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Abstract

Introduction: Doxazosin, an alpha-1 adrenergic receptor antagonist, is used to treat
hypertension and benign prostatic enlargement. Additionally, it has shown
antineoplastic effects on various cancers, including prostate and bladder cancer.
These anticancer effects are unrelated to its alpha-adrenergic activity and are
instead linked to its quinazoline-based chemical structure. The specific mechanisms
and receptors involved in doxazosin's antineoplastic activity remain unclear. This
study aimed to elucidate the cellular mechanisms by which doxazosin induces cell

death in prostate and bladder cancer cells.

Methods: Using UniProtKB/PSI-Search 2, we identified that 5- hydroxy tryptamine
receptors have structural similarity to alpha-1 adrenergic receptors. Subsequently,
we investigated if the antineoplastic actions of doxazosin were mediated via 5-
hydroxy tryptamine due to its structural similarity to alpha-1 adrenergic receptors. In
parallel, we also attempted to develop doxazosin-resistant cell lines with a view to
investigate the up regulation and/or down regulation of such receptors. As both the
above did not yield any results, we subsequently investigated non-receptor mediated

pathways (such as endocytosis and pinocytosis).

During our experiments to develop doxazosin-resistant cells, we had
incidentally observed that granulations appeared within cells when exposed to
doxazosin. We explored this further using SEM, TEM, and immunostaining
techniques. Subsequently, we investigated the changes in gene expression

following exposure to doxazosin. Finally, we conducted In Vivo experiments to



ascertain if the experiments findings translated to similar actions in nude athymic

mice.

Results: We were able to demonstrate that dynamin-mediated and clathrin-
dependent endocytic trafficking of doxazosin resulted in widespread autophagy
(mitophagy) in prostate, bladder and fibroblast cells undergoing cell death following
exposure to doxazosin. Furthermore, doxazosin increased the gene expression of
several gene families related to autophagy, apoptosis, anoikis, and lipid metabolism.
Doxazosin also inhibited the growth of HT1376 bladder cancer cell implants /n Vivo

in nude athymic mice.

Conclusion: Our results raise the possibility that doxazosin could be useful in the

management of advanced urological malignancy.



Impact Statement

This study titled ‘The Role of Doxazosin in Prostate and Bladder Cancers,’” was the
first to demonstrate that the dynamin-mediated endocytic trafficking of doxazosin
resulted in widespread autophagy (mitophagy) in prostate, bladder and fibroblast

cells undergoing cell death following exposure to doxazosin.

This study was also the first to demonstrate that doxazosin increased the gene
expression of several gene families related to autophagy, apoptosis, anoikis, and
lipid metabolism in PC-3 cell line. Using next generation transcriptome sequencing
we have also identified a gene LOC100271832 that remains uncharacterized to date.
This gene was incidentally to have the second- highest fold change when cells were

exposed to doxazosin. This opens to a promising subject for future research.

We were also able to demonstrate that the In Vitro actions of doxazosin translate to
In Vivo by demonstrating that it inhibited the growth of HT1376 bladder cancer cell

implants In Vivo in nude athymic mice.

Collectively, these findings suggest that doxazosin (or development of alternate
molecules based on a similar quinazoline structure) could be potential candidates for
development of anticancer agents that may have novel mechanisms of action. These
may complement existing chemotherapeutic options, especially in the management
of androgen-resistant metastatic prostate cancers. It may also have a role in local

treatment of bladder cancers along with existing agents.
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1.1 Prostate Cancer

Prostate cancer (PCa) is the most common to be diagnosed in men living in
developed nations; worldwide, it is the second most common (Bray, Ren et al. 2013,
Torre, Bray et al. 2015, Shah, loffe et al. 2022, Siegel, Miller et al. 2023). More than
one million cases are diagnosed worldwide annually, and accounts for over 300,000
deaths annually (Cooperberg and Chan 2017). Among men currently alive today, it
has been estimated that 1 in 7 will develop PCa which will also account for 1 in 38

deaths (Wein, Kavoussi et al. 2016).

1.1.1 Prevalence of PCa:

There is a wide variation in the worldwide prevalence of PCa - two thirds of all PCa
occur among 17% of the world’s male population within developed countries (Torre,
Bray et al. 2015). Compared to Asian nations (where the incidence is low), the
incidence of PCa is 25-fold more in North and West Europe, North America,
Caribbean nations, and Australia-New Zealand (Torre, Bray et al. 2015). PCa has
recently surpassed oesophageal cancer in terms of mortality burden and is currently
the fifth leading cause of cancer death worldwide, with highest mortality in Caribbean
and Southern and Middle African nations (Torre, Bray et al. 2015, Cooperberg and

Chan 2017, Hinata and Fujisawa 2022, Vickers, Elfiky et al. 2022).

A large factor in the variation in the prevalence has been attributed to the availability
of serum prostate specific antigen (PSA) screening (Hird, Dvorani et al. 2022). This
is a blood test that measures the elevated antigen that rises proportionately as the
disease progresses. Nonetheless, the prevalence of PCa is high in Caucasian and
African American men. This is confirmed in a recent study that involved the autopsy

of 6024 men aged 70 to 79 years, which found a 36% and 51% incidence of PCa in
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Caucasian and African American men, respectively (Jahn, Giovannucci et al. 2015,
Vickers, Elfiky et al. 2022). The combination of this high prevalence of PCa and the
high sensitivity of PSA screening has led to a marked increase in apparent incidence
of the disease in countries where there is routine PSA screening (Jahn, Giovannucci

et al. 2015, Hird, Dvorani et al. 2022).

PSA screening has a long lead time of approximately 3 to 12 years, and so other
factors such as age, life expectancy, Gleason Score and stage of the disease are
important consideration in the management (Draisma, Etzioni et al. 2009). A large
percentage of these elderly men with PCa will die of other causes unrelated to the
PCa (Lee, Mallin et al. 2017). Therefore, the focus has recently been on identifying
high-risk PCa that carries a significantly higher mortality (Daniyal, Siddiqui et al.
2014). Recent studies have shown that death from PCa with a primary or secondary
Gleason pattern of 5 histology without definitive treatment is high. The cancer
specific survival in this group was 86.6% and 57.4% for those receiving and not
receiving definitive local treatment, respectively when followed up for 4.3 years

(Frandsen, Orton et al. 2017).

1.1.2 Risk factors:

Risk factors for PCa are multifactorial and include both genetic and environmental
factors. Family history of PCa in a first —or —second degree relative increases the
relative risk of an individual developing PCa (Zeegers, Jellema et al. 2003). Factors
that promote inflammation in the prostate have also been implicated in the aetiology
of PCa. A history of sexually transmitted infection and prostatitis were found to be

associated with a significantly higher incidence of PCa, although the mechanisms
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remain unclear and no specific infectious agent has been implicated (Dennis and

Dawson 2002).

The role of hormones such as androgens, oestrogens, and insulin-like growth
factors, leptin and vitamin-D have been investigated. Androgens play a key role in
the carcinogenesis and maintenance of PCa, but the precise molecular mechanisms
remain to be fully elucidated. The REDUCE trial [Reduction by Dutasteride of
Prostate cancer Events] has shown that the incidence of PCa is reduced by 25% to
30% in patients on 5-alpha reductase inhibitors for benign prostate enlargement
(BPE) (Andriole, Bostwick et al. 2010). However, androgen levels did not correlate
with the risk of developing the disease. Besides the role of androgens, there is also
increasing evidence that oestrogens act as pro-carcinogens in the prostate. Estrogen
receptor alpha expression is supressed in the early stages of PCa and subsequently
re-emerges in hormone-resistant prostate cancer (HRPC) (Prins and Korach 2008).
In the aetiology of PCa, the roles of insulin-like growth factors, leptin and vitamin-D

have not revealed a definitive link as causative factors.

1.1.3 Treatment options:

PCa localized to the organ are amenable to surgical treatment or by radiotherapy
whilst androgen ablation therapy is the mainstay of treatment strategy once the

disease is locally advanced or has metastasized.

In elderly men with short life expectancy, ‘watchful waiting’ is an option when there is
low volume, moderately differentiated cancer, and other significant comorbidities.
Less than 0.5% of elderly men with small PCa would die of the disease, and 99.5%
will die from other unrelated causes (Ross, Jennings et al. 2003). Hence, deferred

treatment has been reserved for men with a life expectancy of less than 10 years,
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and low grade PCa (Gleason score 2 to 6) (Wein, Kavoussi et al. 2016). However,
this is not the case for younger men or where life expectancy is over 10 years, or
those with more advanced or aggressive disease. All PCa patients are at risk of
disease progression and approximately 25% to 50% of patients, depending on their
individual risk factors, will demonstrate objective evidence of tumour progression
within § years of active surveillance (Neulander, Duncan et al. 2000, Warlick, Allaf et
al. 2006, Duffield, Lee et al. 2009). In a study of 407 men (median age 65.7 years)
with T1c PCa, 59% remained on active surveillance, 25% underwent treatment, 16%
withdrew from the study, were lost to follow up, or died of other causes (Carter,

Kettermann et al. 2007).

Radical prostatectomy was the first treatment used for PCa and has been performed
for nearly 150 years (Wein, Kavoussi et al. 2016). To date, no treatment has
supplanted radical prostatectomy and it remains as the gold standard for curative
treatment of PCa. The surgical approach to radical prostatectomy can be by perineal
or retropubic approach and can be done as robot-assisted or laparoscopically.
Besides surgery and radiotherapy, newer modalities of treatment such as
cryoablation and (high intensity focussed ultrasound) have been described more
recently, but long term data on the success of these procedures are lacking (Wein,
Kavoussi et al. 2016). Hormonal therapy and chemotherapy are never curative, and
radiotherapy and other physical forms of energy have not been shown to eradicate
all cancer cells consistently (Wein, Kavoussi et al. 2016). More recently, Lutetium-
177 PSMA (prostate-specific membrane antigen) radioligand therapy has emerged

as one of the options for treatment of metastatic PCa (Fanti, Briganti et al. 2022).

In tumours that are not localized to the prostate, androgen ablation therapy aimed at
decreasing the level of circulating testosterone is the mainstay of treatment. This can
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be achieved surgically by bilateral orchiectomy, or pharmacologically by prescribing
anti-androgens (cyproterone acetate, flutamide, bicalutamide, nilutamide and
enzalutamide), LHRH inhibitors (diethylstilbesterol, leuprolide, goserelin, triptorelin,
histrelin, cetrorelix, abarelix and degarelix) or androgen synthesis inhibitors
(aminoglutethimide, ketoconazole and abiraterone). However, regardless of the
methods employed to reduce circulating androgen, the response to androgen
ablation therapy is always short lived; eventually, all patients relapse into HRPC.

Furthermore, HRPC also develops resistance to a wide variety of cytotoxic agents.

Approximately 20% to 30% of men with localized tumour present with high-risk
characteristics and a large percentage of men (approximately 1 in 5) have advanced
or disseminated disease at initial diagnosis (Cooperberg, Cowan et al. 2008). Life
expectancy from disseminated HRPC has not significantly improved by current

treatment modalities and resistance to chemotherapy is common.

The focus of this research, therefore, was to evaluate the role of adrenergic receptor
antagonists in PCa that would be of value in the management of advanced and
disseminated HRPC. Additionally, we also investigated the role of adrenergic

receptor antagonists in high grade cancer of the bladder.

1.2 Bladder Cancer

Bladder cancer (BCa) is the ninth most common cancer worldwide and accounted for
430,000 cases in 2012 (Malats and Real 2015, Halaseh, Halaseh et al. 2022, Lobo,
Afferi et al. 2022). In the same year in Europe, 118,000 new cases of BCa were
reported, which accounted for 52,000 deaths (Wong, Fung et al. 2018). Sixty three
percent of BCa occurred in developed countries with 55% of these case came from
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North America and Europe (Wein, Kavoussi et al. 2016). BCa is 3 to 4 times more
prevalent in men than women and are rare before the age of 40 years (Pelucchi,
Bosetti et al. 2006, Halaseh, Halaseh et al. 2022). Over 90% of cases are diagnosed
in individuals over 55 years (Cheluvappa, Smith et al. 2014) and the incidence peaks

in the seventh and eighth decades of life (Malats and Real 2015).

1.2.1 Histological types:

The predominant histological type of BCa is urothelial (transitional cell) carcinoma in
Western Europe and United States and accounts for 95% of all cases in white
populations and 85% in black American populations (Pelucchi, Bosetti et al. 2006,
Malats and Real 2015). In Africa, 60% to 90% are urothelial and 10 to 40% are
squamous cell BCa, the latter being more prevalent and secondary to
schistosomiasis (Schistosoma haematobium) infection (Mostafa, Sheweita et al.

1999, El-Sebaie, Zaghloul et al. 2005, Parkin 2008).

1.2.2 Risk factors:

BCa is caused by a genetic predisposition as well as external risk factors (Brownson,
Chang et al. 1987, Vineis, Martone et al. 1995, Chu, Wang et al. 2013). First degree
relatives of patients with BCa have a two-fold increased risk of developing urothelial
cancers (Wu, Ros et al. 2008). Genetic polymorphisms that increase susceptibility to
environmental toxins can also lead to development of BCa. N-acetyl transferase
detoxifies nitrosamines, which are known bladder carcinogens; slow acetylation
polymorphism of N-acetyl transferase 2 is associated with BCa and an odds ratio of
1.4 when compared to the fast polymorphism genotype (Lower, Nilsson et al. 2007).

Likewise, glutathione S-transferase conjugates arylamines and nitrosamines; null
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glutathione S-transferase 1 polymorphisms are associated with BCa with a relative

risk of 1.5 (Lower, Nilsson et al. 2007).

Among the various environmental carcinogens implicated in BCa, tobacco,
especially cigarette smoking, is the leading cause and accounts for 60% and 30% of
all urothelial cancers in males and females, respectively (Brownson, Chang et al.
1987, Vineis 1992, Burger, Catto et al. 2013, Scherr 2014). The relationship between
diet and BCa is less consistent. Nutrients and their metabolites are excreted in urine
which lead to prolonged contact with the bladder urothelium and can modulate the
risk of developing the disease. The ‘Bladder Cancer and Nutritional Determinants’
(BLEND) study was setup in 2016 to collect data from 11,261 BCa and 675,532 non-
BCa cases from 18 case control and 6 cohort studies worldwide to investigate the
association between individual food items, nutrients and dietary patterns and the risk

of developing BCa (Goossens, Isa et al. 2016).

Patients chronically infected with Schistosoma haematobium are at risk of squamous
cell carcinoma of the bladder. Human papilloma virus infection is associated with a
2.3 fold higher relative risk of developing BCa (Akhtar, Al-Shammari et al. 2018). A
recent meta-analysis of 18 case control and 3 cohort studies found that chronic
urinary tract infection is associated with a significant and independent higher risk of
developing BCa (Akhtar, Al-Shammairi et al. 2018). The chemotherapeutic agent
cyclophosphamide, besides causing chronic interstitial cystitis, also lead to

development of BCa (Murta-Nascimento, Schmitz-Drager et al. 2007).

1.2.3 Treatment options:

The most common presentation of BCa is painless gross haematuria which occurs in

85% of cases whilst microscopic haematuria occurs in almost all cases (Wein,
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Kavoussi et al. 2016). Evaluation is based on urine cytology, urinary tract imaging
and cystoscopy. Several urinary markers are being evaluated for diagnosis,
evaluation of grade of tumours as well as for surveillance (van Rhijn, van der Poel et
al. 2005, Zwarthoff 2008, de Bekker-Grob, van der Aa et al. 2009). Pathological
staging of urothelial cancer is based on the TNM grading system and the presence
or absence of detrusor muscle invasion is an important factor in treatment planning.
Radical cystectomy with bilateral pelvic node dissection is the gold standard
treatment for patients with muscle invasive disease at diagnosis and within the
clinical staging T2-T4a, NO, MO (Wein, Kavoussi et al. 2016). Neoadjuvant cisplatin-
based chemotherapy is advocated as 50% of muscle-invasive BCa treated with
cystectomy alone will progress to metastatic disease (Ghoneim and Abol-Enein
2008). In patients with metastatic disease, cisplatin-based combination
chemotherapy is the standard of care though prognosis remains poor with median
survival of 14 months and overall 5-year survival rates of 5% to 20% (Wein,

Kavoussi et al. 2016).

1.3 Adrenergic Receptors

Adrenergic receptors are among the best characterized G-protein coupled receptor
(GPCR) superfamily. GPCRs, also known as hepta-helical receptors, 7-
transmembrane receptors or serpentine receptors, are a class of receptors that
signal through the Gg11 signalling pathway (Chen and Minneman 2005). GPCRs are
known to have 4 distinct signalling roles: (a) direct ligand-GPCR signalling, (b) signal
regulation by receptor trafficking, (3) altering receptor pharmacology and function by
associating with GPCR proteins, and (4) acting as a scaffold to physically link with
other receptors and in turn modulate the functions via the latter (Hall and Lefkowitz

2002).
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1.3.1 Adrenergic receptor subtypes:

There are 9 subtypes of adrenergic receptors: alpha-1A, alpha-1B, alpha-1D, alpha-
2A, alpha-2B, alpha-2C, beta-1, beta-2, and beta-3 (Docherty 1998). This
classification is based on the use of recent molecular biological techniques and takes
into account the receptor structure, pharmacology, and second messengers involved
in signalling pathways (Schwinn and Roehrborn 2008). A distinct phenotype of the
alpha-1A receptors was described as alpha-1AL due to their low affinity for prazosin;
however, these are no longer classed as a distinct subtype and are classified under
the alpha-1A subtype (Hennenberg, Stief et al. 2014). Similarly, alpha-1C were
initially considered to be a distinct subtype (Tseng-Crank, Kost et al. 1995) but were

later found to be identical to the alpha-1A receptor (Perez, Piascik et al. 1994).

1.3.2 Anatomical distribution of adrenergic receptors:

It has been shown that there is wide variability in the differences in expression of the
adrenergic receptors between individual species as well the type of tissue. Human
liver expresses the highest levels of alpha-1A subtype, whilst the alpha-1B subtype
is most expressed in spleen and kidney, and the alpha-1D subtype is most

expressed in the cerebral cortex and aorta (Schwinn and Roehrborn 2008).

In the prostate, alpha-1A receptors are the predominant subtype in prostatic stromal
tissue (Nishimune, Yoshiki et al. 2012). The ratios between the three subtypes are
altered in hyperplastic and non-hyperplastic prostatic tissue. The alpha-1A: alpha-
1B: alpha-1D ratio is 63:6:31 in non-hyperplastic prostate tissue and 85:1:14 in
hyperplastic prostates. This variation is thought to be due to an upregulation of the
alpha-1A subtype (Hennenberg, Stief et al. 2014). Furthermore, the location and the

relative ratios of receptor subtypes are also altered in PCa where there is higher

24



expression of alpha-1A subtypes within the epithelium as well as an increase in the
MmRNA (messenger RNA) levels of alpha-1B and alpha-1D subtypes (Tseng-Crank,
Kost et al. 1995). It is currently unknown if these alterations in expression and
localization of alpha-adrenergic receptors contribute to the development or

progression of PCa.

In the bladder detrusor, the predominant subtype of adrenergic receptors in the order

of abundance are beta > alpha 2 > alpha 1 (Goepel, Wittmann et al. 1997).

1.3.3 Cellular distribution of adrenergic receptors:

At the cellular level, adrenergic receptors have been traditionally classically
described as cell membrane receptors. However, all the alpha receptor subtypes
have been shown to take up antagonist ligand into intracellular compartments by
endocytosis (McGrath 2015). Single cell confocal microscopy studies using
BIODIPY-FL prazosin in live, single, human vascular smooth muscle cells have
shown that 40% of binding sites for the alpha-1 receptors were located intracellularly
(Mackenzie, Daly et al. 2000). Similarly, in prostatic smooth muscle cells 40% of
specific binding sites for alpha-1 adrenergic receptors were also located
intracellularly and particularly around the nucleus and around the Golgi apparatus
(McGrath, Mackenzie et al. 1999, Mackenzie, Daly et al. 2000). Moreover, it has
been shown that agonists or antagonists can enter the cells by diffusion or by their
lipophilicity and can bind to these intracellular receptors to transduce downstream
signalling (Mackenzie, Daly et al. 2000). Additionally, the intracellular alpha-1
adrenergic receptors have been shown to interact with a variety of intracellular
proteins and can also act as a scaffold, physically linking the receptor to other

effectors and modulate the functions of the latter (Hall and Lefkowitz 2002).
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In Vitro and animal studies have shown that chronic alpha-1 adrenergic receptor
stimulation secondary to increased catecholamine levels leads to increased prostatic
growth (McVary, Razzaq et al. 1994). Chronic activation of alpha-1A receptors
modulated calcium influx via diacylglycerol calcium permeable gating channels and
promoted proliferation of LNCaP cells (Thebault, Roudbaraki et al. 2003). Daily
subcutaneous administration of phenylephrine induced prostatic hyperplasia in adult
male C57/BL6 mice (Marinese, Patel et al. 2003) and Wistar mice (Golomb,

Kruglikova et al. 1998).

1.3.4 Adrenergic receptor signalling and cancer:

In humans such direct evidence between higher catecholamine levels leading to
chronic alpha-1A receptor stimulation and prostatic hyperplasia is lacking.
Nonetheless, epidemiological studies have pointed to a correlation between
incidence of BPE and hypertension leading to the increased annual rate of growth of
established BPE (Hammarsten and Hogstedt 1999). Furthermore, in patients with
spinal cord injuries with severe paralysis, it has been observed that the prostate
glands are relatively smaller (Frisbie, Kumar et al. 2006). Also the incidence of PCa
is lower in patients with spinal cord injury above the level of T10 vertebrae compared

to those with lesions below T10 (Vaidyanathan, Soni et al. 2009).

Beta adrenergic signalling is thought to be protective against human PCa by
inhibiting apoptosis in PCa cells (Sastry, Karpova et al. 2007, Sun, Bao et al. 2013),
which has been found to play a key role in the aetiology of several cancers (Cole and
Sood 2012, Tang, Li et al. 2013, Wang, Li et al. 2015). However, a similar role of
alpha-adrenergic receptor signalling in the pathogenesis of cancer in humans is

lacking and the available data is limited to a few In Vivo studies (Poulet, Berardi et al.
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2004, Bruner, Novilla et al. 2009). Alpha adrenergic signalling has been implicated in
the development of benign and malignant hibernomas in Sprague-Dawley rats
(Bruner, Novilla et al. 2009). Also, long-term oral administration of phentolamine
(alpha adrenergic agonist) resulted in development of hibernomas in a dose-
dependent fashion in approximately 5% of male Sprague-Dawley rats while the
incidence was less than 0.5% in females (Poulet, Berardi et al. 2004). The role of
alpha adrenergic receptor antagonist in the inhibition of cell growth was reported in

1994 (Patane 2015).

Currently, there is an increasing body of evidence that alpha-1A adrenergic receptor
antagonists inhibit the growth of several types of cancer, including PCa and BCa.
Conversely, these actions are independent of their ability to bind with the alpha-1A

receptors and dependent on the quinazoline-based structure of the antagonists.

1.3.5 Alpha-1A adrenergic receptor antagonists:

Alpha-1 adrenergic receptors antagonists or alpha-1 blockers are compounds that
possess a high affinity to bind to the alpha-1 receptors and block the downstream
signal pathway. This binding can be selective to alpha-1A, 1B or 1D receptor or non-
selective. The earlier developed alpha-1antagonists were non-selective and were
derived from a quinazoline-based structure while the more recent selective alpha-1A
antagonists are compounds with a sulphonamide-based structure. The quinazoline-
based adrenoceptor antagonists, namely doxazosin, prazosin and terazosin exhibit
antineoplastic activity; in contrast, none of the sulphonamide-based antagonist drugs

exhibit such cytotoxic effects.

The early concepts for the management of BPE were derived from endocrine

treatments using drugs such as finasteride that acted on the static component of
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BPE through a reduction in volume, whilst the alpha-1 antagonists exerted its effect
on the dynamic component of BPE by inducing a relaxation of smooth muscle cells.
However, this concept was soon challenged and it was suggested that alpha-1
antagonists additionally affect the natural history of BPE progression through its
ability to induce apoptosis of prostatic tissue, (Kyprianou, Litvak et al. 1998, Chon,
Borkowski et al. 1999, Michel, Schafers et al. 2000). Kyprianou et al, biopsied the
prostates of 22 men with BPE before treatment with doxazosin and after 3 months
treatment, and found that the mean apoptotic indices were significantly increased
after 3 months of post-treatment with evidence of smooth muscle cell apoptosis,
prostatic stromal degeneration, and decreased alpha-smooth muscle actin

expression (Kyprianou, Litvak et al. 1998).

Keledjian et al, compared the histology from prostate glands from 34 men treated
with terazosin for BPE undergoing surgery for concomitant PCa with that of 25
untreated patients with PCa. The results clearly showed that there was significant
induction of apoptosis in cancerous prostatic glands in the terazosin treated group as
compared to the untreated group, together with a significant reduction in the

microvessel density in the terazosin treated group (Keledjian, Borkowski et al. 2001).

In a retrospective epidemiological analysis of medical records of 27,138 males, it
was found that the cumulative incidence of developing BCa in those who were
prescribed alpha-1 antagonists (doxazosin or terazosin) for either BPE or
hypertension was 0.24% as compared to 0.42% in the untreated group (Martin,
Harris et al. 2008). This data indicated that there were 1.8 few cases of BCa per
1000 men treated with alpha-1 antagonists. The study concluded that men treated
with alpha adrenoceptor antagonists have a 43% lower attributable relative risk of
developing than untreated men (p=0.083) (Martin, Harris et al. 2008). In a similar
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study by the same research group using the same cohort of patients in relation to the
development of PCa, it was found that the cumulative incidence of developing the
disease was less in those who were prescribed alpha-1 antagonists (doxazosin or
terazosin) for BPE or hypertension. In the treated group this was 1.65% as
compared to 2.41% in the untreated group (Harris, Warner et al. 2007). There were
7.6 fewer cases of PCa per 1000 men treated with alpha-1 antagonists and they had
a 31.7% lower attributable relative risk of developing the disease than untreated men

(Harris, Warner et al. 2007).

More recently, the incidence of PCa in patients treated with the quinazoline-based
alpha-1 antagonist, naftopidil was compared to those treated with tamsulosin. It was
found that naftopidil preferentially induced apoptosis of PCa cells as compared to
non-cancerous cells whilst tamsulosin showed no effect on either cell type (Yamada,
Nishimatsu et al. 2013).These retrospective data suggests that quinazoline-based
alpha-1 receptor antagonists may play an important role in preventing the
development of PCa and BCa; moreover, they may preferentially induce apoptosis of

cancerous cells in patients with established PCa.

1.3.5.1 Doxazosin:

Doxazosin is a small water-soluble molecule (Molecular Weight, 451.483 g/M)
belonging to the class of organic compounds known as n-aryl piperazines and it
contains a piperazine ring where the nitrogen ring atom carries an aryl group. Its
designated IUPAC (International Union of Pure and Applied Chemistry) name is [4-
(4-amino-6,7-dimethoxyquinazolin-2-yl) piperazin-1-yl] -(2,3-dihydro-1,4-benzodioxin-

3-yl) methanone.
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Following the oral administration of doxazosin, about 60% is absorbed in the gut and
in the circulatory system and is 98% protein bound, with a half-life of 18.6 to 20.5
hours (Kaye, Cussans et al. 1986). It is primarily metabolized in the liver and this is
mainly by o-methylation and hydroxylation (Fulton, Wagstaff et al. 1995). About 5%
of the drug is excreted unchanged in faeces and 9% of the radioactive dose can be

recovered from urine (Kaye, Cussans et al. 1986, Fulton, Wagstaff et al. 1995).

The most common clinical indications for doxazosin were for the treatment of
hypertension and BPE; however, it is no longer used as the first line management of
either clinical condition in the UK. Other uncommon indications for which doxazosin
have been tested in clinical trials include management of: pheochromocytoma (van
der Zee and de Boer 2014), stress-induced smoking (Verplaetse, Weinberger et al.
2017), post-traumatic stress disorder (Rodgman, Verrico et al. 2016), cocaine abuse
and dependence (Newton, De La Garza et al. 2012), alcoholism (Leggio and Kenna
2013), methamphetamine dependence (Munzar and Goldberg 1999), ureteric stones
and symptomatic relief of lower urinary tract symptoms (Belayneh and Korownyk

2016).

More recently, doxazosin has been found to have antineoplastic activity against
several types of cancers both In Vitro and In Vivo (Batty, Pugh et al. 2016). Its anti-
neoplastic actions are dependent on its quinazoline structure but independent of its
activity on the alpha receptor and several mechanisms have been proposed to
account for this action. Moreover, normal human prostate epithelial cells exhibited
very low sensitivity to its antineoplastic actions of doxazosin (Benning and Kyprianou
2002). These factors have made it an attractive candidate for the treatment of PCa

and other cancers (Tahmatzopoulos, Rowland et al. 2004).
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Despite extensive investigations, the exact molecular and cell signalling mechanisms
of doxazosin (and other piperazinyl quinazoline alpha receptors antagonists) remains
elusive. This has, in part, been compounded by the findings that in addition to its
alpha-1 antagonist activity, doxazosin can act as a human early growth response
(HEGR) ligand, (Bilbro, Mart et al. 2013) epidermal growth factor (EGF) receptor
inhibitor (Hui, Fernando et al. 2008), vascular endothelial growth factor (VEGF)
mediated angiogenic antagonist (Park, Kim et al. 2014), fibroblast growth factor
(FGF) receptor-2 antagonist (Ballou, Cross et al. 2000), and tyrosine kinase receptor
agonist (Keledjian, Garrison et al. 2005, Petty, Myshkin et al. 2012). Not surprisingly,
doxazosin modulates several signalling pathways (Walden, Globina et al. 2004,
Garrison and Kyprianou 2006, Park, Kim et al. 2014, Batty, Pugh et al. 2016).
Doxazosin acts on the extrinsic apoptotic pathway via the death receptor and
induces tumour growth factor receptor (TGF) beta 1 and tumour necrosis factor
(TNF) alpha leading to adaptor protein complex formation, caspase-3 and caspase-8
activation, which in turn led to Fas associated protein with death domain (FADD)
dependent apoptosis in the PCa cell lines PC-3 and BPH-1(Garrison and Kyprianou
2006). On the other hand, doxazosin has been shown to mediate apoptosis through
the intrinsic pathway by release of calcium from endoplasmic reticulum (ER) leading
to mitochondrial release of cytochrome-c and caspase-9 activation (Batty, Pugh et al.
2016). Additionally, it can directly exert its action on DNA (deoxyribonucleic acid)
either by DNA fragmentation or by inhibiting topoisomerase 1 leading to DNA
damage, intercalation of DNA and cell death (Batty, Pugh et al. 2016). In addition to
these actions, doxazosin modulates phosphatidyl inositol 3-kinase/AK strain
transforming (PI3K/Akt) signalling pathways by inhibiting downstream VEGFR-2

(vascular endothelial growth factor-2), Akt, mTOR (mammalian target of rapamycin)
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signalling as well as reducing hypoxia inducible factor 1a (HIF) expression and
VEGF expression, and these have been postulated to explain its ability to inhibit
angiogenesis (Park, Kim et al. 2014). We were the first to report extensive
autophagy in PCa and BCa cell lines as well as in fibroblasts following exposure to

doxazosin (Pavithran and Thompson 2012, Pavithran, Shabbir et al. 2017).

1.3.5.2 Prazosin:

Prazosin is a synthetic piperazine derivative with a quinazoline based structure and
used in the management of hypertension and BPE. Its IUPAC name is [4-(4-amino-
6,7-dimethoxyquinazolin-2-yl) piperazine-1-yl] -(furan-2-yl) methanone. It has a

shorter half-life than doxazosin and primarily metabolized in the liver with 6-10% of

the oral dose excreted via urine.

Prazosin has been shown to induce cell death of PCa and BCa cells. Prazosin
inhibits endothelial growth factor receptor (EGFR) (Han, Bowen et al. 2008), acts as
an HEGR ligand (Alberti 2007), (Bilbro, Mart et al. 2013) and induces Cd1k
inactivation and G2 check point arrest (Patane 2015). Prazosin has been shown to
induce mitochondria mediated apoptosis via a p53 dependent mechanism
(Kyprianou and Jacobs 2000) and also have been shown to induce autophagy
(Pavithran and Thompson 2012, Forbes, Anoopkumar-Dukie et al. 2016, Pavithran,
Shabbir et al. 2017). Nonetheless, the exact mechanisms that mediate prazosin

induced cell death of PCa and BCa cells remains unclear.

1.3.5.3 Terazosin:

Terazosin is an alpha adrenoceptor antagonist with a quinazoline-based structure
like that of doxazosin and prazosin. Its IUPAC name is [4-(4-amino-6,7-

dimethoxyquinazolin-2-yl) piperazin-1-yl] -(oxolan-2-yl) methanone and used as an

32



antihypertensive and in the management of BPE. It is well absorbed in the gut with
90% bioavailability, metabolized primarily in the liver, and approximately 20% is

excreted in faeces and 10% in urine.

Terazosin can act as an HEGR ligand but unlike doxazosin and prazosin it has not
been shown to have an inhibitor action on EGFR (Patane 2015). Terazosin induces
caspase-3-meidated apoptosis, causes cell cycle arrest in G1 phase in PCa and
BCa cells (Keledjian, Borkowski et al. 2001, Papadopoulos, Vlachodimitropoulos et
al. 2013). Additionally, terazosin has been shown to downregulate proteasomes
leading to accumulation of ubiquitinated proteins in PC-3 cells (Patane 2015).
Nonetheless, as with other quinazoline based adrenoceptor antagonists, the

underlying mechanism of terazosin induced cell death remains uncertain.

1.3.5.4 Naftopidil:

Naftopidil is an alpha-1 antagonist with a quinazoline based structure (Kanda, Ishii et
al. 2008). It has been shown to inhibit PCa growth by inducing G1 phase cell cycle
arrest in PC3 and LNCaP cell lines (Kanda, Ishii et al. 2008). More recently,
HUHS1015, an analogue of naftopidil has been shown to have antineoplastic action
against several human cancer cell lines (Nishizaki, Kanno et al. 2014). The exact
mechanisms have not fully been elucidated. Moreover, the cytotoxic actions of
naftopidil, terazosin, alfuzosin have been the least studied when compared to other

alpha receptor antagonists such as doxazosin and prazosin.

1.3.6 Sulphonamide-based adrenoceptor antagonists:

These include the selective alpha-1A antagonist tamsulosin and silodosin and have

a sulphonamide-based structure. Neither tamsulosin nor silodosin have been shown
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to induce cell death of PCa or BCa cells suggesting that the quinazoline-based

structure (and not the adrenergic activity) plays a key role in this activity.

Besides quinazoline structure based adrenergic receptor antagonists, several other
small molecules have been shown to induce apoptosis of PCa cells via a variety of
cellular signalling pathways. Below is a list of compounds that have been shown to
have an antiproliferative action on PCa and/or BCa cells (Table 1). A brief summary

of the mechanism of the action is also included in this table.
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Table 1: List of compounds shown to have antiproliferative effect in PCa and BCa
along with a brief description of the mechanism of action.

Drug Mechanism of action on PCa and/or BCa. Reference
Acacetin (flavonoid G1/Gamcell cycle arrest associated with decrease cyclin B1, (Singh,
compound) significant apoptosis induction, and dose-dependent inhibition of Agrawal et al.
DU145 and LNCaP cells. 2005)
Adenovirus p21 and p53 | Growth suppression of 148-1PA cells by cyclin dependent kinase (Eastham, Hall
(Ad5CMV-vector-p21 — | inhibition. It also reduced tumour volumes and improved survival in | et al. 1995)
and —p53) mice.
Anandamide Reduced EGFR levels in LNCaP, DU145 and PC3 cells by acting (Mimeault,

(endogenous lipid and
cannabinoid receptor
ligand)

through cannabinoid CB1 receptor subtype thereby reducing EGFR
stimulated growth, resulting in apoptosis and cytotoxic effects.

Pommery et al.
2003)

Arsenic trioxide

Growth inhibition and apoptosis of BIU-87 BCa cells and apoptosis

(Tong, Zeng et

by downregulating expression of bcl-2 gene and DNA synthesis. al. 2001)
Berberine (naturally G1phase arrest and caspase-3-dependent apoptosis of LNCaP, (Mantena,
occurring isoquinoline DU145 and PC3 cells. Sharma et al.
alkaloid) 2006)
12-methyltetradecanoic | Inhibited cell proliferation and caspase dependent apoptosis by (Yang, Collin et
acid (branched chain impairing eicosanoid metabolism through selective inhibition of 5- al. 2003)
fatty acid from sea lipoxygenase in PC3 cell line.
cucumber)
Carboxy amido-triazole Reduced cell viability and apoptosis by reduced bcl-2 protein (Perabo,
(transmembrane ca?* expression in transitional cell carcinoma (TCC) BCa cell lines, Wirger et al.
influx inhibitor) namely, RT1, RT112, T24 and SUP. 2004)
Cefazolin Dose-dependent cytotoxic action of BCa cells (HTB9, T24 and (Kamat and
(cephalosporin TccSuP lines In Vitro). Lamm 2004)
antibiotic)

Ciprofloxacin

S/Gawm cell cycle arrest, downregulation of cyclin B, cyclin E and

(Aranha, Wood

(fluoroquinolone cdk2 and apoptosis of bladder TCC cell line HTB9. et al. 2000,

antibiotic) Kamat and
Lamm 2004)

Curcumin (polyphenol Decreased growth of T24 and 5637 BCa cells and promoted (Shi, Zhang et

compound in turmeric) apoptosis by suppression of matrix metalloproteinase pathways. al. 2017)

Celecoxib and piroxicam | Induced apoptosis in HT1376 and RT4 cell lines. Also delayed (Pruthi,

(Cyclooxygenase: Cox-1 | progression of xenografts in athymic mice. Derksen et al.

and cox-2 inhibitors) 2003,
Mohammed,
Dhawan et al.
2006)

Decursin (coumarin G1 cell cycle arrest, cdk inhibition and apoptosis through caspase- (Yim, Singh et

compound in Korean dependent and independent pathways in LNCaP and DU145 cells. | al. 2005)

angelica roots)

Endothelin receptor Acts through multiple pathways with efficacy demonstrated /n Vitro | (Qi, Chen et al.

antagonist (zibotentan and In Vivo and tested clinically in humans. However, meta- 2015)

and atrasentan) analysis of 8 RCTs (6065 patients) have shown no proven benefit

of combining either drug (with docetaxel) in improving survival rates
or progression-free survival over that of docetaxel alone.
Equiguard (dietary Disrupting cell cycle control by downregulating retinoblastoma (Lu, Hsieh et
supplement from 9 protein Rb and cytochrome-c release to induce apoptosis in LNCaP | al. 2004)

Chinese herbs)

cells.

Epigallocatechin gallate
catechin compound in
green tea)

Reduced growth of PC-3 via MEK dependent ERK-1/2 activation in
PC3 cells. Alters genes involved in transcription, RNA processing,
protein folding, phosphorylation, protein degradation and ion
transport in DU145.

(Kobalka, Keck
et al. 2015)

35




Drug

Mechanism of action on PCa and/or BCa.

Reference

Essiac® (extract made

Decreased proliferation of LNCaP and CHO cells and immunogenic

(Ottenweller,

from 4 herbs) response to antigenic stimulation in spleen cells isolated from mice. | Putt et al.
2004)
Flavopiridol (G2/M cell Growth inhibition and apoptosis byG2/M cell cycle arrest in RT4, (Chien,

cycle inhibitor)

UMUC-3 and 5637 bladder cell lines, and HUC-E6, HUC-E7
human urothelial cell lines as well as synergistic effect in
doxorubicin resistant cell lines from RT4 and 5637.

Astumian et al.
1999)

Genistein (isoflavone
present in soy products)

G cell cycle arrest and reduced proliferation in lower doses, and
apoptosis in higher doses in LNCaP cells.

(Shen, Klein et
al. 2000)

Bee honey

Inhibited proliferation by reduction in S-phase of cell cycle and
apoptosis of T24, RT4, 253J and MBT-2 BCa cell lines. In Vitro, it
inhibited growth of subcutaneously implanted BCa in mice.

(Swellam,
Miyanaga et al.
2003)

Hypericum perforatum Anti-proliferative action by serotonin (5HT) uptake inhibition In Vitro | (Martarelli,
(methanolic plant and in mice models. Martarelli et al.
extract) 2004)
HUHS1015 (naftopidil Growth inhibition, caspase-dependent apoptosis, and necrosis of (Nishizaki,
analogue) PCa cell lines (DU145, LNCaP and PC3) and BCa cell lines (MKN- | Kanno et al.
28 and MKN-45). 2014, Zhan,
Zhang et al.
2022)
Imatinib (tyrosine kinase | Antiproliferative to PC-3, DU145 and LNCaP cell lines by inhibiting | (Kubler, van
inhibitor) PDGF-r and interrupting PDGF signalling pathway; additive effects | Randenborgh
with estramustine phosphate or 4-hydroxyperoxy- et al. 2005,

cyclophosphamide. However, clinical Phase Il trials combining
imatinib with docetaxel for head and neck squamous cell cancers
closed due to lack of efficacy and potential antagonistic effect.

