testing.
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Association between intracellular uric acid and activin responsiveness
Prostate cancer cell lines differ in their responsiveness to inhibitory effects of
activins. As a model of an indolent prostate cancer, the LNCaP cell line is
responsive to activin, while PC3 cells are insensitive to the same inhibitory
stimulus. Non-responsiveness to the inhibitory effect of activins is a hallmark
of prostate cancer progression and the mechanism, by which this transition
occurs is unknown. Given that the level of intracellular uric acid is negatively
correlated to the responsiveness to activins, this body of work postulated that
there is an association between the two conditions. The intracellular uric acid
level may directly or indirectly affect the cells responsiveness to activin
(Figure 4.1.1). There was a linear relationship between the level of
intracellular uric and the ability to respond to activin, specifically with
LNCaP cells having a high intracellular uric acid level and are responsive,
whereas PC3 cells have a low intracellular uric acid level and are nonresponsive. Based on this result, it could be possible that intracellular uric
acid may be a surrogate marker for the responsiveness of cells to activins.

Figure 4.1 Possible mechanism of intracellular uric acid affecting activin
responsiveness. The level of intracellular uric acid may correlate with the
responsiveness of cells to inhibitory stimuli of activins. LNCaP cells have a higher
intracellular uric acid level and the cell responds to the negative growth factor.
Whilst in PC3 cells the opposite is seen a lower intracellular level of uric acid seems
to correlate with a loss of response to the negative growth inhibitor.
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The next set of experiments were designed to determine the in vitro effect of
treating prostate cancer cells with uric acid and if elevated uric acid was a
mechanism underlying a cell inability to respond to activins.

4.3

Extracellular Uric Acid is Growth Promoting in
Prostate Cancer Cells

Growth of the normal prostate is dependent on local growth factors [14, 125].
These growth factors are categorized into three groups that reflect their
function: positive-, negative- and angiogenic-growth factors [125]. A prime
example of a positive growth factor is androgen, in particular dihydrotestosterone (DHT), which is the most potent growth stimulant of
normal prostate cells [126]. Prostate cancer is a heterogeneous disease, at one
end of the spectrum of the disease there is the indolent organ confined
prostate cancer, while at the other end there is an aggressive metastatic form
of the disease. As the disease progresses from indolent to metastatic, the
prostate cancer cells are responsive to different growth factors and this
characterises the stage of the prostate cancer [24, 118]. The LNCaP cell line is a
frequently used model to represent in vitro model of this early stage, organ
confined human prostate cancer as it is responsive to both androgen and
activin [50].
This study sought to translate the levels seen in epidemiological association
studies that support the link between elevated uric acid concentration and
prostate cancer [74, 78]. Normal serum urate levels ranges between 200 – 360
µM for men [127]. Individuals with a level above 360 µM are considered
hyperuricaemic and elevated uric acid (500 µM) is commonly seen in men
who have gout [127]. Therefore, the three concentrations of uric acid were
chosen to reflect the broad range seen in men 200, 300 and 500 µM.
Uric acid independently promotes growth in a dose-dependent manner
Extracellular uric acid in a dose dependent fashion promoted LNCaP cell
growth in vitro. The lower limit of normal serum urate concentration, 200 µM,
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did not affect the growth of LNCaP prostate cancer cells. However, at the
upper limit of normal serum urate concentration, 300 µM, and at level
associated with hyperuricaemia as well as those commonly seen in gout, 500
µM, the rate of cell proliferation significantly increased. The in vitro studies
undertaken are likely to reflect the prostate microenvironment in men. For
instance men with serum urate in the lower limit of normal (200 µM) are
likely to have a “normal” microenvironment whilst men who have higher
limits of normal (300 µM) as well as hyperuricaemic levels of uric acid (500
µM) have a higher level of circulating uric acid, which may alter the local
microenvironment of prostate cancer cells to promote more aggressive
growth characteristics [128, 129]. As growth promotion was evident at the
upper limit of normal at a rate that is detrimental to the prostate (2-fold above
the control levels), it would suggest that the upper limit of normal of uric acid
used in clinical practice should be revised to a level that does not cause
prostate cancer cell growth.
The local microenvironment in a normal prostate is well balanced and vital to
the maintenance of organ homeostasis [130]. As exogenous uric acid has been
shown to be growth promoting in LNCaP cells, it is clear that exposure to this
exogenous factor has the ability to disrupt the normal homeostasis of an
organ and potentially promote tumorigenesis [123, 131]. This work implies
uric acid levels need to be kept under 300 µM otherwise there will be a
detrimental effect on the prostate.
One of the new therapeutic strategies involves targeting the local
microenvironment for therapeutic treatment options rather than targeting the
tumor cells themselves. The concept first came about in 1889 when Stephen
Paget proposed a “seeds and soil” hypothesis where the communication
between specific cancer cells (the ‘seeds’) and their organ microenvironment
(the ‘soil’) is vital for cancer metastasis [132]. As cancer cells are dependent on
specific local growth factors targeting those local growth factors provides an
effective treatment option. An example of this which is used in clinical
practice is androgen deprivation therapy (ADT) in advanced prostate cancer.
DHT is a classical stimulant promoting growth in both normal and early stage
of prostate cancer, thereby making ADT an effective treatment option [133].
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Once the prostate cancer transitions to the more aggressive form, where the
cancerous cells are no longer dependent on androgens (hormone-refractory
prostate cancer) for proliferation [54], ADT is ineffective [134].
Androgen levels are targeted in prostate cancer therapy. Previous studies
have shown that 1mM of DHT, commonly seen in serum, stimulates LNCaP
cell growth by 40% [50, 135, 136]. Comparing this to the growth promoting
effects of uric acid seen in serum at the upper limit of normal and in
hyperuricaemic individuals we see a stimulation of LNCaP cell growth of
122% and 165%, respectively. This degree of cell growth is highly likely to be
detrimental to the prostate and supports the epidemiological association
studies linking elevated uric acid to prostate cancer. It is also initial proof that
the uric acid concentration changes the malignancy of the cell which again
supports the Fini et al (2012) model which states extracellular uric acid has a
role in the transformation of cancer cells to a more aggressive characteristic
[123]. These results suggest lowering uric acid concentrations in men with
prostate cancer could be a therapeutic option similar to ADT.
Uric acid blunts the inhibitory effect of activin A and B and promotes growth
in a dose-dependent manner
Activins are known inhibitors to prostate cancer growth [51]. Furthermore, in
prostate cancer cell lines that respond to both activins and androgens such as
the LNCaP cell line, the inhibitory effect of activin suggests activin overrides
the androgen stimuli [51, 137]. This study examined the relationship between
the inhibitory effect of activin against the growth promoting effect of uric acid
in the LNCaP cell.
In healthy men, the level of activin A in the serum is around 0.437 ng/mL
while male patients with prostate cancer have a significantly increased
concentration of 1.055 ng/mL [138]. The exact concentration within the
prostate in men with prostate cancer has not been assessed. Previous studies
have shown that activin A has a dose-dependent inhibitory effect
independent of androgen on LNCaP cells starting at 0.01 ng/mL [51].
Therefore, the concentration of 20 ng/mL used in this study is likely to
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represent a super-physiological level of activin A which was chosen to ensure
inhibition of LNCaP cell growth by activin A and B.
Both activin A and B independently inhibit LNCaP cell growth in the absence
and in the presence of the lowest level of uric acid, which was chosen to
represent the lower limit of normal (200 µM). This suggests that the activins
are growth inhibitory when uric acid is at normal physiological level in blood.
However, when LNCaP cells are co-cultured with both activin and higher
levels of uric acid consistent with the upper limit of normal (300 µM) and
hyperuricaemia (500 µM), the effects of activins are antagonised. Some
classical antagonists of activins in the prostate are inhibin (bind to the activin
type II receptor preventing activin binding) [14, 47], follistatin (binds to the
activin protein and neutralises its effect) [139] and an emerging one is activinβC (regulates activin production and activity) [15]. This raises the possibility
that uric acid may interfere with activin signaling, either through the
interference with activin binding to its serine/theorine kinase receptors, or
inhibiting downstream intracellular signaling. This mechanism was examined
in section 4.4.
Alternatively, the effect on prostate cancer growth exerted by the relationship
between activin and uric acid maybe dose dependent ie higher activin
concentration may be required. This study is limited by the fixed dosage of
activin against an increasing concentration of uric acid, resulting in a
diminishing activin:uric acid ratio. Future work could assess if higher
concentrations of activin A and B are growth inhibitory in the presence of 300
or 500 µM uric acid.

4.4

Elevated Extracellular Uric Acid
Promotion is Not TGF-β Mediated

Growth

The exposure of an activin sensitive prostate cancer cell line (LNCaP) to
exogenous uric acid did not influence transcription of genes involved in the
TGF-β superfamily canonical signaling pathway. This suggests that the
antagonist action of extracellular uric acid upon activin activity in the prostate
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cancer cell line (section 3.3) is likely to be independent of any regulation of
genes involved in the activin canonical signaling pathway.
Activin insensitivity is a hallmark of prostate cancer progression [24].
However, the mechanism of how this occurs is unknown. This insensitivity to
growth inhibitory signals is not unique to the activins, it is also evident with
TGF-β1 [140, 141]. In this study, it is proposed that uric acid plays a role in the
transition of insensitivity to negative growth regulators. This is based on the
results that elevated levels of uric acid promoted growth in the LNCaP cell
line in the presence of activin A and B. If elevated, extracellular uric acid
levels alter TGF-β mediated gene expression, which may be the mechanism
underlying insensitivity to negative growth regulators. Therefore, we
assessed TGF-β mediated gene expression in the presence of elevated
extracellular uric acid levels in vitro in a human prostate cancer cell line that is
sensitive to the inhibitory actions of activins A & B, the LNCaP cell line.
We used a pathway focused gene expression array that included all members
of the TGF-β superfamily, their receptors, intracellular signaling molecules,
antagonists and downstream target genes. The advantage of using this
approach is that it allows a “snapshot” of the change in expression of all the
ligands, receptors, Smads and downstream genes due to a certain treatment.
This maximises the chances of teasing out if the alterations of TGF-β
superfamily gene expression by uric acid are linked to the transition to activin
insensitivity. This would then provide the proof of concept data to explore
specific gene and protein expression in more detail.
Our results show that uric acid mediated LNCaP cell growth has not altered
any of the TGF-β pathway genes significantly. The only differences in gene
expression were in TGFBR3, FOS and BGLAP, which are not only activinspecific. These genes are also mediated by other pathways such as PI3K/Akt
[142] and in bone formation [143]. Therefore, the increased growth of LNCaP
cells in the presence of elevated uric acid is unlikely to be TGF-β modulated.
These results indicate that insensitivity to the growth inhibitory effects of
activin A and elevated growth in the presence of uric acid are independent
events during prostate cancer progression. Thus, it is predicted that elevated
76