Tsao, Liu et al.
2011)

Indole-3-carbinol G1 phase cell cycle arrest, Bcl-2 downregulation, and apoptosis in (Chinni, Li et al.
PC3 cell lines. 2001)
G1 phase cell cycle arrest, Bcl-2 downregulation, inhibition of Akt (Agarwal,
Inositol phosphorylation and apoptosis in LNCaP cells. Dhanalakshmi
hexaphosphatase et al. 2004)
Levamisole Biological response modulator. Inhibits growth of MBT-2 cells but (Morales and
was not superior to BCG in efficacy. Prevented recurrence in 4 out | Pang 1986,
of 10 patients with recurrent superficial BCa. Zlotta and
Schulman
2000)
Liver x receptor agonist- | Growth inhibition by shortened S-phase of cell cycle associated (Fukuchi,
T0901317 with an increase in cdk inhibitors. Inhibited growth of LNCaP Kokontis et al.
(transcriptional regulator | xenografts in athymic nude mice. 2004, Chuu,
for lipid homeostasis) Hiipakka et al.
2006)
Lipoxygenase (Lox) Baicalein (12-Lox inhibitor) induced apoptosis of MBT-2 cells in (Ikemoto,

inhibitors — NDGA,
AA861, baicalein

dose dependent manner, and to a lesser extent by AA81 (5-Lox
inhibitor). Also, AA861 inhibits growth of 5-Lox expressing bladder
cell lines (BOY, T24, HT1376 and ScaBeR).

Sugimura et al.
2004, Hayashi,
Nishiyama et
al. 2006)

Nitrofurantoin

Shown to have a dose-dependent cytotoxic action of BCa cells.
Contrarily, other reports based on carcinogenesis studies in rats
have suggested it as a potential carcinogen in BCa.

(Bulbul, Chin et
al. 1985,
Hasegawa,
Murasaki et al.
1990, Kamat
and Lamm
2004)
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Drug

Mechanism of action on PCa and/or BCa.

Reference

Nitroxide tempo
(nitroxide-based free
radical)

Inhibition of cell growth, G2/M cell cycle arrest, decreased S-phase,
and caspase mediated apoptosis in LNCaP, PC3 and DU145 cells
and reduced growth in LNCaP tumour bearing mice. Additive
effects with doxorubicin and mitoxantrone.

(Suy, Mitchell
et al. 2005)

NSAID (lbuprofen and

Inhibited survival of T24 BCa cells by induced expression of

(Khwaija, Allen

R-flurbiprofen) p75NTR tumour suppressor protein. et al. 2004)
OK-432 (streptococcal Inhibited growth of T24 and KK-47 cell lines and potent inducer of (Zlotta and
preparation) IL-2 in In Vitro models, therefore, acting as an immune modulating | Schulman
agent. 2000)
Oleic acid Inhibits DNA synthesis and induced apoptosis in TSU-Pr1 human (Oh, Lee et al.
BCa cell lines. 2003)
PC-SPES (small Inhibited growth of DU145, LNCaP and PC3 cell lines with G2/M (Kubota,
molecule) cell cycle arrest and reduced S-phase, downregulation of Bc/-2 and | Hisatake et al.
apoptosis. 2000)
Resveratrol Dose dependent inhibition of DU145 cells and caspase-dependent | (Kim, Rhee et
(polyphenolic compound | apoptotic cell death associated with Cdk inhibition and upregulation | al. 2003)
in grapes) of Bax proteins.
Retinoic acid receptor Inhibited growth of DU145, LNCaP and PC3 cell lines and was (Keedwell,
antagonist associated with G1 cell cycle arrest, mitochondrial depolarization, Zhao et al.
(AGN194310) caspase dependent apoptosis. 2004)
5HT receptor 5HT1A and 5HT1B receptor antagonists induced cell cycle arrest (Siddiqui,
antagonists and apoptosis in PC3 and HT1376 cells In Vitro. Shabbir et al.
2005, Siddiqui,
Shabbir et al.
2006)
Silibinin and Silymarin Inhibited growth, induced G1 and G2-M cell cycle arrest and cell (Deep, Singh et
(polyphenolic flavonoids | death by apoptosis in PC3 cells. al. 2006)
in milk thistle)
Trimethoprim- Dose-dependent cytotoxic action on BCa cells (HTB9, T24 and (Kamat and
sulfamethoxazole TccSuP lines In Vitro). Lamm 2004)
(sulphonamide
antibiotic)
Vitamin D (calcitriol) Antiproliferative action of BCa cell lines 253J and T24 and cell (Konety,
death by apoptosis. In N-methyl nitrosourea induced BCa models Lavelle et al.
of mice, they resulted in fewer tumours of lower grade and 2001)

invasiveness.

1.4 Autophagy and Cancer

Dysregulated autophagy is emerging as a hallmark of malignancy (Leone and

Amaravadi 2013). Autophagy is an evolutionarily conserved process of degradation of

cytoplasm and organelles in the lysosomes for amino acid recycling and energy
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(Klionsky, Abeliovich et al. 2008). Autophagy serves as a survival strategy during
starvation and plays a pivotal role in energy homeostasis. It is also a critical component
of the cellular recycling mechanism and quality control of macromolecules and
intracellular organelles, with an important role in maintaining cellular fitness both in
healthy and stressful conditions. Interestingly, it has both pro- and anti-tumorigenic
roles and can crosstalk with apoptosis, and has a role in senescence; however,
autophagy can lead to cell death if the process is uncontrolled. Autophagy thus plays
a dual role in both cell survival and cell death (Klionsky, Abeliovich et al. 2008,

Klionsky, Abdalla et al. 2012, Zhang 2015).

One of the strategies that cancer cells utilize to ‘survive chemotherapy’ is to up-
regulate autophagy as a cytoprotective response. Recent clinical trials in PCa are
exploring, by inhibiting autophagy, the strategy of preventing a ‘survival response’ in
cancer cells following chemotherapy (Farrow, Yang et al. 2014) and is currently under
investigation by several groups (Ashrafizadeh, Paskeh et al. 2022). Furthermore, there
are several compounds with the potential to modulate autophagy in PCa (Loizzo,
Pandolfo et al. 2022). Over 60 compounds that have been associated with PCa cell

death and autophagy are listed below (Table 2).
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Table 2: List of compounds that can modulate autophagy in PCa, the mechanism of

action and their effect on survival.

Drug/ Reference Actions Effect on Mechanism Cell Line

experimental survival

condition

Neuregulin (Tal-Or, Di-Segni | Induce Cell death ErbB-2/ErbB-3, JNK (Jun-N- LNCaP
et al. 2003, incomplete terminal kinase) and Beclin 1
Schmukler, Shai autophagy activation
et al. 2012) Independent of mMTOR

MG132 (Yang, Monroe et | Autophagy, | Cell death Proteasome Inhibitor PC-3
al. 2006) Apoptosis

PDT (Xue, Chiu et al. Autophagy | Cell death Possible (reactive oxygen DU145
2007) species) ROS generation

CRAds (Ito, Aoki et al. Autophagy | Cell death Unknown PC-3
2006)

Sulforaphane (Herman- Autophagy | Cell death ROS generation PC-3,
Antosiewicz, LNCaP
Johnson et al.
2006, Xiao,
Powolny et al.
2009)

Everolimus + (Tai, Sun et al. Autophagy | Cell death Increased radiosensitivity PC-3,

radiation 2012) DU145

Everolimus + (Tai, Sun et al. Autophagy | Cell death Increased beclin-1, LC-3,

propachlor 2012) and autophagy-related gene (ATG)

(synergy) apoptosis ATGS and ATG12 expression

A23187, (Ding, Ni et al. Autophagy | Cell death Endoplasmic reticulum (ER) DU145

Tunicamycin, 2007) stress

thapsigargin and

brefeldin-A

Lysophosphatidic | (Chang, Liao et Inhibits Survival in Inhibit formation of PC-3

acid al. 2007) Autophagy | serum autophagosomes

deprivation

4 1BP (Megalizzi, Autophagy | Cell death Sigma 1 receptor antagonist PC-3
Mathieu et al. and
2007) apoptosis

Prenylflavonoids (Delmulle, Autophagy | Cell death Not specified PC-3,
Vanden Berghe et DU145
al. 2008)

Soraphen A (Beckers, Organe | Autophagy | Cell death Blocks fatty acid synthesis PC-3M
et al. 2007)

Androgen (Li, Jiang et al. Autophagy | Survival Several pathways (see below LNCaP

deprivation 2008) under section 1.4.2)

PDT + (Xue, Chiu et al. Autophagy | Cell death ER stress, non-specified DU145

photosensitiser 2008)

Pc4

Cysmethynil (Wang, Tan etal. | Autophagy | Cell death Decreased mTOR signalling PC-3
2008)

CCL2 (Roca, Varsos et Inhibits Survival PI13K/Akt/Survivin pathway PC-3,
al. 2008) autophagy involved DU145, C4-

2B
2-deoxy-D- (DiPaola, Autophagy | Cell death cdk4, cdk6 involved PC-3,
glucose Dvorzhinski et al. LNCaP

2008)
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Drug/ Reference Actions Effect on Mechanism Cell Line
experimental survival
condition
2-deoxyglucose (Stein, Lin et al. Autophagy | Cell Death Increased p62 (autophagic Phase Il
2010) resistance marker). trials
H40 (Long, Zhao et al. | Autophagy | Cell death Histone deacetylase inhibition. PC-3M
2009)
Arginine (Kim, Yang et al. Autophagy | Survival Arginine deprivation. CWR22Rv1
deiminase (ADI- 2009) PC-3,
PEG20) LNCaP
Trptorelix-1 (Kim, Bold et al. Autophagy | Growth GnRH-II antagonist; PC-3
2009) inhibition mitochondrial dysfunction and
ROS release.
Phenethyl (Bommareddy, Autophagy, | Cell death ATGS5 dependent process; PC-3,
isothiocyanate Hahm et al. 2009) | Apoptosis inhibition of oxidative LNCaP
phosphorylation and adenosine
triphosphate (ATP) depletion
leading to ROS production; over
expression of E cadherin in
TRAMP mouse model. TRAMP
Dimethyl oxalyl (Farrall and Autophagy | Survival Hypoxia mimetic; SIM2 PC-3AR+
glycine Whitelaw 2009) mediated repression of BNIP3 cells
gene expression by crosstalk
with HIF 1-alpha.
2,2'-dipyridyl (DP) | (Farrall and Autophagy | Survival Same as for dimethyl oxalyl PC-3 AR+
Whitelaw 2009) glycine. cells
Sphingosine 1- (Chang, Ho etal. | Autophagy | Cell death Inhibition of MTOR; SIP (5) PC-3
phosphate (SIP) 2009) activation.
Radiation (Rajecki, af Autophagy | Cell death Mre11 inhibition.
followed by Hallstrom et al.
oncolytic 2009)
adenovirus
Liquorice & (Yo, Shieh et al. Autophagy | Cell death Suppression of Bcl-2 LNCaP
licochalone-A 2009) expression, inhibition of mMTOR.
MYC expression (Balakumaran, Inhibit Survival Inhibit mTOR through over PreC
Porrello et al. Autophagy expression of 4EBP1 gene.
2009,
Balakumaran,
Herbert et al.
2010)
Penta galloyl (Hu, Chai et al. Autophagy | Cell death Inhibition of downstream targets | PC-3,
glucose 2009) of mTOR (S6K and 4EBP1); TRAMP-C2
increased Akt phosphorylation.
PPAR gamma (Jiang, Fernandez | Autophagy | Cell Death Dysregulation of cell cycle, and Prostatic
knock out et al. 2010, Jiang, metabolic signalling networks epithelium
Jerome et al. linked to peroxisomal and of PPAR
2010) lysosomal maturation, lipid gamma
oxidation and degradation. knock out
mice
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Drug/ Reference Actions Effect on Mechanism Cell Line
experimental survival
condition
Proteasome (Zhu, Dunner et Autophagy | Cell death Upregulation of ATG5 and ATG7 | PCa
inhibitors al. 2010) genes; activates autophagy
through a phospho-elF2alpha-
dependent mechanism to
eliminate protein aggregates
and alleviate proteotoxic stress.
Atorvastatin (Parikh, Childress | Autophagy | Cell death in | Inhibition of geranylgeranyl PC-3,
etal. 2010) in PC-3 PC3 biosynthesis; mediated by Erk RWPEA1,
cells and JNK pathways. LNCaP
Atorvastatin + (He, Mangala et Autophagy | Cell death Mediated through ATG7 and/or PC-3
radiation synergy | al. 2012) ATG12.
Glycogen (Yang, Takahashi | Autophagy/ | Cell death GSK-3-beta inhibition; increased | PCa
synthase kinase-3 | et al. 2010) necrosis Bif-dependent autophagy.
beta (GSK-3-
beta) inhibition
ABC294640 (Beljanski, Knaak | Autophagy | Cell death Sphingosine kinase 2 inhibitor. PC-3
et al. 2010)
Red-Br-nos (Bhutia, Dash et Autophagy | Cell death ROS release. PC-3
al. 2010, Karna,
Zughaier et al.
2010)
MDA-7/IL-24 (Bhutia, Das et al. | Autophagy/ | Survival Interaction with Beclin-1, ATG 5,
2011) Apoptosis and hVps34.
Sorafenib (Ullen, Farnebo et | Autophagy/ | Not specified | Not specified. PC-3,
al. 2010) Apoptosis DU145,
22Rv1
Fisetin (Suh, Afaq et al. Autophagy | Cell death Supress mTOR signalling. PC-3
2010)
Metformin + (Ben Sahra, Inhibits Augments Switch from autophagy to p53
2deoxyglucose Laurent et al. autophagy | cell death by | and AMPK dependent
2010, Ben Sahra, apoptosis apoptosis.
Tanti et al. 2010)
(-)-Gossypol (Lian, Karnak et Apoptosis/ | Cell death BH3 mimetic; inhibits Bcl-2; PCa
al. 2010, Lian, Wu | Autophagy modulates ATGS5; interrupts the xenografts
etal. 2011) interaction between beclin 1 and
Bcl-2/Bcl-xL at ER.
(-)- Gossypol + (Lian, Ni et al. Apoptosis/ | Cell death Mcl-1 inhibition and Bak DU-145;
Sorafenib 2012) Autophagy activation. PC-3
(synergy)
Apogossypolone (Zhang, Huang et | Autophagy | Cell death Not specified. PC-3,
al. 2010) LNCaP
BI-9C1 (Dash, Azab et al. | Autophagy | Cell death Targets Mcl-1; mda-7/IL-24- PCa
(sabutoclax) 2011) mediated toxicity. xenografts
Src family of (Wu, Chang et al. | Autophagy | Protects from | Inhibit PI3K1/Akt/mTOR PC-3
tyrosine kinase 2010, Kung 2011) apoptosis signalling pathway.
inhibitors, when given
e.g.: saracatinib alone.
Increased
cell death in
combination
with
autophagy
inhibitors
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Drug/ Reference Actions Effect on Mechanism Cell Line
experimental survival
condition
Irinotecan +/- (Tung, Wang et Apoptosis/ | Not specified | Topoisomerase 1 inhibitor in xenograft
cisplatin al. 2011) Autophagy small cell carcinoma of prostate
xenograft in NOD-SCID mice.
Sirt1 gene (Powell, Casimiro | Decreased | Survival and | Sirt1 repress androgen- Sirt1 (-/-)
homozygous etal. 2011) Autophagy | development | responsive gene expression and | mice
deletion of prostatic induce autophagy.
intraepithelial
neoplasia
Oridonin (Ye, Lietal. Autophagy | Cell death Not specified. PC-3 cells
2012)
YM155 (Wang, Chen et Autophagy | Not known Survivin suppressant. PC3
al. 2011) &
Apoptosis
Redox-active (Becker, Orlotti et | Autophagy | Not known Not known. PC-3
polymer capsules | al. 2011)
for small
interfering RNA
(siRNA) delivery
Curcumin (Teiten, Gaascht Autophagy | Decreased Activation of the Wnt/beta- PCa
etal. 2011) an AD PCa | proliferation catenin pathway.
but not in
Al cells
Zoledronic Acid (Lin, Lin et al. Autophagy | Cell death Not known. PC-3,
2011) DU145,
LNCaP,
CRW22Rv1
Di geranyl (Wasko, Autophagy Depletion of geranylgeranyl PC-3
bisphosphonate Dudakovic et al. diphosphate.
2011)
Androgen (Bennett, Fleming | Inhibit Survival Promote ER stability by LNCaP
receptor (AR) et al. 2010, serum upregulation of GrP78/BiP.
Bennett, Stockley | deprivation
etal. 2013) autophagy
Gamma- (Jiang, Rao et al. | Apoptosis, Cell death Accumulation of sphingolipids. Xenografts
tocotrienol 2012) necrosis & in mice
Autophagy
Pancratistatin (Griffin, McNulty Apoptosis Cell death by | Accumulation of ROS species. DU145,
etal. 2011) & apoptosis LNCaP,
Autophagy Xenografts
Compound 22 (Lee, Hsu et al. Autophagy | Cell death Integrin-linked kinase inhibitor; PC-3; PC-3
2011) and dephosphorylation of Akt; xenografts
apoptosis suppressed expression of YB-1
and its targets HER2 and EGFR.
Celastrol (Wang, Feng et Paraptosis; | Cell death Influence on proteasome, PC-3
al. 2012) Autophagy; mitogen activated protein kinase
Apoptosis and p38; ER stress, and Hsp90.
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Drug/experiment | Reference Effect Effect on Mechanism Cell Line
al condition. survival
Ursolic acid (Shin, Kim et al. Autophagy | Cell death Not specified. PCa
2012)
Geraniol (Kim, Park et al. Apoptosis Cell death Inhibited Akt, activated AMP- PC-3
2012) and activated protein kinase
autophagy (AMPK); mTOR inhibition.
Ascorbate (Chen, Yu et al. Autophagy | Cell death H202 production; ATP PCa
2012) depletion.
Arsenic trioxide + | (Chiu, Chen et al. | Autophagy/ | Cell death ROS production; inhibition of PC-3,
radiation 2012) Apoptosis Akt/mTOR pathways. LNCaP
Chloroquine (Farrow, Yang et | Autophagy | Not Specified | Increased autophagic flux. PC-3
al. 2014, Xu,
Yang et al. 2022)
E1201 (Ibanez, Agliano Autophagy | Cell death inhibits the PI3K/Akt/mTOR PC-3
etal. 2012) pathway.
TDFP3 (Ren, Ma et al. Autophagy | Not known Not known. LNCaP
2012) and
apoptosis
PI3K inhibitor + (Fateye, Li et al. Autophagy | Cell death ROS generation. PCa
PDT 2012)
Nelfinavir (Guan, Fousek et | Autophagy | Survival from | SREBP-1 translocation to PC-3
al. 2012) Apoptosis apoptosis nucleus, ATF6-EGFP fusion.
Recombinant (Hsueh, Knebel et | Autophagy | Cell death Decreased phosphorylation of LNCaP;
human arginase al. 2012) 4E-BPI; arginosuccinate DU-145;
synthase deficiency. PC-3

1.4.1 Autophagic flux:

Autophagy is a dynamic process whereby double membraned vesicles
(autophagosome) sequester cargo (cytoplasm and organelles) for delivery to the
vacuole/lysosome for degradation and recycling (Klionsky, Abdalla et al. 2012,
Parzych and Klionsky 2014). The sequestration process begins within double
membrane structures called phagophores (in macro autophagy) - henceforth referred
to as autophagy (Klionsky, Abdalla et al. 2012, Parzych and Klionsky 2014). The entire
process of autophagy commencing from the delivery of cargo to lysosomes (by fusion

of latter with autophagosomes) and its subsequent breakdown leading to the release
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of macromolecules back into cytosol is referred to as autophagic flux (Klionsky,
Abdalla et al. 2012).

At least 30 autophagy related genes have been identified in yeast; in mammalian cells,
the complete molecular mechanisms for autophagy induction remains to be fully
understood (Chen, Liu et al. 2014).

1.4.2. Autophaqy and cancer:

There is a clear link between autophagy and cancer (Mathew, Karantza-Wadsworth
et al. 2007, Li, Han et al. 2011, Das, Shravage et al. 2012, Wu, Coffelt et al. 2012);
however, the intricate mechanism of how autophagy prevents or causes cancer
remains unclear (Reyjal, Cormier et al. 2014). Several alterations in autophagy
process have been observed in PCa, which is similar in many other cancers, however,
their implications to the disease development and progression remains to be fully
addressed (Wu, Coffelt et al. 2012). It has been suggested that the autophagic
response may be a survival strategy in conditions of androgen deprivation in PCa
(Bennett, Fleming et al. 2010, Bennett, Stockley et al. 2013, Boutin, Tajeddine et al.
2013). It is conceivable that, autophagy may be impaired in PCa due to either
activation of the PI3K/Akt/mTOR pathway or by allelic loss of Beclin 1, an essential
autophagy gene (DiPaola-11). In prostate, breast, ovarian and lung cancers, loss of
Beclin 1 or inhibition of Beclin 1 by the BCL-2 family of protein has been shown to
cause a defective autophagy process, increased DNA damage, metabolic stress and
genomic instability (Powell, Casimiro et al. 2011).

1.4.3 Androgens and autophagy:

The relationship between androgens and autophagy has been demonstrated at
various stages in the progression of PCa, from prostatic intraepithelial neoplasia (PIN)

to established cancer (Kim, Song et al. 2011, Powell, Casimiro et al. 2011). Genetic
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studies have revealed an association between the development of PIN and autophagy.
Homozygous deletion of Sirt1 (Sirt17-) in mice results in PIN and reduced autophagy
(Powell, Casimiro et al. 2011). Sirt1, belongs to the family of NAD* -dependent histone
deacetylase (HDAC) and is the ortholog of Sirf2 gene, an important regulator cell
growth and aging. Sirt1 inhibits androgen receptor (AR) signalling and apoptosis, while
promoting autophagy in mice prostate. The AR co-localizes with Sirt7 in the nuclear
compartment, where Sirt1 inhibits AR activity by binding to, and deacetylating the AR

(Powell, Casimiro et al. 2011).

AR expression and activity are crucial determinants of PCa onset and progression
(Powell, Casimiro et al. 2011). In early androgen-sensitive PCa, AR-mediated pro-
survival signalling plays a key role in prostate carcinogenesis enabling the cell to
survive in tumour microenvironments that are nutrient-poor, hypoxic, or acidified. AR
signalling prevents an autophagic response in such environments where cellular
stress and androgen deprivation leads to activation of autophagy. Following castration,
the epithelial cells of rat prostate gland exhibit increased autophagosomes
(Nikoletopoulou, Markaki et al. 2013, Feng, He et al. 2014, Parzych and Klionsky
2014). A combination of androgen deprivation and hypoxia resulted in autophagy via
AMP-activated protein kinase (AMPK) activation whereas neither condition alone was
sufficient to activate AMPK. Such activation of AMPK in conditions of combined
hypoxia and androgen deprivation was mediated by Beclin-1 (Powell, Casimiro et al.

2011).

LNCaP cells subjected to AR activation by mibolerone temporarily abrogated the
autophagic response to serum starvation. This attenuation of autophagic response to
starvation was not mediated by mTOR, and therefore the abrogation of autophagy by
AR signalling is not initiated by nutrient sensing. On the other hand, inhibition of pro-
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survival AR signalling (by androgen deprivation) leads to activation of autophagy as a
survival response. Androgen removal resulted in inhibition of mTOR, leading to
autophagy and growth arrest of LNCaP cells (Li, Jiang et al. 2008). Conversely,
androgen administration to LNCaP cells stimulated mTOR activity, and augmented the
expression of genes that were related to the transport of glucose and amino acids (Li,
Jiang et al. 2008). Suppression of autophagy by pharmacological inhibitors and Beclin-
1 siRNA in LNCaP cells resulted in an increased apoptosis of LNCaP cells to both
androgen deprivation and serum deprivation suggesting that autophagy served as

protective or survival mechanism in response to androgen deprivation.

In summary, the molecular pathways that mediate the relationship between androgen
and autophagy remain interdependent on several signalling networks and the precise
mechanisms are largely unknown. Current evidence suggests that androgens mediate
autophagy by pathways dependent on mTOR, and its downstream effector p70S6K
as well as through alternate pathways (independent of mMTOR) such as ER signalling
(Li, Jiang et al. 2008, Powell, Casimiro et al. 2011). An example of the latter is the AR
activation by mibolerone that was independent of mMTOR and instead modulated by
ER stress response pathways. Nonetheless, early androgen-dependent PCa exploits
the autophagic pathways to antagonize apoptosis during androgen ablation therapy,
at least temporarily. Such survival involves a myriad of networks of signalling events,

some of which may be influential in contributing to the development of HRPC itself.

1.4.4 PISK/Akt/mTOR survival pathway:

Growth factor mediated activation of the PISK-Akt-mTORC1 pathway suppresses
autophagy in healthy cells in nutrient replete conditions (Klionsky, Abdalla et al. 2012,

Feng, He et al. 2014, Parzych and Klionsky 2014). The PI3K-protein kinase B

46



(PKB)/Akt pathway plays a pivotal role in promoting normal cell growth and
proliferation. Constitutive activation of PI3K-PKB/Akt is implicated in several cancers
including prostate. Akt plays an important role in the progression of early PCa to
HRPC. Inhibition of Akt impairs the AR mediated pro-survival signalling, and the
progression to HRPC required an intact upstream PI3K signalling pathway.
Phosphatase and tensin homolog heterozygous mice (+/-) develop PIN with nearly
100% frequency, (Cao, Subhawong et al. 2006) and its inactivation has also been
found in a significant proportion of PCa (Klionsky, Abdalla et al. 2012). Conversely,
inactivation of this pathway downstream using mTORC1 using Rad001, a potent and
specific inhibitor of mMTORC1, had been unsuccessful in a clinical setting against
HRPC due to activation of compensatory signalling pathways that countered mTORC1
inhibition (Cao, Subhawong et al. 2006, Tai, Sun et al. 2012). Agents known to have
synergistic action with everolimus (Rad001) have therefore been investigated (Tai,
Sun et al. 2012). The mTOR inhibitor everolimus sensitized PC-3 cells to radiation,
and there was further sensitization using Z-VAD and Bax/BakSiRNA, which blocked
caspase-dependent apoptosis. The herbicide, propachlor (Lee, Hsu et al. 2011) was
also found to be synergistic with everolimus in PC-3 and C4-2 cells by inducing
autophagy and apoptosis — ATGS5, ATG12 and Beclin 1 were induced by this

combination (Tai, Sun et al. 2012).

1.4.5 Phenethyl isothiocyanate (PEITC):

PEITC is a naturally occurring isothiocyanate with known anticancer properties, while
having no cytotoxic action on the normal human prostate epithelial cell lines (PrEC).
In contrast, it induced predominantly autophagic cell death in PC-3 and LNCaP cells
by suppressing of Akt/ mTOR, which and this was regulated by ATG 5 protein (Xiao,
Powolny et al. 2010). Knockout of ATG5 abrogated the cytotoxic actions of PEITC, but
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the molecular mechanism connecting ATG5 and PEITC remains unclear
(Bommareddy, Hahm et al. 2009). In a separate study, PEITC was found to induce
autophagy and apoptosis in LNCaP and PC-3 cells (but not in PrEC) by ROS
production, suppression of complex Il (mitochondrial site of ROS production),
inhibition of oxidative phosphorylation, and ATP depletion. Whilst apoptosis was found
to be mediated by Bax activation leading to cytochrome-c release and caspase
activation, the mechanisms by which ROS regulated autophagy was independent of

catalase degradation remains unclear, at least in part (Xiao, Powolny et al. 2009).

1.4.6 ROS:

A number of structurally diverse substances like sulforaphane, (Herman-Antosiewicz,
Johnson et al. 2006) Red-Br-nos, (Karna, Zughaier et al. 2010, Pannu, Rida et al.
2012) trptorelix-1, (Kim, Yang et al. 2009) pancratistatin, (Griffin, McNulty et al. 2011)
and arsenic trioxide (Chiu, Chen et al. 2012) have been shown to modulate autophagy
in PCa via ROS production. The primary sources for mitochondrial ROS (mROS)
production are the mitochondrial respiratory chain complexes | and Ill. The released
mROS induce cellular stress and modulate cell signalling (Chen and Karantza-
Wadsworth 2009, Karna, Zughaier et al. 2010, Chhipa, Wu et al. 2011, Chae, Caino
et al. 2012, Farrow, Yang et al. 2014). Briefly, ROS production leads to a decrease in
mitochondrial membrane potential (MMP) and the release of cytochrome-c release
into the cytosol, which in turn activates caspase mediated apoptosis (Karna, Zughaier
et al. 2010). On the other hand, autophagosomes may sequester the mitochondria
that has been damaged by ROS and inhibit apoptosis by preventing the release of
cytochrome-c into the cytosol. Alternatively, cleavage of beclin-1 by activated caspase
can also promote autophagy. The molecular pathways that determine the pathway to
undergo apoptosis or autophagy, in response to ROS mediated signalling remains
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needs further clarity (Karna, Zughaier et al. 2010). Nevertheless, ROS is capable of
modulating autophagic and apoptotic pathways and can thus determine the fate of the

cell in response to chemotherapeutic agents (Janssen, Horn et al. 2009).

Retigeric acid B (RAB) is a naturally pentacyclic triterpenic acid isolated from the
fungus Lobaria retigera (Liu, Ji et al. 2013). In PC-3 and LNCaP cells, RAB induced
ROS production, was mitochondriotoxic as demonstrated by mitochondrial membrane
depolarization and the stimulation of mitophagy. RAB also inhibited the
PI3BK/Akt/mTOR pathway, which can also predispose to autophagy. However,
inhibition of autophagy by pre-treatment with 3-methyl adenine (3-MA) or chloroquine
potentiated RAB-induced cell death via apoptosis (Wang, Feng et al. 2012, Liu, Ji et

al. 2013).

Pancratistatin, a plant alkaloid can lead to an increased mROS production with
resultant loss of MMP selectively in PCa cell lines (DU-145 and LNCaP) but not in
normal human fibroblast cells. In LNCaP cells, the mode of cell death was primarily
apoptotic. In DU-145 cells both autophagic and apoptotic responses were observed
suggesting that ROS mediated autophagy by pancratistatin in DU-145 cells were

modulated through p-53 dependent pathways (Griffin, McNulty et al. 2011).

Red-Br-nos can also cause an increase in ROS generation, and mitochondrial
membrane disruption, inducing autophagy and caspase-dependent apoptosis in PC-
3 cells (Karna, Zughaier et al. 2010). Autophagy is an early and cytoprotective event
following ROS-mediated mitochondrial damage, and cells eventually undergo

apoptosis (Karna, Zughaier et al. 2010).

Trptorelix-1, a GHRH-II antagonist, increases mROS, decreased MMP and induced

autophagy In Vivo and In Vitro. These effects of trptorelix-1 were partially prevented
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by the antioxidant N-acetyl cysteine. Thus, trptorelix-1 directly induces mitochondrial
dysfunction and increased ROS production, leading to autophagy of PCa cells (Kim,
Yang et al. 2009).

Sulforaphane belongs to the isothiocyanate class of dietary chemopreventive agents
that are present in several edible cruciferous vegetables, which have been shown to
have a protective role in several cancers including PCa (Herman-Antosiewicz,
Johnson et al. 2006). Sulforaphane induce apoptosis in PC-3 cells by initiating
mitochondrial-mediated and non-mitochondrial mediated generation of ROS leading
to disruption of MMP and cytochrome-c release from mitochondria into the cytosol.
Sulforaphane also induces autophagy which serves as a survival response to inhibit
apoptosis induced cell death in PC-3 and LNCaP cells, by preventing sulforaphane-
induced cytosolic release of cytochrome-c due to sequestration of mitochondria in
autophagosomes (Herman-Antosiewicz, Johnson et al. 2006, Xiao, Powolny et al.

2009, Wiczk, Hofman et al. 2012, Vyas, Hahm et al. 2013).

1.4.7 Modulation of ER stability:

Accumulation of unfolded or misfolded proteins leads to ER stress, which in turn
induces autophagy to sequestrate and clear the misfolded proteins. ER stress
signalling results in the unfolded protein response, whose key regulator is glucose-
regulated protein 78/BiP (Grp78/BiP). This results in a global halt in translation and
reduction in the ER protein overload. AR activation of LNCaP cells by mibolerone in
serum starved conditions upregulated Grp78/BiP, independently of mTOR, to
temporarily abolish the autophagic response to serum starvation. Interestingly,
compounds that cause the accumulation of misfolded or unfolded proteins within ER

(tunicamycin - inhibits glycosylation; brefeldin A - inhibits transportation to Golgi
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complex; A23187 and thapsigargin disturbs the calcium homeostasis) improved
survival of androgen-independent DU-145 cells but not in non-transformed cell lines
(Ding, Ni et al. 2007). The molecular mechanisms that regulate autophagy in relation
to the level of ER stress remains to be fully understood. Transcription upregulation of
ATG such as ATG12 and ATG8 have been associated with ER stress (Ding, Ni et al.
2007, Janssen, Horn et al. 2009). Such upregulation of autophagy may be to mitigate
the ER stress to clear the ubiquitinated and unfolded proteins. In support of this,
deletion of ATG5 or ATG7 in mice, has led to accumulation of polyubiquitinated

proteins (Ding, Ni et al. 2007, Janssen, Horn et al. 2009).

1.4.8 Modulation of nutrient metabolism:

Autophagy is a survival response that allows the cells to degrade cytoplasmic
contents, which are recycled and used to generate energy during starvation. The
cancer cell metabolism differs from that of a normal cell, and this difference has been
exploited to selectively target cancer cells (Altman and Rathmell 2012). Several
metabolic manipulations have been used to induce or inhibit autophagy in PCa (Ben
Sahra, Laurent et al. 2010). These include: (a) inhibition of glycolysis (b) arginine
deprivation (c) inhibition of geranylgeranyl synthesis (d) inhibition of fatty acid
synthesis (Ben Sahra, Laurent et al. 2010, Altman and Rathmell 2012, Beauchamp

and Platanias 2013, Boya, Reggiori et al. 2013).

(a) Inhibition of glycolysis:

2-deoxyglucose (2DG) (Beljanski, Knaak et al. 2010), a prototypic glycolysis inhibitor,
caused dose-dependent death of the cells by modulation of check point proteins cdk4
and cdk6. This autophagic response was also mediated by Beclin 1 (Ben Sahra,

Laurent et al. 2010, Ben Sahra, Tanti et al. 2010). Quantification of Beclin 1 in PCa
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served as a predictive marker for the autophagic response to therapeutic starvation
with 2DG (DiPaola, Dvorzhinski et al. 2008). On the other hand, increased p62 levels
served as a marker for resistance to autophagy (Stein, Lin et al. 2010). Combining
metformin with 2DG was more cytotoxic than either drug alone, and metformin
inhibited 2DG-induced autophagy, decreased beclin 1 expression, and triggered a
switch from autophagy-mediated survival to apoptotic cell death. Thus, 2DG is capable
of inducing cell death directly by initiating uncontrolled autophagy, and also by
inhibiting survival-mediated autophagy when combined with other potent apoptosis-
inducing agents to enhance the cytotoxic potential of the latter (DiPaola, Dvorzhinski

et al. 2008).

(b) Arginine deprivation:

Pegylated arginine deaminase (ADI-PEG20) induces depletion of arginine and its
efficacy can be correlated to resultant deficiency of argininosuccinate synthetase (Kim,
Bold et al. 2009, Kim, Coates et al. 2009, Hsueh, Knebel et al. 2012, Changou, Chen
et al. 2014). This rate limiting enzyme for arginine synthesis has been found to be
lacking in human PCa tissues. PCa cell lines such as CWR22Rv1 lack the enzyme,
while PC-3 has reduced levels and LNCaP cells highly express the enzyme (Kim, Bold
et al. 2009). ADI-PEG20 treatment of CWR22Rv1 cells led to the early induction of
autophagy (1-4 h post treatment). Inhibition of autophagy by chloroquine or beclin 1
siRNA led to accelerated cell death by non-canonical, caspase-independent
apoptosis, whereas LNCaP cells were resistant to both ADI-PEG20 and autophagic
inhibition (Kim, Bold et al. 2009, Kim, Coates et al. 2009). Decreased phosphorylation
of 4E-BP1, which is the downstream effector of mTOR, was observed in DU-145 and
PC-3 following treatment of DU-145, PC-3, and LNCaP cells to recombinant human
arginine (Balakumaran, Porrello et al. 2009, Hsueh, Knebel et al. 2012). Moreover,
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combining arginine deaminase with docetaxel, a caspase-dependent
chemotherapeutic agent, was shown to decrease tumour growth /n Vivo (Kim, Coates
et al. 2009). This shows that arginine deprivation can modulate autophagy and cause
caspase-independent cell death. This effect of arginine deprivation is executed via
multiple cell death pathways when combined with traditional caspase-dependent
chemotherapeutic agents (Kim, Bold et al. 2009, Kim, Coates et al. 2009, Hsueh,

Knebel et al. 2012, Changou, Chen et al. 2014).

(c) Inhibition of geranylgeranyl biosynthesis:

Epidemiological studies have shown that statins (cholesterol lowering drugs) decrease
the incidence of advanced PCa thereby protecting against tumour progression (Parikh,
Childress et al. 2010, Toepfer, Childress et al. 2011, He, Mangala et al. 2012, Peng,
Li et al. 2013, Zhang, Yang et al. 2013, Babcook, Sramkoski et al. 2014). A high fat
diet, which elicits the opposite clinical effect of statin treatment, correlates with a higher
incidence of PCa (Parikh, Childress et al. 2010, Zhang, Yang et al. 2013). In Vitro
studies have shown that statins caused autophagic cell death by inhibiting
geranylgeranyl biosynthesis in HRPC cell lines (PC-3), but this was less pronounced
in androgen-sensitive (LNCaP) cells and absent in the normal prostate cell line
(RWPE1) (Toepfer, Childress et al. 2011, Wasko, Dudakovic et al. 2011). The
combination of statins with radiation, resulted in a synergistic cytotoxic effect (He,

Mangala et al. 2012).

Malonyl coenzyme A (Co-A), an intermediate metabolite of fatty acid synthesis and
negative regulator of fatty acid oxidation, is formed by carboxylation of acetyl Co-A by
the enzyme acetyl Co-A carboxylase (Beckers, Organe et al. 2007). Inhibition of acetyl

Co-A carboxylase using soraphen A, had no cytotoxic effects on pre-malignant BPH-
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1 cells (Beckers, Organe et al. 2007). However, soraphen A, at nano molar
concentrations, inhibited cancer cell proliferation and resulted in cellular death of
LNCaP and PC-3M-luc-C6 cells by blocking lipogenesis and enhancing fatty acid
oxidation (Beckers, Organe et al. 2007). Increased lipogenesis is a feature of PCa
cells, and these data suggest that such an acceleration of lipogenesis is dependent
on acetyl Co-A carboxylase activity in PCa (Kaini, Sillerud et al. 2012, Knaevelsrud
and Simonsen 2012). Soraphen A induced inhibition of acetyl Co-A carboxylase
resulted in cell death by apoptosis in LNCaP cells whereas the PC-3M-luc-C6
underwent autophagic cell death. The difference in the mode of cell death in response
to inhibition of lipogenesis between these two cell lines is intriguing and remains

unclear (Wu, Coffelt et al. 2012).

1.4.9 Genetic manipulation:

HDAC inhibitors: HDAC inhibitors are target anticancer agents that have shown
promising results (Long, Zhao et al. 2009). They induce histone H3 hyperacetylation,
which correlates with their ability to inhibit cancer cell proliferation, induce cell
differentiation and cell cycle blockade (Shubassi, Robert et al. 2012). Three
structurally unrelated HDAC inhibitors (trichostatin A, FR901228, and sodium
butyrate) induced apoptotic cell death in LNCaP and DU-145 cells but PC-3 cells were
largely resistant to all the 3 inhibitors (Long, Zhao et al. 2009). In a separate study that
used two other HDAC inhibitors H40 and SAHA on several cancer cell lines,
cytotoxicity in the PCa cell line (PC-3M) and promyelocytic leukaemia cell line (HL-60)
was found to be mediated by autophagy instead of apoptosis; the molecular
mechanisms underlying the switch towards autophagic cell death in selective cell lines
remains poorly understood (Powell, Casimiro et al. 2011, Klionsky, Abdalla et al.
2012).
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1.4.10 Modulation by external radiation:

Radiotherapy has an important role in the treatment of early and inoperable locally
advanced PCa (Gillmore, Laurence et al. 2010). Induction of autophagy by mTOR
inhibition increased the susceptibility of PCa to irradiation (Hsueh, Knebel et al.
2012). In a separate study, the mTOR inhibitor everolimus sensitized PC-3 cells to
radiation, with further sensitization by the addition of blocking caspase-dependent
apoptosis using Z-VAD and Bax/BakSiRNA. Moreover, Z-VAD, independently
induced radio sensitization through promotion of autophagy (Cao, Subhawong et al.
2006). As mentioned previously, statins when combined with radiation produced a
synergistic response (He, Mangala et al. 2012). These findings suggest that
radiotherapy induces the cell death by both autophagy and apoptosis in PCa cells
when combined with other agents and the mode of cell death is dependent on the

agent in context.