uric acid increased cell growth to the extent that the concentration of activin A
used in this study was unable to combat this overt increase in cell growth.
One possibility that has not been investigated in this thesis is the noncanonical pathway. Along with the traditional canonical pathway that acts via
the Smad pathway, there is emerging evidence of the TGF-β superfamily
ligands can signal through non-Smad signaling pathway [34, 144]. Elevated
extracellular uric acid may potentially interfering with the non-Smad
proteins, like Erk1/2 and JNK/p38, that are involved in regulating the Smad
signaling or may independently regulate gene transcription [34].
The other possibility is that growth promotion caused by elevated
extracellular uric acid may occur concurrently and therefore is an
independent mechanism to the inhibitory actions of activins A & B, leading to
a net effect of growth promotion at the concentrations tested in this study.
Future research could expose activin A & B responsive prostate cancer cells to
various concentrations of both uric acid and activin A & B to determine the
dose relationship between these two opposing entities.
To confirm, in part, that the growth inhibitory effects of activin A and
elevated growth in the presence of uric acid are independent events, the next
studies assessed if activin A was growth inhibitory in the presence of both
high uric acid and a uric acid transporter inhibitor, probenecid, in LNCaP
cells and in the activin insensitive PC3 cell line.

4.5

Differential Effect of Probenecid on LNCaP and
PC3 Cell Line

Prostate cancer is a heterogeneous disease that ranges from a relatively
benign organ confined phenotype to aggressive metastatic cancer, which is
associated with the degree of sensitivity to known prostate growth regulators
especially androgens and activins. Various prostate cell lines exist to model
these different disease phenotypes, with LNCaP representative of a relatively
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benign disease that is still responsive to both androgens and activins [50],
whilst PC3 cell lines are both androgen and activin insensitive therefore
modeling an aggressive phenotype [53].
We have proposed that despite the clear association between intracellular uric
acid and activin responsiveness (section 4.2), the insensitivity to activins and
the growth promotion seen by applying increasing concentrations of
extracellular uric acid are two independent pathways. To further test this
prostate cancer cell growth was examined in the presence of probenecid (an
uric acid transporter inhibitor), uric acid and activin.
Probenecid is a uricosuric drug treatment used on gout patients whose urate
levels fail to stabalise with allopurinol alone to restore the balance of uric acid
production and excretion [145]. However it does this by inhibiting the uric
acid re-absorption in the kidneys by blocking urate transporters like GLUT9,
URAT1 and OAT4 [65]. Earlier studies have shown that plasma concentration
of probenecid used clinically is in the range of 7 to 63 µM. The dose of
probenecid used in this study was 1mM in order to determine if probenecid
has any impact on prostate cancer cells. This dose has been used in previous
non-prostate cell line experiments, however further dose optimization work
needs to be conducted to determine the effect of probenecid at more
physiological levels [146, 147].
Probenecid alone has a negative growth effect on LNCaP cells
In section 3.3 we showed that elevated extracellular uric acid caused a
significant increase in LNCaP cell growth, even in the presence of a known
negative growth regulator, activin A & B. This level of cell growth is highly
likely to be detrimental to prostate, therefore it was determined if this growth
promotion could be reversed and the growth inhibitory effects of activin A
restored in the LNCaP cell line.
The first interesting finding is that probenecid was associated with a decrease
in cell number in the LNCaP cell line, in absence of any other growth
regulator. There was 37% decrease in the probenecid alone treatment group
when compared to its control. This is a striking finding, considering that a
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high concentration of activin A (50 ng/mL) only results in 20% decrease in
cell number. With this current experimental model the exact mechanism of
how probenecid is associated with the decrease in cellular growth is
unknown. As the number of LNCaP cells pre-treatment were all fixed at the
same number this poses two conceivable possibilities: firstly, probenecid is
slowing down growth (the rate of replication) or secondly, probenecid
induces an apoptotic effect like activin A & B [49].
It is proposed based on these experiments that probenecid may be a treatment
option for early stage prostate cancer based on its ability to significantly
decrease cell growth. An advantage of the use of probenecid for prostate
cancer is that it is already a drug approved for use in New Zealand for the
treatment of gout [148]. The approval pathway for new drugs is strict and
expensive, however the use of an approved drug for a different disease poses
an easier transition to the clinic However, the use of probenecid for treating
prostate cancer would need to be further validated by determining if there is
a dose-dependent effect and if it has the same effect in more aggressive
disease, such as that modeled by the PC3 cell line (see below).
To determine if probenecid was still growth inhibitory in the presence of
elevated uric acid typically associated with gout, 500 µM, was added to the
LNCaP cell line. Once again a significant decrease in cell number by 54% was
evident when compared to the control. This indicates that the growth
inhibitory effect of probenecid is stronger than the growth promoting effect of
elevated extracellular uric acid. This is an intriguing finding as stated before
elevated extracellular uric acid had the ability to stimulate cell growth by over
100%. The mechanism underlying the growth inhibitory effects of probenecid
in prostate cancer cells is unknown and would form the basis for future work.
It was previously observed in section 3.3 that high levels of extracellular uric
acid antagonised the growth inhibitory effect of the activins in the activin
sensitive cell line, LNCaP. Therefore, to determine whether probenecid has
the ability to restore activin sensitivity in the same experimental model,
LNCaP cells were treated with a combination of activin A (50 ng/mL), 500
µM or uric acid and 1 mM of probenecid. In the previous experiment activin
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A was used at a concentration of 20 ng/ml (section 3.3), but here a higher
concentration of activin A (50 ng/mL) was used to help compensate for the
strong growth promotion of uric acid. Also, as mentioned before the exact
concentration of activin A in the local prostate microenvironment is uncertain.
Again there was a significant reduction in cell number in this treatment group
when compared to the control group. This raises the possibility that perhaps
probenecid is restoring sensitivity to activin A. Although when this treatment
is compared to activin A (50 ng/mL) and probenecid, there is no difference
between the two groups, thus suggesting that the inhibitory effect of activin A
and the inhibitory effect of probenecid are not additive. This again supports
our finding that the growth promoting effect of elevated extracellular uric
acid is not TGF-β pathway mediated (section 4.4).
Probenecid does not restore activin sensitivity in PC3 cells
Probenecid inhibits uric acid re-absorption by blocking urate transporters [65,
145]. PC3 cells were found to have a higher rate of uric acid excretion than
LNCaP cells as outlined in section 3.2. To explore the relationship between
lower intracellular and higher extracellular uric acid in PC3 cells, and
whether modification of endogenous uric acid with probenecid is related to
activin A insensitivity, PC3 cells were treated with probenecid in the presence
and absence of activin A. Predicting that treatment with probenecid would
increase intracellular uric acid levels to the same as that of the LNCaP cell
line, therefore restoring the growth inhibitory effects of activin A. The first
significant finding was that probenecid alone was associated with an
unexpected increase in the growth rate of PC3 cells. PC3 cells are known to be
hormone-independent and not responsive to activin A & B [51, 53, 54]. These
results may indicate probenecid itself, independent to the level of
extracellular uric acid, stimulates growth by an as yet uncharacterised
mechanism.
The PC3 cell line is unresponsive to the growth inhibitory effect of activin A &
B [51]. PC3 cells synthesize the mRNA of both the activin ligands, the
receptors and intracellular signaling molecules, therefore have the mechanism
to inhibit cell growth [55], but they do express excessive amounts of the
activin antagonist, follistatin [56]. If the association between the intracellular
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uric acid and responsiveness to activins is true, this raises the possibility of
restoring the responsiveness of PC3 cells to the inhibitory effect of activins by
altering the relative intracellular uric acid. This study’s findings leads to the
conclusion that altering the uric acid properties in PC3 cells cannot restore
activin sensitivity as there was an increase in cell growth at the two superphysiological levels of activin A (50 and 100 ng/mL) in the presence of
probenecid in the PC3 cell line. Therefore, this disapproves the proposed
theory that the level of intracellular uric acid determines the cell’s ability to
respond to activins and confirms the effects of uric acid and activin are
independent in the prostate.
Work presented in this thesis imply that uric acid stimulates growth to the
degree that activin was unable to antagonise this uric acid mediated growth
in the LNCaP cell line. This raises the possibility that a lowering uric acid may
have therapeutic utility in early stage prostate cancer.