1.4.11 Proteasome inhibitors:

MG 132: MG 132 (carbo-benzoxy-L-leucyl-L-leucyl-L-leucinal) is a potent proteasome
inhibitor (Yang, Monroe et al. 2006). Gene profile expression of MG 132- treated PC-
3 cells activated multiple signalling pathways notably heat shock proteins and
ubiquitination proteins. Additionally, there was increased expression of ATG12, ATG7
and ATGS as well as pro-apoptotic genes. Conceivably, cells treated with MG132
demonstrated both apoptosis and autophagy, and it remains inconclusive if cell death

was ‘induced by autophagy’ or ‘associated with autophagy’ (Yang, Monroe et al. 2006).
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1.4.12 Modulation of growth factor signalling:

Neuregulin: Neuregulins are polypeptide growth factors from the EGF family
(Montero, Rodriguez-Barrueco et al. 2008). Potential mechanisms of actions by
neuregulin involves modulation of the JNK mediated signalling by increased JNK
phosphorylation, and also the inhibition of interactions between beclin-1and Bcl-2,
ROS, and PI3K pathways (Tal-Or, Di-Segni et al. 2003, Soler, Mancini et al. 2009,
Schmukler, Shai et al. 2012). Cell death associated with neuregulin induced
autophagy was inhibited by SP600125 (JNK inhibitor), Bcl-2 over-expression, Beclin-
1 silencing, 3-MA, and N-acetyl cysteine (Schmukler, Shai et al. 2012). The broad-
spectrum caspase inhibitor [Z-VAD-FMK] did not inhibit neuregulin-associated cell

death (Tal-Or, Di-Segni et al. 2003).

It is abundantly clear that several mechanisms are involved in inducing autophagy in
PCa. However, the potential outcome of the autophagy process may vary depending
on the specific conditions under which the process is activated, even when using the
same drug but under a different experimental condition. The aim of the current study
is aimed to identify the mechanism(s) through which alpha adrenergic receptor
antagonists with quinazoline structure-based compounds induce cell death with a
predominantly autophagic picture using well established commercial cell lines of PCa
and BCa. Doxazosin is used as the primary prototype drug for these experiments and

is also supplemented using prazosin.

1.5 Endocytosis and PCa

Endocytosis was first discovered by llya Metchnikoff in the late 19" century (Schmid,

Sorkin et al. 2014). It is the process by which plasma membrane vesicles move
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inwardly from the cell surface into the interior of the cell; the opposite process is termed

exocytosis.

The three main pathways of endocytosis are clathrin-dependent endocytosis and
clathrin-independent endocytosis and dynamin-dependent endocytosis (lvanov 2008).
The former is characterized by the formation of clathrin coated vesicles on the
cytoplasmic side of cell membrane, whilst in the latter, dynamin acts as a critical
regulator of vesicle separation. In general, clathrin dependent pathways of
internalization mediates recycling whilst clathrin independent pathways mediate

degradation of receptors (Le Roy and Wrana 2005).

Clathrin independent pathways involve several internalization pathways amongst
which the most important is the lipid raft or caveolae mediated pathway. This is where
caveolin containing invaginations called caveosomes effect transport inwardly.
Caveolae are regions in the plasma membrane that have a high content of cholesterol

and sphingolipids content (Nabi and Le 2003).

Dynamin is a GTPase (guanosine-5-triphosphatase) molecule that is an adaptor
protein capable of self-assembly and oligomerization around plasma membrane
vesicles and regulates the fission of the vesicles, thus regulating the final step in
vesicle formation (Hinshaw 2000). Hence dynamin is also a critical regulator of both

clathrin-dependent and clathrin-independent endocytosis.

Receptor mediated endocytosis is the process by which membrane localized receptors
are internalized — this can be either constitutive or ligand-induced. In constitutive
endocytosis, membrane receptors are spontaneously internalized into cytoplasm and
then recycled back to cell membrane, after sorting in the endosomal compartments

(Schmid 1997, Di Fiore 2009). In ligand-induced endocytosis, the internalization is
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triggered upon binding to a ligand to remove active, signalling receptors from cell
membrane and transport them to lysosomal compartments for degradation. Thus,
ligand-mediated endocytosis serves to extinguish receptor signalling and is the major
mechanism of long-term attenuation of signalling receptors (Di Fiore 2009).
Endocytosis of receptors and their ligands can therefore modulate signalling at the cell
surface, and endocytosis can itself be considered as a signalling pathway initiated by
activation of surface receptors that lead to their internalization and degradation (Polo,
Pece et al. 2004). The internalization of the receptor controls the duration, intensity

and specificity of signalling (Sorkin 2001).

Endocytic trafficking of receptors are important processes in the pathogenesis of
cancer and disturbances in receptor trafficking have been shown to modulate the
clinical behaviour of PCa (Polo, Pece et al. 2004). In PC-3M PCa cells, nanoparticles
composed of titanium dioxide conjugated with Alizarin Red S has been shown to
undergo temperature, time, and concentration dependent intracellular transport
mediated by clathrin pits, caveolae and micropinocytosis (Thurn, Arora et al. 2011).
Inhibition of hyaluronan receptors for endocytosis (HARE) using monoclonal
antibodies blocked the formation of lymph node metastasis in orthotopic mice models
(Simpson, Weigel et al. 2012). Furthermore, the specific blockade of HARE did not
have any effect on the primary tumour growth or on other tissues, suggesting that
endocytic processes could promote tissue-specific dissemination of PCa (Simpson,
Weigel et al. 2012). Another similar example is the clathrin-mediated internalization of
the cell adhesion molecule cadherin-11, which regulates the migratory function in PCa

cells (Satcher, Pan et al. 2015).

Androgen independent growth of advanced PCa is dependent on growth factors such
as EGFR. Endocytosis of growth factor receptors, one of the mechanisms that
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facilitate growth factor signalling, have been found to be markedly different in
metastatic PCa (Oosterhoff, Kuhne et al. 2005, Xie, Zuhair et al. 2023). AR affects
clathrin-mediated endocytic pathways of EGFR, which plays a key role in the
pathogenesis of several tumours including PCa (Aguilar and Wendland 2005).
Moreover, increased re-expression of AR by endocytic trafficking is in itself a

determinant of less aggressive phenotypes of PCa (Bonaccorsi, Nosi et al. 2007).

More recently, endocytosis have been exploited to develop novel mechanisms of drug
delivery using nanoparticles (Chen, Li et al. 2017) and PEGylated agents have been
used to enhance cancer imaging (Chuang, Wang et al. 2010). The endocytic process
of the glycoprotein molecule transferrin, which functions primarily as an iron chelator,
have been exploited as an useful target for cancer therapy (Tortorella and Karagiannis
2014). Transferrin is upregulated in several metastatic and drug-resistant cancers
including PCa and BCa (Zhou, Zhao et al. 2018). Transferrin based targeting using
nanoparticle delivery systems have shown to result in 70% growth inhibition of PC3
cells In Vitro with paclitaxel as compared to 35% with free paclitaxel; In Vivo, the former
was able to cause complete tumour regression and improved survival in mice (Sahoo,

Ma et al. 2004).

In summary, endocytosis has immense ramifications in receptor trafficking and cell
signalling, and many of these have been intrinsically linked to cancer growth
modulation, cell division, autophagy, and apoptosis. In chapter 5, we investigated the

role of endocytosis in doxazosin-induced cell death of PCa and BCa cell lines.
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Chapter 2

Materials and Methods
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2.1 Cell Culture

2.1.1 In Vitro monolayer culture of PCa cell lines:

Three PCa cell lines (PC-3, DU145 and LNCaP) were used for In Vitro
experiments. The PC-3 and DU-145 cell lines were obtained from ATCC (American
Type Culture Collection). LNCaP cells were kindly provided by Prof. J Masters from

University College of London, London.

PC-3 cells are HRPC cells established from the bone metastasis in a 62-year-
old male Caucasian with high-grade prostatic adenocarcinoma. PC-3 cells were grown
in Ham’s F12K medium with 2 mM L-glutamine supplemented with 7.5% foetal calf
serum and 1% antibiotic solution containing penicillin, streptomycin, and amphotericin

B.

DU145 cells are also HRPC cells derived from a brain metastasis in a 69-year-
old Caucasian male reported to be grade Il adenocarcinoma by ATCC, which
corresponds to Gleason score 8 (Gordetsky and Epstein 2016). DU145 cells were
grown in minimum essential medium (MEM) containing 2 mM L-glutamine
supplemented with 10% foetal calf serum, and 1% antibiotic solution containing

penicillin, streptomycin, and amphotericin B.

The LNCaP cell line is derived from a human prostate adenocarcinoma cell
from a 50-year-old Caucasian male in 1977, taken from a needle aspiration biopsy
from a metastatic lesion in the left supraclavicular lymph node (Kyprianou N, 2005).
LNCaP cells were maintained in DMEM (Dulbecco’s minimum essential media)

supplemented with 10% foetal bovine serum containing 2 mM L-glutamine

61



supplemented with 10% foetal calf serum, and 1% antibiotic solution containing

penicillin, streptomycin, and amphotericin B.

2.1.2 In Vitro monolayer culture of BCa cell lines:

HT 1376 cell lines was obtained from the European Collection of Cell Cultures
(Salisbury, Wiltshire, UK). These cells were derived from a 58-year-old woman with
high grade (G3) transitional cell carcinoma of the bladder who was not originally
treated with chemotherapy or radiotherapy. The cells were maintained in MEME
(minimum essential media Eagle) supplemented with 10% foetal calf serum and 1%
antibiotic solution containing penicillin, streptomycin, and amphotericin B, 1% non-
essential amino acids and 2 mM L-Glutamine. The cells were maintained in a

humidified atmosphere at 37 C containing 5% CO2 in a sterile environment.

2.1.3 In Vitro monolayer culture of non-cancerous cell lines:

2.1.3.1 Fibroblast cell lines:

The fibroblast cell lines were derived from human skin fibroblasts. The cells
were grown in MEME supplemented with 10% foetal calf serum and 1% antibiotic

solution containing penicillin, streptomycin, and amphotericin B.

2.1.3.2 Lipid receptor-deficient cells:

This cell line was developed from a patient with homozygous familial
hypercholesterolemia with Pro664Leu mutation in the low-density lipoprotein (LDL)
receptor gene (Bourbon, Fowler et al. 1999) and was kindly provided by Prof A Soutar
from the Medical Research Council Laboratory, Hammersmith Hospital, London,

United Kingdom. The cells were grown in MEME supplemented with 10% foetal calf
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serum and 1% antibiotic solution containing penicillin, streptomycin, and amphotericin

B.

2.1.4 Establishment of doxazosin-resistant cell lines In Vitro:

We attempted to develop doxazosin-resistant cell lines in this study. The

methodology adopted are detailed in chapter 4.

2.2 Cell Culture Methods and Protocols

Cells were handled in a class Il microbiological safety cabinet hood in
accordance with local and manufacturer’s safety guidelines. All cells were maintained
in the incubator in a humidified atmosphere containing 5% CO2zat 37 C. The cells were
used for experiments (after they had undergone a minimum of 2 passages from
thawing) and used for a maximum of 10 to 12 passages. Low passage cells were
stored by following the standard protocol for that cell line and placed in liquid nitrogen
flasks for future experimental use as stock. Incubators were subjected to autoclave

cleaning every 3 to 4 months.

Typically, cells were grown in 75 cm?flasks, seeded at 20% to 25% confluence
and allowed to grow to 60% to 70% confluence after which they were detached using
3 to 5 ml trypsin-EDTA (ethyl diamine tetra acetic acid) solution for 2 to 6 minutes at
37 C. Fresh serum containing media was added to inactivate the trypsin, cells pelleted
by centrifugation, and re-suspended. Cell counts were performed on the pellet

suspension prior to use for subsequent passages or for experiments.

2.2.1 Cell counting:

The re-suspended cells were placed in 10 ml of media and were mixed

thoroughly using a mixer. 40 uL of the sample was pipetted out and transferred to an
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Eppendorf tube. Subsequently, 40 uL of trypan blue solution was also added to the
Eppendorf tube and mixed thoroughly using a vortex mixer. This was loaded (20 pL)
onto the chambers of a Neubauer's haemocytometer covered with a cover slip. The
live cells appear colourless and refractile while dead cells take up the trypan blue dye

and are stained blue.

Figure 1: Neubauer's haemocytometer (top left). Method of applying cover slip (top
right). Grids within each chamber of the haemocytometer (bottom).
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The number of cells in the outer 4 grids (16 squares with thick lines only) and the
central grid (one with the thick as well as transverse and vertical thin lines) was

counted in each chamber under the low power objective of a light microscope.

For example, to obtain 5000 cells/well for experiments the calculation used was as

follows:

[(Live cells in chamber 1 + Live cells in chamber 2) x 2 x 1000] / 50,000

2.3 In Vitro Proliferation Studies

We tested 4 different assays for In Vitro proliferation studies, namely:

(a) Crystal violet dye elution assay

(b) Cell-Titer 96® aqueous one solution cell proliferation MTS assay [see note
below]

(c) Cell-Titer Blue® cell viability (CBCV) assay

(d) Cell proliferation BrdU colorimetric ELISA (BrdU ELISA) assay

[Note: MTS contains tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; abbreviated

henceforth as MTS]

After extensive testing, we opted to not use crystal violet dye elution assays in
any of the experimental protocols given the lack of reproducibility due to several
artefactual errors from this assay. In brief, the assay involved the addition of 100 uL of
absolute ethanol which was particularly difficult to pipette accurately as the volatility of
the ethanol solution resulted in artefactual errors due to evaporation and pipetting

errors due to its very low viscosity. Moreover, crystal violet assays require 3 cycles of
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washing. Treatment with doxazosin induces anoikis and cells become less adherent -
the washing process was found to remove the less adherent cells. Hence an assay
that does not involve a wash step was considered more reliable. For most experiments
the Cell-Titer 96® aqueous one cell proliferation MTS assay (henceforth referred to as
Cell-Titer 96® aqueous MTS assay) was used as the results were reproducible, did not
involve wash steps, and the methodology was relatively simple to perform on a routine

basis.

2.3.1 Cell-Titer 96® aqueous MTS assay:

Cells were seeded in a 96-well microtiter (MT) plate at densities of 2500 to 5000
cells in 100 uL (per well) of serum containing medium and incubated at 37 C. After 24
h of incubation, 10 pL of the serum containing medium were removed and replaced
with 10 pL solutions of the test compound at varying final concentrations. In control
wells, an equal volume (10 uL) of solvent was used in the preparation of the solution.
This served as a vehicle control, alongside a no-cell blank control (BL) and background
controls (BC). Following the incubation period, cell viability was assessed using Cell-
Titer 96® aqueous solution and an electron coupling reagent phenazine ethosulphate
as per the manufacturer’s (Promega®) instructions. In brief, 20 uL of the above reagent
was added to each well and incubated at 37 C for 4 h. The MT plates were read on a
spectrophotometric plate reader (Sunrise, Tecan, UK) using the appropriate reading
and reference wavelength. Using data reduction software (Tecan, UK) the optical

densities (OD) were calculated as follows:
OD = ODxxx- ODyyy— [ODBC + ODBL]

Proliferation studies were carried out after 24, 48 or 72 h of incubation with the drug

or control solutions. Each experiment was carried out in triplicate and repeated three
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times (n=9). Using the GraphPad Prism 6® software dose response curves were

generated and ICso were calculated where applicable.

2.3.2 Cell proliferation BrdU ELISA assay:

Cells were seeded in a 96-well MP at densities of 2500 to 5000 cells in 100 pL
(per well) serum containing medium and incubated at 37 C. After 24 h of incubation,
the medium was replaced with 100 yL serum free medium containing 1% antibiotic
solution containing penicillin, streptomycin, and amphotericin B. After a further 24 h of
incubation, 10 uL of the serum containing medium was removed and replaced with 10
ML solutions of the test compound at varying final concentrations. In control wells, an
equal volume (10 pL) of solvent used in the preparation of the solution was added -
this served as a standard or vehicle control. Also, BL and BC were used as per
manufacturer’s instructions. Following the incubation period, cell proliferation assays
were performed as per the instruction manual provided in the BrdU ELISA assay kit

(Roche, UK).

The MP were read on a spectrophotometric plate reader (Sunrise, Tecan, UK)
using the appropriate wavelength. Using Magellan® data reduction software (Tecan,

UK) the OD was calculated as follows:
OD = ODxxx- ODyyy— [ODBC + ODBL]

Proliferation studies were carried out after 24, 48 or 72 h of incubation with the
drug or control. Each experiment was carried out in triplicate and repeated three times
(n=9). Using the GraphPad Prism 6® software dose response curves were generated

and ICso were calculated where applicable.
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2.3.3 CBCV assay:

Cells were seeded in 96-well MT plates at densities of 2500 to 5000 cells in 100
uL (per well) serum containing medium and incubated at 37 C. After a 24 h interval,
10 uL of the serum containing medium were removed using a multichannel pipette and
replaced with 10 pL solutions of test compound at varying final concentrations. In
control wells, an equal volume (10 pL) of solvent used in the preparation of the solution
served as a vehicle control, alongside no-cell BL control and BC wells. Following the
incubation period, cell viability was assessed using Cell-Titer Blue® cell viability
reagent (highly purified resazurin) as per manufacturer’s instruction (Promega, UK).
Briefly, 20ul of the Cell-Titer Blue® reagent is added to the cells. Incubation is
maintained for a period of 1 to 4 h. Finally, fluorescence was recorded at 560ex/590em

using Fluoroskan Ascent® plate reader.

Proliferation studies were carried out after 24, 48 or 72 h of incubation with the
drug or control. Each experiment was carried in triplicate and repeated three times

(n=9).

2.3.4 Cytotoxicity detection kit for lactate dehydrogenase (LDH):

LDH, a cytoplasmic enzyme, from damaged cells leaks out into to the culture
supernatant, and the amount of enzymatic activity corresponds to the proportion of
lysed cells. The assay is based on the cleavage of a tetrazolium salt when LDH is

present in the culture supernatant.

Batch cultures of cells grown in 4 well plates were incubated with the drug or
the vehicle control. At the end of the incubation period, the cells were harvested in

trypsin-EDTA, centrifuged at 500 rpm for 5 min. The supernatant was removed and

68



transferred to a 96-well MP. The substrate mixture (100 uL/well) were added to the

supernatant and incubated for 30 min.

The MP was measured on a spectrophotometric plate reader (Sunrise, Tecan,
UK) at 500 nm. Using the existing Magellan® data reduction software (Tecan, UK) the

OD was calculated as described in the proliferation assays.

Cytotoxicity studies were carried out following 24, 48 or 72 h of incubation with
the drug or control. Each experiment was carried out in triplicate and measurements
repeated three times (n=9). Using the GraphPad Prism 6® software dose response

curves were generated and ICso were calculated where applicable.

2.4 Statistical Analysis

Data was expressed in as standard error of mean (s.e.m). Cumulative response
curves were plotted and compared using 2-way analysis of variance (ANOVA). The
significance of the results obtained were assessed using Student’s 2-tail t test. Results
were considered significant if p < 0.05. Statistical software Prism V4.0® or V6.0®
(GraphPad Software Inc.) was used for statistical calculations and to obtain graphical

representations of the experimental data.

2.5 Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM)

Low passage PC-3 cells were thawed from -80C, subjected to 2 passages at
sub-confluence, harvested (using EDTA-trypsin), seeded in 25 cm? pre-labelled flasks
and incubated for 24 h. The flasks were divided into test group (exposed to 37.5 uM
doxazosin) and control group exposed to solvent (sterile water) and incubated for the

requisite period, after which the cells were washed 3 times with phosphate buffer
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solution (PBS), fixed (using 2% glutaraldehyde) and stored at 4C. TEM and SEM of
glutaraldehyde-fixed cell samples were carried out in collaboration with the Dept. of
Electron Microscopy Unit, Royal Free Hospital. Initially samples and their matched

controls at 24, 48 and 72 h were examined.

2.6 Identification of Lipofuscin Granules

Low passage PC-3, DU-145 and LNCaP cells were thawed from -80C,
subjected to 2 passages at sub-confluence, harvested (EDTA-trypsin), seeded in 25
cm? pre-labelled flasks and incubated for 24 h. The flasks were divided into test group
(exposed to 37.5 uM doxazosin) and control group exposed to solvent (sterile water)
and incubated for the requisite period, after which the cells were detached using

trypsin-EDTA, pelleted and washed.

The cell pellets were processed into paraffin blocks and stained for lipofuscin
using the DAPS (diastase periodic acid Schiff) which stains lipofuscin that appear as
a magenta colour, and with aldehyde fuchsin which demonstrates lipofuscin in deep

purple.

2.7 Fluorescent Microscopy

Cells were grown on cover slips at a density of 5000 cells/well. Cells were
allowed to attach for 24 h and then treated with doxazosin 37 uM whilst controls were
exposed to solvent (H20) for 48 h. Both groups were then exposed to
dansylcadaverine (100 uM) and stained using 4,6-diamidino-2-phenylindole (DAPI)

blue-fluorescent stained nucleus (DNA). Dansylcadaverine is an inhibitor of
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autophagy; it also has auto fluorescent properties and concentrates within the

autophagosomes of cells undergoing autophagy.

2.8 Immunohistochemistry

These studies were used to identify the presence of LC-3 as a marker of
autophagy in PCa cell lines. Established LC-3 positive breast cancer cell lines that

were known to demonstrate autophagy were used as positive controls for the study.

Low passage cells were thawed from -80C, subjected to 2 passages at sub-
confluence, harvested (using EDTA-trypsin), seeded in 25 cm? pre-labelled flasks and
incubated for 24 h. The flasks were divided into test group (exposed to 37.5 uM
doxazosin) and control group exposed to solvent (sterile water) and incubated for 48
h, after which the cells were detached using trypsin-EDTA, and pelleted. The freshly
pelleted cells were treated to anti-LC3 antibody (Catalogue No: ab51520, Abcam Plc,

UK) in 1/2000 dilution, fixed and mounted on slides.

2.9 In Vitro Synergism Studies

Low passage cells were seeded in in 96-well MP at densities of 2500 to 5000
cells in 100L (per well) serum containing medium and incubated at 37 C. After a 24 h
interval, 10-20 pL of the serum containing medium were removed from each well using
a multichannel pipette and replaced with: (i) 5 — 10 yL each of two or more test
compounds at individual ICso concentrations to make a final volume of 100 L (ii) 10 -
20 pL of the serum containing medium of the individual test compounds at the 1Cso0
concentration. (iii) an equal volume of solvent (sterile water) served as the vehicle

control, alongside BL and BC wells. Following the incubation period, cell viability or
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cell proliferation were assessed using CBCV or MTS assay, respectively. BrdU ELISA
assays were used when experimental conditions require a serum free incubation
period prior to the addition of test compounds, (to reset the cells in Go phase). The MT
plates were read in accordance with the assay protocols (as described earlier) using

the appropriate equipment and wavelength.

Proliferation studies were carried out after 24, 48 or 72 h of incubation with the
drug or control. Each experiment was carried out in triplicate and repeated three times

(n=9). Statistical analyses were carried out as previously mentioned in section 2.4.

2.10 In Vitro Competitive Agonism and Antagonism Studies

Low passage cells were seeded in a 96-well MP at densities of 2500 to 5000
cells in 100 pL (per well) serum containing medium and incubated at 37 C. After a 24
h interval, 10 -20 pL of the serum containing medium was removed and replaced with
5 —10 pL of drug solution containing the first test compound at a chosen concentration
to make a final volume of 100 uL. The plates were returned to the incubator for 30
min to 4 h. At the end of this period all the media in the wells were discarded by
aspiration and replaced with 100 uL of media containing the second test compound at
a chosen concentration. In some wells, the 100 pL were made up with the media and
an equivalent volume (10 - 20 pL) of solvent used in the preparation of the solution
which served as the vehicle control, alongside BL and BC wells. Following the
incubation period, cell viability or cell proliferation were assessed using CBCV or MTS
assay, respectively. The MT plates were read in accordance with the assay protocols
using a spectrophotometer at the appropriate wavelength. Proliferation studies were

carried out after 24, 48 and 72 h of incubation with the drug or control. Each experiment

72



was carried out in triplicate and repeated 3 times (n=9). Statistical analysis was carried

out as previously mentioned in section 2.4.

2.11 Methodology - Experiments and Results

2.11.1 Measuring the sensitivity of Cell-Titer 96®° aqueous MTS assay to evaluate
the growth of PC-3, DU-145, LNCaP, HT-1376 and fibroblast cells in 96 well

plates:

Cells were plated at densities of 2500 cells/well or 5000 cells/well in 96-well
plates and assays were performed at 24 h intervals for a period of 168 h, to assess
the growth curve of the cells. It was observed that the growth of cells was maximal
between 48 and 72 h, after which the growth plateaued. A representative graph for the

curves obtained for fibroblasts is shown below.

Figure 2: Representative graphs for growth of fibroblast cells seeded at 5000
cells/well and assessed after 48 h, 72 h and 96 h. OD = optical density (in Y-axis)
measured by Cell-Titer 96® aqueous MTS Assay.
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There is a steep growth curve of fibroblasts between 48 and 72 h, after which

the growth plateaus during the further period of incubation. This could be due to either

73



the cell reaching full confluence or diminishing availability of nutrient or both. The
experiments were repeated for all individual PCa and BCa cells lines used in this study,

and a similar representative curve profile was obtained in each case.

2.11.2 Evaluating the sensitivities CBCV and Cell-Titer 96® agueous MTS assays
on different cell densities:

Subsequently, cells were plated at varying densities from 1000 cells per well to
20,000 cells per well and assessed with Cell-Titer 96® aqueous MTS assay and with

CBCV assay to determine if the OD corresponded to the cell densities.
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Figure 3: Graph showing increasing densities (X-axis) of PC-3 cells plated in 96 well
MT plates and assessed for cell viability using CBCV assay at 72 h; Y-axis represents
the optical density (OD).

Similarly, the sensitivity of Cell-Titer 96® aqueous MTS assay was assessed from 625
cells/well to 40,000 cells per 100 per well. The assay was found to be sensitive and
provide consistent readings between cell counts of 1250 cells per well to 20,000

cells/well.
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2.11.3 Measuring the effect of alpha-adrenergic receptor antagonists on cell
viability:

PC-3, DU145, LNCaP, HT-1376 and human skin fibroblast cells were seeded
in 96-well MP at densities of 2500 and 5000 cells in (100 pL per well) in serum
containing medium and incubated overnight at 37 C. The cells were treated with
doxazosin [10-9to 10-], prazosin [10-"%to 10-4], terazosin [10-'°to 10, or
tamsulosin [10-9to 10-4] and control wells treated with solvent (sterile water). Cell-
Titer 96® aqueous MTS assay was performed as described in section 2.3.1 after
incubating with the drug or control for 24h, 48h or 72h. Each experiment was carried
out in triplicate and measurements repeated 3 times (n=9). Statistical analysis was
performed as previously described in section 2.4. Dose response curves were

generated and ICso were calculated where applicable.

The above experiments were repeated using serum free media. This involved
seeding PC-3, DU145, LNCaP, HT-1376 and human skin fibroblast cells in 96-well
MP at densities of 2500 and 5000 cells (100 pL per well) in serum containing
medium and incubated overnight at 37 C. The media in the wells were aspirated and
the cells washed thrice with PBS and then 90 uL (per well) of serum free medium
was added. Subsequently, 10 uL (per well) of the respective drug was added to
achieve the final concentration ranges of doxazosin [10-'°to 10#], prazosin [10-'°to
104, terazosin [10-9to 104], or tamsulosin [10-'°to 10-4] whilst control wells treated
with 10 yL water/well. These were then incubated for a further 24h, 48h or 72h. Cell-
Titer 96® aqueous MTS assay was performed as described earlier [Section 2.3.1]
after incubating with the drug or control for 24h, 48h or 72h. Each experiment was

carried out in triplicate and measurements repeated three times (n=9). Statistical
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analysis was performed as described in section 2.4. Dose response curves were

generated and ICso were calculated where applicable.

2.11.4 In Vitro evaluation of the effects of quinazoline-based alpha adrenergic

receptor antagonists on PCa and BCa cell lines:

To evaluate the effects of prazosin on the cell viability, cells were seeded at
5000 cells/well/100 pL in serum containing media in 96 well MP and incubated at 37
C for 24 h. During this period the cells attached to the base of the MP wells and also
resumes normal growth. At the end of this 24 h period, prazosin (10, 30, 50 and 100
uM) or vehicle control were added and incubated for a further 72 h. Cell-Titer 96®
aqueous MTS assay was used to determine cell viability to obtain a dose-dependent
curve for PC-3 cells. As seen below (Figure 4) at all concentrations (10-100 uM) that
were used in this experiment, prazosin caused death of PC-3 cells as compared to

untreated control.

Figure 4: Graph showing prazosin-induced dose-dependent cell death of PC-3 cells;
Y-axis represents the OD (optical density).
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Figure 5: Dose-dependent inhibition of PC3 cell growth by doxazosin with a
maximum effect seen at a concentration of 10* M after 72 h. The bars represent the
standard error of the mean (left), and right: Dose-dependent inhibition of HT1376 cell
growth by doxazosin with a maximum effect seen at a concentration of 10 M after
72 h. The bars represent the standard error of the mean.
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2.11.5 In Vitro evaluation of the effects of quinazoline-based alpha adrenergic
receptor antagonists on PCa and BCa cell lines treated with tamsulosin:

To evaluate the effects of tamsulosin on PCa and BCa cell viability, cells were
seeded at 2500 cells/well/100 pL of serum supplemented F-12 HAM media in 96 well
MP and incubated at 37 C for 24 h. During this period the cells attached to the base
of the MP wells, and also resume their normal growth. At the end of this 24 h period,
tamsulosin (10, 30, 50 and 100 uM) or vehicle control were added and incubated for
a further 72 h after which MTS assay were performed. At all concentrations (10 to 100
MM) that were used in this experiment, tamsulosin had no effect on cell viability when

compared to the untreated control.

2.11.6 Evaluation of the effects of doxazosin on viability of cells pre-treated with
phenoxybenzamine:

To evaluate whether pre-treatment with phenoxybenzamine (an alpha
agonist) would prevent cell death induced by doxazosin the following experiments
were conducted. Cells were seeded in a 96-well MP at densities of 2500 cells in 100
ML (per well) serum containing medium and incubated at 37 C. After a 24 h interval,
10 pL of the serum containing medium was removed and replaced with 10 uL each
of solutions of phenoxybenzamine (10-°M) in a volume of 100 yL. The plates were
returned to the incubator for 30 min. Subsequently, 10 uL was aspirated and
replaced with doxazosin or control solutions. Cell-Titer 96® aqueous MTS assay was
used to determine cell viability after 72 h of incubation. All concentrations of
doxazosin used caused death of PC-3 cells as compared to untreated control.

Hence, the cell death induced by doxazosin (an alpha antagonist) was not prevented
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by pre-treatment with phenoxybenzamine (alpha agonist). Doxazosin-induced cell

death was therefore independent of its action on alpha receptors.
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Figure 7: Graph showing doxazosin-induced dose-dependent cell death of PC-3 cells,
and pre-exposure to phenoxybenzamine (PXB) had no effect on doxazosin-induced
cell death of PC-3 cells; DXZ = Doxazosin; Y-axis represents the optical density (OD).

The above experiment was repeated for other cell lines, and they yielded similar
findings to those obtained with PC-3 cells, confirming that doxazosin-induced cell
death was independent of the alpha receptor in PCa and BCa cell lines. This finding
is in agreement with the findings of others who have also used prostate as well as

other cancer cell lines (Gotoh, Nagaya et al. 2012).
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Chapter 3

Evaluation of receptors that may mediate
doxazosin-induced cell death in prostate and bladder
cancers In Vitro.
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3.1 Introduction

Doxazosin and its related quinazoline-based compounds have receptor
affinities to several structurally similar receptor domains. Those receptors that are
likely to have affinity to doxazosin were identified through PubMed search, and via
the UniProtKB/PSI-Search 2 using P35348, which corresponds to the ADRA1A gene
encoding for the alpha-1 adrenergic receptor. Furthermore, BLAST (Basic Local
Alignment Search Tool) searches were conducted to identify those receptors that
have a structural similarity to the alpha-1 adrenergic receptor (Lussi, Magrane et al.
2023). From these searches, it was evident that several members of the adrenergic

receptor family and the serotonin receptors had overlapping morphology [Figure 8].

It was therefore hypothesised that at higher concentrations, doxazosin could be
exerting its cytotoxic action through an alternate, structurally similar receptor such as
the 5HT receptor to which it has an affinity even at nanomolar concentration although

this affinity was weak.

Doxazosin has been shown to interact with serotonin receptors. It has been
demonstrated that pre-treatment with doxazosin inhibits the shape change of
platelets — an early step in platelet activation (Jagroop and Mikhailidis 2001).
Furthermore, doxazosin attenuated 5SHT-mediated contractility of cavernous smooth
muscles (Lau, Thompson et al. 2006). Taken together these findings suggested that

doxazosin can mediate the action of the 5HT receptors.

We therefore investigated the role of SHT receptors on doxazosin-induced cell

death in PC3, DU145, LNCaP and HT1376 cell lines.
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blastp (version: BLASTP 2.12.0+) Fri. Mar 17, 2023 at 12:14:01 |
Databsse: uniprotkb_swissprot Fri. Mar 17, 2023 3t 12:17:11
Sequence: sp|P3534B|ADALA_HUMAN OS=Homo sapiens OX=9606 GN=ADRA1A PE=1 SV=2
Length: 466
Sequence Match E-value Subject Match
1 466 1 576
©® ADALA_HUMAN Alpha-1A ad rece. 0.0
ADAIA RABT Alpha-1A ad gic rece... 0.0
ADA1A TAVPO Alpha-1A ad rece.. 0.0
ADALA RAT Alpha-1A gic rece 0.0
ADALA BOVIN Alpha-1A ad rece 0.0
ADALA_MOUSE Alpha-14 ad gic rece 0.0
ADALA CANLF Alpha-1A ad rece.. 0.0
ADALA ORYLA Alpha-1A rece 0.0
ADA}B MESAU Alpha-1B adrenergicrece.. | —— 24E-156 — _—
DA1B_RAT Alpha-1B adrenergic rece... | ——— 48E-156 — e
b .I.DMB HLMA.N AIph&lB adrenergic rece... | — 3.3E-155 — —eee
ADA1B_MOUSE Alpha-1B adrenergic rece... | — 2.0E-152 — _—
ADA].D RABIT AIph&lD adrenergic rece . — { 3.5E-147 ———
®e ADAID TUMA 210 adrangrgiorass, 17E14C  E—
ADALD, P|G AIpha-lD aekenerg-: rece.. b— 11E-144 _—
ADA1D RAT Alpha-1D adrenergic rece.. |— 32E-144 D — ]
ADALD_MOUSE Abh}lnaa‘m«wrxn. - 4.7E-144 —_—
ADALS CANLF Alpha-18 adrenergic rece.. —— —— 1.3E-126 —_—
SHT7RXENLA S\vﬁmywmmne rece.. { B3.5E-69
GPRZB AMPAM Probable G coupl.. 1.2E-67
ITLB_MOUSE 5-hydroxytry ptamine rece... 7.9E-67
SHTIB | .HORSE 5-hydroxytry ptamine rece.. 1.2E-66
SHT1E. _RAT s-nyaro:ywmmnemm. 2.2E-66
ADRB1_SHEEP Bet-1 gic recept.. 3.3E-66
SHT1B VULVU S-hrdruny\:rypumml .. 3.4E-66
SHT. T 5-hydroxytry ptamine rece.. 6.BE-66
H Shaletyaens ms. 1.26-8%
SHT1 R 5-hydroxytry ptamine rece 1.2E-65
ADRB2 TSCTR Beta-2 adi gic recept.. 1.4E-65
e SHT7R_HUMAN 5-hydroxytry ptamine rece . 1.7E-65
SHT18_CANLF S-hydroxy try ptamine rece 1.BE-65
SHT1B_CAVPO S—hydm-ywymmnnuu. 2.6E-65
ADRB2 MOUSE gic recept. 2 BE-65
SHTTR_MOUSE S—hydmxywyptammnnu. { 3.1E-65
SHT1B_FELCA 5-hydroxytryptamine rece 3 6E-65
SHT1B_PANTR 5-hydroxytry ptamine rece.. 4 3.7E-65
© ¢ SHTLB_HUMAN 5-hydroxytry ptamine rece 3.7E-65
SHTTR_CAVPO 5-hydroxytry ptamine rece . 4.1E-65
SHT7R_RAT 5-hydroxytry ptamine rece 4 3E-65
ADRB1 BOVIN Beta-1ad gic recept.. 4 .9E-65
SHT1E_DIDVI 5-hydroxytry ptamine rece... 5.0E-65
SHT18 _GORGO shydmywypumm rece. 7.36-65
ADRBI FELCA Bew. gic recept. 8.2E-65
ADRB1 _RAT B&nfl adreneraic recent { 9 4E-65
ADRB2_FELCA Beta-2 ad gic recept. 1.1E-64
ADRBZ MESAU Beta-2 ad) recept. 1.5E-64
ADRBZ BOVIN Beta-2 ad gic recept 1.5E-64
ADRB1 MOUSE Betw-lad gic recept.. 1.9E-64
ADRBZ CANLF Beta-2 ad recept... 2.BE-64
DOPRL | DROME oa ptor 1 05=D. 3.BE-64
E-value NN
0.0 2.4E-157 9.55E-111 1.905E-87 3.BE-64
European Bioinformatics Institute 2006-2020. EBI is an Outstation of the European Molecular Biology Laboratory.

Figure 8: UniProtKB/EMBL and PSI-Search 2 (combined) database search results for
showing structural similarity of human alpha-1 adrenergic receptor to that of other human
adrenergic receptors and human 5HT receptors. The two red dots on the left point to data
specifically pertaining to humans (Homo sapiens).

3.2 Experiments

3.2.1 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with serotonin hydrochloride:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities

of 5000 cells in 100 yL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 pyL each of solutions of serotonin hydrochloride [to final concentration of 1 x

102 to 1 x10¢ M/L] (Sigma-Aldrich, catalogue number — H9523) to make a final
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volume of 100 yL. The plates were returned to the incubator for 4 h. At the end of this
period, in test wells, 10 uL of the medium was removed and replaced with 10 pL of
doxazosin to make a final concentration of 37 uM of doxazosin in 100 uL of media. In
control wells, the 100 uL were made up with the media and 10 uL of solvent (sterile
water with addition of hydrochloric acid) used in the preparation of the serotonin
hydrochloride solution to serve as the vehicle control. Also, cell free BL and BC were
used for quality control. Following an incubation period of 72 h, cell viability was
assessed using Cell-Titer 96® aqueous MTS assay. Each experiment was carried out
in triplicate and repeated three times (n=9). Statistical analyses were carried out as

mentioned earlier in section 2.4.

3.2.2 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with serotonin creatinine sulphate:

The experiment was repeated using serotonin creatinine sulphate complex as
serotonin hydrochloride was soluble only with addition of hydrochloric acid that may
influence several metabolic processes within the cell. Also, serotonin is light
sensitive and likely to degrade during preparation and pipetting into MP. Serotonin
creatinine sulphate complex on the other hand is water soluble, more stable, and not

prone to degradation by light.

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at
densities of 5000 cells in 100 pL (per well) in serum containing medium and incubated
overnight at 37 C. The media was replaced with serum free media (100 L) and
incubated for a further 24h. Subsequently, by 10 yL each was pipetted out and
replaced with solutions of serotonin creatinine sulphate [1 x107to 1 x 10-°M/L] (Sigma-
Aldrich, catalogue number — H7752) to make a final volume of 100 yL. The plates

were returned to the incubator for 4 h. At the end of this period, in test wells, 10 uL of
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the medium was removed and replaced with 10 puL of doxazosin to make a final
concentration of 37 uM of doxazosin in 100 uL of media. In control wells, the 100 pL
were made up with the serum free media and 10 pL of solvent (sterile water) used in
the preparation of the serotonin creatinine sulphate solution to serve as the vehicle
control. Also, cell free BL and BC were used for quality control. Following an incubation
period of 48 h to 72 h, cell viability was assessed using BrdU ELISA assay as
described earlier in section 2.2.2. Each experiment was carried out in triplicate and
repeated 3 times (n=9). Statistical analyses were carried out as mentioned in section

2.4 in the previous chapter.

3.2.3 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with clonidine:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities

of 5000 cells in 100 pL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 yL each of solutions of clonidine hydrochloride [final concentration of 100 uM]
(Catalogue Number C7897, Sigma Aldrich, Amersham, UK), to make a final volume
of 100 uL. The plates were returned to the incubator for 4 h. At the end of this period,
in test wells, 10 uL of the medium was removed and replaced with 10 uL of doxazosin
to make a final concentration of 37 uM of doxazosin in 100 yL of media. In control
wells, the 100 uL were made up with the media and 10 uL of solvent (sterile water)
used in the preparation of the clonidine to serve as the vehicle control. Also, cell free
BL and BC were used for quality control. Following an incubation period of 72 h, cell
viability was assessed using Cell-Titer 96® aqueous MTS assay. Each experiment was
carried out in triplicate and repeated three times (n=9). Statistical analysis was carried
out as mentioned earlier.
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3.2.4 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with yohimbine:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities
of 5000 cells in 100 pL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 yL each of solutions of yohimbine hydrochloride [final concentration of 1 to
4mM] (Sigma Aldrich- catalogue number — Y3125) to make a final volume of 100 pL.
The plates were returned to the incubator for 4 h. At the end of this period, in test wells,
10 pL of the medium was removed and replaced with 10 uL of doxazosin to make a
final concentration of 37 uM of doxazosin in 100 uL of media. In control wells, the 100
ML were made up with the media and 10 yL of solvent (sterile water) used in the
preparation of the yohimbine to serve as the vehicle control. Also, cell free BL and BC
were used for quality control. Following an incubation period of 72 h, cell viability was
assessed using Cell-Titer 96® aqueous MTS assay. Each experiment was carried out
in triplicate and repeated three times (n=9). Statistical analyses were carried out as

mentioned earlier.