4.6

Clinical Significance of Findings

New diagnostics and new treatments are urgently required for prostate
cancer. The current screening tool PSA is not prostate cancer specific, leading
to high false positives and high false negatives. Reduced intracellular uric
acid was evident in advanced prostate cancer, however uric acid is a waste
product of cellular metabolism, thus meaning reductions in prostate derived
uric acid is unlikely to be detectable systemically. Therefore this research is
unlikely to lead to a new prostate cancer diagnostic test.
In this study, we have shown that elevated extracellular uric acid is associated
with prostate cancer cell growth, specifically concentrations typically found in
the serum of men, increased prostate cell growth more markedly than
physiological levels of androgen. ADT is the first line of therapy for men with
aggressive prostate cancer, however this therapy has overt side effects and
frequently fails, leading to androgen resistant disease which is fatal in most
cases. Our results indicate lowering uric acid could be a new therapy to
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modulate prostate cancer cell growth and thus prostate cancer progression. A
significant additive effect of lowering uric acid is restoration of the growth
inhibitory effects of activin A, thus allowing this growth factor to maintain
tissue homeostasis by holding prostate cancer cells in a state of growth arrest
or causing them to undergo apoptosis.
Here we have shown for the first time co-culturing prostate cancer cell lines
with probenecid, a therapy for gout leads to a reduction in cell growth in the
LNCaP cell line but not the PC3 cell line. It is evident there is a differential
effect of probenecid that is dependent on the different characteristics of the
prostate cancer cell. These results indicate probenecid could be a new therapy
for organ confined prostate cancer. The current therapy for low-grade
prostate cancer is watchful waiting or radical prostatectomy with its
associated side effects. Therefore, a drug, which kills organ confined prostate
cancer could mean a man may not need to undergo radical surgery.
The presence of probenecid at 1mM concentration reduced the number of
viable LNCaP cells by 37% when compared to control medium, in the absence
of any additional factors such as uric acid and activins. This magnitude of
decline is greater than the established inhibitory effect of activins, which only
resulted in a 20% decrease in viable cell numbers. This is the first time
probenecid has been pharmacologically administered to prostate cancer cell
lines, although similar experiments have been performed on non-prostate
lines such as Neuro-2a (N2a) murine neuroblastoma-derived cell line, at
similar dose exposure [147]. Probenecid applied at a dose of both 0.5 mM and
1 mM significantly decreased N2a cell proliferation by decreasing ATP
release. The underlying mechanism behind the reduction in viable LNCaP cell
numbers was not explored in the current study, but could potentially be due
to a cytotoxic effect of probenecid.
Probenecid is a medication prescribed to reduce the circulating level of uric
acid when first line therapies such as allopurinol have failed in conditions
such as gout, and at recommended dosages achieves steady state blood
concentrations of 50 µg/mL. The dosage used in this study was 5 times
greater than steady state concentration used for the treatment of
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hyperuricaemia. The growth inhibition effect of probenecid therefore may not
be apparent at pharmacological doses used clinically. Intra-prostatic exposure
to probenecid may have a different effect to a systemic exposure. This
phenomenon will need to be validated in cell line studies as well as in vivo
examination in a dose-dependent fashion, and if the finding is consistent may
point towards a novel role of probenecid as a prostatic cancer cytotoxic agent.
New Zealand Māori are more susceptible to both gout and prostate cancer
Māori men are more likely to first present with widespread prostate cancer
than non-Māori men [89]. There is a paucity of data as to underlying reasons,
but one observation is the difference in Māori’s health seeking behaviour [90].
Prostate cancer is positively associated with obesity [149] and increased
dietary consumption of meat [150-152], both these factors are associated with
increased risk of hyperuricaemia and development of gout. Māori men have
higher incidences of both obesity and gout than non-Māori men. Obesity is a
multifactorial disease that has common hormonal changes that are also
associated with prostate cancer and aggressiveness, such as alterations in
testosterone, estrogen and activins [153, 154]. These hormonal changes
coupled with the elevated serum urate levels may contribute to why both
gout and prostate cancer are more prevalent in Māori men.
Māori men have greater difficulties in handling urate due to single nucleotide
polymorphisms (SNPs) in specific urate receptors, such as GLUT9 [155],
thereby increasing their hyperuricaemic state. This link will need to be further
investigated in cohort studies of Māori and non-Māori men with prostate
cancer to draw any in vivo conclusions. On a similar note, as there is
increasing evidence of SNPs in genes that are associated with disorders more
common in the Māori people [156, 157], it would be therefore be intriguing to
investigate the activin profiles (serum levels and underlying genetics/SNPs)
in Māori.
Māori men are more likely to receive androgen deprivation therapy treatment
for their prostate cancer, with their associated risks [89]. Should the link
between elevated uric acid and prostate cancer be found to be stronger
amongst Māori men, this highlights an opportunity to both reduce the
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incidence of more malignant disease at presentation as well as modulating
treatment options, by altering the uric acid risk factor profile. This can be
done on a public health level by reducing the risk factors that are common to
both prostate cancer and hyperuricaemia including dietary modification
[158], and weight loss [159]. Additionally, pharmacological attenuation of
hyperuricaemia via uricosuric agents such as probenecid, may play a role in
altering the development of prostate cancer in Māori men that are deemed
high risk.

4.7

Limitations of the Study

Reliant on commercialised human tissue microarrays
The main advantage of using tissue microarrays is the ability to assess
multiple different patient samples on the single microscope slide. This allows
researchers to detect which antigens are present and shows an indication, if
there is differential expression of a specific antigen. However, there are
pitfalls associated with this methodology. The main disadvantage being that a
small section of the prostate tissue may not be a true representation of
heterogeneous disease in the prostate gland and we are reliant on minimal
information given by the manufacturer’s pathologist. The limited knowledge
on the patient’s medical history, for example co-morbidities past and current
treatment, may influence the final findings.
Ideally, fresh human prostate tissue that has been obtained through biopsies
undertaken by a local surgeon and working alongside a pathologist to
determine the pathology of the tissue would be more practical and truly
representative. A major advantage of obtaining tissue samples this way rather
than through the commercial route is that it allows access to certain aspects of
the patient’s prior medical history. However access to human prostate tissue
requires the co-operation of local urologists, surgeons and pathologists and in
many centers this is not possible. The major advantage of using commercially
available arrays is initial proof of concept that work can be undertaken, only
progressing to local patient tissue if results warrant.
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In vitro studies pose limitations
Immortalised epithelial prostate cancer cell line models were used in this
study to assess the intra- and extra-cellular levels of uric acid and the effect of
differing extracellular uric acid levels on the cell line alone and in the
presence of activins and a known treatment for gout, probenecid. In vitro
studies in general allow relatively fast, low cost methodology and allow for
tight regulation of the conditions the cells are exposed to, thereby making it
an ideal start up model to prove a concept. However, the main limitation for
in vitro models is that they are not true representation of what is occurring
physiologically. There are rudimentary interactions that are missing for this
controlled environment, in particular the epithelial to stroma crosstalk [160,
161] which only can be overcome by changing to in vivo models. The downfall
for this though is that most lower mammals used as laboratory models have
the enzyme uricase, therefore will convert the uric acid present in the system
to allantoin so are therefore not a good model to study human uric acid
metabolism and transport.
The concentrations of activin and uric acid used may pose as a limitation as it
may be over- or under-estimating what truly occurs at the prostatic level. For
example, the testis synthesise its own local testosterone, thereby making the
local concentration of testosterone 10-fold greater than in the systemic
circulation. It is possible to postulate that the same is occurring for activins in
the prostate as prostatic epithelial cells synthesise activins for an
autocrine/paracrine effect. In terms of uric acid, this is the first time prostate
cancer cells have been exposed to exogenous uric acid and it is unknown
what the local prostatic concentration of uric acid is, therefore using the
systemic level of uric acid gives a physiological starting range and also brings
in the epidemiological studies done in this context.
Gene expression was only focused on TGF-β signaling pathway
It was evident that there was a significant growth promotion of LNCaP cells
in the presence of elevated extracellular uric acid. Therefore, if this uric acid
growth promotion was related to the transition of activin responsiveness,
changes of the TGF-β signaling pathway should have been evident. This is the
underlying reason why the gene analysis was limited to exploring alteration
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to gene expression related to the TGF-β signaling pathway. As there was no
significant changes in any of the genes related to the TGF-β signaling
pathway, it confirms that growth promoting effect of uric acid and activin
responsiveness are two independently mediated pathways and opens the
door to looking at other pathways to how uric acid is growth promoting. If
there was evidence of changes in gene expression (ie activin receptors,
intracellular signaling molecules), the next step would be to tease out
mechanistically how uric acid was altering those genes. In addition, the same
arrays could have been performed with LNCaP cells that had been treated
with both elevated uric acid and activin A. By only focusing on the TGF-β
signaling pathway it limits the analysis to a particular pathway. Ideally a
whole transcriptome analysis would give an overview to how elevated uric
acid is promoting cellular growth.
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5. Conclusion