3.2.5 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with propranolol:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities
of 5000 cells in 100 pL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 pL each of solutions of propranolol [final concentration of 10 to 25 uM] (Sigma
Aldrich, catalogue number — P0884) to make a final volume of 100 yL. The plates

were returned to the incubator for 4 h. At the end of this period, in test wells, 10 uL of
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the medium was removed and replaced with 10 puL of doxazosin to make a final
concentration of 37 uM of doxazosin in 100 uL of media. In control wells, the 100 pL
were made up with the media and 10 uL of solvent (sterile water) used in the
preparation of the propranolol to serve as the vehicle control. Also, cell free BL and
BC were used for quality control. Following an incubation period of 72 h, cell viability
was assessed using Cell-Titer 96® aqueous MTS assay. Each experiment was carried
out in triplicate and repeated 3 times (n=9). Statistical analyses were carried out as

mentioned earlier under section 2.4.

3.2.6 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with imiloxan:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities
of 5000 cells in 100 pL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 pL each of solutions of imiloxan hydrochloride [final concentration of 0.5 uM to
1 uM] (Sigma Aldrich, catalogue number — 19531) to make a final volume of 100 pL.
The plates were returned to the incubator for 4 h. At the end of this period, in test wells,
10 pL of the medium was removed and replaced with 10 uL of doxazosin to make a
final concentration of 37 uM of doxazosin in 100 yL of media. In control wells, the 100
ML were made up with the media and 10 yL of solvent (sterile water) used in the
preparation of the imiloxan to serve as the vehicle control. Also, cell free BL and BC
were used for quality control. Following an incubation period of 72 h, cell viability was
assessed using Cell-Titer 96® aqueous MTS assay. Each experiment was carried out
in triplicate and repeated three times (n=9). Statistical analyses were carried out as

mentioned earlier.
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3.2.7 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with guanabenz:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities
of 5000 cells in 100 pL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 yL each of solutions of guanabenz acetate salt [0.5 yM to 10 uM] (Sigma
Aldrich, catalogue number — G110) to make a final volume of 100 yL. The plates were
returned to the incubator for 4 h. At the end of this period, in test wells, 10 pL of the
medium was removed and replaced with 10 yL of doxazosin to make a final
concentration of 37 uM of doxazosin in 100 uL of media. In control wells, the 100 pL
were made up with the media and 10 pL of solvent solution [sterile water 7620 uL +
DMSO 1000 pL + 1% acetic acid 200 uL] used in the preparation of the guanabenz to
serve as the vehicle control. Also, cell free BL and BC were used for quality control.
Following an incubation period of 72 h, cell viability was assessed using Cell-Titer 96®
aqueous MTS assay. Each experiment was carried out in triplicate and repeated three

times (n=9). Statistical analyses were carried out as mentioned earlier in section 2.4.

3.2.8 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with idazoxan:

PC-3, DU145, LNCaP or HT1376 cells were seeded in a 96-well MP at densities
of 5000 cells in 100pL (per well) in serum containing medium and incubated at 37 C.
After a 24 h interval, 10 pL of the serum containing medium was removed and replaced
with 10 uL each of solutions of idazoxan hydrochloride [1 to 10 uM] (Sigma Aldrich,

catalogue number — 16138) to make a final volume of 100 yL. The plates were returned
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to the incubator for 4 h. At the end of this period, in test wells, 10 pyL of the medium
was removed and replaced with 10 uL of doxazosin to make a final concentration of
37 UM of doxazosin in 100 pL of media. In control wells, the 100 uL were made up
with the media and 10 pL of solvent (sterile water) used in the preparation of the
idazoxan to serve as the vehicle control. Also, cell free BL and BC were used for quality
control. Following an incubation period of 72 h, cell viability was assessed using Cell-
Titer 96® aqueous MTS assay. Each experiment was carried out in triplicate and
repeated three times (n=9). Statistical analyses were carried out as mentioned earlier

(section 2.4).
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3.3 RESULTS:

3.3.1 Effect of doxazosin on PC-3 cells pre-incubated with serotonin:

PC3 cells treated with serotonin had a proliferative effect when compared to
solvent treated controls, and this was significant (p = 0.0052) for a serotonin
concentration of 1 x 108 M/L. However, pre-incubation of serotonin did not attenuate
the cytotoxic effect of doxazosin on PC3 cells when compared to doxazosin treated

controls (p = 0.3240 at 108 M/L).

3.3.2 Effect of doxazosin on DU-145 cells pre-incubated with serotonin:

DU145 cells treated with serotonin had a proliferative effect when compared
to solvent treated controls, and this was significant (p = 0.0071) for a serotonin
concentration of 1 x 108 M/L. However, pre-incubation of serotonin did not attenuate
the cytotoxic effect of doxazosin on DU145 cells when compared to doxazosin

treated controls (p = 0.8396).

3.3.3 Effect of doxazosin on LNCaP cells pre-incubated with serotonin:

LNCaP cells treated with serotonin had a proliferative effect when compared
to solvent treated controls, and this was significant (p < 0.001) for a serotonin
concentration of 1 x 108 M/L. However, pre-incubation of serotonin did not attenuate
the cytotoxic effect of doxazosin on LNCaP cells when compared to doxazosin

treated controls (p = 0.5574).

3.3.4 Effect of doxazosin on HT1376 cells pre-incubated with serotonin:

HT1376 cells treated with serotonin has a proliferative effect when compared
to solvent treated controls, and this was significant (p = 0.0080) for a serotonin
concentration of 1 x 108 M/L. However, pre-incubation of serotonin did not attenuate
the cytotoxic effect of doxazosin on HT1376 cells when compared to doxazosin

treated controls (p = 0.8381).
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Figure 9: PC3 cells (a), DU145 cells (b), LNCaP cells (c) and HT1376 cells (d)
preincubated with 10e-8 M/L 5HT for 4 h followed by doxazosin 37 uM for 72 h.
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3.3.5 Effect of doxazosin on PC-3 cells pre-incubated with serotonin creatinine
sulphate:

PC3 cells treated with serotonin sulphate had a proliferative effect when

compared to solvent treated controls, and this was significant (p <0.0001) for a
serotonin creatinine sulphate concentration of 1 x 10-8 M/L. However, pre-incubation
of serotonin creatinine sulphate did not attenuate the cytotoxic effect of doxazosin on

PC3 cells when compared to doxazosin treated controls (p = 0.9763).

3.3.6 Effect of doxazosin on DU-145 cells pre-incubated with serotonin
creatinine sulphate:

DU145 cells treated with serotonin creatinine sulphate had a proliferative
effect when compared to solvent treated controls, and this was significant (p
<0.0001) for a serotonin creatinine sulphate concentration of 1 x 108 M/L. However,
pre-incubation of serotonin creatinine sulphate did not attenuate the cytotoxic effect
of doxazosin on DU145 cells when compared to doxazosin treated controls (p =

0.7360).

3.3.7 Effect of doxazosin on LNCaP cells pre-incubated with serotonin
creatinine sulphate:

LNCaP cells treated with serotonin creatinine sulphate had a proliferative effect
when compared to solvent treated controls, and this was significant (p <0.0001) for a
serotonin creatinine sulphate concentration of 1 x 108 M/L. However, pre-incubation
of serotonin creatinine sulphate did not attenuate the cytotoxic effect of doxazosin on

LNCaP cells when compared to doxazosin treated controls (p = 0.9316).

3.3.8 Effect of doxazosin on HT1376 cells pre-incubated with serotonin
creatinine sulphate:

HT1376 cells treated with serotonin creatinine sulphate had a proliferative effect
when compared to solvent treated controls, and this was significant (p <0.0001) for a

serotonin creatinine sulphate concentration of 1 x 108 M/L. However, pre-incubation
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of serotonin creatinine sulphate did not attenuate the cytotoxic effect of doxazosin on

HT1376 cells when compared to doxazosin treated controls (p = 0.9892).
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Figure 10: PC3 cells (a), DU145 cells (b), LNCaP cells (c) and HT1376 cells (d)
preincubated with 10e-8 M/L serotonin creatine sulphate (5SHTCSO4) for 4 h followed
by doxazosin (Dox) 37 uM for 72 h.
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3.3.9 Effect of doxazosin on PC3 cells pre-incubated with clonidine:

PC3 cells treated with clonidine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.2387)). Moreover, pre-incubation of
clonidine did not attenuate the cytotoxic effect of doxazosin on PC3 cells when

compared to doxazosin treated controls (p = 0.9965).

3.3.10 Effect of doxazosin on DU145 cells pre-incubated with clonidine:

DU145 cells treated with clonidine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.8640). Moreover, pre-incubation of
clonidine did not attenuate the cytotoxic effect of doxazosin on DU145 cells when

compared to doxazosin treated controls (p = 0.9982).

3.3.11 Effect of doxazosin on LNCaP cells pre-incubated with clonidine:

LNCaP cells treated with clonidine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.8343). Moreover, pre-incubation of
clonidine did not attenuate the cytotoxic effect of doxazosin on LNCaP cells when

compared to doxazosin treated controls (p = 0.8327).

3.3.12 Effect of doxazosin on HT1376 cells pre-incubated with clonidine:

HT1376 cells treated with clonidine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.5762). Moreover, pre-incubation of
clonidine did not attenuate the cytotoxic effect of doxazosin on HT1376 cells when

compared to doxazosin treated controls (p = 0.4873).
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Figure 11: PC3 cells (a) DU145 cells (b) LNCaP cells (c) and HT1376 cells (d)
preincubated with 100 uM clonidine for 4 h followed by doxazosin (Dox) 37 uM for 72
h.
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3.3.13 Effect of doxazosin on PC3 cells pre-incubated with yohimbine:

PC3 cells treated with yohimbine demonstrated no effect on growth when compared
to solvent treated controls (p = 0.9998). Moreover, pre-incubation of yohimbine did
not attenuate the cytotoxic effect of doxazosin on PC3 cells when compared to

doxazosin treated controls (p = 0.7283).

3.3.14 Effect of doxazosin on DU145 cells pre-incubated with yohimbine:

DU145 cells treated with yohimbine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.1139). Moreover, pre-incubation of
yohimbine did not attenuate the cytotoxic effect of doxazosin on DU145 cells when

compared to doxazosin treated controls (p = 0.9699).

3.3.15 Effect of doxazosin on LNCaP cells pre-incubated with yohimbine:

LNCaP cells treated with yohimbine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.0866). Moreover, pre-incubation of
yohimbine did not attenuate the cytotoxic effect of doxazosin on LNCaP cells when

compared to doxazosin treated controls (p = 0.9324).

3.3.16 Effect of doxazosin on HT1376 cells pre-incubated with yohimbine:

HT1376 cells treated with yohimbine demonstrated no effect on growth when
compared to solvent treated controls (p = 0.7426). Moreover, pre-incubation of
yohimbine did not attenuate the cytotoxic effect of doxazosin on PC3 cells when

compared to doxazosin treated controls (p = 0.8612).
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Figure 12: PC3 cells (a) DU145 cells (b) LNCaP cells (c) and HT1376 cells (d)

preincubated with yohimbine (4 mM) for 4 h followed by doxazosin (Dox) 37 uM for
72 h.
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3.3.17 Effect of doxazosin on PC3 cells pre-incubated with propranolol:

PC3 cells treated with propranolol demonstrated no effect on growth when compared
to solvent treated controls (p = 0.9816). Moreover, pre-incubation of propranolol did
not attenuate the cytotoxic effect of doxazosin on PC3 cells when compared to

doxazosin treated controls (p = 0.7939).

3.3.18 Effect of doxazosin on DU145 cells pre-incubated with propranolol:

DU145 cells treated with propranolol demonstrated no effect on growth when
compared to solvent treated controls (p = 0.2519). Moreover, pre-incubation of
propranolol did not attenuate the cytotoxic effect of doxazosin on DU145 cells when

compared to doxazosin treated controls (p = 0.9986).

3.3.19 Effect of doxazosin on LNCaP cells pre-incubated with propranolol:

LNCaP cells treated with propranolol demonstrated no effect on growth when
compared to solvent treated controls (p = 0.3708). Moreover, pre-incubation of
propranolol did not attenuate the cytotoxic effect of doxazosin on LNCaP cells when

compared to doxazosin treated controls (p = 0.3770).

3.3.20 Effect of doxazosin on HT1376 cells pre-incubated with propranolol:

HT1376 cells treated with propranolol demonstrated no effect on growth when
compared to solvent treated controls (p = 0.2528). Moreover, pre-incubation of
propranolol does not attenuate the cytotoxic effect of doxazosin on HT1376 cells

when compared to doxazosin treated controls (p = 0.9522).
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Figure 13: PC3 cells (a) DU145 cells (b) LNCaP cells (c) and HT1376 cells (d)
preincubated with propranalol (25 uM) for 4 h followed by doxazosin (Dox) 37 uM for

72 h.
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3.3.21 Effect of doxazosin on PC3 cells pre-incubated with imiloxan:

PC3 cells treated with imiloxan demonstrated no effect on growth when compared to
solvent treated controls (p = 0.6579). Moreover, pre-incubation of imiloxan did not
attenuate the cytotoxic effect of doxazosin on PC3 cells when compared to

doxazosin treated controls (p = 0.9236).

3.3.22 Effect of doxazosin on DU145 cells pre-incubated with imiloxan:

DU145 cells treated with imiloxan demonstrated no effect on growth when compared
to solvent treated controls (p = 0.3565). Moreover, pre-incubation of imiloxan did not
attenuate the cytotoxic effect of doxazosin on DU145 cells when compared to

doxazosin treated controls (p = 0.238).

3.3.23 Effect of doxazosin on LNCaP cells pre-incubated with imiloxan:

LNCaP cells treated with imiloxan demonstrated no effect on growth when compared
to solvent treated controls (p = 0.4733). Moreover, pre-incubation of imiloxan did not
attenuate the cytotoxic effect of doxazosin on LNCaP cells when compared to

doxazosin treated controls (p = 0.9023).

3.3.24 Effect of doxazosin on HT1376 cells pre-incubated with imiloxan:

HT1376 cells treated with imiloxan demonstrated no effect on growth when
compared to solvent treated controls (p = 0.5662). Moreover, pre-incubation of
imiloxan not attenuate the cytotoxic effect of doxazosin on HT1376 cells when

compared to doxazosin treated controls (p = 0.8215).
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Figure 14: PC3 cells (a) DU145 cells (b) LNCaP cells (c) and HT1376 cells (d)
preincubated with imiloxan (0.5 uM) for 4 h followed by Doxazosin (Dox) 37 uM for

72 h.
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3.3.25 Effect of doxazosin on PC3 cells pre-incubated with guanabenz:

PC3 cells treated with guanabenz demonstrated no effect on growth when compared
to solvent treated controls (p = 0.9412). Moreover, pre-incubation of guanabenz did
not attenuate the cytotoxic effect of doxazosin on PC3 cells when compared to

doxazosin treated controls (p = 0.6310).

3.3.26 Effect of doxazosin on DU145 cells pre-incubated with guanabenz:

DU145 cells treated with guanabenz demonstrated no effect on growth when
compared to solvent treated controls (p = 0.4052). Moreover, pre-incubation of
guanabenz did not attenuate the cytotoxic effect of doxazosin on DU145 cells when

compared to doxazosin treated controls (p = 0.9862).

3.3.27 Effect of doxazosin on LNCaP cells pre-incubated with quanabenz:

LNCaP cells treated with guanabenz demonstrated no effect on growth when
compared to solvent treated controls (p = 0.4561). Moreover, pre-incubation of
guanabenz did not attenuate the cytotoxic effect of doxazosin on LNCaP cells when

compared to doxazosin treated controls (p = 0.9136).

3.3.28 Effect of doxazosin on HT1376 cells pre-incubated with gquanabenz:

HT1376 cells treated with guanabenz demonstrated no effect on growth when
compared to solvent treated controls (p = 0.1723). Moreover, pre-incubation of
guanabenz did not attenuate the cytotoxic effect of doxazosin on HT1376 cells when

compared to doxazosin treated controls (p = 0.4290).
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Figure 15: PC3 cells (a) DU145 cells (b) LNCaP cells (c) and HT1376 cells (d)
preincubated with guanabenz (10 uM) for 4 h followed by doxazosin (Dox) 37 uM for

72 h.
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3.3.29 Effect of doxazosin on PC3 cells pre-incubated with idazoxan:

PC3 cells treated with idazoxan demonstrated a significant reduction in growth when
compared to solvent treated controls (p = 0.0027). However, pre-incubation of
idazoxan did not attenuate the cytotoxic effect of doxazosin on PC3 cells when

compared to doxazosin treated controls (p = 0.9700).

3.3.30 Effect of doxazosin on DU145 cells pre-incubated with idazoxan:

DU145 cells treated with idazoxan demonstrated a significant reduction in growth
when compared to solvent treated controls (p = 0.0394). However, pre-incubation of
idazoxan did not attenuate the cytotoxic effect of doxazosin on DU145 cells when

compared to doxazosin treated controls (p = 0.9636).

3.3.31 Effect of doxazosin on LNCaP cells pre-incubated with idazoxan:

LNCaP cells treated with idazoxan demonstrated no effect on growth when
compared to solvent treated controls (p = 0.9332). Moreover, pre-incubation of
idazoxan did not attenuate the cytotoxic effect of doxazosin on LNCaP cells when

compared to doxazosin treated controls (p = 0.5466).

3.3.32 Effect of doxazosin on HT1376 cells pre-incubated with idazoxan:

HT1376 cells treated with idazoxan demonstrated no effect on growth when
compared to solvent treated controls (p = 0.1117). Moreover, pre-incubation of
idazoxan not attenuate the cytotoxic effect of doxazosin on HT1376 cells when

compared to doxazosin treated controls (p = 0.9835).
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Figure 16: PC3 cells (a) DU145 cells (b) LNCaP cells (c) and HT1376 cells (d)
preincubated with idazoxan (5 uM) for 4 h followed by doxazosin (Dox) 37 uM for 72
h. Idazoxan significantly inhibited growth of PC3 cells and DU145 cells but not in the
LNCaP cells and HT1376 cell lines.
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3.4 Discussion

The adrenergic compounds tested included several adrenergic agonists and
antagonists namely clonidine, idazoxan and guanabenz (alpha-2 selective agonist),
yohimbine (non-selective alpha antagonist), propranolol (non-selective beta

antagonist) and imiloxan (alpha-2B antagonist).

We found 5HT induced proliferation of the cell lines we tested, however, pre-
treatment with 5HT did not attenuate cell death induced by doxazosin. These results
were similar to previous studies that had shown that serotonin induces proliferation
of PCa and BCa cells In Vitro (Siddiqui, Shabbir et al. 2005) and that their effects on
proliferation is inhibited by 5HT antagonists (Abdul, Anezinis et al. 1994). The
relationship between 5HT receptors and doxazosin has been reported in studies on
platelet activation (Jagroop and Mikhailidis 2001) and in cavernous smooth muscle
contraction (Lau, Thompson et al. 2006). Furthermore, it has been hypothesized that
5HT receptors could possibly mediate the growth inhibitory effects of doxazosin

(Siddiqui, Shabbir et al. 2005).

Our experiments involving pre-treatment by serotonin hydrochloride [1 x 1012
to 1 x 109] for 4 h was unable to demonstrate that 5HT receptors mediated
doxazosin induced growth inhibition using Cell-Titer 96® aqueous MTS assay.
Subsequently, we repeated the experiments using serotonin creatinine sulphate [1 x
10%to 1 x 10-6], which had better solubility in water as well as being more stable and
not photo degradable. In these experiments too, we were unable to demonstrate that
doxazosin mediated growth was mediated by 5HT receptors. We also repeated the
experiment using BrdU assay with serotonin creatinine sulphate [1 x 10°to 1 x 10,

obtained similar results to that of Cell-Titer 96® aqueous MTS assay. Taken together,
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we concluded that 5HT receptors did not mediate the cytotoxic effects of doxazosin

in the PCa and BCa cell lines we tested.

Subsequently, we investigated the role of other adrenergic receptors that had
a structural similarity to alpha-1 adrenergic receptors. Whilst we had already shown
that pre-treatment with phenoxybenzamine did not attenuate the growth effects of
doxazosin, we used another non-selective alpha antagonist, namely, yohimbine to
confirm these results. Not surprisingly, yohimbine did not attenuate the growth

inhibition by doxazosin.

Given the structural similarity of alpha-1 receptors to alpha-2 adrenergic
receptors, we tested if clonidine, idazoxan and guanabenz (alpha-2 agonists),
imiloxan (selective alpha-2B antagonist) and propranolol (non-selective beta
antagonist) would have any effect on the growth inhibition by doxazosin. Idazoxan
inhibited the growth of PC3 cells and DU145 cells but not of LNCaP and HT1376
cells. The growth inhibition of DU145 cells by idazoxan had already been reported
previously though the mechanism of action remains to be fully elucidated (Eilon,
Weisenthal et al. 2009). PC3 and DU145 cells are androgen resistant cell lines whilst
LNCaP is androgen-dependent, and HT1376 is a cell line developed from high grade
BCa with no relation to androgen. These findings suggest that growth inhibitory
actions of idazoxan could be related to the androgen-resistant status of PC3 and
DU145 cells. Nonetheless, idazoxan did not have any effect on growth inhibition by
doxazosin in any of the cell lines we tested. Pre-treatment with clonidine,
guanabenz, imiloxan, and propranolol compounds did not attenuate the cell death

induced by doxazosin.
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We concluded that doxazosin did not mediate its actions on cell viability via
receptors that have structural similarity to alpha-1 adrenergic receptor. Nonetheless,
at this stage of experiments the receptor that mediated the cytotoxic actions of
doxazosin remained elusive. After these results we embarked on developing
doxazosin-resistant cells as these cells could potentially lead to the up regulation or
down regulation of the receptors that mediated the growth inhibiting actions of

doxazosin and these are described in further detail in the next chapter.
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Chapter 4

Development of doxazosin-resistant
prostate cancer cells
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4.1 Introduction

In PCa, not confined to the prostate gland, androgen ablation is the mainstay of
treatment. However, this is not curative as eventually the cancer cells develop
resistance to androgen ablation treatment (becomes androgen-independent) and to
subsequent chemotherapeutic agents. Thus, progression of PCa during treatment can
be seen as selective survival and proliferation of resistant cells. Understanding the
differences in cells that survive chemotherapy would help to determine the adaptive
mechanisms involved in development of resistance by cancer cells. As the mechanism
of action of doxazosin was receptor-mediated, development of a cell line that is
resistant to doxazosin could potentially be a useful substrate to investigate those
receptors that will be upregulated or down regulated when rendered resistant to
doxazosin. Also, doxazosin-resistant cancer cells had not been developed to date,
and development of a resistant cell line would serve as a valuable tool for future

studies.

We attempted to develop drug-resistant cancer cell lines of prostate (PC-3, DU-145
and LNCaP) using previously established experimental protocols (Chien, Astumian
et al. 1999). In brief, logarithmically growing cells were exposed /n Vitro to: (a)

serially increasing concentrations of doxazosin to a maximum dose of 100 uM, and

(b) exposure of cells to a low dose doxazosin for longer periods.

However, the protocols were not specific for developing cells that can be rendered
resistant to doxazosin as doxazosin-resistant cell lines had not been established
previously. The first step in establishment of successful development of resistance

was to compare the ICso with control cell populations.
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4.2 Development of Cell Lines Resistant to Doxazosin

4.2.1 Treatment of PC-3, DU-145 and LNCaP cell lines to serially increasing

concentrations of doxazosin:

Cell lines (PC-3, DU-145 and LNCaP) grown in serum containing media were exposed
to serially increasing concentrations (12.5, 25, 37.5, 50, 75 and 100 uM doxazosin) in

an attempt to develop doxazosin resistant cell lines.

The cells were grown in serum containing media in 75 cm? flasks (n=12) to nearly
confluence (60-70%). The cells were washed twice with PBS and fresh serum
containing media (18 ml) containing doxazosin (final doxazosin concentration of 12.5
MM) was added. The cells were observed under light microscope daily for progress in
proliferation, excessive cell death and anoikis. The media (with addition of doxazosin)

was changed every 48 h.

Following 7 to 14 days of treatment, the concentration of doxazosin was increased -
in a serial stepwise manner every week — from initial first chosen concentrations of
12.5 yM and 25 pM, with a view to serially increase to 37.5,50, 75 and 100 yM of

doxazosin.

Controls (n=12) were maintained in separate flasks and treated in the same manner
without the addition of doxazosin. Where full confluence necessitated splitting the
growth over a larger surface area, trypsin-EDTA was used for detaching the cells.
Once detached, the cells were pelleted by centrifugation at 500 rpm for 5 minutes. The
cell pellet was re-suspended in 1ml of serum free media. Half of this volume was
seeded into 75 cm?flasks and the newly seeded cells were allowed to attach overnight

prior to adding appropriate concentration of doxazosin.
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The doxazosin-treated cells and the controls were treated with 37.5 yM doxazosin and
the 1Cso compared every 7 days. The concentration was serially increased if there was
a statistically significant reduction in doxazosin-induced cell death to 37.5 uM in
doxazosin pre-treated cells as compared to solvent pre-treated control cells.

4.2.2 Treatment of PC-3, DU-145 and LNCaP cell lines to prolonged, low-dose

concentrations of doxazosin:

Cell lines (PC-3, DU-145 and LNCaP) grown in serum containing media were exposed
to low dose concentrations (3.125, 6.25 uM doxazosin) for 3 weeks in an attempt to

develop doxazosin-resistant cell lines.

DU-145, PC-3 or LNCaP cells grown in serum containing media 75 cm? were grown
to near confluence (60-70%). The cells were washed twice with PBS and grown in
serum containing media (18 ml) containing appropriate concentrations of doxazosin
(to obtain final doxazosin concentrations of 3.125 yM, 6.25 uM were added (n=12 for
each group). The cells were observed under light microscope every 48 to 72 h for
progress in proliferation, excessive cell death and anoikis. The media (with doxazosin)

was changed every 48 h.

Controls (n=12) were maintained in separate flasks and treated in the same manner
with the addition of diluent (water) only. Where full confluence necessitated splitting
the growth over a larger surface area, trypsin-EDTA was used for detaching the cells.
Once detached, the cells were pelleted by centrifugation at 500 rpm for 5 minutes. The
cell pellet was re-suspended in 1ml of serum free media. Half of this volume was
seeded into 75 cm?flasks and the newly seeded cells were allowed to attach overnight

prior to adding appropriate concentration of doxazosin or diluent.
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The doxazosin-treated cells and the controls were treated with 37.5 yM doxazosin and
the 1Cso compared every 7 days. The concentration was serially increased if there was
a statistically significant reduction in doxazosin-induced cell death to 37.5 uM in

doxazosin pre-treated cells as compared to solvent pre-treated control cells.

4.3 Investigation of Effects of Doxazosin in Serum Deprived
Conditions on PC-3, DU-145 and LNCaP Cells

4.3.1 Evaluation of the effects of doxazosin on PC-3, DU-145 and LNCaP cell

lines in serum free media:

DU-145, PC-3 or LNCaP cells were seeded in 96-well MT plates at 5000 cells per 100
ML in appropriate serum containing media and 1% antibiotic solution. After overnight
incubation at 37C, the media from the test wells were decanted, washed thrice with
PBS, and replaced with serum free media (90 uL) containing 1% antibiotic solution of
grown in serum containing penicillin, streptomycin, and amphotericin B and doxazosin

(12.5 uM, 25 uM, 37 uM and 50 pM or water).

In control wells, the media from the wells were decanted, washed thrice with PBS, and
replaced with appropriate serum containing media and 1% antibiotic solution and
doxazosin (12.5uM, 25 yM, 37uM and 50uM or water). After 72 h of incubation, Cell-
Titer 96® aqueous MTS assay was performed. The ICso in serum free condition were
calculated for the individual cell lines.

4.3.2 Evaluation of the effects of doxazosin on PC-3, DU-145 and LNCaP cell

lines in serum free media supplemented with lipoprotein deficient serum (LPDS)

and/or cholesterol:

DU-145, PC-3 or LNCaP cells were seeded in 96 well MT plates at 5000 cells per 100

WL in appropriate serum containing media and 1% antibiotic solution. After overnight
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incubation at 37C, the media from the test wells were decanted, washed thrice with
PBS, and replaced with one of the following: (a) serum free media (90 uL), (b) serum
added media (90 pL), (c) serum free media (90 yL) and 10% LPDS, (d) serum free

media (90 uL), and 10% LPDS and cholesterol (1:1000 solution)

Additionally, doxazosin 20 yM was added to test well whilst water was added to control

wells. After 72 h of incubation, Cell-Titer 96® aqueous MTS assay was performed.

4.4 Evaluation of the effects of Doxazosin on Lipid Receptor-deficient
Fibroblasts:

This cell line was developed from a patient with homozygous familial
hypercholesterolemia with Pro664Leu mutation in the LDL receptor gene (Bourbon,
Fowler et al. 1999). The cells were grown in MEME supplemented with 10% foetal calf
serum and 1% antibiotic solution containing penicillin, streptomycin, and amphotericin

B.

Low passage cells were grown to 40% confluence and detached by EDTA-
trypsin and plated at a density of 2500 cells per well in 96 well MP for overnight
incubation at 37 C. Subsequently 10 uL of media was aspirated out and replaced with
10 uL of doxazosin [12.5uM, 25 uM, 37uM and 50uM, 75uM] and control wells
received 10 uL water (solvent). Dose-response curves at 48 h was performed using
Cell-Titer 96® aqueous MTS assay and onset of any granulations were noted by

inspection under light microscopy.
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4.5 Results

4.5.1 Observations using light microscopy:

All cells treated with doxazosin developed a granular appearance of the cytoplasm
on light microscopy. Control samples were devoid of the granular changes. When
treated with doxazosin, amongst all the cell lines tested (PC3, DU145, LNCaP), PC-3
cells showed the most marked granular appearance whilst in HT-1376 cells these
granulations were difficult to appreciate as these cells do not form a uniform

monolayer and tend to grow into several layers.

The onset of granular appearance was directly proportional to the concentration of
doxazosin - the higher the concentration of doxazosin the faster the granulation
appeared with the cytoplasm. We, therefore, embarked on identifying and further
characterizing the appearance of granulations that were observed on light

microscopy.

4.5.1.1 Further experiments conducted in view of light microscopy findings:

First, we looked at the lowest concentration required for the appearance of
granulations and the time taken for these to be observable by light microscopy. We
treated the above cell lines (n=6 each) at 60% confluence with doxazosin 1, 2 and 5
MM/L or water (controls) until granulations became noticeable on light microscopy.
The cells were observed under light microscope every 24 h for progress in
proliferation, excessive cell death or anoikis. The media (with doxazosin or control)
was changed every 48 to 72 h. Where full confluence necessitated splitting the
growth over a larger surface area, trypsin-EDTA was used for detaching the cells.

Once detached, the cells were pelleted by centrifugation at 500 rpm for 5 minutes.
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The cell pellet was re-suspended in 1ml of serum free media. Half of this volume was
seeded into 75 cm? flasks and the newly seeded cells were allowed to attach

overnight prior to adding appropriate concentration of doxazosin or diluent.

We did not observe the appearance of granulations in the first 96 of exposure in any
of the low-dose exposures. At 96 h, granulations were observed in the cells exposed
to 5 uM doxazosin; similarly, the granulations appeared at 144 and 168 h for 2 uM and

1 UM, respectively.

Next, we investigated if the granular appearance of cytoplasm could be reversed if
exposure to doxazosin was terminated and cells were continued to grow in the
absence of doxazosin. The above cell lines (n=6 each) were exposed to doxazosin
(water for controls). Once granulations were observable the cells were incubated with
doxazosin (or water) for a further 24 h. Subsequently, cells were washed with PBS
twice and allowed to grow in their respective media (without doxazosin). The media
(with doxazosin or control) was changed every 48 to 72 h. Where full confluence
necessitated splitting the growth over a larger surface area, trypsin-EDTA was used
for detaching the cells. Once detached, the cells were pelleted by centrifugation at 500
rom for 5 minutes. The cell pellet was re-suspended in 1ml of serum free media. Half
of this volume was seeded into 75 cm?flasks and the newly seeded cells were allowed
to attach overnight prior to adding appropriate concentration of doxazosin or diluent.
The granulations were found to gradually disappear when exposure to doxazosin was
removed. The time taken for the disappearance of granular appearance was
proportional to the concentration of doxazosin exposed - the lower the concentration

of doxazosin the faster the granulations disappeared from the cytoplasm [Table 3].
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Table 3. Data showing the various time points for the onset of granulation (middle
column) following exposure of PC-3, DU-145 and LNCaP cells to various
concentrations of and right column shows time taken to observe disappearance of
granulations after the exposure had been terminated; ICD = irreversible cell death.

Doxazosin Time taken for onset of Time taken for disappearance of

concentration granulation (Hours) granulation (Hours)
PC-3 DU145 LNCaP PC-3 DU145 LNCaP

1 uM/L 168 168 168 24 24 24
2 uM/L 144 144 144 24 24 24
5 uM/L 96 96 96 48 24 24
6.25 pM/L 72 96 72 48 48 48
12.5 uM/L 48 72 72 48 48 48
25 uM/L 36 48 48 72 48 72
37.5 uM/L 24 36 24 72 72 96
50 uM/L 18 18 18 96-144 96 144
75 uM/L 4 ICD* ICD* ICD* ICD* ICD*
100 uM/L 1 ICD* ICD* ICD* ICD* ICD*

4.5.1.2 Measurement of maximum tolerable dose of doxazosin:

The maximum dose that cells tolerated exposure for 24 h was 50 uM/L. At 60 uM/L
and beyond, most cells underwent cell death or anoikis and were detached (floating)
from the monoculture. It was also observed that those cells that remained attached
were unable to re-attach following EDTA-trypsinization. If doxazosin exposure was
terminated (without subjecting the cells to EDTA-trypsinization), the cells took more
than 21 days to resume back to the same pace of growth (doubling time) as compared

to matched controls.

116



4.5.2 Preparation of cells for identification of lipofuscin granules:

Low passage PC-3, DU-145 and LNCaP cells were thawed from -80C, subjected to 2
passages at sub-confluence, harvested (EDTA-trypsin), seeded in 25 cm? pre-labelled
flasks and incubated for 24 h. The flasks were divided into test group (exposed to 37.5
MM doxazosin) and control group. Doxazosin was added to test flasks and water added
to controls and incubated for the requisite period, after which the cells were detached

using trypsin-EDTA, pelleted and washed.

The cell pellets were processed into paraffin blocks and stained for lipofuscin using
the DAPS which stains lipofuscin in magenta colour, and with aldehyde fuchsin which

demonstrates lipofuscin in deep purple.

All 3 cell lines tested were negative for lipofuscin as compared to controls, thus
demonstrating the granules observed in TEM were not due to lipofuscin formation in

doxazosin treated cells.

4.5.3 Evaluation of the effects of treatment of PC-3 cells to serially increasing

concentrations of doxazosin:

There was no difference in the number of viable cells in the PC-3 control group versus
the PC-3 DR group (p = 0.1737). Exposure of PC-3 cells to 12.5 yM doxazosin for one
week resulted in a significant (p = 0.0209) increase in cell death induced by doxazosin

(37 uM) in PC3-DR cells when compared to control PC-3 cells (Figure.17A).

We incubated the PC3-DR cells with the same concentration of doxazosin 12.5 uM for
another week and the experiment repeated after another 8 days of incubation (week
2). We observed that the number of viable cells in PC3-DR cells were significantly less

(p = 0.0008) when compared to PC-3 control group. Also, there was a significant (p =
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0.0003) increase in cell death induced by doxazosin (37 pM) in PC3-DR cells when

compared to control PC-3 cells (Figure.17B).

These results suggested that treatment with 12.5 yM doxazosin for 1-2 weeks did not
render the cells resistant to doxazosin. On the contrary, the doxazosin-treated cells
underwent significantly more cell death as compared to solvent treated controls,
suggesting that pre-exposure to doxazosin rendered the cells more susceptible to cell

death and not vice versa.

4.5.4 Evaluation of the effects of treatment of DU-145 cells to serially increasing

concentrations of doxazosin:

When the DU-145 control cells were compared to DU145-DR controls, there was a
significant reduction in the in the number of viable cells in the DU145-DR (p = 0.0081),
suggesting that growth DU-145 cells were impeded following exposure to DU-145 cells
to 12.5 uM doxazosin for one week. However, there was no significant difference (p =
0.3518) when these were incubated with 37 yuM doxazosin for a further 72 h

(Figure.18A)

We then incubated the DU145-DR cells with the same concentration of doxazosin 12.5
MM for another week and the experiment repeated after another 8 days of incubation
(week 2). We observed that the number of viable cells in DU145-DR cells were again
significantly less (p = 0.0027) when compared to DU-145 control group. Also, there
was a significant (p = 0.0230) increase in cell death induced by doxazosin (37 uM) in

DU145-DR cells when compared to control DU-145 cells (Figure.18B).

These results suggested that treatment with 12.5 yM doxazosin for 2 weeks did not
render the DU-145 cells resistant to doxazosin. On the contrary, the doxazosin-treated

cells underwent significantly more cell death as compared to solvent treated controls,
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suggesting that pre-exposure to doxazosin rendered the cells more susceptible to cell

death and not vice versa.

4.5.5 Evaluation of the effects of treatment of LNCaP cells to serially increasing

concentrations of doxazosin:

When the LNCaP control cells were compared to LNCaP-DR controls, there was a
significant reduction in the in the number of viable cells in the LNCaP-DR (p = 0.0020),
suggesting that growth LNCaP cells were impeded following exposure to LNCaP cells
to 12.5 uM doxazosin for one week. However, there was no significant difference (p =
0.158) when these were incubated with 37 uM doxazosin for a further 72 h

(Figure.19A).

We then incubated the LNCaP-DR cells with the same concentration of doxazosin
12.5 uM for another week and the experiment repeated after another 8 days of
incubation (week 2). We observed that the number of viable cells in LNCaP-DR cells
were again significantly less (p = 0.0001) when compared to LNCaP control group.
Also, there was a significant (p = 0.0008) increase in cell death induced by doxazosin

(37 uM) in LNCaP-DR cells when compared to control LNCaP cells (Figure.19B).

These results suggested that treatment with 12.5 yM doxazosin for 2 weeks did not
render the LNCaP cells resistant to doxazosin. On the contrary, the doxazosin-treated
cells underwent significantly more cell death as compared to solvent treated controls,
suggesting that pre-exposure to doxazosin rendered the cells more susceptible to cell

death and not vice versa.

Not surprisingly, when PC-3, DU-145 and LNCaP cells were treated with an initial

concentration of 25 uM of doxazosin for 1 week, all the doxazosin-treated cell lines
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showed a significant reduction in cell numbers when compared to untreated controls
(p = 0.0001). Also, there was a significant (p = 0.0008) increase in cell death induced
by doxazosin (37 uM) in doxazosin pre-treated cells when compared to controls. We
did not proceed to the second week of incubation given the lack of results and the

inability to produce doxazosin-resistant cells in any of the cell lines.
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Figure 17: PC-3 cells incubated with doxazosin (Dox) 12.5 uM for 1 week (A) and for 2 weeks

(B) after which they were exposed to doxazosin 37 uM for 72 h. PC3-DR = drug resistant PC3
cells
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Figure 18: DU145 cells incubated with doxazosin (Dox) 12.5 uM for 1 week (A) and for 2

weeks (B) after which they were exposed to doxazosin 37 uM for 72 h. DU145-DR = drug
resistant DU-145 cells.
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Figure 19: LNCaP cells incubated with doxazosin (Dox) 12.5 uM for 1 week (A) and
for 2 weeks (B) after which they were exposed to doxazosin 37 yM for 72 h. LNCaP-
DR = drug resistant LNCaP cells.

4.5.6 Evaluation of the effects of prolonged, low-dose concentrations of

doxazosin on PC3 cells:

When the PC-3 control cells were compared to PC3-DR controls, there was no
significant reduction in the in the number of viable cells in the PC3-DR (p = 0.9734),
suggesting that growth LNCaP cells were impeded following exposure to LNCaP cells
to 3.125 uyM doxazosin for 3 weeks. Also, there was no significant difference (p =

0.1958) when these were incubated with 37 uM doxazosin for a further 72 h.

We then incubated the PC3-DR cells with the same concentration of doxazosin 3.125
MM for another week and the experiment repeated after another 7 days of incubation
(week 4). We observed that the number of viable cells in PC3-DR cells were again
significantly less (p = 0.0002) when compared to PC3 control group. Also, there was
a significant (p = 0.0008) increase in cell death induced by doxazosin (37 uM) in PC3-

DR cells when compared to control PC3 cells (Figure. 20 A, B).
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These results suggested that treatment with 3.125 yM doxazosin for 4 weeks did not
render the PC-3 cells resistant to doxazosin. On the contrary, the doxazosin-treated
cells underwent significantly more cell death as compared to controls, suggesting that
pre-exposure to doxazosin rendered the cells more susceptible to cell death and not
vice versa. Therefore, we did not proceed to the next week of incubation given the lack
of results and the inability to produce doxazosin-resistant cells in PC-3 cell lines by

prolonged low dose exposure.

4.5.7 Evaluation of the effects of prolonged, low-dose concentrations of

doxazosin on DU145 cells:

When the DU145 control cells were compared to DU145-DR controls, there was no
significant reduction in the number of viable cells in the DU145-DR (p = 0.9734),
suggesting that growth DU-145 cells were impeded following exposure to DU-145 cells
to 3.125 uM doxazosin for 3 weeks. Also, there was no significant difference (p =
0.1958) when these were incubated with 37 yM doxazosin for a further 72 h

(Figure.21).