From this thesis, it evident there is no differential expression of activin A in
prostatic disease, but for activin B there is reduced expression in both BPH
and prostate cancer. The more aggressive the prostate cancer cell line which is
also activin insensitive (PC3), the higher the secretion of uric acid. And
elevated extracellular uric acid (300 & 500 µM) has the ability to stimulate
growth promotion in the LNCaP cell line to the extent that neither activin A
or B can inhibit the cellular growth. In addition, a known gout treatment,
probenecid, has a growth inhibitory effect in the LNCaP cell line, which
potentially could be of use therapeutically for low-grade prostate cancer.
Referring back to the triumvirate proposed in the introduction, it is apparent
that elevated uric acid does have an association with prostate cancer, but this
association is independent to the activin pathway.

Figure 5.1 Schematic presentation of final message of the study. This final
schematic presentation demonstrates that the negative effect activins have on
prostate cancer is over ridden but the positive effect uric acid (associated with gout)
has on prostate cancer and the effects of activins and uric acid are not related.
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7. Appendices

7.1

Appendix A (Immunohistochemistry)

Antigen Retrieval Buffers
0.01M Sodium citrate pH 6
2.94 g

Sodium citrate (Na-citrate)

1L

MilliQ water

Dissolved Na-citrate in the MilliQ water and adjusted the pH to 6.
0.01M Glycine pH 4
0.75 g

Glycine

1L

MilliQ water

Dissolved glycine in the MilliQ water and adjusted the pH to 4.
0.001M EDTA pH 8
0.292

Ethylenediaminetetra-acetic acid (EDTA)

1L

MilliQ water

Dissolved EDTA in the MilliQ water and adjusted the pH to 8.
Proteinase K in 1X PBS, pH 7.4
300 µL

Proteinase K (100 µg/mL)

1,200 µL

1X PBS

Constituents were added and mixed in the order listed.
Proteinase K in TE Buffer, pH 8
TE Buffer, pH 8
3.05 g

Tris Base

0.185 g

EDTA

2.5 mL

Triton X-100
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Constituents were added and made up to 500 mL with MilliQ water then pH
adjusted to 8.
Proteinase K stock solution (20X)
200 µL

Proteinase K (600 units/mL)

5 mL

TE Buffer

5 mL

Glycerol

Constituents were added and mixed in the order listed. Stored at -20°C.
Proteinase K working solution (1X)
500 µL

Proteinase K stock solution (20X)

9.5 mL

TE Buffer, pH 8

Constituents were added and mixed in the order listed.
Wash buffers
10X PBS, pH 7.4
80 g

Sodium chloride (NaCl)

2g

Potassium chloride (KCl)

14.4 g

Sodium Hydrogen Phosphate (Na2HPO4)

2.4 g

Monopotassium phosphate (KH2PO4)

1L

MilliQ water

Dissolved all the constituents in ~800 mL of MilliQ water and adjusted the pH
to 7.4. Remaining MilliQ water was added to make the final volume 1 L.
1X PBS
100 mL

10X PBS

900 mL

MilliQ water

Constituents were added and mixed in the order listed.
1X PBS + 0.1% Tween-20
100 mL

10X PBS

1 mL

Tween-20

900 mL

MilliQ water

Constituents were added and mixed in the order listed.
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Primary antibody diluent (1°)
For use with all 1° Ab dilutions
0.5 g

Bovine serum albumin

50 mL

0.01%Tween-20/1X PBS

Constituents were added and mixed in the order listed.
Diaminobenzidine (DAB)
Using the DAKO REAL EnVision Detection System Peroxidase/DAB + Rb/Ms kit
(cat. # K5007, Dako, Glostrup, Denmark).
1 mL

DAB substrate

20 µL

DAB

Constituents were added and mixed by vortexing in the order listed.
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7.2

Appendix B (Cell culture)

RPMI 1640 medium with 10% fetal bovine serum and 1% antibioticantimycotic (pH 7.4)
For 1 L of medium
1 packet

RPMI 1640 medium with L-glutamine (Components listed in

Table B1)
2g

Sodium bicarbonate

900 mL

MilliQ water

10 mL

100x antibiotic-antimycotic

100 mL

Fetal bovine serum (FBS)

Dissolved the RPMI medium with L-glutamine with ~500 mL of MilliQ water
and added the sodium bicarbonate. Made up to 900 mL and adjusted the pH
to 7.4. In the Biosafety Cabinet added 100x antibiotic-antimycotic and FBS and
filter through.
Dulbecco’s Phosphate Buffered Saline (PBS)
1 packet

Dulbecco’s PBS; calcium and magnesium free

1L

MilliQ water

Constituents were added and mixed in the order listed and adjusted pH to
7.3.
Versene pH 7.3
0.58 g

EDTA

1L

Dulbecco’s PBS

Dissolved EDTA in the prepared Dulbecco’s PBS and adjusted pH to 7.3.
0.1% Trypsin
4 mL

2.5% trypsin

100 mL

Dulbecco’s PBS

Constituents were added and mixed in the order listed.

104

7.3 Appendix C (Uric Acid Measurement)
Dulbecco’s Phosphate Buffered Saline (PBS)
1 packet

Dulbecco’s PBS; calcium and magnesium free

1L

MilliQ water

Constituents were added and mixed in the order listed and adjusted pH to
7.3.
0.800 µmol/L uric acid (20 mL)
0.00304 g

Uric acid sodium salt (cat. # U2875, Sigma-Aldrich, MO,

USA)
1 mL

1M Sodium Hydroxide (NaOH)

19 mL

1X PBS

Dissolved uric acid sodium salt in 1 M NaOH by vortex. Added 15 mL of PBS
and adjusted pH to 7.3. Remaining PBS was added to make the final volume
20 mL.
2,000 µmol/L uric acid (10 mL)
0.003802 g

Uric acid sodium salt

500 µL

1 M NaOH

9.5 mL

1X PBS

Dissolved uric acid sodium salt in 1 M NaOH by vortex. Added 7 mL of PBS
and adjusted pH to 7.3. Remaining PBS was added to make the final volume
10 mL.
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7.4 Appendix D (Growth Assays)
5,000 µmol/L uric acid (10 mL)
0.0095 g

Uric acid sodium salt

500 µL

1 M NaOH

9.5 mL

1X PBS

Dissolved uric acid sodium salt in 1 M NaOH by vortex. Added 7 mL of 1X
PBS and adjusted pH to 7.3. Remaining PBS was added to make the final
volume 10 mL.
1 mM Probenecid (10 mL)
0.0285 g

Probenecid

200 µL

DMSO

9.8 mL

2% FBS/RPMI filtered culture medium

Constituents were added and mixed in the order listed.
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7.5

Appendix E (Total RNA Isolation)

5,000 µM uric acid (10 mL)
0.0095 g

Uric acid sodium salt

500 µL

1 M sodium Hydroxide (NaOH)

9.5 mL

1X PBS

Dissolved uric acid sodium salt in 1 M NaOH by vortex. Added 7 ml of 1X
PBS and adjusted pH to 7.3. Remaining PBS was added to make the final
volume 10 mL.
DNase I incubation mixture (for 1 RNA sample)
10 µL

DNase I stock solution

70 µL

Buffer RDD

Constituents were added and mixed in the order listed.
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Table 7.1 NanoDrop Spectrometry Results.

Sample ID
PBS 1
PBS 2
PBS 3
300 μM uric acid 1
300 μM uric acid 2
300 μM uric acid 3
500 μM uric acid 1
500 μM uric acid 2
500 μM uric acid 3

Quantity (ng/μL)
1,033.66
884.33
797.11
1,217.10
1,355.50
1,357.65
876.67
1,494.24
999.83

A260
25.842
17.687
15.942
24.342
27.110
27.153
21.917
29.885
19.997

A280
11.927
8.099
7.304
11.256
12.422
12.484
10.122
13.713
9.255

260/280
2.17
2.18
2.18
2.16
2.18
2.18
2.17
2.18
2.16

Results for each independent RNA samples using the NanoDrop 1000
Spectrophotometer. Quantity (ng/µL), absorbance at 260 nm and 280 nm (A260 and
A280) and the RNA/DNA (260/280) ratio are shown. A 260/280 ratio of ~2.0 is
accepted as “pure” for RNA.

Table 7.2 Agilent Bioanalyzer Results.

Sample ID

PBS 1
PBS 2
PBS 3
300 μM uric acid 1
300 μM uric acid 2
300 μM uric acid 3
500 μM uric acid 1
500 μM uric acid 2
500 μM uric acid 3
Ladder

RNA
concentration
1:2 (ng/μL)
917
341
540
794
884
751
569
975
570
150

True RNA
concentration
(ng/μL)
1,834
682
1,080
1,588
1,768
1,502
1,192
1,950
1,140
-

RNA Integrity
Number (RIN)
9.5
10
10
10
10
9.9
10
10
10
-

Results for each independent RNA samples and ladder using the Agilent
Bioanalyzer. RNA concentration 1:2 (ng/µL), true RNA concentration (ng/µL) and
RNA Integrity Number (RIN) are shown. A RIN of 10 is indicative of intact RNA
while a RIN of 1 indicates degraded RNA.
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Figure 7.1 Summary of Agilent Bioanalyzer Results. The Agilent Bioanalyzer was
used to determine the quantity and integrity of the RNA samples. (A) The
electrophoresis gel showing two distinct bands for each sample at ~2,000 and ~4,000.
(B) Individual electropherograms showing two distinct peaks at again ~2,000 and
~4,000. RIN = RNA integrity number.
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7.6

Appendix F (TGF-β arrays)

Genomic DNA elmination buffer
Total volume for 1 sample
5 µL

RNA sample (100 ng/µL)

2 µL

Buffer GE (RT2 First Strand Kit)

3 µL

RNase-free water

Constituents were added and mixed in the order listed.
Reverse-transcription mix (RT2 First Strand Kit)
Total volume for 1 reaction plus excess
6 µL

5X Buffer BC3

1.5 µL

Control P2

3 µL

RE3 Reverse Transcriptase Mix

4.5 µL

RNase-free water

Constituents were added and mixed in the order listed.
PCR components mix
Total volume for 1 array plus excess
1,350 µL

2X RT2 SYBR® Green qPCR Mastermix

102 µL

cDNA synthesis reaction

1,248 µL

RNase-free water

Constituents were added and mixed in the order listed.
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Table 7.3 Full details of TGF-β Gene Expression Focused Pathway Array
Position
A01
A02
A03
A04
A05
A06