We then incubated the DU145-DR cells with the same concentration of doxazosin
3.125 uM for another week and the experiment repeated after another 7 days of
incubation (week 4). We observed that the number of viable cells in DU145-DR cells
were again significantly less (p = 0.0002) when compared to DU-145 control group.
Also, there was a significant (p = 0.0008) increase in cell death induced by doxazosin

(37 uM) in DU145-DR cells when compared to control DU145 cells.

These results suggested that treatment with 3.125 uM doxazosin for 4 weeks did not
render the DU-145 cells resistant to doxazosin. On the contrary, the doxazosin-treated

cells underwent significantly more cell death as compared to controls, suggesting that
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pre-exposure to doxazosin rendered the cells more susceptible to cell death and not
vice versa. Therefore, we did not proceed to the next week of incubation given the lack
of results and the inability to produce doxazosin-resistant cells in DU-145 cell lines by

prolonged low dose exposure.

4.5.8 Evaluation of the effects of prolonged, low-dose concentrations of

doxazosin on LNCaP cells:

When the LNCaP control cells were compared to LNCaP-DR controls, there was a
significant reduction in the in the number of viable cells in the LNCaP-DR (p = 0.0001),
suggesting that growth LNCaP cells were impeded following exposure to LNCaP cells
to 3.125 uM doxazosin for 3 weeks. Also, there was a significant difference (p =
0.0001) when these were incubated with 37 yuM doxazosin for a further 72 h

(Figure.22).

We then incubated the LNCaP -DR cells with the same concentration of doxazosin
3.125 uM for another week and the experiment repeated after another 7 days of
incubation (week 4). We observed that the number of viable cells in LNCaP-DR cells
were again significantly less (p = 0.0001) when compared to LNCaP control group.
Also, there was a significant (p = 0.0001) increase in cell death induced by doxazosin

(37 uM) in LNCaP-DR cells when compared to control LNCaP cells.

These results suggested that treatment with 3.125 yM doxazosin for 4 weeks did not
render the LNCaP cells resistant to doxazosin. On the contrary, the doxazosin-treated
cells underwent significantly more cell death as compared to controls, suggesting that
pre-exposure to doxazosin rendered the cells more susceptible to cell death and not

vice versa. Therefore, we did not proceed to the next week of incubation given the lack
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of results and the inability to produce doxazosin-resistant cells in LNCaP cell lines by

prolonged low dose exposure.
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Figure 20: PC-3 incubated with doxazosin (Dox) 3.125 uM for 3 weeks (A) and for 4

weeks (B) after which they were exposed to doxazosin 37 uM for 72 h. PC3-DR = drug
resistant PC3 cells.
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Figure 21: DU145 cells incubated with doxazosin (Dox) 3.125 pM for 3 weeks (A) and

for 4 weeks (B) after which they were exposed to doxazosin 37 uM for 72 h. DU145-
DR = drug resistant DU-145 cells.
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Figure 22: LNCaP cells incubated with (Dox) 3.125 uM for 3weekS (A) and for 4 weeks

(B) after which they were exposed to doxazosin 37 uM for 72 h. LNCaP-DR = drug
resistant LNCaP cells.

4.5.9 Evaluation of the effects of doxazosin on PC-3 cells in serum free media:

When the PC-3 serum free control cells were compared to PC-3 serum controls, there
was a significant reduction in the in the number of viable cells in the former in the

serum free wells (p = 0.0001), suggesting that growth PC3 cells were impeded

following serum deprivation (Figure 23).
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4.5.10 Effect of doxazosin on DU-145 cells in serum free media:

When the DU-145 serum free controls were compared to DU-145 serum controls,
there was a significant reduction in the in the number of viable cells in the former (p =

0.0001), suggesting that growth DU-145 cells were impeded following serum

deprivation (Figure 24).

4.5.11 Evaluation of the effects of doxazosin on LNCaP cells in serum free

media:

When the LNCaP serum free controls were compared to LNCaP serum controls, there
was a significant reduction in the in the number of viable cells in the former (p =

0.0001), suggesting that growth LNCaP cells were impeded following serum

deprivation (Figure 25).
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Figure 23: PC-3 cells treated with varying concentrations of doxazosin (Dox) for 72 h
in serum containing media (left) and serum free (SF) media.
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Figure 24: DU145 cells treated with varying concentrations of doxazosin (Dox) for 72
h in serum containing media (left) and serum free (SF) media.
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Figure 25: LNCaP cells treated with varying concentrations of doxazosin (Dox) for 72
h in serum containing media (left) and serum free (SF) media.
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4.5.12 Effect of doxazosin on PC-3 cells in serum containing media, serum free

media and LPDS and cholesterol supplemented medium:

When compared to PC-3 cells grown in serum containing media to that of serum free
media, there was a significant reduction in growth in the latter (p = 0.0001). This
reduction in growth due to serum deprivation was not abrogated by the addition of

LPDS or a combination of LPDS and cholesterol solution (1:1000).

We then compared how the viability of PC-3 cells were affected by doxazosin in the
different experimental conditions. The addition of LPDS to serum free media improved
cell viability (p = 0.0001). However, when the viability of doxazosin-treated cells with
addition of LPDS were compared to doxazosin-treated cells in complete serum, the
former showed significantly less viable cells (p = 0.0001). When a combination of
LPDS and cholesterol was added, it resulted in an even more significant abrogation of

the cell death induced by doxazosin as compared to LPDS alone (Figure 26).

4.5.13 Effect of doxazosin on DU145 cells in serum containing media, serum free

media and LPDS and cholesterol supplemented medium:

When compared to DU-145 cells grown in serum containing media to that of serum
free media, there was a significant reduction in growth in the latter (p = 0.0001). This
reduction in growth due to serum deprivation was not abrogated by the addition of

LPDS or a combination of LPDS and cholesterol solution (1:1000).

We then compared how the viability of DU-145 cells were affected by doxazosin in the
different experimental conditions. The addition of LPDS to serum free media improved
cell viability (p = 0.0001). However, when the viability of doxazosin-treated cells (with
addition of LPDS) were compared to doxazosin-treated cells in complete serum, the

former showed significantly less viable cells (p = 0.0001). When a combination of
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LPDS and cholesterol was added, it resulted in an even more significant abrogation of

the cell death induced by doxazosin as compared to LPDS alone (Figure 27).

4.5.14 Effect of doxazosin on LNCaP cells in serum containing media, serum

free media and LPDS and cholesterol supplemented medium:

When compared to LNCaP cells grown in serum containing media to that of serum
free media, there was a significant reduction in growth in the latter (p = 0.0001). This
reduction in growth due to serum deprivation was not abrogated by the addition of

LPDS or a combination of LPDS and cholesterol solution (1:1000).

We then compared how the viability of LNCaP cells were affected by doxazosin in the
different experimental conditions. The addition of LPDS to serum free media improved
cell viability (p = 0.0001). However, when the viability of doxazosin-treated cells (with
addition of LPDS) were compared to doxazosin-treated cells in complete serum, the
former showed significantly less viable cells (p = 0.0001). When a combination of
LPDS and cholesterol was added, it resulted in an even more significant abrogation of

the cell death induced by doxazosin as compared to LPDS alone (Figure 28).
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Figure 26: PC3 cells in serum free media control or serum control and LPDS or

LPDS+ cholesterol controls treated compared to treatment with 20 uM of doxazosin
(Dox). LPDS = lipoprotein deficient serum.
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Figure 27: DU145 cells in serum free media control or serum control and LPDS or

LPDS + cholesterol controls treated compared to treatment with 20 yM of doxazosin
(Dox). LPDS = lipoprotein deficient serum.
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Figure 28: LNCaP cells in serum free media control or serum control and LPDS or

LPDS + cholesterol control treated compared to treatment with 20 uM of doxazosin
(Dox).

4.3.15 Effect of doxazosin on lipid receptor-deficient fibroblast cell lines:

Doxazosin had no effect on cell viability at concentration of 12.5 uM and 25 uM. At
concentrations of 37 yM we observed that 84% of the cells were viable, and

concentrations of 75 yM, 57% of the cells were viable (Figure 29).
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Figure 29: LDL receptor deficient fibroblasts (Fib-LRD) treated with different

concentrations of doxazosin (Dox).

4.6 Discussion

Developing cancer cell lines that are resistant to a drug is an important strategy in
the study of drug development. Our results suggest that our attempts to develop cell
lines that are resistant to doxazosin were unsuccessful. However, morphological
examination of the cell lines using light microscopy during these experiments

suggested that:
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(a) the appearance of granular cytoplasm preceded cell death induced by doxazosin,

(b) the effects on the cell even in low doses were cumulative over time,

(c) the effects of doxazosin were reversible over time if the cells were not exposed to

concentrations over 60 uM

(d) doxazosin-induced cell death was potentiated when the cells were in nutrient-
depleted conditions (serum free media +/- EAA supplements), and this effect seen

with nutrient depletion can be reversed by the addition of lipoproteins.

(e) also, the addition of cholesterol solution (1:1000) further abrogated the cell death

induced by doxazosin.

Given the cumulative effects of doxazosin and its reversibility, we concluded
that the development of doxazosin-resistant cell lines using the above strategy would
not be feasible; therefore, we did not extend our experiments into BCa cells. The
results from our experiments with PCa cell lines led us to believe that doxazosin is
probably transported into the cell whereby it induces it cytotoxic actions within the
cell. This finding also led us to postulate that the effects of doxazosin could be
mediated by a receptor that is endocytosed upon binding with doxazosin — possibly
the lipid receptor, given the increased cell death in serum free conditions and the
protective effect of lipoproteins in nutrient-depleted conditions. We therefore used
LDL receptor mutant fibroblast cell lines to test this hypothesis. Interestingly,
doxazosin had no effect on cell viability at lower concentrations (12.5uM and 25uM)

on these cells and over 50% of the cells were viable at 75 yM of doxazosin.

LDL receptor mutant cell lines were difficult to grow in cell cultures and did not grow
beyond 40% - 50% confluence. Despite our best efforts, establishing new batches of

cells for experiments proved futile and therefore further experiments using this cell
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line had to be terminated. Hence, it is difficult to conclude if LDL receptors can be

implicated in doxazosin-mediated toxicity.

LDL receptors were the first receptors that were identified to be transported within
the cell via endocytosis, which then led to its downstream functions intracellularly
and eventually would be transported back to the cell surface. This led us to
hypothesize that endocytic process could be involved in the transport of the receptor
that mediated doxazosin induced cell death in PCa and BCa cells. In the next
chapter we look at the various endocytic pathways that could mediate doxazosin

induced cell death.
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Chapter 5

Investigating the role of endocytosis and pinocytosis
in doxazosin mediated cell death of prostate and
bladder cancer cells

135



5.1 Introduction

Cells are capable of internalizing plasma membrane, surface receptors and their
bound ligands, nutrients, bacterial toxins, immunoglobulins, viruses and various
extracellular soluble molecules by endocytosis (Lanzetti and Di Fiore 2008).
Endocytosis had been considered in the past to be an attenuator of cell signalling
though recent evidence has shown that endocytic signalling persists throughout the
signalling route giving rise to the concept of signalling endosomes (von Zastrow and

Sorkin 2007, Lanzetti and Di Fiore 2008).

Our previous experiments had led us to hypothesize that doxazosin may mediate its
actions intracellularly, following its entry into the cell by endocytic process.
Quinazoline molecules are small molecules and therefore can be trafficked into the
cell directly by endocytosis. Alternatively, the molecule could bind to a receptor
which then is trafficked intracellularly or could be trafficked directly in view of the
lipophilic nature of the quinazoline molecules. It has been shown by single cell
quantitative fluorescence imaging of BIODIPY-FL prazosin that 40% of adrenergic

binding sites are located intracellularly (Mackenzie, Daly et al. 2000).

In this chapter we investigated the role of the common endocytic pathways as well
as pinocytosis in doxazosin-induced cell death. We used chemical inhibitors of
clathrin —and —caveolin mediated as well as inhibitors of pinocytosis to ascertain the
effects of these inhibitors on doxazosin-induced cell death. Also, we used dynasore,
an inhibitor of dynamin, which regulated dynamin-dependent endocytic processes. In
brief, our results shows that inhibition of clathrin and dynamin-dependent endocytic

process resulted in significant attenuation of doxazosin-induced cell death.
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5.2 Experiments on In Vitro inhibition of clathrin-mediated endocytosis,
caveolin-mediated endocytosis, and pinocytosis in PCa and BCa cell lines

5.2.1 Inhibition of endocytosis by cooling on ice:

5.2.1.1 Evaluation of the effects of doxazosin on PC-3, DU-145, LNCaP and
HT1376 cells incubated on ice:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells

in 100 pyL/well and incubated at 37 C. After 24h, 10 pyL of media was removed from
all plates, and the MP were paired into test and control plates. The subsequent steps

for test and control plates are as follows.

Test plates: Test plates were incubated on ice for 30 minutes to ensure cooling prior
to experiments. Then 10 yL of doxazosin (diluted in water at 4 C) at different
concentrations (1077 10, 10-%, 10-4) were added to the wells whilst 10 yL was added
to control wells. The plates were then incubated for a further 2 h on ice. After this,
the media from all wells were decanted and fresh media (100 uL at 37 C) added to
each well. The plates were incubated for 4 h at 37 C and cell viability was assessed

using Cell-Titer 96® aqueous MTS assay.

Positive control plates: In contrast to test plates, the positive control plates were
incubated at 37 C throughout, and all drug and media added were at 37C. These
plates were incubated at 37 C for 30 minutes and 10 pL of doxazosin (diluted in
water at 37 C) at different concentrations (107> 10, 10-°, 10-4) were added to test
wells and 10 yuL was added to control wells. The plates were incubated for a further 2
h at 37 C. After this, the media from all wells were decanted and fresh media (100 uL
at 37 C) added to each well. The plates were incubated for 4 h at 37 C and cell
viability was assessed using Cell-Titer 96°® aqueous MTS assay.
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5.3 Experiments on Inhibition of endocytosis using chemical inhibitors of
clathrin-mediated endocytic pathway:

5.3.1 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with hypertonic sucrose solution:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 puL/well and incubated at 37 C. After 24h, 20 yL was pipetted out from each

well. Test and control wells were treated as follows:

Test wells: Test wells were incubated with 10 pyL sucrose (0.25 M and 0.4M, final
concentration) for 30 minutes followed by doxazosin in 10 uL (106, 105, 104). These

were incubated for 6 h, and Cell-Titer 96® aqueous MTS assay performed.

Control wells: Control well were incubated with 10 pL water for 30 minutes followed
by doxazosin in in 10 pL (final concentration of 106, 10-°, 10#). These were

incubated for 6 h, and Cell-Titer 96® aqueous MTS assay performed.

5.3.2 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with chlorpromazine:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pL/well and incubated at 37 C in serum containing media. After 24h, serum
contained media was replaced with 90 uL serum free medium and plates were

incubated for 30 minutes at 37 C. Test and control wells were treated as follows:

Test wells: 10 pL each of solutions of chlorpromazine hydrochloride 100 uM (Sigma
Aldrich, UK, Catalogue No: C8138) was added to make up a total volume of 100 pL.

The plates were returned to the incubator for 30 minutes. Subsequently, 10 uL was
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aspirated and replaced with doxazosin in 10 uL (final concentration 37 uM). These

were incubated for 72 h, and Cell-Titer 96® aqueous MTS assay performed.

Control wells: 10 uL each of solutions of diluent (water) was added to make up a
total volume of 100 yL. The plates were returned to the incubator for 30 minutes.
Subsequently, 10 uL was aspirated and replaced with doxazosin in 10 pL (final
concentration of 37 uM). These were incubated for 72 h, and Cell-Titer 96® aqueous

MTS assay performed.

5.3.3 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with dansylcadaverine:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pyL/well and incubated at 37 C in serum containing media for 24h. After this,
10 pL was pipetted out from each well and test and control wells were treated as

follows:

Test wells: 10 pyL each of solutions of dansylcadaverine 75 uM (Sigma Aldrich,
Catalogue No: D4808) to make up a total volume of 100 uL. The plates were
returned to the incubator for 4 h. Subsequently, 10 yL was aspirated and replaced
with doxazosin in 10 pL (37 uM). These were incubated for 72 h, and Cell-Titer 96®

aqueous MTS assay performed.

Control wells: 10 uL each of solutions of the diluent used for preparing stock
solutions of dansylcadaverine (160 uL of 1% acetic acid and 6160 pL of sterile
water) was added to make up a total volume of 100 pL. The plates were returned to
the incubator for 4 h. Subsequently, 10 yL was aspirated and replaced with
doxazosin in 10 L (final concentration of 37 uM). These were incubated for 72 h,

and Cell-Titer 96® aqueous MTS performed.
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5.4 Experiments on Inhibition of endocytosis using chemical inhibitors of
caveolae-mediated (lipid raft) endocytic pathway:

5.4.1 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with mevastatin:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pyL/well and incubated at 37 C in serum containing media. After 24h the media
was decanted from all the wells and replaced with serum free media (100 pL/well)
and the plates transferred to incubator for 30 minutes. After this period, 10 uL was

pipetted out from all the wells and test and control wells were treated as follows:

Test wells: 10 pyL each of solutions of mevastatin 20 uM (Sigma Aldrich, Catalogue
No: M2537) to make up a total volume of 100 pL. The plates were returned to the
incubator for 4 h. Subsequently, 10 uL was aspirated and replaced with doxazosin in
10 uL (final concentration 37 uM). These were incubated for 72 h, and Cell-Titer 96®

aqueous MTS assay performed.

Control wells: 10 uL each of solutions of diluent used for mevastatin preparing stock
solutions of mevastatin (4502 uL of DMSO and 1900 uL of water) was added to
make up a total volume of 100 uL. The plates were returned to the incubator for 4 h.
Subsequently, 10 uL was aspirated and replaced with doxazosin in 10 pL (final
concentration of 37 uM). These were incubated for 48 h, and Cell-Titer 96® aqueous

MTS assay performed.
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5.4.2 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with methyl beta cyclodextrin (MBCD):

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pyL/well and incubated at 37 C in serum containing media. After 24h the media
was decanted from all the wells and replaced with serum free media (100 pL/well)
and the plates transferred to incubator for 30 minutes. After this period, 10 uL was

pipetted out from all the wells and test and control wells were treated as follows:

Test wells: 10 pL each of solutions of MBCD1mM (Sigma Aldrich, Catalogue No:
C4555) to make up a total volume of 100 uL. The plates were returned to the
incubator for 1 h. Subsequently, 10 uL was aspirated and replaced with doxazosin in
10 uL (final concentration 37 uM). These were then incubated for 72 h, and Cell-Titer

96® aqueous MTS assay performed.

Control wells: 10 yL each of solutions of diluent (sterile water) used for MBCD was
added to make up a total volume of 100 yL. The plates were returned to the
incubator for 60 minutes. Subsequently, 10 uL was aspirated and replaced with
doxazosin in 10 uL (final concentration of 37 uM). These were incubated for 72 h,

and Cell-Titer 96® aqueous MTS assay performed.

5.4.3 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with cholesterol oxidase:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pyL/well and incubated at 37 C in serum containing media. After 24h the media
was decanted from all the wells and replaced with serum free media (100 yL/well)
and the plates transferred to incubator for 30 minutes. After this period, 10 uL was

pipetted out from all the wells and test and control wells were treated as follows:
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Test wells: 10 pL each of solutions of cholesterol oxidase 2 units/ml (Sigma Aldrich,
Catalogue No: C48649) to make up a total volume of 100 pL. The plates were
returned to the incubator for 2 h. Subsequently, 10 yL was aspirated and replaced
with doxazosin in 10 L (final concentration 37 uM). These were then incubated for

72 h, and Cell-Titer 96® aqueous MTS assay performed.

Control wells: 10 uL each of solutions of diluent (potassium phosphate buffer
adjusted to pH 7.0) used for cholesterol oxidase was added to make up a total
volume of 100 uL. The plates were returned to the incubator for 2 h. Subsequently,
10 pL was aspirated and replaced with doxazosin in 10 L (final concentration of 37
uM). These were incubated for 72 h, and Cell-Titer 96® aqueous MTS assay

performed.

5.5 Experiments on Inhibition of endocytosis using chemical inhibitors of
micropinocytosis:

5.5.1 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with amiloride:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pyL/well and incubated at 37 C in serum containing media. After this period, 10
ML was pipetted out from all the wells and test and control wells were treated as

follows:

Test wells: 10 pL each of solutions of amiloride 50 uM (Sigma Aldrich, Catalogue No:
A7410) to make up a total volume of 100 yL. The plates were returned to the

incubator for 4 h. Subsequently, 10 uL was aspirated and replaced with doxazosin in
10 pL (final concentration 37 uM). These were then incubated for 72 h and Cell-Titer

96® aqueous MTS assay performed.
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Control wells: 10 uL each of solutions of diluent used for amiloride (sterile water) was
added to make up a total volume of 100 yL. The plates were returned to the
incubator for 4 h. Subsequently, 10 uL was aspirated and replaced with doxazosin in
10 uL (final concentration of 37 uM). These were incubated for 72 h, and Cell-Titer

96® aqueous MTS assay performed.

5.6 Experiments on Inhibition of endocytosis using chemical inhibitors of
dynamin-mediated endocytic vesicle development:

5.6.1 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with dynasore:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pL/well and incubated at 37 C in serum containing media. After 24 h, serum
contained media was replaced with 100 uL serum free medium and plates were
incubated for 30 minutes at 37 C. After this, 10 yL was pipetted out from each well

and test and control wells were treated as follows:

Test wells: 10 pL each of solutions of dynasore 20 uM (Sigma Aldrich, Catalogue
No: D7693) to make up a total volume of 100 uL. The plates were returned to the
incubator for 60 minutes. Subsequently, 10 uL was aspirated and replaced with
doxazosin in 10 uL (final concentration of 37 uM or 100 uM). These were incubated

for 72 h and Cell-Titer 96® aqueous MTS assay performed.

Control wells: 10 uL each of solutions of diluent used for dynasore (stock solutions
prepared from 5 mg in 2898 pL of DMSO and 8586 uL of water) was added to make

up a total volume of 100 pL. The plates were returned to the incubator for 60
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minutes. Subsequently, 10 pL was aspirated and replaced with doxazosin in 10 pL
(final concentration of 37 uM or100 uM). These were incubated for 72 h and Cell-

Titer 96® aqueous MTS assay performed.

5.6.2 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with Mdivi-1:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 puL/well and incubated at 37 C in serum containing media. After 24 h, serum
contained media was replaced with 100 uL serum free medium and plates were
incubated for 30 minutes at 37 C. After this, 10 uL was pipetted out from each well

using a multichannel pipette. Test and control wells were treated as follows:

Test wells: 10 pL each of solutions of Mdivi-1 50 uM (Sigma Aldrich; Catalogue No:
MO0199) to make up a total volume of 100 yL. The plates were returned to the
incubator for 30 minutes. Subsequently, 10 uL was aspirated and replaced with
doxazosin in 10 L (final concentration of 37 uM). These were incubated for 72 h

and Cell-Titer 96® aqueous MTS assay performed.

Control wells: 10 uL each of solutions of diluent used for Mdivi-1 (DMSO and sterile

water) was added to make up a total volume of 100 uL. The plates were returned to
the incubator for 30 minutes. Subsequently, 10 yL was aspirated and replaced with

doxazosin in 10 L (final concentration of 37 uM). These were incubated for 72 h

and Cell-Titer 96® aqueous MTS assay performed.
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5.7 RESULTS:

5.7.1 Inhibition of endocytosis by cooling on ice:

5.7.1.1 Effect of doxazosin on PC-3 cells incubated on ice:

Incubation on ice caused a significant inhibition of doxazosin-induced cell death of
PC-3 cells particularly at higher concentrations of doxazosin, with a maximum
inhibition at 104 of doxazosin. At 10 and 10-° concentrations of doxazosin, the
attenuation of doxazosin-induced cell death was 11.54 % and 6.9 % respectively,

while at concentrations of 10-and 107, the difference was not significant.

5.7.1.2 Effect of doxazosin on DU-145 cells incubated on ice:

Incubation on ice caused a significant inhibition of doxazosin-induced cell death of
D145 cells particularly at higher concentrations of doxazosin. At 10*and 10-°
concentrations of doxazosin, the attenuation of doxazosin-induced cell death was
12.3 % and 7.68 % respectively, while at concentrations of 10-¢and 107, the

difference was not significant.

5.7.1.3 Effect of doxazosin on LNCaP cells incubated on ice:

Incubation on ice cause a significant inhibition of doxazosin-induced cell death of
LNCaP cells particularly at higher concentrations of doxazosin. At 10 there was
marked anoikis of doxazosin treated cells in the control group and following the
decanting of the media, many cells were seen detached. At 10*and 10-°
concentrations of doxazosin, the attenuation of doxazosin-induced cell death was
4.43 % and 18.13 % respectively, while at concentrations of 10-¢and 107, the

difference was not significant.
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5.7.1.4. Effect of doxazosin on HT1376 cells incubated on ice:

Incubation on ice cause a significant inhibition of doxazosin-induced cell death of

HT1376 cells at higher concentrations of doxazosin, with a maximum inhibition of

13.44 % at 10 of doxazosin. At 10*and 10 concentrations of doxazosin, the

attenuation of doxazosin-induced cell death was 8.35 % and 13.44 % respectively,

while at concentrations of 10-and 107, the difference was not significant.
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Figure 30: Effect of temperature on doxazosin-induced cell death in the cell lines
PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D) showing significant (p>0.0001)
attenuation of cell death at higher concentrations of doxazosin (10*and 105 when
cells are cooled 0 C to 4 C on ice. Dox = doxazosin.
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5.7.2 Inhibition of endocytosis using chemical inhibitors of clathrin-mediated
endocytic pathway:

5.7.2 .1 Effect of doxazosin on PC-3 cells pre-incubated with hypertonic
sucrose solution:

We observed doxazosin-induced cell death in PC-3 was attenuated by pre-treatment
with sucrose of 0.25 M and followed by exposure to doxazosin (10-°) significantly
(p=0.0256). At a higher concentration of sucrose of 0.4 M, this effect was significant
for two different concentrations of doxazosin (p=0.0122 for 10-°and 0.0016 for 10-° of

doxazosin). The results are detailed in below (Figure 31 and Table 4).

5.7.2 .2 Effect of doxazosin on DU-145 cells pre-incubated with hypertonic
sucrose solution:

Pre-treatment with sucrose 0.25 M and 0.4 M and followed by exposure to doxazosin
(10-%) significantly (p=0.0147 and 0.0475, respectively) attenuated the cell death
induced by doxazosin in DU145 cells. The results are detailed in below (Figure 32

and Table 5).

5.7.2 3 Effect of doxazosin on LNCaP cells pre-incubated with hypertonic
sucrose solution:

Sucrose had no significant effect on viability of at all the concentrations tested. The

results are detailed in below Figure 33 and Table 6).

5.7.2.4 Effect of doxazosin on HT1376 cells pre-incubated with hypertonic
sucrose solution:

In HT1376 cells, the only significant (p=0.0004) attenuation of the doxazosin
cytotoxicity was observed when pre-treatment with sucrose 0.25 M was followed by
exposure to doxazosin (10-%). The results are detailed in below (Figure 34 and Table

7).
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Figure 31: Effect of sucrose 0.25M and 0.4 M on doxazosin-induced cell death on
PC-3 cells. Dox = doxazosin.

Table 4: Effect of sucrose 0.25M and 0.4M on PC3 cell line.

Parameters Compared Mean p value
Difference
Control vs Sucrose 0.25M -0.7780 >0.9999
Control vs Sucrose 0.4M -1.301 0.9934
Dox 10-%vs Sucrose 0.25M + Dox 10 1.084 0.9987
Dox 10°vs Sucrose 0.25M + Dox 10-° 4.204 0.0256
Dox 10 vs Sucrose 0.25M + Dox 10 1.602 0.9667
Dox 10-%vs Sucrose 0.4M + Dox 10 4.484 0.0122
Dox 10-°vs Sucrose 0.4M + Dox 10 5.172 0.0016
Dox 10#vs Sucrose 0.4M + Dox 104 1.391 0.9887
(Sucrose 0.25M + Dox 10®) vs (Sucrose 0.4M + Dox 107) 3.401 0.1581
(Sucrose 0.25M + Dox 10°%) vs (Sucrose 0.4M + Dox 10%) 0.9681 0.9995
(Sucrose 0.25M + Dox 10*) vs (Sucrose 0.4M + Dox 10*4) -0.2110 >0.9999
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Figure 32: Effect of sucrose 0.25M and 0.4 M on doxazosin-induced cell death on
DU-145 cells. Dox = doxazosin.

Table 5: Effect of sucrose 0.25M and 0.4M on DU145 cell line

% viable DU145 cells

Parameters Compared Mean p value
Difference
Control vs Sucrose 0.25M -1.304 0.9996
Control vs Sucrose 0.4M -2.485 0.9161
Dox 10-%vs Sucrose 0.25M + Dox 10 5.976 0.0147
Dox 10-%vs Sucrose 0.25M + Dox 10-° 2.573 0.8961
Dox 10 vs Sucrose 0.25M + Dox 10 2.505 0.9117
Dox 10-%vs Sucrose 0.4M + Dox 10 5.354 0.0475
Dox 10-°vs Sucrose 0.4M + Dox 10 1.532 0.9980
Dox 10#vs Sucrose 0.4M + Dox 104 1.455 0.9988
(Sucrose 0.25M + Dox 10°®) vs (Sucrose 0.4M + Dox 10°6) -0.6225 >0.9999
(Sucrose 0.25M + Dox 107°) vs (Sucrose 0.4M + Dox 107) -1.040 >0.9999
(Sucrose 0.25M + Dox 104) vs (Sucrose 0.4M + Dox 10#) -1.050 >0.9999
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Figure 33: Effect of sucrose 0.25M and 0.4 M on doxazosin-induced cell death on
LNCaP cells. Dox = doxazosin.

Table 6: Effect of sucrose 0.25M and 0.4M on LNCaP cell line

% viable LNCaP cells

Parameters Compared Mean p value
Difference
Control vs Sucrose 0.25M -1.024 0.9976
Control vs Sucrose 0.4M -1.430 0.9637
Dox 10-%vs Sucrose 0.25M + Dox 10 3.329 0.0722
Dox 10-°vs Sucrose 0.25M + Dox 10°° 2.678 0.3006
Dox 10 vs Sucrose 0.25M + Dox 10 1.621 0.9154
Dox 10-%vs Sucrose 0.4M + Dox 10 2.227 0.5853
Dox 10-%vs Sucrose 0.4M + Dox 10-° 3.388 0.0620
Dox 10#vs Sucrose 0.4M + Dox 104 1.938 0.7706
(Sucrose 0.25M + Dox 10°®) vs (Sucrose 0.4M + Dox 10°6) -1.102 0.9953
(Sucrose 0.25M + Dox 10%) vs (Sucrose 0.4M + Dox 10) 0.71.6 >0.9999
(Sucrose 0.25M + Dox 10*) vs (Sucrose 0.4M + Dox 104) 0.3168 >0.9999
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Figure 34: Effect of sucrose 0.25M and 0.4 M on doxazosin-induced cell death on
HT1376 cells. Dox = doxazosin.

Table 7: Effect of sucrose 0.25M and 0.4M on HT1376 cell line

% viable HT1376 Cells

Parameters Compared Mean p value
Difference
Control vs Sucrose 0.25M -1.350 0.9936
Control vs Sucrose 0.4M 3.454 0.1853
Dox 10-%vs Sucrose 0.25M + Dox 10 5.865 0.0004
Dox 10°vs Sucrose 0.25M + Dox 10-° 2.697 0.5463
Dox 10 vs Sucrose 0.25M + Dox 10 1.512 0.9840
Dox 10-%vs Sucrose 0.4M + Dox 10 2.905 0.4294
Dox 10-°vs Sucrose 0.4M + Dox 10 2.154 0.8314
Dox 10#vs Sucrose 0.4M + Dox 104 2.258 0.7848
(Sucrose 0.25M + Dox 10®) vs (Sucrose 0.4M + Dox 107) -2.961 0.3993
(Sucrose 0.25M + Dox 10°%) vs (Sucrose 0.4M + Dox 10%) -0.5429 >0.9999
(Sucrose 0.25M + Dox 10*) vs (Sucrose 0.4M + Dox 10*4) 0.7459 >0.9999
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5.7.2.5 Effect of doxazosin on PC-3 cells pre-incubated with chlorpromazine:

When PC-3 cells were incubated with chlorpromazine 100 uM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.55). Pre-incubation with chlorpromazine hydrochloride

100 uM did not abrogate the cell death induced by 37 uM of doxazosin, (p = 0.8738).

5.7.2.6 Effect of doxazosin on DU145 cells pre-incubated with chlorpromazine:

When DU-145 cells were incubated with chlorpromazine 100 uM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.1605). Pre-incubation with chlorpromazine
hydrochloride 100 uM did not abrogate the cell death induced by 37 uM of

doxazosin, (p = 0.8544).

5.7.2.7 Effect of doxazosin on LNCaP cells pre-incubated with chlorpromazine:

When LNCaP cells were incubated with chlorpromazine 100 yM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.4139). Pre-incubation with chlorpromazine
hydrochloride 100 uM did not abrogate the cell death induced by doxazosin (37 pM),

(p = 0.9973).

5.7.2.8 Effect of doxazosin on HT1376 cells pre-incubated with chlorpromazine:

When HT1376 cells were incubated with chlorpromazine 100 uM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.2071). Pre-incubation with chlorpromazine
hydrochloride 100 uM did not abrogate the cell death induced by doxazosin (37 uM),
(p =>0.9999).
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Figure 35: Effect of chlorpromazine (CPZ) on doxazosin (Dox)-induced cell death in
the cell lines PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-incubation with
CPZ did not have a significant effect on cell death induced by 37 uM doxazosin.
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5.7.2.9 Effect of doxazosin on PC-3 cells pre-incubated with dansylcadaverine:

When PC-3 cells were incubated with dansylcadaverine 75 uM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.1437). Pre-incubation with dansylcadaverine 75 uM for
4 h followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action

of doxazosin, (p = <0.0001).

5.7.2.10 Effect of doxazosin on DU145 cells pre-incubated with
dansylcadaverine:

When DU-145 cells were incubated with dansylcadaverine 75 uM there was a small
reduction in viable cells when compared to controls and this difference was

statistically significant (p = 0.0318). Pre-incubation with dansylcadaverine 75 uM for
4 h followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action

of doxazosin, (p = <0.0001).

5.7.2.11 Effect of doxazosin on LNCaP cells pre-incubated with
dansylcadaverine:

When LNCaP cells were incubated with dansylcadaverine 75 uM there was a small
reduction in viable cells when compared to controls, though this difference was not

statistically significant (p = 0.5204). Pre-incubation with dansylcadaverine 75 uM for
4 h followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action

of doxazosin, (p = <0.0002).

5.7.2.12 Effect of doxazosin on HT1376 cells pre-incubated with
dansylcadaverine:

When HT1376 cells were incubated with dansylcadaverine 75 uyM there was a small
reduction in viable cells when compared to controls, though this difference was not

statistically significant (p = 0.7954). Pre-incubation with dansylcadaverine 75 uM for
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4 h followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action

of doxazosin, (p = <0.0001).
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Figure 36: Effect of dansyl cadaverine (DC) on doxazosin (Dox)-induced cell death
in the cell lines PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-incubation
with DC significantly attenuated cell death induced by 37 uM doxazosin.
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5.7.3 Inhibition of endocytosis using chemical inhibitors of caveolae-mediated
(lipid raft) endocytic pathway:

5.7.3.1 Effect of doxazosin on PC-3 cells pre-incubated with mevastatin:

When PC-3 cells were incubated with mevastatin 20 uM there was no significant
difference in number of viable cells when compared to controls. Pre-incubation with
mevastatin 20 uM did not abrogate the cell death induced by doxazosin (37 uM), (p =

0.1394).

5.7.3.2 Effect of doxazosin on DU145 cells pre-incubated with mevastatin:

When DU145 cells were incubated with mevastatin 20 uM there was no significant
difference in number of viable cells when compared to controls. Pre-incubation with
mevastatin 20 yM attenuated the cell death induced by doxazosin 37 uM though this

was not significant (p = 0.0507).

5.7.3.3 Effect of doxazosin on LNCaP cells pre-incubated with mevastatin:

When LNCaP cells were incubated with mevastatin 20 yM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.3947). Pre-incubation with mevastatin 20 yM attenuated

the cell death induced by doxazosin 37 uM and this was significant (p = 0.0020).

5.7.3.4 Effect of doxazosin on HT1376 cells pre-incubated with mevastatin:

When HT1376 cells were incubated with mevastatin 20 yM there was a small
reduction in viable cells when compared to controls, though this difference was not
statistically significant (p = 0.4464). Pre-incubation with mevastatin 20 uM did not

abrogate the cell death induced by doxazosin 37 uM, (p = 0.4635).
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Figure 37: Effect of mevastatin on doxazosin (Dox)-induced cell death in the cell

lines PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-incubation with

mevastatin significantly attenuated cell death induced by 37 yM doxazosin in LNCaP

cells but not in other cell lines.
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5.7.3.5 Effect of doxazosin on PC-3 cells pre-incubated with MBCD:

When PC-3 cells were incubated with MBCD 1mM there was a small reduction in
viable cells when compared to controls, though this difference was not statistically
significant (p = 0.7960). Pre-incubation with MBCD 1mM did not abrogate the cell

death induced by doxazosin 37 uM, (p = 0.0975).

5.7.3.6 Effect of doxazosin on DU145 cells pre-incubated with MBCD:

When DU145 cells were incubated with MBCD 1mM there was a small reduction in
viable cells when compared to controls, though this difference was not statistically
significant (p = 0.7882). Pre-incubation with MBCD 1mM did not abrogate the cell

death induced by doxazosin 37 uM, (p = 0.2535).

5.7.3.7 Effect of doxazosin on LNCaP cells pre-incubated with MBCD:

When LNCaP cells were incubated with MBCD 1mM there was a reduction in viable
cells when compared to controls, though this difference was statistically significant (p
= 0.0002). However, pre-incubation with MBCD 1mM did not abrogate the cell death

induced by doxazosin 37 uM, (p = 0.0939).

5.7.3.8 Effect of doxazosin on HT1376 cells pre-incubated with MBCD:

When HT1376 cells were incubated with MBCD 1mM there was a small reduction in
viable cells when compared to controls, though this difference was not statistically
significant (p = 0.2859). Pre-incubation with MBCD 1mM did not abrogate the cell

death induced by doxazosin 37 pM, (p = 0.1630).
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Figure 38: Effect of methyl beta cyclodextrin (MBCD) on doxazosin (Dox)-induced
cell death in the cell lines PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-
incubation with MBCD did not significantly attenuate cell death induced by 37 yM
doxazosin in the above cell lines.
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5.7.3.9 Effect of doxazosin on PC-3 cells pre-incubated with cholesterol
oxidase:

When PC-3 cells were incubated with cholesterol oxidase 2 units/ml there was no
significant difference in viable cells when compared to controls, (p = 0.5287). Pre-
incubation with cholesterol oxidase 2 units/ml did not abrogate the cell death induced

by doxazosin 37 uM, (p = 0.8685).

5.7.3.10 Effect of doxazosin on DU145 cells pre-incubated with cholesterol
oxidase:

When DU145 cells were incubated with cholesterol oxidase 2 units/ml there was no
significant difference in viable cells when compared to controls, (p = 0.5012). Pre-
incubation with cholesterol oxidase 2 units/ml did not abrogate the cell death induced

by doxazosin 37 uM, (p = 0.4894).

5.7.3.11 Effect of doxazosin on LNCaP cells pre-incubated with cholesterol
oxidase:

When LNCaP cells were incubated with cholesterol oxidase 2 units/ml there was no
significant difference in viable cells when compared to controls, (p = 0.1992). Pre-
incubation with cholesterol oxidase 2 units/ml did not abrogate the cell death induced

by doxazosin 37 pM, (p = 0.5175).

5.7.3.12 Effect of doxazosin on HT1376 cells pre-incubated with cholesterol
oxidase:

When HT1376 cells were incubated with cholesterol oxidase 2 units/ml there was no
significant difference in viable cells when compared to controls, (p = 0.9352). Pre-
incubation with cholesterol oxidase 2 units/ml did not abrogate the cell death induced

by doxazosin 37 pM, (p = 0.0673).
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Figure 39: Effect of cholesterol oxidase (Chol oxidase) on doxazosin (Dox)-induced

cell death in the cell lines PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-
incubation with cholesterol oxidase did not significantly attenuate cell death induced
by 37 uM doxazosin in the above cell lines.
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5.7.4 Effect of inhibition of endocytosis using chemical inhibitors of
micropinocytosis:

5.7.4.1 Effect of doxazosin on PC-3 cells pre-incubated with amiloride:

When PC-3 cells were incubated with amiloride 50 uM there was no significant
difference in viable cells when compared to controls (p = 0.5867). Pre-incubation
with amiloride did not abrogate the cell death induced by doxazosin 37 uM (p =

0.9985).

5.7.4.2 Effect of doxazosin on DU145 cells pre-incubated with amiloride:

When DU145 cells were incubated with amiloride 50 uM there was no significant
difference in viable cells when compared to controls (p = 0.7811). Pre-incubation
with amiloride did not abrogate the cell death induced by doxazosin 37 uM (p =

0.9504).

5.7.4.3 Effect of doxazosin on LNCaP cells pre-incubated with amiloride:

When LNCaP cells were incubated with amiloride 50 uM there was no significant
difference in viable cells when compared to controls (p = 0.3616). Pre-incubation
with amiloride did not abrogate the cell death induced by doxazosin 37 uM (p =

0.8920).