Gene Name
ACVR1
ACVR2A
ACVRL1
AMH
AMHR2
ATF4

A07

BAMBI

A08
A09
A10
A11
A12
B01
B02
B03
B04
B05
B06
B07

BGLAP
BMP1
BMP2
BMP3
BMP4
BMP5
BMP6
BMP7
BMPER
BMPR1A
BMPR1B
BMPR2

B08
B09
B10

CDKN1A
CDKN1B
CDKN2B

B11
B12
C01
C02
C03
C04
C05
C06
C07
C08
C09
C10
C11
C12
D01
D02
D03

CHRD
COL1A1
COL1A2
DCN
DLX2
EMP1
ENG
FOS
FST
GADD45B
GDF2
GDF3
GDF5
GDF6
GDF7
GSC
HERPUD1

D04
D05

HIPK2
ID1

D06

ID2

Description
Activin A receptor, type I
Activin A receptor, type IIA
Activin A receptor type II-like 1
Anti-Mullerian hormone
Anti-Mullerian hormone receptor, type II
Activating transcription factor 4 (tax-responsive enhancer
element B67)
BMP and activin membrane-bound inhibitor homolog
(Xenopus laevis)
Bone gamma-carboxyglutamate (gla) protein
Bone morphogenetic protein 1
Bone morphogenetic protein 2
Bone morphogenetic protein 3
Bone morphogenetic protein 4
Bone morphogenetic protein 5
Bone morphogenetic protein 6
Bone morphogenetic protein 7
BMP binding endothelial regulator
Bone morphogenetic protein receptor, type IA
Bone morphogenetic protein receptor, type IB
Bone morphogenetic protein receptor, type II
(serine/threonine kinase)
Cyclin-dependent kinase inhibitor 1A (p21, Cip1)
Cyclin-dependent kinase inhibitor 1B (p27, Kip1)
Cyclin-dependent kinase inhibitor 2B (p15, inhibits
CDK4)
Chordin
Collagen, type I, alpha 1
Collagen, type I, alpha 2
Decorin
Distal-less homeobox 2
Epithelial membrane protein 1
Endoglin
FBJ murine osteosarcoma viral oncogene homolog
Follistatin
Growth arrest and DNA-damage-inducible, beta
Growth differentiation factor 2
Growth differentiation factor 3
Growth differentiation factor 5
Growth differentiation factor 6
Growth differentiation factor 7
Goosecoid homeobox
Homocysteine-inducible, endoplasmic reticulum stressinducible, ubiquitin-like domain member 1
Homeodomain interacting protein kinase 2
Inhibitor of DNA binding 1, dominant negative helix-loophelix protein
Inhibitor of DNA binding 2, dominant negative helix-loop-
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D07
D08
D09
D10
D11
D12
E01
E02
E03
E04
E05
E06
E07
E08
E09
E10
E11
E12
F01
F02

IFRD1
IGF1
IGFBP3
IL6
INHA
INHBA
INHBB
JUN
JUNB
LEFTY1
LTBP1
LTBP2
MECOM
MYC
NODAL
NOG
PDGFB
PLAU
RUNX1
SERPINE1

F03
F04
F05
F06
F07
F08
F09
F10
F11
F12
G01
G02
G03
G04
G05
G06
G07
G08

SMAD1
SMAD2
SMAD3
SMAD4
SMAD5
SMAD7
SMURF1
SOX4
STAT1
TGFB1
TGFB1I1
TGFB2
TGFB3
TGFBI
TGFBR1
TGFBR2
TGFBR3
TGFBRAP1

G09
G10
G11
G12
H01
H02
H03
H04
H05

TGIF1
THBS1
TNFSF10
TSC22D1
ACTB
B2M
GAPDH
HPRT1
RPLP0

helix protein
Interferon-related developmental regulator 1
Insulin-like growth factor 1 (somatomedin C)
Insulin-like growth factor binding protein 3
Interleukin 6 (interferon, beta 2)
Inhibin, alpha
Inhibin, beta A
Inhibin, beta B
Jun proto-oncogene
Jun B proto-oncogene
Left-right determination factor 1
Latent transforming growth factor beta binding protein 1
Latent transforming growth factor beta binding protein 2
MDS1 and EVI1 complex locus
V-myc myelocytomatosis viral oncogene homolog (avian)
Nodal homolog (mouse)
Noggin
Platelet-derived growth factor beta polypeptide
Plasminogen activator, urokinase
Runt-related transcription factor 1
Serpin peptidase inhibitor, clade E (nexin, plasminogen
activator inhibitor type 1), member 1
SMAD family member 1
SMAD family member 2
SMAD family member 3
SMAD family member 4
SMAD family member 5
SMAD family member 7
SMAD specific E3 ubiquitin protein ligase 1
SRY (sex determining region Y)-box 4
Signal transducer and activator of transcription 1, 91kDa
Transforming growth factor, beta 1
Transforming growth factor beta 1 induced transcript 1
Transforming growth factor, beta 2
Transforming growth factor, beta 3
Transforming growth factor, beta-induced, 68kDa
Transforming growth factor, beta receptor 1
Transforming growth factor, beta receptor II (70/80kDa)
Transforming growth factor, beta receptor III
Transforming growth factor, beta receptor associated
protein 1
TGFB-induced factor homeobox 1
Thrombospondin 1
Tumor necrosis factor (ligand) superfamily, member 10
TSC22 domain family, member 1
Actin, beta
Beta-2-microglobulin
Glyceraldehyde-3-phosphate dehydrogenase
Hypoxanthine phosphoribosyltransferase 1
Ribosomal protein, large, P0
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H06
H07
H08
H09
H10
H11
H12

HGDC
RTC
RTC
RTC
PPC
PPC
PPC

Human Genomic DNA Contamination
Reverse Transcription Control
Reverse Transcription Control
Reverse Transcription Control
Positive PCR Control
Positive PCR Control
Positive PCR Control
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