5.7.4.4 Effect of doxazosin on HT1376 cells pre-incubated with amiloride:

When HT1376 cells were incubated with amiloride 50 uyM there was no significant
difference in viable cells when compared to controls (p =0.9724). Pre-incubation with

amiloride did not abrogate the cell death induced by doxazosin 37 uM (p = 0.5538).
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Figure 40: Effect of amiloride on doxazosin (Dox) induced cell death in the cell lines
PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-incubation with amiloride did
not significantly attenuate cell death induced by 37 uM doxazosin in the above cell
lines.
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5.7.5 Inhibition of endocytosis using chemical inhibitors of dynamin-mediated
endocytic vesicle development:

5.7.5.1 Effect of doxazosin on PC-3 cells pre-incubated with dynasore:

When PC3 cells were incubated with dynasore 20 uM there was a small reduction in
viable cells when compared to controls though this difference was not statistically
significant (p = 0.0940). Pre-incubation with dynasore 20 uM attenuated the cell
death induced by doxazosin 37 uM and this was statistically significant (p = 0.0243).
When the doxazosin concentration was 100 uM this abrogation of the cytotoxicity of

doxazosin by the dynasore was even more significant (p = <0.0001)

5.7.5.2 Effect of doxazosin on DU145 cells pre-incubated with dynasore:

When DU145 cells were incubated with dynasore 20 uM there was a small reduction
in viable cells when compared to controls though this difference was not statistically
significant (p = 0.1860). Pre-incubation with dynasore 20 uM attenuated the cell

death induced by doxazosin 37 uM and this was statistically significant (p = 0.0019).
When the doxazosin concentration was 100 uM this abrogation of the cytotoxicity of

doxazosin by the dynasore was even more significant (p = <0.0001)

5.7.5.3 Effect of doxazosin on LNCaP cells pre-incubated with dynasore:

When LNCaP cells were incubated with dynasore 20 uM there was a small reduction
in viable cells when compared to controls though this difference was not statistically
significant (p = 0.0669). Pre-incubation with dynasore 20 uM attenuated the cell
death induced by doxazosin 37 uM but this was not statistically significant (p =
0.0766). However, when the doxazosin concentration was increased to 100 uM this
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abrogation of the cytotoxicity of doxazosin by the dynasore was significant (p =

0.0141)

5.7.5.4 Effect of doxazosin on HT1376 cells pre-incubated with dynasore:

When HT1376 cells were incubated with dynasore 20 yM there was a small
reduction in viable cells when compared to controls though this difference was not
statistically significant (p = 0.1817). Pre-incubation with dynasore 20 uM attenuated
the cell death induced by doxazosin 37 uM and this was statistically significant (p =
0.0007). When the doxazosin concentration was 100 uM this abrogation of the

cytotoxicity of doxazosin by the dynasore was even more significant (p = <0.0001).

165



(A) (B)

150%- 150%
2 0
: .
9 100%- o o 100%- -
> 4
e 2@
@
s 50% S 50%
] H
> - = ==
O\O e —_
0%- T T T 0%- T
> >
C & T &S P H &8
P S SRR SR PR AR D S
o @ i+ o s i < @ e %) s+ N
PP P o ¢ ¢
& x O £ x Y
o Q\}\l\ » o st\ &
VYo B
& N
F @"& P o
& & & &
< o < )
150%1 150%
2 =
B 3
o
o 100% g - 2 100%- -
2 2
= £
2 10, Q 0,
g 50%- 5 50%-
< _ .‘g -
S —_ IS o
> >
S & R
o v B o =) S o v &) S ) )
[$) @ + N + N %) @ N + NS
& ° o" <° oF o Q° o ° o
2 Q % Q v x Q
‘\{@ S » & N ®
<9 o &‘“ Q o¥ §
> PP
& e &
& 2 g 2
& & &
o oF o

Figure 41: Effect of dynasore on doxazosin (Dox) induced cell death in the cell lines
PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-incubation with dynasore
significantly attenuated cell death induced by 37 uM and 100 uM doxazosin in the
above cell lines.

166



5.7.5.5 Effect of doxazosin on PC-3 cells pre-incubated with Mdivi-1:

Mdivi-1 50 uM induced a significant inhibition of growth of PC-3 cells when compared
to controls (p = <0.0001). Pre-incubation with Mdivi-1 50 uM for 4 h followed by
doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of the latter (p =

<0.0003).

5.7.5.6 Effect of doxazosin on DU145 cells pre-incubated with Mdivi-1:

Mdivi-1 50 uM induced a significant inhibition of growth of PC-3 cells when compared
to controls (p = <0.0001). Pre-incubation with Mdivi-1 50 uM for 4 h followed by
doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of the latter (p =

<0.0062).

5.7.5.7 Effect of doxazosin on LNCaP cells pre-incubated with Mdivi-1:

Mdivi-1 50 uM induced a significant inhibition of growth of PC-3 cells when compared
to controls (p = <0.0001). Pre-incubation with Mdivi-1 50 uM for 4 h followed by
doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of the latter (p =

<0.0009).

5.7.5.8 Effect of doxazosin on HT1376 cells pre-incubated with Mdivi-1:

Mdivi-1 50 uM induced a significant inhibition of growth of PC-3 cells when compared
to controls (p = <0.0001). Pre-incubation with Mdivi-1 50 uM for 4 h followed by
doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of the latter (p =

<0.0009).
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Figure 42: Effect of Mdivi-1 on doxazosin (Dox) induced cell death in the cell lines
PC-3 (A), DU145 (B), LNCaP (C), and HT1376 (D). Pre-incubation with Mdivi-1
significantly attenuated cell death induced by 37 uM of doxazosin in the above cell
lines.
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5.8 Discussion

Endocytosis is integrated with and necessary for the execution of a wide range of
cellular programs (Di Fiore 2009). Endocytosis was considered to function primarily
an attenuator of signalling, which can potentially serve as a tumour suppressor
pathway (Polo, Pece et al. 2004, Di Fiore 2009). More recently, it has been shown
that endocytic signalling persists throughout the signalling route giving rise to the
concept of signalling endosomes (von Zastrow and Sorkin 2007, Di Fiore and von
Zastrow 2014). Derailed endocytosis and its effects on the cellular processes is an
emerging field of cancer research. Specifically, deranged endocytosis resulting in
defective trafficking of growth factor receptors coupled with an unbalanced recycling
of integrin —and —cadherin based adhesion complexes has become one of the

hallmarks of malignant cells (Mosesson, Mills et al. 2008).

The mechanisms that govern the entry of macromolecules and regulate the
subsequent trafficking within the cells via endocytosis are poorly understood. Once
macromolecules enter the cells they are sorted to different cellular destinations in

early/sorting endosomes.

Prazosin, a quinazoline derivative had been shown to inhibit the sorting process by
an off-target perturbation of GPCR of which alpha-1 adrenergic receptors were a
prime target (Zhang, Wang et al. 2012). Our results in agreement with others, have
shown that the cytotoxic actions of doxazosin in PCa and BCa are independent of
the alpha-adrenergic receptor (Benning and Kyprianou 2002, Pavithran and
Thompson 2012, Pavithran, Shabbir et al. 2017). Therefore, the significance of the
ability of prazosin to inhibit the sorting process of alpha-1 adrenergic receptors and

its role in prazosin-induced cell death of cancer cells remained uncertain.
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In this chapter, we had investigated the role of endocytosis in doxazosin-induced cell
death in In Vitro cell cultures of PCa and BCa cell lines mainly using chemical
inhibitors of endocytosis that target the clathrin-mediated, caveolae-mediated,
dynamin-mediated and pinocytosis pathways. In brief, we observed that there was
significant attenuation of doxazosin-induced cell death when clathrin-mediated

pathways were inhibited.

Endocytosis is a temperature-dependent cellular process and at 10 C or below, the
rate of endocytosis is negligible and between 10 to 20 C they increase
proportionately to rise in temperature. Above 20 C this rise is at a much higher rate
between 20 C to 41 C (Weigel and Oka 1981). Our results show that the cell death
induced by doxazosin was attenuated when cells were incubated on ice as
compared to positive controls at 37 C. We did not observe a significant effect of
temperature at lower concentrations of doxazosin (10-"and 10). However, at
concentrations of 10-°and 104, we observed that there was a significant attenuation
of doxazosin-induced cell death when cells were cooled on ice, suggesting that the
effects of doxazosin of cell viability was temperature dependent. At these
temperatures, both clathrin —and —caveolae —mediated endocytic processes are
inhibited and therefore does not provide information on the specific pathway that is
inhibited. Moreover, the attenuation of cell death by cooling only provides indirect
evidence of endocytic inhibition as the positive controls were not designed to show a
direct inhibition of endocytosis but rather the consequence of such an effect on cell

viability.

One of the caveats of using cell viability as a measure of end point was that cooling
of cells has other unwarranted effects on the ability of the cells to remain adherent to
the MP, and this was particularly more visible on LNCaP cells. Of the 4 cell lines
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tested, under normal conditions LNCaP is the least adherent. We observed that
cooling resulted in a marked inability of LNCaP cells to remain adherent. Androgen-
independent cells (DU145 and PC-3) over express of a6B4 integrin, which results
from the loss of AR, and increases cell adhesion (Baust, Klossner et al. 2010). This
could likely explain the tolerance of androgen-resistant cells (DU145 and PC3) to
lower temperatures whilst androgen-dependent LNCaP cells underwent significant
anoikis at lower temperatures even after a relatively short duration (4 h) of incubation
with doxazosin. Though this added to an unwarranted artefactual error (due to loss
of cells) to the interpretation of results, particularly with LNCaP cells, they may
possibly have some clinical significance in dissemination and subsequent
establishment of metastasis of such tumours especially when cryotherapy is used as
a mode of treatment. On the other hand, exploitation of the accelerated cell death
processes involved in temperature dependent cell death of androgen-dependent
tumours may be useful in planning novel option of treatments for androgen-

dependent PCa (Baust, Klossner et al. 2010).

Our next experiments focussed on dissecting the role of clathrin-mediated endocytic
pathways in doxazosin-induced cell death of PCa and BCa cell lines. These
inhibitors, also besides interfering with specific steps of the endocytic pathway, are
known to have several effects on other signalling processes within the cell thus
confounding the validity of the results (Ivanov 2008). Chemical inhibitors of
endocytosis serve as a preliminary step towards a broad understanding of the
endocytic process (Ilvanov 2008). Additionally, the different pathways of endocytosis
are not clearly demarcated and there exists a significant overlap between the
different endocytic pathways (Ivanov 2008). Moreover, endocytosis is linked to other

unrelated cell processes such as apoptosis, autophagy and cell division and these
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may have an influence on the results, especially when cell viability is considered as
an end point of the experiments (Polo, Pece et al. 2004, von Zastrow and Sorkin
2007, Fielding, Willox et al. 2012, Di Fiore and von Zastrow 2014). Conversely,
whilst visualizing of molecular trafficking by confocal studies can more reliably
quantify the endocytic transport of a molecule (in this case doxazosin) (Ivanov 2008,
Di Fiore and von Zastrow 2014), the results will still need to be corroborated with cell
viability studies to ascribe relevance to those findings to doxazosin-induced cell

death.

The chemical inhibitors we had chosen for inhibition of clathrin-mediated endocytosis
included sucrose, chlorpromazine and dansylcadaverine using previously reported
methods (Ostrom and Liu 2007, Ivanov 2008). We observed doxazosin-induced cell
death in PC-3 was attenuated by pre-treatment with sucrose of 0.25 M and followed
by exposure to doxazosin (10-°) significantly (p=0.0256). At a higher concentration of
sucrose of 0.4 M, this effect was significant for two different concentrations of
doxazosin (p=0.0122 for 10-°and 0.0016 for 10° of doxazosin). Pre-treatment with
sucrose 0.25 M and 0.4 M and followed by exposure to doxazosin (10-) significantly
(p=0.0147 and 0.0475, respectively) attenuated the cell death induced by doxazosin
in DU145 cells. In HT1376 cells, the only significant (p=0.0004) attenuation of the
doxazosin cytotoxicity was observed when pre-treatment with sucrose 0.25 M was
followed by exposure to doxazosin (10). Sucrose had no significant effect on

viability of at all the concentrations tested.

Sucrose inhibits clathrin-mediated endocytosis by trapping clathrin in micro cages
(Malek, Xu et al. 2007, Dutta and Donaldson 2012). However, sucrose interferes with
fluid phase micropinocytosis and therefore its effects are not limited to clathrin-
mediated endocytosis (Carpentier, Sawano et al. 1989). Additionally, sucrose
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induces vesicle accumulation and autophagy thereby limiting the ability to interpret

the results on viability assays (Higuchi, Nishikawa et al. 2015).

In clathrin mediated endocytosis, the invagination of the cell membranes contains
clathrin coated pits. These are polygonal lattice formations composed of a clathrin
triskeleton and adaptor protein-2 subunits. Chlorpromazine inhibits clathrin coated pit
formation by a reversible translocation of clathrin and adaptor protein-2 from plasma
membrane to intracellular vesicles (Wang, Rothberg et al. 1993, lvanov 2008,
Vercauteren, Vandenbroucke et al. 2010, Dutta and Donaldson 2012).
Chlorpromazine also decreased cell viability in concentrations required for inhibition
of endocytosis (Vercauteren, Vandenbroucke et al. 2010). Not surprisingly, we noted
a small but not significant reduction in cell populations exposed to doxazosin.
However, chlorpromazine did not show any significant attenuation of doxazosin

induced cell death in all the cell lines tested.

Dansylcadaverine stabilizes clathrin-coated vesicles and reversibly inhibits the
uptake of ligands and this process is selective for receptor-mediated ligands
(Schlegel, Dickson et al. 1982). Dansylcadaverine is also lysosomotropic and
autofluorescent and selectively concentrates in autophagosomes making it a very
useful marker of autophagy (lvanov 2008, Klionsky, Abdalla et al. 2012). Our results
show that dansylcadaverine had a significant effect in attenuation of doxazosin
induced cell death (p = <0.0001 in PC3, DU145 and HT1376 cells and p = 0.0002 in
LNCaP cells), suggesting that these may have been mediated by inhibitory of effects

of dansylcadaverine on clathrin-mediated endocytosis.

To assess the caveolin-mediated endocytosis pathway on doxazosin-induced cell

death we pre-treated PC-3, DU-145, LNCaP and HT1376 with mevastatin, MBCD or
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cholesterol oxidase. Caveolin mediated endocytosis and lipid raft mediated
endocytosis happen at the caveolae which are flask-shaped, 50-100 nm plasma
membrane invaginations that are enriched in specific lipids such as cholesterol and
glycolipids (Ostrom and Liu 2007, Sotgia, Martinez-Outschoorn et al. 2012).
Caveolae are similar to lipid rafts in that they are both enriched with sphingolipid and
cholesterol but caveolae also express a coat of caveolin proteins on the inner leaflet
of the membrane bilayer; caveolin-1 is the predominant isoform of caveolin (Ostrom

and Liu 2007).

Caveolin-1 dependent endocytosis enhances chemosensitivity of Herceptin-2
positive breast cancers to trastuzumab and emtansine (Chung, Kuo et al. 2015) and
a loss of caveolin-1 has been implicated in the pathogenesis of human cancers
(Sotgia, Martinez-Outschoorn et al. 2012). Caveolin-mediated endocytosis are
clathrin-independent but dynamin-dependent and thus represent a parallel but
distinct pathway from clathrin-coated pits for removal and destruction of plasma
membrane receptors (Nabi and Le 2003). The caveolin —and —raft dependent
pathways are characterized by their independence from the clathrin and a common
sensitivity to cholesterol depletion and inhibition of dynamin function (Nabi and Le

2003).

Mevastatin is statin compound, which acts by inhibiting 3-hydroxy 3-methyl glutaryl
coenzyme A (HMGCoA) reductase enzyme (Endo and Hasumi 1993). The HMG-
CoA enzyme is essential for cholesterol biosynthesis in cells and controls the rate
limiting required for intracellular production of cholesterol (Feher, Webb et al. 1993).
Incubation of cells with 10- 100 uM concentration of statins (simvastatin, lovastatin,
mevastatin, pravastatin etc), results in nearly 100 % blockage of intracellular
cholesterol synthesis (Sidaway, Davidson et al. 2004, lvanov 2008). Statins also
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block the synthesis of franyl pyrophosphate and geranylgeranyl pyrophosphate,
which are essential for post translation activation of intracellular proteins such as
Ras, Rho and Rab families of small GTPases (de Toledo, Senic-Matuglia et al. 2003,
Katoh and Katoh 2004, Liao and Laufs 2005). This results in accumulation of inactive
GTPases and leads to profound and nonspecific disruption of the actin cytoskeleton

(de Toledo, Senic-Matuglia et al. 2003, Liao and Laufs 2005, Ivanov 2008).

In our experiments, we used mevastatin as a prototype statin given its well
established role in preventing vesicle trafficking and disruption of caveolin mediated
endocytic pathways (Hao, Mukherjee et al. 2004). Pre-incubating PC-3, DU145,
LNCaP and HT-1376 with 20 uM of mevastatin for 4 h followed by exposure to
doxazosin 37 uM had different effects on these cell lines. Whilst in PC-3 and HT1376
cell lines the inhibition of cell death by doxazosin were not significant (p = 0.1394
and p = 0.4635, respectively), this was not the case with DU145 cells where the p =
0.0507. Also, the attenuation of cell death by doxazosin by pre-incubation with
mevastatin was significant (p = 0.002) in LNCaP cells. HMG-CoA inhibition and
resultant inhibition of various cellular processes such as cholesterol synthesis,
depletion of intermediates for small GTPase activation, disruption of vesicular
trafficking and disruption of lipid rafts, actin cytoskeleton disruption (Endo and
Hasumi 1993, Hao, Mukherjee et al. 2004, Sidaway, Davidson et al. 2004, Liao and
Laufs 2005, Cheng, Ohsaki et al. 2006, Ivanov 2008). The results suggests that the
cytotoxic effects of doxazosin may be dependent on the inter-dependency of these
processes for cell viability, and that these may be variable for each cell line. The
attenuation of cytotoxic effects of doxazosin in LNCaP cells could be attributed to be
the androgen-sensitive status of these cell lines as androgen-resistant cells have an

increased aberrant HMG-CoA reductase activity (Kong, Cheng et al. 2018).

175



MBCD is a water soluble compound with hydrophobic activity capable of
sequestering cholesterol with a high affinity (Kilsdonk, Yancey et al. 1995). This
property is used to deplete lipids and cholesterol from the caveolae and lipid rafts to
inhibit this pathway of endocytosis (Ivanov 2008). In our experiments, we used
MBCD at a concentration of 1 mM in serum free media to pre-treat PC3-, DU145,
LNCaP and HT1376 to investigate if depletion of lipids and cholesterol from cells
would result in an attenuation of cell death induced by doxazosin. We did not
observe any significant attenuation of the effects of doxazosin following pre-

treatment with MBCD.

Cholesterol oxidase converts cholesterol into 4-cholesten-3-one, which then gets
enriched in the caveolae which dramatically changes its properties and result in
disruption of caveolin-mediated internalization of endocytic vesicles (MacLachlan,
Wotherspoon et al. 2000, lvanov 2008). We did not observe a significant effect on
doxazosin induced cell death any of the cell lines (PC-3, DU145, LNCaP and
HT1376) were pre-incubated with cholesterol oxidase suggesting that caveolin
mediated pathways were unlikely to have a significant role in intracellular trafficking

of doxazosin.

Pinocytosis or micropinocytosis is the third major pathway of endocytosis and is an
actin-dependent mechanism and functions in parallel to clathrin —and —caveolin
mediated pathways (Thurn, Arora et al. 2011). Amiloride is a specific inhibitor of
pinocytosis and acts by inhibiting the Na/K exchange at micromolar
concentrations(lvanov 2008). We did not observe any significant attenuation of the
effects of doxazosin following pre-treatment with 50 uM of amiloride in any of the cell
lines tested, suggesting that the actions of doxazosin were independent of
pinocytosis.

176



We next examined if the actions of doxazosin were dependent on the actions of
dynamin, which is a 100-kDa GTPase and a specific and essential component of
vesicle formation in receptor-mediated endocytosis, synaptic vesicle recycling,
caveolae internalization, and possibly vesicle trafficking in and out of Golgi bodies
(Hinshaw 2000). Dynasore is a relatively specific, cell permeable inhibitor of dynamin
(Macia, Ehrlich et al. 2006). In our experiments, we used dynasore at a
concentration of 20 uM in serum free media to pre-treat PC3-, DU145, LNCaP and
HT1376 to investigate if inhibition dynamin-dependent endocytosis would result in an
attenuation of cell death induced by doxazosin. Dynasore had a small but not
significant inhibitory action of all 4 cell lines (PC-3, DU145, LNCaP and HT1376
cells) tested. Our results showed that dynasore significantly attenuated the cell death
induced by doxazosin. While pre-treatment with dynasore 20 uM for 4 h and followed
by doxazosin 37 uM for 72 h was significant (p=0.0243, p=0.0019, p=0.0766 and
p=0.0007 for PC-3, DU145, LNCaP and HT1376 cell, respectively), this was more
significant at higher concentration of doxazosin at 100 uM (p=<0.0001 for PC-3,
DU145, HT1376 cells and p=0.0141 for LNCaP cells). These results indicate that the
dynasore 20 uM resulted in greater attenuation of cell death at higher (100 pM) of
doxazosin to that of a lower concentration (37 uM), suggesting a quantitative

inhibition of intracellular trafficking of doxazosin by dynamin dependent process.
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Chapter 6

The role of autophagy in doxazosin-induced
cell death of hormone refractory prostate and
bladder cancer cells
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6.1 Introduction

In this chapter, we set out to characterize further the granularities that appeared within
the PCa and BCa cells when they were exposed to doxazosin. We had previously
stained these for lipofuscin using DAPS, which stains lipofuscin in magenta colour,
and with Gomori’s aldehyde fuchsin which demonstrates lipofuscin in deep purple.
However, we were unable to demonstrate the presence of lipofuscin using these two

techniques.

Our previous experiments had shown that the cell death induced by doxazosin is
increased when the cells were grown is serum free media. We had also observed that
the time of onset of these granulations were reduced in they were serum starved.
Moreover, in our previous experiments, dansylcadaverine was shown to attenuate the
cell death induced by doxazosin. Dansylcadaverine, in addition to its ability to inhibit
clathrin-mediated endocytosis, also inhibits the autophagic pathway and accumulates
in autophagic vacuoles (Munafo and Colombo 2001). These led us to hypothesize that

these granulations may represent autophagy within the cells exposed to doxazosin.

We initially used two commonly used inhibitors of autophagy, namely, 3-MA and
dansylcadaverine to explore if the chemical inhibition of autophagy had any effect on
cell death induced by doxazosin. Dansylcadaverine is also autofluorescent and its
accumulation in autophagic vacuoles can be demonstrated using fluorescent
microscopy (Munafo and Colombo 2001). As a next step, we examined the presence

of dansylcadaverine accumulation in cells exposed to doxazosin.

TEM is the gold standard for demonstration of autophagy. Moreover, the characteristic
appearances of autophagy within cells when viewed using TEM are well described
(Tabata, Hayashi-Nishino et al. 2013). In our next experiment, we examined the cells
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that were exposed to doxazosin under TEM and compared the appearances to that of
controls. Additionally, we also observed the cells using SEM to evaluate if the cell

surface demonstrated any changes that would account for the granulations.

The detection of light chain 3-11 (LC3-Il) is a reliable marker of autophagy (Tanida,
Ueno et al. 2008). LC3 is a soluble, microtubule-associated protein 1A/1B (with a
molecular mass of approximately 17 KDa) is a ubiquitously distributed protein found
in mammalian tissues and cultured cells. The cytosolic form of LC3 (LC3-l) is
conjugated to phosphatidylethanolamine to form LC3-Il, and these are recruited into
the autophagosomal membranes (Wild, McEwan et al. 2014). In our next experiment,
we investigated the presence of LC3-Il using immunohistochemistry in cells exposed

to doxazosin (Rosenfeldt, Nixon et al. 2012).

6.2 Chemical Inhibition of Autophaqy

6.2.1 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with dansylcadaverine:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MP at 5000 cells
in 100 pL/well and incubated overnight at 37 C in serum containing media.

Subsequently, 10 yL was pipetted out of each well.

Test wells: 10 pL each of solutions of dansylcadaverine [final concentration 75 uM]
was added to make up a total volume of 100 uL. The plates were returned to the
incubator for 4 h. Subsequently, 10 uL was aspirated and replaced with doxazosin in
10 uL (final concentration of 37 uM). These were incubated for 72 and Cell-Titer 96®

aqueous MTS assay performed.
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Control wells: 10 uL each of the solution used for preparing stock solutions of dansyl
cadaverine [160 pL of 1% acetic acid and 6160 pL of sterile water] was added to
make up a total volume of 100 uL. The plates were returned to the incubator for 4 h.
Subsequently, 10 yL was aspirated and replaced with doxazosin in 10 pL (final
concentration of 37 uM). These were incubated for 72 h and Cell-Titer 96® aqueous

MTS assay performed.

For each cell line, the experiment was repeated three times each with triplicate
samples. Data analysis was performed using GraphPad Prism 6 Software. Analysis

by 2-way ANOVA was carried out between test and control groups.

6.2.2 Evaluation of the effects of doxazosin on PC-3, DU145, LNCaP and
HT1376 cells pre-incubated with 3-MA:

PC-3, DU145, LNCaP and HT1376 cells were seeded into 96-well MT plates at 5000
cells in 100 yL/well and incubated overnight at 37 C in serum containing media.

Subsequently, 10 yL was pipetted out of each well.

Test wells: 10 pyL each of solutions of 3 methyl adenine [final concentration 2 mM]
was added to make up a total volume of 100 uL. Stock solutions were prepared by
dissolving in water at 40 C with agitation using sonification. The plates were returned
to the incubator for 4 h. Subsequently, 10 uL was aspirated and replaced with
doxazosin in 10 L (final concentration of 37 uM). These were incubated for 72 h

and Cell-Titer 96® aqueous MTS assay performed.

Control wells: 10 uL each of solutions of diluent [water] was added to make up a total
volume of 100 puL. The plates were returned to the incubator for 4 h. Subsequently,

10 pL was aspirated and replaced with doxazosin in 10 uL (final concentration of 37
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uM). These were incubated for 72 h and Cell-Titer 96® aqueous MTS assay

performed.

For each cell line, the experiment was repeated 3 times and done in triplicate each
time (n = 9). Data analysis was performed using GraphPad Prism 6 Software.

Analysis using 2-way ANOVA was carried out between test and control groups.

6.3 Fluorescent Microscopic Studies Using Dansylcadaverine:

PC-3, DU145 and LNCaP cells were seeded (5000 cells per 100 uL; 1 ml per well) in
8-well chamber slides (Thermo Fischer Scientific, catalogue number T15434PK) and
allowed to attach overnight. 100 uL was aspirated out and in test wells this was
replaced with 100 pL solution of doxazosin (final concentration of 37 uM) whilst in
control wells it was replaced with 100 pL of sterile water (solvent) and incubated for a
further 48 h. Subsequently, dansylcadaverine was added to each well (final
concentration of 100 uM) and incubated at room temperature for 30 minutes (Lee,
Won et al. 2012). The wells were washed with PBS thrice and stained with DAPI
blue fluorescent stained for nuclear staining and examined for green fluorescence
under a fluorescent microscopy. Experiments were repeated two times, and each

experiment was performed in triplicates.

6.4 TEM and SEM studies:

Low passage PC-3 cells, HT1376 cells and human skin fibroblasts were thawed from
-80C, subjected to 2 passages at sub-confluence, harvested using (EDTA-trypsin),

seeded in 25 cm? pre-labelled flasks and incubated overnight at 37C for 24 h. The
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flasks were divided into test group (exposed to 37 uM doxazosin) and control group.
Doxazosin was added to test flasks and an equal volume of sterile water added to
controls and incubated for 24h, 48h and 72h, after which the cells were washed thrice
with PBS, fixed with 2% glutaraldehyde, harvested using a cell scraper, centrifuged
(800 rpm), and cell pellets stored at 4C. TEM and SEM of glutaraldehyde-fixed cell
samples were carried out the next day in collaboration with the Dept. of Electron
Microscopy Unit, Royal Free Hospital. The TEM samples and their matched controls
at 24, 48 and 72 h were examined. Each TEM experiment was performed twice and
in duplicates. The SEM was performed for PC-3 cell lines after exposure to doxazosin

for 48 h and each experiment was also repeated twice and in duplicates.

6.5 Immunohistochemistry

Low passage PC-3 cells, DU145 cells and LNCaP cells and human skin fibroblasts
were thawed from -80 C, subjected to 2 passages at sub-confluence, harvested
using (EDTA-trypsin), seeded in 25 cm? pre-labelled flasks, and incubated overnight
at 37C for 24 h. The flasks were divided into test group (exposed to 37 uM
doxazosin) and control group; doxazosin was added to test flasks whilst an equal
volume of sterile water added to controls and incubated for 24h, 48h and 72 h, after
which the cells were washed thrice with PBS. The cells were harvested using EDTA-
trypsin and pelleted by centrifugation (800 rpm). The pellets were used to prepare
paraffin blocks to which LC3-Il antibody (Abcam, UK; Catalogue Number ab51520 at
1/2000) was added. Breast cancer tissue known to demonstrate autophagy were

used as positive controls. The experiment was performed in triplicate. All samples
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(test samples, negative and positive controls) were examined under high power

microscope for immunostaining by LC3-Il antibody.
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6.6 Results:
The effects of doxazosin on PC3 cells, DU145, LNCaP and HT-1376 cells pre-

treated with dansylcadaverine have already been detailed in the previous chapter

(chapter 5):

6.6.1 Effect of doxazosin on PC3 cells pre-treated with 3-MA:

3-MA-1 at 2 mM induced a significant inhibition of growth of PC-3 cells when
compared to controls (p= 0.0006). Pre-incubation with 3-MA-1 at 2 mM for 4 h
followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of

the latter (p = <0.0015).

6.6.2 Effect of doxazosin on DU-145 cells pre-treated with 3-MA:

3-MA-1 at 2 mM had no significant effect of growth of DU145 cells when compared
to controls (p= 0.9871). Pre-incubation with 3-MA-1 at 2 mM for 4 h followed by
doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of the latter (p =

<0.0.0001).

6.6.3 Effect of doxazosin on LNCaP cells pre-treated with 3-MA:

3-MA-1 2 at mM induced a significant inhibition of growth of LNCaP cells when
compared to controls (p=<0.0001). Pre-incubation with 3-MA-1 at 2 mM for 4 h
followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of

the latter (p = <0.01).
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6.6.4 Effect of doxazosin on HT1376 cells pre-treated with 3-MA:

3-MA-1 at 2 mM had no significant inhibition of growth of HT1376 cells when
compared to controls (p=0.0579). Pre-incubation with 3-MA-1 at 2 mM for 4 h
followed by doxazosin (37 uM) for 72 h significantly reduced the cytotoxic action of

the latter (p = <0.0001).
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Figure 43: PC-3 (A), DU145 (B), LNCaP (C) and HT1376 cells (D) treated with
vehicle (control); 3MA (2mM), doxazosin (37 uM); and, pre-treated with 3MA (2mM)
for 4h followed by doxazosin 37 pM for 48h. Dox = doxazosin and 3-MA = 3-methyl
adenine.
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6.6.5 Examination of PC-3, DU145 and LNCaP cells exposed to doxazosin
under fluorescent microscopy following incubation with dansyl cadaverine:

During the wash cycles, all cell lines underwent significant detachment. Nonetheless,
there remained enough cell population to proceed with the experiment. There was
significant concentration of dansylcadaverine in intracellular vesicles in doxazosin-
exposed cells and these were absent in control group. The figure below shows PC-3
cells showing DAPI blue-fluorescent stained nucleus (DNA) and green
dansylcadaverine (100 uM) autofluorescence concentrated in the autophagosomes

before (Figure 44, left) and after 37 uM doxazocin for 48 h (Figure 44, right).

Control PC-3 cells Doxazosin exposed PC-3 cells.

Figure 44: PC-3 cells showing DAPI blue-fluorescent stained nucleus (DNA) and
green dansylcadaverine (100 uM) autofluorescence concentrated in the
autophagosome before (left) and after 37 uM doxazocin for 48 h (right).
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6.6.6 TEM studies:

Control PC-3 cells: Lower resolution images of cross sections of the control cell
populations showed a large central nucleus, prominent nucleolus and cytoplasm
containing long, ribbon like mitochondria and very few minute vacuoles. The edges
of the cells revealed multiple, fine, short villous filamentous processes. The
cytoplasm was granular, and the ER processes were seen within the cytoplasm. The
ribbon like mitochondria were predominantly located around the nucleus of the cell.
The nucleus was relatively characterless, granular and was less electron dense
(compared to the cytoplasm) and contained one or two prominent electron dense
nucleolus. Figure 45 below is a representative image of a control PC-3 cell after 48 h

of incubation.
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Figure 45: TEM image of PC-3 control cell treated with diluent (water) after 48 h of
incubation. Note the large, homogeneous central nucleus with an electron-dense
nucleolus, granular cytoplasm containing numerous perinuclear, elongated
mitochondria.
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Doxazosin treated PC-3 cells: The appearances of doxazosin-treated PC-3 cells
were remarkably different from the control PC-3 cells. Moreover, the appearances

changed over the duration of exposure.

After 48 h of exposure to 37 uM, the cytoplasm showed large electron-dense
coalescent deposits resembling lipofuscin like material. Also, there appeared
numerous, large vacuolations in the cytoplasm and some of these electron-dense
deposits were contained within these vacuoles suggesting a process that resembled
lysosomal digestion. The mitochondria had also changed from the long, ribbon

structures to small and rounded.

Closer examination revealed that these lipofuscin-like material were in fact
fragmented mitochondria and these fragmented mitochondria were also contained
within the vacuoles. This led us to believe that the vacuoles were autophagosomes
and the underlying process seen within these cells is that of mitophagy. The nucleus
though less homogenous did not show clear evidence of dense chromatin
condensation in them, suggesting that apoptosis was unlikely. Furthermore, even
after 72 h of exposure to the doxazosin 37 uM, the appearances of the nucleus
remained unchanged with a well demarcated nucleolus. However, the cells exposed
to doxazosin 37 uM for 72 h had the entire cytoplasm filled with vacuolation and
autophagosomes with fragmented mitochondria within them. Figure 46 and Figure
47 are representative images of a control PC-3 cell after 48 h and 72 h, respectively,

following incubation with doxazosin 37 pM.
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Figure 46: TEM image of a PC-3 cell that has been exposed to doxazosin 37 uM for

48 h. Note the large vacuolation and fragmented mitochondria within the cytoplasm
and within the vacuoles. The nucleus is less homogenous.
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Figure 47: TEM image of a PC-3 cell that has been exposed to doxazosin 37 uM for
72 h. Note the entire cytoplasm is filled with large vacuolation, fragmented
mitochondria some of which have clumped into lipofuscin-like granules. The nucleus
is less homogenous with a few electron-dense deposits at the periphery and a well-
defined nucleolus.
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Figure 48: TEM image of PC-3 cells exposed to doxazosin for 48 h showing mitophagy
(left) and the stages of autophagic process (right).

Figure 49: PC-3 cell exposed to doxazosin with early autophagosomes (white arrow)
and late autophagosomes (black arrow).
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6.6.6.1 TEM evaluation after exposure of fibroblasts skin cells to doxazosin:

The appearances of the skin fibroblast cells following exposure to doxazosin were
comparable to those of PC-3 cells. After 48 h of exposure to doxazosin, the entire
cytoplasm was filled with vacoulations and fragmented mitochondria. Thus, p53-null
status of PC-3 cells could not be accounted for autophagy as the skin fibroblasts

have p53 gene. Also, notable features of apoptosis and necrosis such as

karyorrhexis and pyknosis were absent in the treated fibroblast cells.

Figure 50: TEM image of skin fibroblast cells exposed to doxazosin for 48 h showing
extensive vacuolation (left) and autophagosomes (right).
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6.6.6.2 TEM evaluation after exposure of H1376 cells to doxazosin:

The appearances of the HT1376 cells following exposure to doxazosin were
comparable to those of PC-3 cells. Doxazosin-treated cells demonstrated
fragmentation of mitochondria with autophagosomes and these features progressed
over the duration of exposure. In HT1376 cells, we also examined the cells at 24 h of
eposure and found that changes consistent with autophagy were demonstrable
within the cells within 24 h of exposure to 37 yM of doxazosin. Also, notable features
of apoptosis and necrosis such as karyorrhexis and pyknosis were absent in the

treated HT1376 cells during any of the three time points (24h, 48h and 72h)

observed.
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Figure 51: TEM image of HT1376 cells after exposure to doxazosin 37 uM (right) for
24 h and control cells (left). Note the entire cytoplasm is filled with large vacuolation,
fragmented mitochondria. The nucleus is homogenous in both control and treated
cells.
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Figure 52: TEM image of HT1376 cells after exposure to doxazosin 37 uyM (A) for 48
h (B), and below are control cells (C) and after treatment for 72 h (D). Note the entire
cytoplasm is filled with large vacuolation, fragmented mitochondria in treated cells at
both time points. The nucleus is homogenous in both control and treated cells at
both time points.
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6.6.7 Evaluation of surface characterisitcs of PC-3 cells exposed to doxazsoin
using SEM:

As these cells were not trypsanized and instead lifted carefully using cell scraper,
they had maintained, to a certain extent, the spatial morphology they maintained in
the flasks. Therfore the morphological differences were representative of the

difference in morphological features seen in live cultures.

Not surprisngly, there were significant morphological differences between doxazosin
exposed cells and control cell populations. A large part of the difference in the
surface morphological appearance could be atributed to doxazosin exposed cell

undergoing anoikis.

At lower resolutions, untreated (control) PC-3 cells appeared to form sheets of
contigous growth and it was difficult to dileniate individual cells with the cell
boundaries merging to one another. Doxazosin treated cells remained less contigous

and several individual cells with distint borders could be visualized.

We then focused on a few individual cells exposed to doxazosin to understand
further the morphological changes seen within these cells. It appeared that there
were four distinct morphological stages in doxazosin-treated cells. These are

described in the sections below (Figure 54 to 57).
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Control PC-3 cells.

Figure 53: SEM imaging of PC-3 cells under low magnification showing contigous
sheets of control cells (above) while cells exposed to doxazosin 37 uM for 48 h
(below) are in various stages of cell death, deatchment and anoikis.

198



Stage 1: The cells appeared hemispherical with the flattened surface representing its
original site of attachment to the flask surface. The central part of the hemisphere
had the bulk of the cytoplasm resembling a 3D bell curve. The outer surface of the
cell showed minute bleb formations but was largely smooth and regular. The

boundary of the cell was rougly circular with long villous processes at the periphery.

Figure 54: PC-3 cell treated with doxazosin 37 uM for 48 h showing shwoing
hemispherical shape with the bulk of the cytoplasm located centrally. There are very
fine and elongted villous processes at the periphery.
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Stage 2: The cell had an ellipsoid shape with a central and nearly spherical central
mass that occupied half to two-third of the diamter of the cells; the outer periphery
which was rougly a third of the diameter had flattened and consisted of several large
villous extensions. The surface of the cell shower several large bleb formations.
There were fewer blebs at the periphery though these were considerably larger. The

central part of the cell had innumerable small blebs giving a blisetered appearance to

the central part of the cell.

Figure 55: PC-3 cell treated with doxazosin 37 uM for 48 h showing ellipsoid shape
with centrally heaped mass and flattened peripheries, numerous fine villous
attachment and the surface has multiple blebs.
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Stage 3: The cell had become markedly smaller in size with the loss of the peripheral
flattened zone. The surface also appeared smoother due to disappearance of the
bleb formations. The most characterisitc feature was the coalescing of the
innumerable smaller villi to a few large, bulky villi giving the appearance of the root of

a tree.

Figure 56: PC-3 cell treated with doxazosin 37 yM for 48 h showing prominent, long
villous attachment resembling tree-root and the surface is devoid of blebs.
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Stage 4: The cell is spherical with no visible villi and appeared to have no attachment
to the flask surface. The surface of the cells also was featureless and no bleb
formations are seen. At this point the cell appeared to have been completely

detached and consequenly assumed a rounded shape.

Figure 57: PC-3 cell treated with doxazosin for 48 h showing complete deatchment,
loss of villi and unremarkable surface features.
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6.6.8 Immunohistochemical labelling of PC-3, DU145 and LNCaP cells exposed
to doxazosin with anti-LC3B antibody:

Immunohistochemically labelled sections revealed densely stained areas of LC3B
(brown staining) in the cytoplasm of sections that had been exposed to doxazosin
whilst this feature was absent in the control specimens. Three random fields were
shown, and the figure below is from one of the randomly chosen views from PC-3

cell line as is also representative of views seen on the sections for other cells.

Control PC-3 cells.

-

-~ [“oum |
Doxazosin exposed PC-3 cells
-
’ & >
-
- & . - -
s e

Figure 58: PC-3 cells in the absence (top) and presence of 37um doxazocin after 48
h (bottom), labelled with anti-LC3B antibody a marker for autophagy.
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6.7 Discussion

Autophagy is an evolutionarily highly conserved process of degradation of cytoplasm
and organelles in the lysosomes for amino acid recycling and energy in eukaryotic
cells (Klionsky, Abdalla et al. 2012). Mammalian cells exhibit 3 morphologically
distinct types of autophagy: micro autophagy, macro autophagy (simply referred to
as autophagy), and chaperone-mediated autophagy (Klionsky, Abdalla et al. 2012,
Kim and Lee 2014). Dysregulation of autophagy has been implicated to be a
causative role in several diseases including cancer (Mathew, Karantza-Wadsworth et
al. 2007, Chen and Karantza-Wadsworth 2009, Choi 2012, Mah and Ryan 2012).
Not surprisingly, several studies have suggested that autophagy can be a potentially
useful target for treatment of cancers (Yang, Chee et al. 2011, Bhat, Kriel et al. 2018,

Fulda 2018).

Structurally, the process of autophagy (macro autophagy) begins with de novo
formation of double-membrane vesicles called phagophores which then sequesters
the transport cargo by invagination and eventually fuse to form a double-membrane
structure, the autophagosome. The exact origin of the phagophore membrane that
leads to formation of the autophagosomes remains unresolved with ER-Golgi
intermediate compartment and ER-mitochondria considered to be among the
possible candidates (Rubinsztein, Shpilka et al. 2012, Chan and Tang 2013, Lamb,
Yoshimori et al. 2013, Tooze 2013, Ge and Schekman 2014). The autophagosomes
then fuse with the lysosome to form the autophagolysosome which then degrades

the cargo (Parzych and Klionsky 2014).

Over 30 genes involved in autophagy have been identified in mammals of which 16
genes are involved in all types of autophagy (Klionsky, Abdalla et al. 2012, Pyo, Nah

et al. 2012). The ubiquitin-like protein LC3 is a mammalian homolog of ATG8 gene
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and is essential for the formation of autophagosomes. LC3 is lipidated with
phosphatidylethanolamine to form LC3-Il which remains on the membranes of the
autophagosomes until its fusion with the lysosomes (Burman and Ktistakis 2010,
Pyo, Nah et al. 2012). The conversion of LC3 to LC3-Il is therefore considered a
reliable molecular indicator of autophagy (Klionsky, Abeliovich et al. 2008, Klionsky,
Abdalla et al. 2012, Pyo, Nah et al. 2012). However, TEM is still considered to be the

gold standard for detection of autophagy (Klionsky, Abdalla et al. 2012).

Chemical inhibitors of autophagy inhibitors serve as an initial tool to assess the
presence or absence of autophagy; however, they are not specific in their actions
(Yang, Hu et al. 2013, Vinod, Padmakrishnan et al. 2014, Pasquier 2016). This is
compounded by the fact that autophagy is intrinsically linked to other cellular

functions such as endocytosis (Lamb, Dooley et al. 2013).

Our experiments were designed to identify the causative factor for development of
granulations within the cells when exposed to doxazosin when attempting to create
doxazosin-resistant cells. We had previously looked at the possibility of these
granules being lipofuscin granules but specific staining for these were negative and
focussed out attention to autophagy. As a first step, we used 2 main chemical
inhibitors of autophagy, namely, 3-MA and dansylcadaverine to evaluate their effects

on doxazosin induced cell death.

3-MA is an inhibitor of autophagy and acts by its ability inhibit PI3K. Our experiments
have shown that 3-MA significantly attenuated doxazosin-induced cell death in all the
cell lines tested. However, 3-MA can also induce autophagy if the experimental

conditions are varied and inhibit glycolytic enzymes and promote glycogen
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breakdown and this is independent of its autophagy regulating abilities (Vinod,

Padmakrishnan et al. 2014).

We had already shown that dansylcadaverine attenuates cell death induced by
doxazosin in the previous chapter. Dansylcadaverine is an auto fluorescent,
lysosomotropic compound which inhibits clathrin-mediated endocytosis as well as
interfere with the maturation of autophagosome (Davies, Cornwell et al. 1984). Also,
they concentrate in the autophagosomes and serve as a marker for the presence of
autophagosomes (Davies, Cornwell et al. 1984, Pasquier 2016). Using fluorescent
microscopy, we have been able to demonstrate that dansylcadaverine concentrates
in autophagosome vesicles when cells were exposed to doxazosin. These
observations suggests that the attenuation of cytotoxic actions of doxazosin is at

least in part mediated by its action as an inhibitor of autophagosome maturation.

This study also was the first to report widespread autophagy by doxazosin in PCa
and BCa cell lines using TEM (Pavithran and Thompson 2012, Pavithran, Shabbir et
al. 2017). Our experiment with TEM suggests that exposure to doxazosin 37 uM for
24 h to 72 h resulted in autophagy with a predominantly selective mitophagy in PC-3,
fibroblasts and HT1376 cells. Furthermore, these autophagic changes were not
accompanied by karyorrhexis and chromatin condensation in these cells.
Additionally, the autophagic process was independent of the independent of the p53
gene as we were able to replicate these findings in PC-3 cells, which have a p53-null
status. Moreover, immunohistochemically labelled sections revealed densely stained
areas of LC3B (brown staining) in the cytoplasm of sections that had been exposed
to doxazosin whilst this feature was absent in the control specimens (Pavithran,
Shabbir et al. 2017). Taken together, these observations suggest that autophagy
(especially mitophagy) plays an important role in the doxazosin-induced cell death in
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the cell lines tested. The findings, however, cannot directly attribute the cell death

from doxazosin to autophagy (Klionsky, Abdalla et al. 2012).

Other investigators have suggested that apoptosis and anoikis were the primary
mode of cell death in doxazosin (Keledjian and Kyprianou 2003, Kyprianou 2003).
Also, Yang at al reported that prazosin but not doxazosin induced p53 mediated
autophagy in H9C2 cells (Yang, Wu et al. 2011). We attribute the discrepancies in
their findings as the duration of exposure to doxazosin (20 uM) was limited in their
experiments to only 4 h and not 24 h (Yang, Wu et al. 2011). The rationale for using
24 h as the first time point for examination under TEM in our experiments was
derived from our previous observations that granulations appeared within the cells in

a time —and —concentration dependent manner.

Though autophagy and apoptosis appear to be divergent pathways in cell survival,
several studies have shown that these are closely related and capable of switching
from one pathway to the other (Bhutia, Dash et al. 2010, Bhutia, Das et al. 2011).
Apoptosis signalling can regulate autophagy and conversely autophagy can regulate
apoptosis (Yonekawa and Thorburn 2013). Given the extensive crosstalk between
autophagy and apoptosis (and the existence of both these processes
simultaneously), it is often difficult to attribute quantitatively the cell death to each of
these two processes. Nonetheless, our results therefore suggests that autophagy is

a predominant process involved in doxazosin-induced cell death.
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Chapter 7

Measurement of gene expression changes in PC-3
cells following exposure to doxazosin
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7.1 Introduction

At the time of conducting this study, there existed no previous data on the events

that led to doxazosin-induced cell death of PCa lines at the transcriptome level.

A literature search revealed only one previously published work that looked at gene
expression following doxazosin treatment in prostate pathology. This study had
examined the prostate glands of male Sprague-Dawley rats following administration
of doxazosin (4mg/kg/day subcutaneously and supplemented with 4mg/kg/day
orally) (Yono, Foster et al. 2005). They had shown that when doxazosin is
administered for 12 weeks in the doses mentioned above, it resulted in changes in
expression of 625 genes of which 39 genes were related to cell death, necrosis,
growth, proliferation, and GPCR signalling pathways (Yono, Foster et al. 2005).
Interestingly, the highest fold-change observed in their experiment was that of the
sulphated glycoprotein-2 gene clusterin which is an antiapoptotic mediator and
known to be highly expressed in rat prostate involution following castration

(Sensibar, Sutkowski et al. 1995).

In this study, our objective was to identify at a transcriptome level, using next
generation sequencing, the events that lead to cell death in PC-3 cells following
treatment with doxazosin. We hypothesised that the next generation sequencing
data would reveal the relative changes between doxazosin treated cells (as
compared to controls) in the activity levels of various genes groups responsible for

autophagy, apoptosis, and key cell signalling proteins.
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7.2 Material and Methods

7.2.1 Cell culture:

PC-3 cells were grown in 75 cm? flasks (n=12) with 20 ml of appropriate media to 50%

confluence. Then the cells were washed with PBS and 18 ml of fresh media added. To
the test flasks (labelled D1 to D6), 2ml of doxazosin solution (final concentration 37
MM) was added while 2 ml of sterile water was added to the control flasks (labelled C1
to C6). The test and control flasks were then incubated for 24 h (D1-D3 and C1-C3), or
48 h (D4-D6 and C4-C6). After the required incubation period (24 h or 48 h), the media
was decanted, washed once with PBS and the flasks were immediately flash frozen to
-80 C overnight.

The next day, 6 ml of EDTA-trypsin solution at 37 C was added and the flasks
transferred to incubator at 37 C for 5 minutes. Once the cells had detached, 18 ml of
fresh media at 37 C containing 10 % serum was added to the flask and the contents
decanted to 50 ml aliquots. These were then centrifuged at 500 rpm for 5 minutes, the
supernatant decanted, and the pellets were carefully washed 3 times with PBS

solution.

7.2.2 RNA isolation for PC-3 cells using TRIzol®:

The washed cell pellets were homogenized in 1 ml of TRIzol® reagent. TRIzol® is
monophasic solution of phenol, guanidine isothiocyanate and maintains the integrity
of the RNA due to its highly effective inhibition of RNAse activity while simultaneously
disrupting cells and dissolving cell components during sample homogenization. Also,
TRIzol® allows the sequential precipitation of RNA, DNA & proteins from a single

sample.
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In our experiments, the RNA phase was separated by the addition of 200 uL of
chloroform followed by vigorous mixing for 15 seconds and centrifuging at 12,000 g
for 15 minutes at 4 C. This separated the homogenate into 3 layers, namely, the clear,
upper aqueous layer, a white interphase, and a red lower organic layer. The upper
aqueous layer was transferred to a fresh tube whilst the lower layer was saved for
DNA extraction. RNA was precipitated from the upper aqueous layer with the addition
of 500 uL of isopropanol. This was incubated at room temperature for 10 minutes and
subsequently centrifuged at 12,000 g for 10 min at 4°C. After centrifuging, the
supernatant was removed and the RNA pellet was washed with 1 ml of ethanol, vortex
mixed, and centrifuged at 7500 g for 5 minutes at 4 C. This step was repeated twice
after which the supernatant was discarded, and the tubes were dried out by placing
them on heating blocks at 60 C to obtain pellets that were nearly dried. These were
then dissolved in 50-100 pL of RNAse-free water. The RNA solution was then

aliquoted into 2 smaller tubes and stored at -80 °C overnight.

Figure 59: TRIzol® reagent separation showing the homogenate separated into 3
layers, namely, the clear upper aqueous layer, a white middle interphase layer and a
red lower organic layer.
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7.2.3 RNA quality control analysis:

We assessed the RNA preparation for the quantity and the integrity of the RNA
preparation and its purity. For this we used absorption spectrometry to estimate the
RNA quantitatively and to evaluate its purity. The integrity of the RNA was assessed
using formaldehyde agarose gel electrophoresis. Also, prior to transcriptome
sequencing the RNA quantity, purity and integrity were independently re-assessed by

Genomics UCL by gel and spectrometric analysis of the individual samples.

7.2.4 Spectrophotometric analysis of RNA sample quality:

This is based on the estimation of light absorbed by the nucleic acids within a sample
when light is passed through a solution containing them. The absorption is then
converted to concentration based on the following conversion factors: An absorbance
of 1.00 at 260 nm corresponds to approximately: 50 mg/ml for double-stranded DNA,;
40 mg/ml for single-stranded DNA or RNA and 20 mg/ml for oligonucleotides. Pure
preparations of DNA and RNA have an Aze0/A2s0 ratio of 1.8 to 2.0 respectively. Ratios
significantly lower than this indicates protein or phenol contamination of the sample.
The A2s0/A230 absorption ratio for pure nucleic acids are commonly in the range of 2.0-
2.2. If this ratio is lower than 2, it indicates the presence of contaminants such as

guanidine, EDTA, carbohydrates and phenol all of which absorb light near 230 nm.

We used the NanoDrop™ (Thermo Scientific, UK), which allows for analysis of 1 L
of the sample solution. This solution placed directly on the pedestal of the NanoDrop™
chamber, and the surface tension of the solution leads to the formation of a column of
the sample through which light is directed to evaluate the absorption spectrum. Tables
8 and 9 shows the readings obtained and the representative graph obtained for an

individual sample is shown in figure 60.
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Table 8: Readings of the individual samples obtained using NanoDrop™ for PC3 cells treated
with doxazosin (D1-D3) 37 uM for 24 h versus control (C1-C3) samples. The last row shows
the calculated volumes for 2 ug of RNA in 200 pL.

Sample ID C1 C2 C3 D1 D2 D3
RNA 534.2 564.1 691.7 400.1 308.9 433.6
Concentration
(ng/nL)
A260 (10 mm 13.354 14.102 17.292 10.003 7.723 10.840
path)
A 280 (10 mm | 7.676 8.002 9.439 5.761 4.391 6.019
path)
260/280 1.74 1.76 1.83 1.74 1.76 1.80
260/230 2.46 2.44 2.39 2.36 2.40 2.33
Volume for 2 3.741 3.545 2.891 4.999 6.474 4.612
pg in 200 pLL
Sample ID C4 Cs Coé D4 D5 D6
RNA 628.1 705.1 662.1 262.8 517.9 434.8
Concentration 627.8 264.9 371.5 313.5
(ng/uL) 298.5 279.8
A260 (10 mm 15.703 17.628 16.552 6.569 12.947 10.871
path) 15.695 6.622 9.287 7.837
7.463 6.995
A 280 (10 mm 9.458 10.354 9.841 4.006 7.889 6.784
path) 9.185 4.067 5.726 4.861
4.633 4.382
260/280 1.66 1.70 1.68 1.64 1.64 1.60
1.71 1.63 1.62 1.61
1.61 1.60
260/230 2.45 2.45 2.45 2.44 2.41 2.42
2.46 2.46 2.42 2.44
2.45 2.47
Volume for 2 pg | 3.186 2.834 3.021 7.550 6.700 7.148
in 180 to 200 pL. | (200uL) (180 uL) (180 uL)

Table 9: Readings of the individual samples obtained using NanoDrop™ for PC3 cells treated
samples with doxazosin (D4-D6) 37 uM for 48 h versus control samples (C4-C6). The last row
shows the calculated volumes for 2 ug of RNA in 180 or 200 pL.
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Figure 60: Screen capture of graph obtained (for a representative sample) using
NanoDrop™ quality control assessment of the purity and quantity of nucleic acid.

7.2.5 Formaldehyde agarose gel electrophoresis:

This involves the electrophoresis of the RNA preparation in 1.2% formaldehyde gel to
separate the ribosomal bands to evaluate the integrity of the RNA. Intact total RNA
shows 2 ribosomal bands; the upper 28S ribosomal band is approximately twice the
intensity of the lower 18S rRNA band, whilst mRNA appears as a background smear.
These bands are visualized from the gel following the electrophoresis using a

transilluminator.
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The first step is the preparation of the 1.2% formaldehyde gel. This involves mixing
and dissolving 0.6 g of agarose in 5ml of 10x MOPS [3-N(morpholino) propane sulfonic
acid] (MOPS) and 37 ml of distilled water by gentle heating until the agarose is
completely dissolved. This this then allowed to cool until warm to touch and 8 ml of
formaldehyde (37%) is added. This is mixed well and immediately poured into the pre-
prepared gel moulds and allowed to solidify in them. The gel is then retrieved carefully
from the mould, immersed in 1x MOPS in an electrophoresis tank and allowed to

equilibrate for 30 minutes (Figure 61).

The second step is to load the RNA gels and a control ladder into the gel wells. The
sample preparations (with 2 uL of 100x Sybr Green®) are loaded into the wells and the
gel run at 90 V until the dye has traversed two-thirds of the length of the gel. Finally,

the gel is removed carefully and placed on the transilluminator to visualize the RNA

(Figure 62).

Figure 61: Gel electrophoresis equipment with sample loaded and electrophoresis in
progress.
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Figure 62: Visualization of RNA bands using transilluminator. The band on extreme right is
the control.

7.2.6 RNA quality assessment using Agilent Tapestation™:

This quality control step was undertaken by the UCL Genomics, prior to
transcriptome sequencing. This uses a screen tape gel matrix, where samples are
automatically loaded into individually packaged lanes that prevents any cross
contamination. Prior to loading, the samples are coated with an inter chelating dye
and electrophoresed. The gels are imaged using a high-quality camera and a

software generates a gel image electropherogram and peak tables (Figure 63).

It provided information about RNA integration number (RIN) equivalent, which is a

ratio of the fast zone 18s RNA and the small RNAs (Table 10 and Figure 64).
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Gel Images
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Figure 63: Gel images obtained using Agilent Tape station showing the
electropherogram and the RIN equivalents for each of the samples.

Sample Info
Well RINe 28S/188 (Area) Cone, [ng/ul] Sample Deseription Alert Observations
Al - - 162 Ladder Ladder
Bl 8.0 1.7 422 DI
Cl 8.3 1.7 303 mn
RNA concentration
DI 8.1 23 504 D3 A outside recommended
range for RINe
El 7.3 1.4 256 D4
Fl i 14 308 D5
Gl Tl 1.2 282 D6
RNA concentration
HI 93 30 541 cl A outside recommended
range for RINe
RNA concentration
A2 9.3 28 644 Q & outside recommended
range for RINe
B2 9.6 22 258 a
2 - 174 4
D2 - 181 C5
RNA concentration
E2 79 23 728 s A\ [ouside recommended
range for RINe
F2 - - A Marker(s) not detected

Table 10: Peak table values obtained using Agilent Tape station showing the RIN
equivalents for each of the samples.
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Figure 64: Peak table values as graphic representation of the RIN equivalents of the
individual samples.

7.3 RESULTS

We looked at the transcriptome level changes in the control and doxazosin-treated

samples for (a) fold changes in expression and (b) within gene families.

To identify the fold changes in expression we evaluated the 2x, 3x and over 4x fold

changes between the control and treated samples at 24 h and 48 h. Also, we
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identified those genes which had the highest level of positive or negative fold
changes in expression in samples at 24 h at 48 h and between samples at 24 h and

48 h.

7.3.1 Evaluation of fold changes in expression between control and test
samples after 24 h of exposure to doxazosin:

We assessed the data available at Basespace™ (lllumina.com) to evaluate the log2
ratio of fold-changes in gene expression. The array was designed to assess the

entire transcriptome accounting for over 30,000 genes.

Of these, we identified over 250 named-genes with a 2-fold increase in control
versus 24-h doxazosin-treated group. When the parameters were set to 3-fold
changes and 4-fold changes; there were 39 named genes and 3 other genes,
respectively, within these groups (Figure 65). Interestingly, there were no named-
genes that had a fold-change greater than 5 between control samples and test

samples exposed to doxazosin for 24h.
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Figure 65: The log2 values in PC3 following treatment with doxazosin for 24 h
identifying genes with greater than 3-fold change (A, top) and over 4-fold change (B,
bottom). Positive fold-changes in red (right) and negative fold-change in green (left)
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7.3.2 Evaluation of fold changes in expression between control and test
samples after 48 h of exposure to doxazosin:

We assessed the data available at Basespace™ (lllumina.com) to evaluate the log2
ratio of fold-changes in gene expression. The array was designed to assess the

entire transcriptome accounting for over 30,000 genes.

Of these, we identified 350 named-genes with a 2-fold increase in control versus 48-
hour doxazosin-treated group. When the parameters were set to 3-fold changes and
4-fold changes; there were 85 named-genes (Figure 66) and 18 other genes (Figure

67), respectively, within these search parameters.

Above 5-fold expression values, the specific genes that were differentially over

expressed included:

(i) EGR1 and HSPAG (x5 fold)
(ii) LOC100271832 and MIR1256/SLC25A3 (x9 fold)

(ii)  CD3D (x10 fold)
There were no named-genes with a fold-change was greater than 10.

The genes that were identified to have an expression over 3-fold in PC3 cells treated
with 37 uM of doxazosin for 48 h is shown on figure 66; those with greater than 4-fold

expression at 48 h with 37 uM of doxazosin is shown on figure 67.
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Figure 66: The log2 values in PC3 following treatment with doxazosin for 48h

identifying genes with greater than 3-fold change. Positive fold-changes in red (right)
and negative fold-change in green (left)




Genes with >4 fold change
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Figure 67: The log2 values in PC3 following treatment with doxazosin for 48h
identifying genes with greater than 4-fold change. Positive fold-changes in red (right)
and negative fold-change in green (left)

7.3.3. Comparison in fold-expression gene expression between 2 time points:

Using data sets available for the 2 time points, we compared the changes in gene

expression between the 2 time points. For this we used the following comparisons:

(a) Genes that had more than 2-fold change at 24h samples only (and not at 48h).
(b) Genes that had over 2-fold-change only at 48 h samples only (and not at 24 h).
(c) Genes that had more than 2-fold change in both time points (24 h and 48 h).

(d) In group (c), we further identified the subgroups.
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a. Genes with an increase fold change expression from 24 h to 48 h

b. Genes with a decrease in fold-change expression from 24 hto 48 h

c. Genes where there was no variation in fold-change between two-time

points.

Table 11: List of genes (n=108) that had over 2-fold change between test and

control samples and were expressed at 24 h only.

log2 log2
(control | (comparison

Test ID | Gene at 24h only | Locus FPKM) | FPKM) log2(Ratio) | g Value
chr15:101420008-

XLOC_009476 | ALDH1A3 101456830 9.25 7.22 -2.03 | 0.000166
chr7:36363758-

XLOC_025566 | ANLN 36493400 6.76 4.7 -2.06 | 0.000166
chr11:69924407-

XLOC_004807 | ANO1 70035652 5.88 3.74 -2.14 | 0.000166
chr17:33914281-

XLOC_011311 | AP2B1 34053436 6.45 4.36 -2.09 | 0.000166
chr4:57371374-

XLOC_020653 | ARL9 57390058 -1.14 0.92 2.06 | 0.007198
chr1:197053256-

XLOC_002730 | ASPM 197115824 3.5 1.1 -2.4 | 0.000166
chr11:64755416-

XLOC_005566 | BATF2 64764517 0.13 2.83 2.69 | 0.000166
chr7:97841565-

XLOC_025804 | BHLHA15 97881563 -0.43 2.04 2.46 | 0.000166
chrl7:76210276-

XLOC_011724 | BIRCS 76221716 6.98 4.67 -2.32 | 0.000166
chr14:58470807-

XLOC_008714 | Cl14orf37 58618847 1.57 -0.58 -2.15 | 0.000166
chr2:233734993-

XLOC_016055 | C20rf82 233741107 -1.91 0.12 2.03 | 0.042664
chr15:40886446-

XLOC_009150 | CASCS 40954881 3.74 1.62 -2.12 | 0.000166
chr5:68462836-

XLOC_021653 | CCNB1 68474070 6.77 4.69 -2.08 | 0.000166
chr15:59397283-

XLOC_009257 | CCNB2 59417244 5.42 3.31 -2.1 | 0.000166
chr19:54976209-

XLOC_015007 | CDC42EP5 54984422 -2.05 0.01 2.06 | 0.037677
chr12:6957971-

XLOC_006734 | CDCA3 6960456 5.21 2.69 -2.52 | 0.000166

224




chr16:89238162-

XLOC_010458 | CDH15 89261900 -1.95 0.06 2.01 | 0.006223
chr7:105603656-

XLOC_025889 | CDHR3 105676877 -0.34 -2.63 -2.29 | 0.000166
chr4:104026962-

XLOC_021283 | CENPE 104119566 3.83 1.11 -2.72 | 0.000166
chr1:214776531-

XLOC_001382 | CENPF 214837914 4.97 2.48 -2.49 | 0.000166
chrX:109917083-

XLOC_030145 | CHRDL1 110039286 4.12 2.06 -2.07 | 0.000166
chr12:120123594-

XLOC_007309 | CIT, MIR1178 120315095 3.94 1.9 -2.04 | 0.000166
chr12:10269375-

XLOC_006771 | CLEC7A 10282868 -2.4 -0.02 2.39 | 0.000888
chr10:71561643-

XLOC_003302 | COL13A1 71718904 5.89 3.78 -2.11 | 0.000166
chr11:66330934-

XLOC_005615 | CTSF 66336047 2.56 0.04 -2.52 | 0.000166
chr6:46517444-

XLOC_023939 | CYP39A1 46620523 0.55 -2.07 -2.62 | 0.000166
chr1:68939834-

XLOC_002116 | DEPDC1 68962799 4.29 2.27 -2.02 | 0.000166
chr3:185864989-

XLOC_020368 | DGKG 186080023 -0.18 -2.4 -2.23 | 0.000166
chr14:55614833-

XLOC_008692 | DLGAPS5 55658396 6.74 3.76 -2.97 | 0.000166
chr7:34968492-

XLOC_026291 | DPY19L1 35077653 4.4 2.32 -2.07 | 0.000166
chr10:112257624-

XLOC_003540 | DUSP5 112271302 4.67 6.91 2.24 | 0.000166
chr2:25264972-

XLOC_015197 | EFR3B 25382004 2.12 0.01 -2.11 | 0.000166
chr1:120839004-

XLOC_000832 | FAM72B 120855681 1.92 -0.09 -2.01 | 0.000166
chr20:37554954-

XLOC_017234 | FAM83D 37581703 5.4 3.3 -2.1 | 0.000166
chr12:100967488-

XLOC_006483 | GAS2L3 101020721 3.25 1.25 -2 | 0.000166
chr12:6949374-

XLOC_006732 | GNB3 6956557 1.18 -0.82 -2 | 0.007945
chr12:6949374-

XLOC_006733 | GNB3 6956557 1.55 -1.14 -2.69 | 0.00267
chr6:46965448-

XLOC_023942 | GPR110 47010372 5.9 3.51 -2.39 | 0.000166
chr14:53019865-

XLOC_008126 | GPR137C 53104431 1.67 -1.25 -2.92 | 0.000166
chr1:222695601-

XLOC_002886 | HHIPL2 222721444 0.29 -2.43 -2.72 | 0.000468
chr6:26106542-

XLOC_023658 | HISTIH1T 26108698 -1.52 0.63 2.16 | 0.016298
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HIST1H2AD, chr6:26193202-
XLOC_023667 | HIST1IH3D 26199521 0.7 3.35 2.64 | 0.000166
chr1:149754244-
XLOC_002376 | HIST2H2BF 149783928 -1.15 1.99 3.14 | 0.032233
chr4:175411327-
XLOC_021443 | HPGD 175444049 3.39 1.34 -2.05 | 0.000166
chr16:82068857-
XLOC_010411 | HSD17B2 82132139 3.11 0.59 -2.52 | 0.000166
chr9:21077103-
XLOC_028634 | IFNB1 21077943 -1.06 1.32 2.38 | 0.001809
chr21:46305867-
XLOC_018173 | ITGB2 46349595 3.32 1.14 -2.17 | 0.000166
chrl7:73717515-
XLOC_011693 | ITGB4 73753999 5.76 3.46 -2.3 | 0.000166
chr20:42735506-
XLOC_017651 | JPH2 42816218 1.75 -0.35 -2.09 | 0.000166
chrX:8496914-
XLOC_029836 | KAL1 8700227 0.97 -1.34 -2.31 | 0.000166
chr20:47988504-
XLOC_017704 | KCNB1 48099181 0.02 -2.62 -2.64 | 0.000166
chr8:36641841-
XLOC_027012 | KCNU1 36793643 -0.36 -3.24 -2.88 | 0.00032
chr10:94352824-
XLOC_003425 | KIF11 94415152 4.77 2.57 -2.2 | 0.000166
chr1:200520624-
XLOC_002744 | KIF14 200589862 3.72 1.4 -2.32 | 0.000166
chr1:45205489-
XLOC_000436 | KIF2C 45233438 5.3 3.04 -2.26 | 0.000166
chrX:69509878-
XLOC_029456 | KIF4A 69640774 4.88 2.41 -2.47 | 0.000166
chr12:53200326-
XLOC_007010 | KRT4 53207900 0.47 -2.19 -2.66 | 0.000166
chr21:35552977-
XLOC_017868 | LINC0O0310 35562220 -3.03 -0.06 2.97 | 0.014844
chr10:6821559-
XLOC_003056 | LINCO0707 6884868 1.28 -1.66 -2.93 | 0.000166
chr3:101659702-
XLOC_019267 | LOC152225 101716770 1.74 -0.67 -2.41 | 0.00032
chr11:1330937-
XLOC_004279 | LOC255512 1331937 -2.18 -0.17 2.01 | 0.034615
chr7:130565414-
XLOC_026733 | LOC646329 130598151 2.75 5.52 2.77 | 0.000166
chrl7:1614797-
XLOC_011820 | MIR22, MIR22HG | 1619566 1.95 4.11 2.16 | 0.000166
MIR29A, chr7:130556555-
XLOC_026732 | MIR29B1 130564945 0.23 2.48 2.25 | 0.000166
chr10:129894924-
XLOC_004208 | MKI67 129924468 5.08 2.86 -2.22 | 0.000166
chr2:202509596-
XLOC_016806 | MPP4 202563417 0.1 -2.97 -3.07 | 0.000609
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chr2:128293377-

XLOC_015664 | MYO7B 128395303 4.17 1.72 -2.46 | 0.000166
chr12:6603297-

XLOC_006024 | NCAPD2 6641132 5.6 3.07 -2.53 | 0.000166
chr18:2571509-

XLOC_012659 | NDC80 2616634 5.69 3.58 -2.11 | 0.000166
chrX:43808023-

XLOC_029911 | NDP 43832921 0.42 -2.11 -2.54 | 0.000166
chr1:211831598-

XLOC_002854 | NEK2 211848972 4.97 2.91 -2.06 | 0.000166
chr5:172068275-

XLOC_022091 | NEURL1B 172118533 0.04 -2.97 -3.01 | 0.000166
chr2:157180943-

XLOC_016652 | NR4A2 157189287 -1.13 0.98 2.11 | 0.000166
chr20:61340188-

XLOC_017356 | NTSR1 61394123 2.58 0.28 -2.3 | 0.000166
chr7:56182373-

XLOC_026378 | NUPRI1L 56184090 -0.26 1.87 2.13 | 0.002914
chr15:41624862-

XLOC_009164 | NUSAP1 41673260 6.8 4.44 -2.37 | 0.000166
chr1:100111430-

XLOC_000689 | PALMD 100231349 1.3 -1.02 -2.32 | 0.000166
chr4:138440073-

XLOC_021348 | PCDH18 138453629 0.24 -1.85 -2.09 | 0.000166
chr7:31790790-

XLOC_026280 | PDE1C 32338383 4.25 1.46 -2.78 | 0.000166
chr7:94285636-

XLOC_025796 | PEG10 94299006 5.83 3.76 -2.06 | 0.000166
chr9:70970108-

XLOC_028207 | PGM5 71145977 5.19 3.11 -2.07 | 0.000166
chr9:123617930-

XLOC_029005 | PHF19 123639606 5.77 3.42 -2.35 | 0.000166
chr2:217081611-

XLOC_015955 | PKI55 217084915 1.64 -0.64 -2.28 | 0.000166
chr16:23690200-

XLOC_010132 | PLK1 23724821 5.71 2.62 -3.09 | 0.000166
chr4:82347549-

XLOC_021220 | RASGEF1B 82393061 -1.22 1.27 2.49 | 0.000166
chr1:182567757-

XLOC_002699 | RGS16 182573548 -2.21 0.03 2.24 | 0.000609
chr20:35729628-

XLOC_017215 | RPN2 35870028 8.02 5.92 -2.1 | 0.000166
chr6:90074334-

XLOC_024050 | RRAGD 90121995 -0.43 1.65 2.08 | 0.000166
chr20:1455235-

XLOC_017425 | SIRPB2 1472233 1.68 -0.73 -2.41 | 0.000166
chr22:24577443-

XLOC_018290 | SUSD2 24585074 -0.03 -2.12 -2.09 | 0.000166
chr5:135364583-

XLOC_021897 | TGFBI 135399507 0.53 -2.01 -2.54 | 0.000166
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chr11:65122281-

XLOC_004701 | TIGD3 65125082 -2.47 0.08 2.55 | 0.001422
chr3:12045861-

XLOC_019682 | TIMP4 12233532 1.07 -1.24 -2.32 | 0.000888
chr15:102182048-

XLOC_009912 | TM2D3 102192594 3.34 5.35 2.01 | 0.000166
chr12:72079877-

XLOC_006408 | TMEM19 72097839 2.97 0.88 -2.09 | 0.000166
chr2:220408744-

XLOC_015994 | TMEM198 220415317 -2.48 -0.23 2.25 | 0.002304
chr12:98906750-

XLOC_007195 | TMPO-AS1 98944157 2.07 0.01 -2.06 | 0.001681
chr6:30070673-

XLOC_023741 | TRIM31 30080867 -2.34 -0.26 2.08 | 0.005661
chr2:27505296-

XLOC_015221 | TRIM54 27531130 -2.83 0.38 3.21 | 0.000468
chr17:3413795-

XLOC_011844 | TRPV3 3461289 -1.57 0.47 2.04 | 0.000166
chr2:239756672-

XLOC_016085 | TWIST2 239832237 -0.32 -2.67 -2.35 | 0.031533
chr22:24094929-

XLOC_018597 | VPREB3 24096630 -1.67 1.11 2.78 | 0.027628
chr3:111260925-

XLOC_020078 | ZBED2 111371206 -0.4 -4.11 -3.71 | 0.047881
chrX:152082983-

XLOC_029759 | ZNF185 152142025 6.58 4.23 -2.35 | 0.000166
chr19:58978292-

XLOC_015094 | ZNF324 58987404 -1.01 1.53 2.54 | 0.001809
chr19:52534651-

XLOC_013888 | ZNF432 52553195 -1.06 1.38 2.43 | 0.018766
chr16:88493878-

XLOC_010446 | ZNFA69 88507165 -0.26 2.04 2.3 | 0.000166
chr19:58318449-

XLOC_014099 | ZNF552 58327343 -2.09 0.63 2.72 | 0.045342
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Table 12: List of genes (n= 206) that had over 2-fold change between test and

control samples and were expressed at 48 h only.

log2 log2
(control | (comparison
Test ID Gene Locus FPKM) FPKM) log2(Ratio) | g Value
48H ONLY

chr22:43088126-

XLOC_019550 | AAGALT 43116876 -1.78 0.61 2.39 | 0.000169
chr21:43619798-

XLOC_018661 | ABCG1 43719917 3.01 0 -3.01 | 0.000169
chr20:62491519-

XLOC_018096 | ABHD16B 62494341 -1.8 1.87 3.67 | 0.000169
chr10:72432558-

XLOC_003471 | ADAMTS14 72522195 -2.63 0.37 2.99 | 0.000169
chr11:10326641-

XLOC_004581 | ADM 10328923 2.48 5.7 3.22 | 0.000169
chr1:159032274-

XLOC_002682 | AIM2 159046647 0.08 3.17 3.08 | 0.000169
chrl:77747661-

XLOC_000613 | AK5 78025654 1.31 -1.05 -2.37 | 0.000169
chr4:186317839-

XLOC_021853 | ANKRD37 186347139 -0.24 2 2.24 | 0.009826
chr7:4815261-

XLOC_026508 | AP571 4834083 1.46 3.47 2.02 | 0.000169
chr22:39473009-

XLOC_019178 | APOBEC3G 39483748 3.78 1.16 -2.62 | 0.000169
chr22:36649116-

XLOC_019138 | APOL1 36663577 -0.61 1.79 2.41 | 0.000169
chr22:36622254-

XLOC_019467 | APOL2 36636000 2.84 4.88 2.04 | 0.000169
chr19:926036-

XLOC_013664 | ARID3A 972803 -1.6 0.56 2.16 | 0.000169
chr10:28101096-

XLOC_003937 | ARMC4 28287977 1.91 -0.68 -2.59 | 0.000169
chr7:97481428-

XLOC_027696 | ASNS 97501854 8.19 5.66 -2.53 | 0.000169
chr1:212738675-

XLOC_001413 | ATF3 212794119 4.97 7.26 2.28 | 0.000169
chr15:35663169-

XLOC_009507 | ATPBD4-AS1 36151202 1 -1.6 -2.6 | 0.030593
chr1:220321609-

XLOC_003013 | AURKAPS1 220445843 -0.05 2.03 2.08 | 0.028053
chr19:47724078-

XLOC_015391 | BBC3 47736023 -0.8 1.26 2.07 | 0.000169
chr2:60678301-

XLOC_016950 | BCL11A 60780633 -0.24 -2.39 -2.14 | 0.000169
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C150rf48,

chr15:45722726-

XLOC_009595 | MIR147B 45725647 2.73 5.29 2.56 | 0.000169
chr19:3474404-

XLOC_014764 | C190rf77 3480540 -0.04 2.24 2.28 | 0.000169
chr4:2043719-

XLOC_021324 | C4orf48 2045697 0.9 3.45 2.55 | 0.000169
chr5:179224597-

XLOC_023834 | C50rf45 179285840 4.56 6.71 2.15 | 0.00346
chr9:112961845-

XLOC_030215 | C90rf152 112970413 1.69 -0.93 -2.61 | 0.000169
chr11:104912052-

XLOC_006066 | CARD16 104916051 -0.99 1.33 2.32 | 0.003217
chr1:10696665-

XLOC_001761 | CASZ1 10856733 -0.97 1.05 2.02 | 0.000169
chr18:66382490-

XLOC_013387 | CCDC102B 66722426 1.7 -0.41 -2.1 | 0.000169
chr16:3077867-

XLOC_011009 | CCDC64B 3089133 -2.36 -0.29 2.07 | 0.008211
chr11:65657543-

XLOC_004947 | CCDC85B 65659106 2.61 4.93 2.32 | 0.000169
chr11:65657543-

XLOC_005844 | CCDC85B 65659106 5.45 7.6 2.15 | 0.000169
chr7:75398841-

XLOC_027612 | CCL26 75419064 3.28 5.83 2.55 | 0.000169
chr17:34198495-

XLOC_012608 | CCL5 34207377 -0.12 2.04 2.16 | 0.000169
chr17:38710021-

XLOC_012664 | CCR7 38721736 -0.4 -3.03 -2.64 | 0.004627
chr11:118209788-

XLOC_006134 | CD3D 118213459 0.54 -10 -10.54 | 0.03472
chr1:111413820-

XLOC_000769 | CD53 111442558 -0.29 -2.6 -2.31 | 0.011685
chr19:6585849-

XLOC_014826 | CD70 6591163 1.61 3.65 2.04 | 0.000169
chr5:149781199-

XLOC_023690 | CD74 149792499 1.65 -0.55 -2.2 | 0.000169
chr7:90338711-

XLOC_026881 | CDK14 90839904 3.49 1.49 -2 | 0.000169
chr6:31913720-

XLOC_024108 | CFB 31919861 -1.09 1.29 2.38 | 0.000169
chr1:25071759-

XLOC_000239 | CLIC4 25170815 7.64 5.55 -2.09 | 0.000169
chr1:32117847-

XLOC_001950 | COL16A1 32169768 -1.44 0.59 2.03 | 0.000169
chr11:111779349-

XLOC_006098 | CRYAB 111782473 0.53 2.82 2.28 | 0.000169
chr1:110453232-

XLOC_000758 | CSF1 110473616 0.88 3.46 2.58 | 0.000169
chr17:38171613-

XLOC_011842 | CSF3 38174066 -2.3 0.01 2.31 | 0.001842
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chr1:150702671-

XLOC_002510 | CTSS 150738433 -0.76 1.28 2.04 | 0.000169
chr4:76932332-

XLOC_022100 | CXCL10 77033955 -1.2 1.46 2.66 | 0.002352
chr4:76932332-

XLOC_022101 | CXCL11 77033955 -0.9 2.39 3.28 | 0.000169
chr19:3958451-

XLOC_014776 | DAPK3 3969826 2.64 4.94 2.29 | 0.000169
chr2:228736326-

XLOC_016644 | DAW1 228789026 -0.21 2.08 2.28 | 0.000169
chr5:78293428-

XLOC_023399 | DMGDH 78365449 0.78 -1.53 -2.3 | 0.000169
chr2:162848754-

XLOC_017335 | DPP4 162931052 4.52 2.46 -2.06 | 0.000169
chr10:134000413-

XLOC_003800 | DPYSL4 134019280 0.98 3 2.02 | 0.000169
chr18:28570051-

XLOC_013512 | DSC3 28622781 3.16 1.08 -2.08 | 0.000169
chr9:95059639-

XLOC_030128 | ECM2 95432547 0.19 -3.77 -3.95 | 0.043878
chr2:27301434-

XLOC_016842 | EMILIN1 27309265 -2.04 1.04 3.08 | 0.014403
chr6:132129155-

XLOC_024466 | ENPP1 132216295 1.42 -0.62 -2.03 | 0.000169
chrl6:74746855-

XLOC_011393 | FA2H 74808729 1.88 4.44 2.56 | 0.000169
chr1:207070787-

XLOC_002953 | FAIM3 207095378 2.21 4.67 2.46 | 0.000169
chr8:58907112-

XLOC_028252 | FAM110B 59062277 -1.26 1.02 2.27 | 0.000169
chr14:62037257-

XLOC_008518 | FLJ22447 62121431 1.56 -0.68 -2.24 | 0.000169
chr2:113399406-

XLOC_016199 | FLJ42351 113402991 0.74 -1.45 -2.19 | 0.000621
chr1:47900389-

XLOC_002099 | FOXD2 47906363 -1.64 0.87 2.51 | 0.008531
chr1:47897806-

XLOC_002098 | FOXD2-AS1 47900313 -0.46 1.94 2.4 | 0.000169
chr14:51921229-

XLOC_008453 | FRMD6-AS2 52197444 2.91 5.5 2.59 | 0.006248
chr14:51921229-

XLOC_008459 | FRMD6-AS2 52197444 1.44 3.99 2.55 | 0.000621
chr14:51921229-

XLOC_008460 | FRMD6-AS2 52197444 2.75 5.34 2.59 | 0.000169
chr19:676388-

XLOC_013648 | FSTL3 683392 2.87 4.99 2.12 | 0.000169
chr11:86656716-

XLOC_006016 | FZD4 86666440 4.54 2.01 -2.53 | 0.000169
chr4:46037786-

XLOC_022011 | GABRG1 46126082 -0.2 -3.93 -3.74 | 0.000169
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chr5:161494647-

XLOC_023018 | GABRG2 161582545 -0.16 -2.78 -2.62 | 0.000169
chr15:27216428-

XLOC_009478 | GABRG3 27779176 2.24 0.15 -2.09 | 0.000169
chr1:89517986-

XLOC_002263 | GBP1 89531043 2.23 4.81 2.58 | 0.000169
chr1:89873148-

XLOC_000649 | GBP1P1 89890493 -0.64 1.78 2.42 | 0.000169
chr3:111838228-

XLOC_020079 | GCSAM 111854678 0.68 2.94 2.26 | 0.000169
chr8:95261484-

XLOC_029030 | GEM 95274547 2.84 5.54 2.7 | 0.000169
chr1:147228331-

XLOC_002458 | GJAS 147245484 -0.04 -3.08 -3.04 | 0.000325
chr2:69172363-

XLOC_016993 | GKN2 69180102 0.03 2.07 2.03 | 0.000169
chr9:80037994-

XLOC_030080 | GNA14 80263232 -0.42 -3.31 -2.89 | 0.003935
chr2:241544824-

XLOC_016720 | GPR35 241570676 -1.7 0.53 2.23 | 0.000169
chr16:69139466-

XLOC_010786 | HAS3 69166493 6.26 4.01 -2.24 | 0.000169
chr8:80676244-

XLOC_028958 | HEY1 80680098 5.15 2.45 -2.7 | 0.000169
chr10:70980058-

XLOC_003456 | HKDC1 71027315 -1.02 1.41 2.43 | 0.000169
chr6:32407618-

XLOC_024119 | HLA-DRA 32412826 2.09 -0.61 -2.7 | 0.000169
chr6:29690988-

XLOC_024038 | HLA-F 29716826 2.44 4.63 2.19 | 0.000169
chr1:221052742-

XLOC_001449 | HLX 221058400 0.17 2.23 2.06 | 0.000169
chr11:63014620-

XLOC_005772 | HRASLS2 63330855 1.41 3.99 2.57 | 0.000169
chr16:67465035-

XLOC_010758 | HSD11B2 67471454 -1.37 1.03 2.4 | 0.000169
chr7:75931874-

XLOC_026847 | HSPB1 75933614 6.28 8.29 2.01 | 0.000169
chr12:119616594-

XLOC_006871 | HSPB8 119632551 -1.48 1.47 2.95 | 0.000169
chr19:46720994-

XLOC_014312 | IGFL1 46846690 -2.2 1.38 3.58 | 0.036058
chr7:22766765-

XLOC_026572 | IL6 22771621 3.7 7.76 4.06 | 0.000169
chr1:948846-

XLOC_000018 | I1SG15 949919 8.47 10.96 2.49 | 0.000169
chr1:59246462-

XLOC_002151 | JUN 59249785 3.51 5.67 2.16 | 0.000169
chr19:12902309-

XLOC_013896 | JUNB 12904125 3.32 5.84 2.52 | 0.000169

232




chr8:36641841-

XLOC_028180 | KCNU1 36793974 0.84 -2.67 -3.51 | 0.000169
chr9:46687556-

XLOC_029434 | KGFLP1 46746820 0.89 -2.13 -3.02 | 0.000169
chr15:81071711-

XLOC_009771 | KIAA1199 81243999 0.24 -2.31 -2.54 | 0.000169
chr1:6650783-

XLOC_001742 | KLHL21 6662929 4.06 6.09 2.04 | 0.000169
chrX:86772714-

XLOC_030775 | KLHL4 86925050 2.98 0.6 -2.38 | 0.000169
chr7:98771196-

XLOC_027704 | KPNA7 98805089 -1.12 0.93 2.05 | 0.000169
chr17:39775691-

XLOC_012717 | KRT17 39780882 -1.04 2.39 3.43 | 0.000169
chr12:52840434-

XLOC_006537 | KRT6B 52845910 -0.13 -3.25 -3.12 | 0.028513
chr1:31205314-

XLOC_001937 | LAPTM5 31230683 0.98 -1.28 -2.26 | 0.000169
chr17:25958173-

XLOC_011715 | LGALS9 25976586 -0.46 1.54 2.01 | 0.000169
chr6:133409218-

XLOC_024475 | LINCO0326 133427717 -0.02 -2.55 -2.53 | 0.017108
chrl7:79276623-

XLOC_013101 | LINCO0482 79283048 -2.6 -0.45 2.15 | 0.000474
chr14:56247852-

XLOC_009076 | LINC00520 56263392 1.14 3.93 2.8 | 0.000169
chr18:36786887-

XLOC_013538 | LINCO0669 37331959 1.58 -1.16 -2.74 | 0.000169
chr1:3816967-

XLOC_000070 | LOC100133612 | 3833913 -1.29 1.06 2.35 | 0.000169
chr2:33050509-

XLOC_015856 | LOC100271832 | 33171202 -10 -0.23 9.77 | 0.033882
chr10:105353783-

XLOC_003696 | LOC100505839 | 105615164 0.17 -2.81 -2.98 | 0.028336
chr7:22602955-

XLOC_026571 | LOC100506178 | 22613617 -1.79 0.31 2.1 | 0.000169
chr3:156799455-

XLOC_021115 | LOC339894 156840791 -1.9 0.28 2.18 | 0.000903
chr11:9776316-

XLOC_005516 | LOC440028 10315754 -0.92 1.33 2.24 | 0.036312
chr19:39797456-

XLOC_015234 | LRFN1 39805976 -1.65 0.45 2.1 | 0.000169
chr11:66615996-

XLOC_004973 | LRFN4 66725847 2.29 4.5 2.21 | 0.000169
chr10:94178417-

XLOC_003593 | MARK2P9 94179363 -2.5 -0.2 2.3 | 0.047518
chr17:81037566-

XLOC_012301 | METRNL 81052591 -0.87 1.24 2.11 | 0.000169

MGC16121, chrX:133677207-
XLOC_031527 | MIR424 133680741 3.7 1.42 -2.29 | 0.000169
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MIR1256, chrX:103139054-
XLOC_031420 | SLC25A53 103401708 9.4 -0.37 -9.77 | 0.000169
MIR205, chr1:209602167-
XLOC_001390 | MIR205HG 209605973 3.08 0.45 -2.63 | 0.000169
chr11:565656-
XLOC_005377 | MIR210HG 568457 1.22 3.32 2.1 | 0.000169
chr1:1103530-
XLOC_000028 | MIR429 1105715 -0.42 1.83 2.25 | 0.000169
chr10:27961802-
XLOC_003936 | MKX 28034778 2.85 0.71 -2.14 | 0.000169
chr11:102654406-
XLOC_006056 | MMP3 102714342 -2.75 1.23 3.98 | 0.032948
chr16:56716381-
XLOC_010705 | MT1X 56718108 6.09 8.21 2.12 | 0.000169
chr8:125563027-
XLOC_028508 | MTSS1 125740730 -0.6 1.79 2.39 | 0.01654
chr7:100612903-
XLOC_026957 | MUC12 100662230 -4.48 -0.14 4.34 | 0.007683
chr12:44902057-
XLOC_007207 | NELL2 45307711 0.27 -2.02 -2.29 | 0.000169
chr14:35870715-
XLOC_008975 | NFKBIA 35873960 5.52 7.66 2.13 | 0.000169
chr11:65554504-
XLOC_004943 | OVOL1 65564690 -1.75 1.02 2.77 | 0.000169
chr13:25670275-
XLOC_007764 | PABPC3 25672704 1.46 -0.81 -2.27 | 0.000169
chr22:50609159-
XLOC_019273 | PANX2 50618724 -1.54 0.66 2.21 | 0.000169
chr1:176432306-
XLOC_001209 | PAPPA2 176814727 0.39 -2.01 -2.4 | 0.000169
chr14:24563482-
XLOC_008348 | PCK2 24573339 5.54 3.01 -2.53 | 0.000169
chrl7:62396776-
XLOC_012974 | PECAM1 62407083 0.51 -1.75 -2.26 | 0.000169
chrX:22050920-
XLOC_030536 | PHEX 22269420 -0.04 -2.17 -2.13 | 0.000169
chr1:120254418-
XLOC_000849 | PHGDH 120286849 7.65 5.51 -2.14 | 0.000169
chr1:201433345-
XLOC_002878 | PHLDA3 201438510 4.79 6.79 2.01 | 0.000169
chr19:48551099-
XLOC_015402 | PLA2G4C 48614109 -0.51 1.67 2.18 | 0.000169
chr20:8113295-
XLOC_017758 | PLCB1 8865547 0.95 -1.08 -2.03 | 0.000169
chr19:49340353-
XLOC_015421 | PLEKHA4 49371884 -0.41 1.6 2 | 0.000169
chr12:102513955-
XLOC_007525 | PMCH 102591614 2.49 0.41 -2.08 | 0.002352
chr1:203020310-
XLOC_001335 | PPFIA4 203047864 -1.71 0.85 2.55 | 0.000169
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chr10:81107219-

XLOC_003525 | PPIF 81115089 7.45 9.56 2.11 | 0.000169
chr17:37783176-

XLOC_011831 | PPP1R1B 37792878 0.45 -3.12 -3.57 | 0.00223
chr6:106534194-

XLOC_024375 | PRDM1 106557814 -2.25 0.31 2.56 | 0.000169
chr12:42850967-

XLOC_007201 | PRICKLE1 42983572 4.12 1.97 -2.15 | 0.000169
chr4:82009155-

XLOC_022117 | PRKG2 82126215 0.12 -2.11 -2.23 | 0.000169
chr14:75319735-

XLOC_008607 | PROX2 75330537 1.34 -1.36 -2.7 | 0.00735
chr6:84222193-

XLOC_024335 | PRSS35 84235421 2.1 -0.47 -2.58 | 0.000169
chr9:80912058-

XLOC_029472 | PSAT1 80945009 7.66 5.21 -2.45 | 0.000169
chr1:78956727-

XLOC_000627 | PTGFR 79006386 3.65 1.29 -2.36 | 0.000169
chr1:198608097-

XLOC_001288 | PTPRC 198726605 -0.43 -2.55 -2.12 | 0.000169
chrX:154487525-

XLOC_031669 | RAB39B 154493852 0.49 -1.75 -2.24 | 0.000169
chr1:120336640-

XLOC_002408 | REG4 120354203 1.39 -0.77 -2.16 | 0.000169
chr19:45504706-

XLOC_014291 | RELB 45541456 2.03 4.04 2.01 | 0.000169
chr7:103112230-

XLOC_027770 | RELN 103629963 2.02 -1.39 -3.41 | 0.000169
chr11:73087404-

XLOC_005048 | RELT 73108519 0.69 3.58 2.89 | 0.000169
chr2:20646834-

XLOC_015779 | RHOB 20649201 2.37 4.4 2.03 | 0.000169
chr16:67679029-

XLOC_010763 | RLTPR 67694718 -1.35 1.72 3.06 | 0.000169
chr6:13924676-

XLOC_023912 | RNF182 13980240 5.68 3.64 -2.04 | 0.000169
chr1:68894506-

XLOC_000583 | RPE65 68917732 5.16 2.93 -2.23 | 0.000169
chr15:75247442-

XLOC_010206 | RPP25 75249775 1.2 3.51 2.31 | 0.000169
chr14:20811229-

XLOC_008875 | RPPH1 20811570 1.41 5.63 4.22 | 0.000169
chr22:20228937-

XLOC_019326 | RTN4R 20255816 0.08 2.24 2.17 | 0.000169
chr3:187086167-

XLOC_020389 | RTP4 187089369 -0.66 1.92 2.57 | 0.000169
chr8:27727398-

XLOC_028764 | SCARAS 27850369 0.98 -1.1 -2.07 | 0.000169
chr15:32933869-

XLOC_009499 | SCG5 32989298 0.98 3.37 2.39 | 0.000169
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chr5:147257048-

XLOC_023673 | SCGB3A2 147261756 1.1 -1.17 -2.27 | 0.000169
chr1:169659805-

XLOC_002764 | SELL 169680843 -0.08 -2.1 -2.01 | 0.000621
chr7:84624871-

XLOC_027642 | SEMA3D 84751247 1.13 -1.56 -2.69 | 0.000169
chr14:94843083-

XLOC_009286 | SERPINA1 94857029 2.25 0.22 -2.03 | 0.000169
chr6:134490383-

XLOC_025225 | SGK1 134639196 2.19 4.31 2.12 | 0.000169
chr4:42399855-

XLOC_021483 | SHISA3 42404504 5.92 2.29 -3.62 | 0.000169
chr11:60691912-

XLOC_005720 | SLC15A3 60719257 -0.14 2.38 2.51 | 0.000169
chr2:74442995-

XLOC_016015 | SLC4A5 74570534 4.86 2.41 -2.46 | 0.000169
chr20:48599512-

XLOC_018005 | SNAI1 48605420 -0.35 1.78 2.13 | 0.000169
chr9:139270025-

XLOC_030397 | SNAPC4 139292889 0.17 2.49 2.33 | 0.000169
chr16:2014996-

XLOC_010394 | SNHGS 2015505 4.29 6.5 2.21 | 0.000169
chr16:1031807-

XLOC_010375 | SOX8 1036979 -2.23 -0.14 2.09 | 0.000169
chr5:151040656-

XLOC_023708 | SPARC 151066615 1.17 -2.6 -3.78 | 0.000169
chr17:74380672-

XLOC_012191 | SPHK1 74383941 2.48 5.21 2.73 | 0.000169
chr5:147204142-

XLOC_023672 | SPINK1 147211260 1.75 3.85 2.1 | 0.000169
chr5:147582356-

XLOC_022936 | SPINK6 147594700 -1.78 1 2.78 | 0.011481
chr1:32256024-

XLOC_001953 | SPOCD1 32281580 -0.2 2 2.2 | 0.000169
chr16:1114081-

XLOC_010957 | SSTR5-AS1 1131454 2.84 0.77 -2.07 | 0.000169
chr8:23699433-

XLOC_028745 | STC1 23712320 0.35 2.84 2.49 | 0.000169
chr5:146614578-

XLOC_022931 | STK32A 146767405 3.63 1.33 -2.3 | 0.000169
chr4:5053526-

XLOC_021344 | STK32B 5502725 1.4 -0.84 -2.24 | 0.000169
chr6:125229391-

XLOC_024440 | STL 125285041 -0.82 1.33 2.16 | 0.002971
chr6:144471653-

XLOC_024508 | STX11 144513076 -2.08 -0.03 2.05 | 0.000169
chr20:46286149-

XLOC_018433 | SULF2 46415360 6.26 4 -2.26 | 0.000169
chr7:48026745-

XLOC_027492 | SUN3 48068716 -1.4 1.11 2.51 | 0.000169
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chr6:35085848-

XLOC_024900 | TCP11 35109187 -0.24 -3.58 -3.34 | 0.000325
chr19:362056-

XLOC_014703 | THEG 376013 -2.11 0.06 2.16 | 0.007464
chr19:4815935-

XLOC_014793 | TICAM1 4831754 3.42 5.68 2.26 | 0.000169
chr12:29653745-

XLOC_007171 | TMTC1 29937692 1.62 -0.43 -2.05 | 0.000169
chr19:507496-

XLOC_013642 | TPGS1 519654 -2.67 0.66 3.34 | 0.011386
chr17:18625401-

XLOC_011686 | TRIM16L 18639431 1.26 3.55 2.29 | 0.000169
chr2:27505296-

XLOC_015813 | TRIM54 27531130 -2.75 1.62 4.37 | 0.000169
chr19:19625027-

XLOC_015082 | TSSK6 19626469 -2.28 -0.07 2.21 | 0.007894
chr19:15939756-

XLOC_013948 | UCA1 15947131 1.57 4.83 3.26 | 0.000169
chr16:4390251-

XLOC_010457 | VASN 4466962 -1.34 0.84 2.18 | 0.002352
chr13:21872263-

XLOC_008026 | ZDHHC20 22033508 4.11 1.89 -2.22 | 0.000169
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Table 13: List of genes that expressed a fold-change at 24 h and 48 h, listed in order
from the highest positive fold-change to highest negative fold-change.

Gene fold
log2 log2 change
(Ratio) | Ratio from 24h
Test ID Gene Locus 24h 48h q2-q1 to 48h
XLOC_021907 EGR1 chr5:137801180-137805004 2.55 | 5.45 | 0.00045451 2.9
XLOC_028723 | RMRP chr9:35657747-35658015 2.05 | 4.34 | -0.0046599 2.29
XLOC_021868 CSF2 chr5:131409484-131411863 2.2 | 4.02 | 0.00000309 1.82
XLOC_023458 | TNFAIP3 chr6:138144806-138204451 2.32 | 3.92 | 0.00000309 1.6
XLOC_023095 HSPA1A chr6:31783290-31785719 2.58 | 4.12 | 0.00000309 1.54
XLOC_007127 PTPRR chr12:71031852-71314584 2.12 | 3.63 | 0.00000309 1.51
XLOC_023096 HSPA1B chr6:31795511-31798031 2.32 | 3.76 | 0.00000309 1.44
XLOC_001092 HSPA6 chr1:161494035-161496687 3.9 | 5.27 | 0.00000309 1.37
XLOC_008257 | FOS chr14:75745480-75748937 2.12 | 3.48 | 0.00000309 1.36
XLOC_010839 | RRAD chr16:66955581-66959439 2.02 | 3.38 | -0.0001506 1.36
XLOC_018101 | CLDN14 chr21:37832584-37948867 2.34 | 3.61 | 0.00000309 1.27
XLOC_001342 1L24 chr1:207070787-207095378 2.43 | 3.68 | 0.00000309 1.25
XLOC_030246 | MAP7D3 chrX:135295378-135338641 -4.2 | -2.97 | 0.00000309 1.23
XLOC_012292 | ARHGAP27 | chr17:43506717-43510282 2.33 | 3.54 | 0.00357035 1.21
XLOC_001109 RGS4 chr1:163038395-163046592 2.97 | 4.16 | 0.00000309 1.19
XLOC_020701 IL8 chr4:74606222-74609433 2.2 | 3.35 | 0.00000309 1.15
XLOC_012151 TOP2A chr17:38544772-38574202 -3.44 | -2.35 | 0.00000309 1.09
XLOC_022779 | DUSP1 chr5:172195092-172198203 3.15 | 4.21 | 0.00000309 1.06
XLOC_019953 FAM107A chr3:58549844-58563491 -3.61 | -2.57 | 0.00000309 1.04
XLOC_018371 | HMOX1 chr22:35777059-35790207 2.98 | 4.02 | 0.00000309 1.04
XLOC_021903 KIF20A chr5:137475458-137549032 -3.17 | -2.14 | 0.00015897 1.03
XLOC_013241 | ANGPTL4 chr19:8429010-8439257 2.97 | 3.99 | 0.00000309 1.02
XLOC_010126 SCNN1G chr16:23194039-23228200 -3.06 | -2.04 | 0.00000309 1.02
XLOC_009260 GCNT3 chr15:59903981-59912210 2.37 | 3.32 | 0.00000309 0.95
XLOC_001619 | RNF223 chr1:1006348-1009687 2.16 3.1 | 0.00000309 0.94
XLOC_011586 PRR11 chr17:57232859-57284070 -3.27 | -2.37 | 0.00000309 0.9
XLOC_023160 CDKN1A chr6:36644236-36655116 2.01 2.9 | 0.00000309 0.89
XLOC_006947 RND1 chr12:49250915-49259653 2 | 2.85 | 0.00000309 0.85
RNF144A-

XLOC_016136 | AS1 chr2:7052406-7184309 2.03 | 2.88 | -0.0004402 0.85
XLOC_013207 TNFSF9 chr19:6531009-6535939 2.64 | 3.48 | 0.00000309 0.84
XLOC_023856 | ETV7 chr6:36321997-36355577 2.26 | 3.09 | 0.00000309 0.83
XLOC_019288 C3orf52 chr3:111805181-111837073 2.16 | 2.97 | 0.00000309 0.81
XLOC_002885 | DUSP10 chr1:221874763-221915516 2.01 | 2.81 | 0.00000309 0.8
XLOC_015141 RSAD2 chr2:7016846-7038987 2.63 | 3.41 | 0.00000309 0.78
XLOC_027285 | FAMS83A chr8:124194751-124222318 -2.89 | -2.21 | 0.00000309 0.68
XLOC_017830 | LINC00161 | chr21:29911639-29912677 2.43 3.1 | 0.00000309 0.67
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XLOC_029258 | GRPR chrX:16141423-16173308 -3.38 | -2.72 | 0.00000309 0.66
XLOC_022071 | HMMR chr5:162887516-162918953 -2.86 | -2.2 | 0.00000309 0.66
XLOC_010416 | OSGIN1 chr16:83986826-83999937 2.61 | 3.24 | 0.00000309 0.63
XLOC_010127 | SCNN1B chr16:23313590-23392620 -2.61 | -2.02 | 0.00000309 0.59
XLOC_013630 | ZFP36 chr19:39897486-39900052 2.08 | 2.67 | 0.00000309 0.59
XLOC_027031 | IDO1 chr8:39771327-39786309 2.14 | 2.68 | 0.00000309 0.54
XLOC_020068 | MYH15 chr3:108099215-108248169 -3.2 | -2.66 | 0.00000309 0.54
XLOC_030138 | COL4A6 chrX:107398836-107682704 -2.59 | -2.06 | 0.00000309 0.53
XLOC_011378 | KRTAP4-9 | chr17:39261640-39262740 -2.81 | -2.3| -0.0066149 0.51
XLOC_022159 | SQSTM1 chr5:179224597-179285840 2.05 | 2.56 | 0.00000309 0.51
XLOC_013741 | FOSB chr19:45971252-45978437 2.82 | 3.28 | 0.00000309 0.46
XLOC_016858 | TNS1 chr2:218664511-218808796 -3.63 | -3.17 | 0.00000309 0.46
XLOC_029693 | FHL1 chrX:135228860-135293518 -2.65 | -2.22 | 0.00000309 0.43
XLOC_007298 | HRK chr12:117296434-117319232 2.09 | 2.51 | 0.00000309 0.42
XLOC_017519 | LINC00261 | chr20:22541191-22559280 -3.8 | -3.38 | 0.00000309 0.42
XLOC_005627 | CLCF1 chr11:67085309-67159158 2.13 | 2.54 | 0.00000309 0.41
XLOC_026762 | ZC3HAV1 | chr7:138728265-138794465 2.07 | 2.45 | 0.00000309 0.38
XLOC_006241 | NR4A1 chr12:52416615-52453291 2.21 | 2.59 | 0.00000309 0.38
XLOC_001111 | PBX1 chr1:164528596-164821060 -2.69 | -2.32 | 0.00000309 0.37
XLOC_003040 | AKR1C1 chr10:5005453-5020158 2.07 | 2.42 | 0.00000309 0.35
XLOC_016021 | CCL20 chr2:228678557-228682280 2.48 | 2.83 | 0.00000309 0.35
XLOC_010164 | LAT chr16:28996146-29002104 2.08 | 2.43 | 0.00000309 0.35
XLOC_007326 | OASL chr12:121458094-121477045 2.29 | 2.64 | 0.00000309 0.35
XLOC_007443 | RASL11A | chr13:27844463-27847827 -2.9 | -2.55 | 0.00000309 0.35
XLOC_009967 | SPSB3 chr16:1826712-1832581 2.39 | 2.72 | 0.00000309 0.33
XLOC_019952 | ACOX2 chr3:58490862-58522929 -2.6 | -2.28 | 0.00000309 0.32
XLOC_016960 | COL6A3 chr2:238232654-238322850 -4.73 | -4.41 | 0.00000309 0.32
XLOC_025892 | PRKAR2B | chr7:106685177-106802256 -2.45 | -2.16 | 0.00000309 0.29
XLOC_008840 | LTBP2 chr14:74964885-75079034 -2.41 | -2.14 | 0.00000309 0.27
XLOC_005500 | RAB3IL1 chr11:61664767-61687741 2.03 | 2.29 | 0.00000309 0.26
XLOC_019794 | TMEM158 | chr3:45265955-45267814 2 | 2.26 | 0.00000309 0.26
XLOC_014911 | KLKS chr19:51446558-51456344 -2.75 | -2.5 | 0.00000309 0.25
NOXS5,
XLOC_009296 | SPESP1 chr15:69116302-69564544 -3.45 | -3.22 | 0.00000309 0.23
XLOC_023940 | PLA2G7 chr6:46655611-46703430 -2.27 | -2.05 | -0.0005801 0.22
XLOC_021191 | CXCL2 chrd:74962750-74964997 2.07 | 2.28 | 0.00000309 0.21
XLOC_019497 | IL12A chr3:159706622-159713806 2.43 | 2.63 | 0.00000309 0.2
XLOC_026615 | RELN chr7:103112230-103629963 -2.59 | -2.45 | 0.00030811 0.14
XLOC_015891 | AOX1 chr2:201450730-201536217 -2.87 | -2.74 | 0.00000309 0.13
XLOC_021189 | CXCL3 chr4:74902311-74904490 2.67 | 2.8 | 0.00000309 0.13
XLOC_009624 | PATL2 chr15:44957929-44969086 2.1 | 2.23 | 0.00000309 0.13
XLOC_018029 | ADAMTS1 | chr21:28208605-28217728 2.68 | 2.79 | 0.00000309 0.11
XLOC_017897 | ETS2 chr21:40177230-40196878 2| 2.1 0.00000309 0.1
XLOC_015783 | ITGA6 chr2:173292313-173371181 -3.09 -3 | 0.00000309 0.09
XLOC_007879 | SOX21 chr13:95361878-95364389 -2.56 | -2.47 | 0.00000309 0.09
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XLOC_023300 | CD109 chr6:74405507-74538041 -2.4 | -2.32 | 0.00000309 0.08
XLOC_003409 IFIT3 chr10:91087601-91100725 2.1 | 2.18 | 0.00000309 0.08
XLOC_016974 FLJ43879 chr2:239840997-239847965 -2.98 | -2.91 | 0.00000309 0.07
XLOC_023798 | TNXB chr6:32006092-32077151 -2.82 | -2.75 | 0.00000309 0.07
XLOC_019293 GCSAM chr3:111838247-111854589 2.03 | 2.09 | 0.00000309 0.06
XLOC_014912 KLK6 chr19:51461886-51472929 -2.26 -2.2 | 0.00000309 0.06
XLOC_002123 NEGR1 chr1:71868624-72748277 -2.64 | -2.59 | 0.00000309 0.05
XLOC_018147 | SIK1 chr21:44834397-44847002 2.15 2.2 | 0.00000309 0.05
XLOC_027603 PLAT chr8:42032235-42065194 -2.54 | -2.49 | 0.00000309 0.05
XLOC_003664 LINC00704 | chr10:4692376-4720262 -3.31 | -3.27 | 0.00000309 0.04
XLOC_016849 FN1 chr2:216225178-216300849 -2.56 | -2.54 | 0.00000309 0.02
XLOC_022325 PLCXD3 chr5:41307047-41510730 -2.19 | -2.17 | 0.00000309 0.02
XLOC_011650 MAP2K6 chr17:67410837-67538470 -3.82 | -3.81 | 0.00015897 0.01
XLOC_009776 LOXL1-AS1 | chr15:74208370-74244478 -3.01 | -3.01 | 0.00000309 0
XLOC_004278 MUC5B chr11:1244294-1283406 -3.6 -3.6 | 0.00000309 0
XLOC_005827 KDELC2 chr11:108342832-108369159 -2.19 -2.2 | 0.00000309 -0.01
XLOC_018148 LINC00313 | chr21:44881973-44898103 2.56 | 2.55 | 0.0016492 -0.01
XLOC_017482 | TMX4 chr20:7960296-8000393 -2.13 | -2.14 | 0.00000309 -0.01
XLOC_007580 | SCEL chr13:78109808-78219420 -2.49 | -2.53 | 0.00000309 -0.04
XLOC_026189 ETV1 chr7:13930855-14031050 -2.05 -2.1 | 0.00000309 -0.05
XLOC_009043 IPW chr15:25361691-25367623 -2.05 | -2.11 | 0.00000309 -0.06
XLOC_022572 FBN2 chr5:127593600-127873877 -3.02 | -3.09 | 0.00000309 -0.07
XLOC_028995 | TNC chr9:117781853-117880536 -3.16 | -3.23 | 0.00000309 -0.07
XLOC_020022 | ABI3BP chr3:100468082-100712334 -3.88 | -3.95 | 0.00000309 -0.07
XLOC_012021 ALDH3A1 chr17:19641297-19651746 -2.69 | -2.78 | 0.00000309 -0.09
XLOC_021218 | ANTXR2 chr4:80822770-80994477 -2.04 | -2.13 | 0.00000309 -0.09
XLOC_015263 LTBP1 chr2:33172368-33624575 -2.17 | -2.29 | 0.00000309 -0.12
XLOC_029650 | GRIA3 chrX:122318095-122624766 2.24 | 2.11 | 0.00000309 -0.13
XLOC_005053 SORL1 chr11:121322911-121504471 -3.32 | -3.46 | 0.00000309 -0.14
XLOC_018408 | APOBEC3C | chr22:39410168-39416393 -3.07 | -3.22 | 0.00000309 -0.15
XLOC_016637 RND3 chr2:151324706-151344209 2.61 | 2.43 | 0.00000309 -0.18
XLOC_004703 NEAT1 chr11:65190268-65194003 2.72 | 2.53 | 0.00000309 -0.19
XLOC_028049 DOCKS8 chr9:213107-465259 -2.41 | -2.61 | 0.00000309 -0.2
XLOC_020135 MUC13 chr3:124624288-124653595 2.29 | 2.09 | 0.00000309 -0.2
XLOC_013268 ICAMS5 chr19:10400654-10407454 2.36 | 2.15 | 0.00000309 -0.21
XLOC_006854 BCAT1 chr12:24962957-25102393 -2 | -2.29 | 0.00000309 -0.29
XLOC_020923 CPE chr4:166300096-166419482 -2.01 -2.3 | 0.00000309 -0.29
XLOC_013627 IFNL1 chr19:39786964-39789312 3.75 | 3.44 | -0.0078816 -0.31
XLOC_020282 LXN chr3:158362316-158410360 -2.16 | -2.52 | 0.00000309 -0.36
XLOC_026736 PLXNA4 chr7:131808090-132333447 -2.59 | -2.95 | 0.00000309 -0.36
XLOC_022562 ALDH7A1 chr5:125877532-125931082 -2.08 | -2.46 | 0.00000309 -0.38
XLOC_018410 | APOBEC3F | chr22:39436672-39451975 -2.19 | -2.58 | 0.00000309 -0.39
XLOC_023472 GPR126 chr6:142623055-142767403 -2.02 | -2.45 | 0.00000309 -0.43
XLOC_005483 | TCN1 chr11:59620280-59634041 -2.63 | -3.09 | -0.0069746 -0.46
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XLOC_003408 IFIT2 chr10:91061705-91069033 2.62 | 2.15 | 0.00000309 -0.47
XLOC_017340 PHACTR3 chr20:58152563-58422766 -3.22 | -3.74 | 0.00000309 -0.52
XLOC_005214 HBB chr11:5246695-5248301 -2.6 | -3.13 | 0.00117579 -0.53
XLOC_013438 | GDF15 chr19:18496967-18499986 3.54 | 2.99 | 0.00000309 -0.55
XLOC_005005 NNMT chr11:114166534-114183238 -2.36 | -2.97 | 0.00000309 -0.61
XLOC_017071 BMP2 chr20:6748744-6760910 3.69 | 3.06 | 0.00015897 -0.63
XLOC_006722 IFFO1 chr12:6648693-6665249 2.92 | 2.26 | 0.00000309 -0.66
XLOC_015754 | CSRNP3 chr2:166326156-166545917 -2.15 | -2.82 | 0.00000309 -0.67
XLOC_017128 FLJ33581 chr20:24180402-24205224 -3.24 | -3.97 | 0.00000309 -0.73
XLOC_007868 | SLITRK6 chr13:86366921-86373483 -2.67 -3.4 | 0.00000309 -0.73
XLOC_005730 | TENM4 chr11:78364327-79151695 -2.38 | -3.13 | 0.00000309 -0.75
XLOC_016855 IGFBP5 chr2:217536827-217560272 -3.68 | -4.59 | 0.00000309 -0.91
XLOC_012794 | SLC14A1 chr18:43304091-43332485 -2.28 | -3.31 | 0.00000309 -1.03
XLOC_010555 PRSS22 chr16:2902727-2908171 3.21 | 2.06 | -0.0007188 -1.15
XLOC_019577 LOC344887 | chr3:185677757-185698753 4.76 3.6 | 0.00000309 -1.16
XLOC_022467 EDIL3 chr5:83236288-83680611 -2.31 | -3.54 | 0.00000309 -1.23
XLOC_026792 FAM131B chr7:143050492-143059840 -2.01 | -3.34 | 0.00000309 -1.33
XLOC_018138 | TMPRSS3 chr21:43791995-43816955 -2.45 -4.3 | -0.0001506 -1.85

7.3.4 Ildentification of transcriptome expression within gene families:

Next, we looked at the gene families that were associated with autophagy,

apoptosis, anoikis and cell adhesion, endocytosis, and lipid-like receptors, to name a

few.

The genes within these families were identified from available databases that have

attributed these to specific family of genes. We investigated if specific genes were

expressed differently within these families and how these differential expressions

related to the duration of exposure to doxazosin. A non-significant expression at both

time points were assigned green, a significant expression was assigned brown, and

a change in significance at either time point was assigned yellow and indeterminate

significance as blue.
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Table 14: Evaluation of fold changes within autophagy gene family at 24 h and 48 h
and the change in fold-expression between the two time points: Green — false at both
time points; Yellow — transition from true to false (or vice versa) between time points;
Orange — True at both time points.

Fold

Log2 log2 change

ratio ratio 24h to
Gene 24h ql 24h significance | 48h g2 48h significance | 48h
ULK1 -0.25 | 0.054864 FALSE 0.21 | 0.110383 FALSE 0.46
ULK2 -0.35 | 0.064051 FALSE -0.13 | 0.530799 FALSE 0.22
ATG10 -0.58 | 0.000166 TRUE -0.84 | 0.000169 TRUE -0.26
ATG12 -0.1 | 0.367662 FALSE -0.1 | 0.388466 FALSE 0
ATG13 -0.53 | 0.000166 TRUE -0.42 | 0.000169 TRUE 0.11
ATG14 0.26 | 0.020512 TRUE 0.2 | 0.092812 FALSE -0.06
ATG16L1 -1.14 | 0.000166 TRUE -1.1 | 0.000169 TRUE 0.04
ATG16L2 0.03 | 0.873935 FALSE 0.29 | 0.147515 FALSE 0.26
ATG2A -0.41 | 0.001157 TRUE 0.56 | 0.000169 TRUE 0.97
ATG2B -0.61 | 0.000166 TRUE -0.63 | 0.000169 TRUE -0.02
ATG3 0.2 | 0.065295 FALSE -0.07 | 0.53539 FALSE -0.27
ATG4A 0.26 | 0.046492 TRUE 0.73 | 0.000169 TRUE 0.47
ATG4B 0.49 | 0.000166 TRUE 0.91 | 0.000169 TRUE 0.42
ATG4C -0.2 | 0.179178 FALSE -0.47 | 0.001177 TRUE -0.27
ATG4D 0.44 0.19043 FALSE 0.95 | 0.001712 TRUE 0.51
ATG5 -0.15 0.232 FALSE -0.13 | 0.302037 FALSE 0.02
ATG7 -0.58 | 0.009186 TRUE -0.67 | 0.011481 TRUE -0.09
ATGY9A -0.24 0.03954 TRUE 0.38 | 0.001177 TRUE 0.62
BECN1 -0.74 | 0.000166 TRUE -0.45 | 0.000169 TRUE 0.29
GABARAP -0.13 | 0.259205 FALSE -0.01 | 0.93661 FALSE 0.12
GABARAPL1 1.32 | 0.000166 TRUE 1.6 | 0.000169 TRUE 0.28
GABARAPL2 | -0.24 | 0.039691 TRUE 0.05 | 0.711026 FALSE 0.29
MAPI1LC3A 0.87 0.10881 FALSE 1.12 | 0.024193 TRUE 0.25
MAP1LC3B 0.23 | 0.029783 TRUE 0.24 | 0.032786 TRUE 0.01
MAP1LC3B2 | -0.02 | 0.950189 FALSE 0.68 | 0.004284 TRUE 0.7
RBiCC1 -0.8 | 0.000166 TRUE -0.98 | 0.000169 TRUE -0.18
WIPI1 0.22 0.12524 FALSE -0.17 | 0.200884 FALSE -0.39
wipI2 -0.15 | 0.191622 FALSE 0.18 | 0.145801 FALSE 0.33
SNX4 0.56 | 0.000166 TRUE 0.59 | 0.000169 TRUE 0.03
SNX30 -0.54 | 0.000166 TRUE -0.66 | 0.000169 TRUE -0.12
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Table 15: Evaluation of fold changes within adrenoceptor gene family at 24 h and 48
h and the change in fold-expression between the two time points: Green — false at
both time points; Orange — True at both time points; blue — data not available.

Log2 log2

ratio ratio q2 Fold change 24h to
Gene 24h ql significance | 48h value significance | 48h

ADRA1
na na na na D -0.98 0.007127 TRUE NA
0.23109

ADRB2 -0.16 2 FALSE ADRB2 0.18 0.190795 FALSE 0.34

Log2 log2 Fold

ratio ratio change
Gene 24h ql significance | 48h q2 significance | 24h to 48h
APAF1 -0.83 | 0.000166 TRUE -0.36 | 0.03717 TRUE 0.47
CASP9 0.08 | 0.679066 FALSE -0.11 | 0.545993 FALSE -0.19
CcYc1 0.11 | 0.30238 FALSE -0.05 | 0.678825 FALSE -0.16

Table 16: Evaluation of fold changes within apoptosome gene family at 24 h and 48
h and the change in fold-expression between the two time points: Green — false at
both time points; Orange — True at both time points.

Fold
Log2 log2 change
ratio ratio 24h to

Gene 24h ql significance | 48h g2 value | significance | 48h
CASP1 0.86 | 0.000888 TRUE 1.12 | 0.000169 TRUE 0.26
CASP2 -0.39 | 0.000749 TRUE -0.47 | 0.000169 TRUE -0.08
CASP3 -0.1| 0.456311 FALSE 0.34 | 0.011883 TRUE 0.44
CASP4 0.97 | 0.000166 TRUE 0.75 | 0.000169 TRUE -0.22
CASP6 -0.33 | 0.028034 TRUE -0.55 | 0.000169 TRUE -0.22
CASP7 1.03 | 0.000166 TRUE 1.16 | 0.000169 TRUE 0.13
CASP8 0.72 | 0.000166 TRUE 0.71 | 0.000169 TRUE -0.01
CASP10 -0.56 | 0.000166 TRUE -0.3 | 0.021582 TRUE 0.26
CASP14 -1.19 | 0.000166 TRUE 0.5 | 0.022436 TRUE 1.69

Table 17: Evaluation of fold changes within caspase gene family at 24 h and 48 h
and the change in fold-expression between the two time points: Yellow — transition
from true to false (or vice versa) between time points; Orange — True at both time

points.
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Table 18: Evaluation of fold changes within the Bcl-2 gene family at 24 h and 48 h

and the change in fold-expression between the two time points: Green — false at both
time points; Yellow — transition from true to false (or vice versa) between time points;
Orange — True at both time points.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
BCL2 -0.14 | 0.57646 FALSE -0.32 | 0.337698 FALSE -0.18
BCL2L1 -0.52 | 0.000166 TRUE -0.58 | 0.000169 TRUE -0.06
BCL2L2 0.18 | 0.104845 FALSE 0.28 | 0.01608 TRUE 0.1
BCL2A1 -0.69 | 0.00032 TRUE -0.12 | 0.591776 FALSE 0.57
BCL10 -0.06 | 0.690189 FALSE -0.38 | 0.002352 TRUE -0.32
BCL2L12 -0.16 | 0.442568 FALSE 0.44 | 0.027234 TRUE 0.6
BCL2L13 0.21 | 0.073013 FALSE -0.02 | 0.885195 FALSE -0.23
MCL1 0.85 | 0.000166 TRUE 0.85 | 0.000169 TRUE 0
BAK1 0.49 | 0.000166 TRUE 0.12 | 0.33937 FALSE -0.37
BOK 0.02 | 0.895133 FALSE 0.57 | 0.000169 TRUE 0.55
BNIP2 0.11 | 0.383171 FALSE 0.08 | 0.531462 FALSE -0.03

Table 19: Evaluation of fold changes within Bc/-2 homology region 3 (BH3) subset of
the Bcl-2 gene family at 24 h and 48 h and the change in fold-expression between
the two time points: Green — false at both time points; Yellow — transition from true to
false (or vice versa) between time points; Orange — True at both time points.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
BAD -0.07 | 0.698637 FALSE 0.74 | 0.000169 TRUE 0.81
BBC3 1.4 | 0.008048 TRUE 2.07 | 0.000169 TRUE 0.67
BCL2L11 0.36 | 0.138562 FALSE 0.58 | 0.003821 TRUE 0.22
BID -0.72 | 0.282102 FALSE -1.28 | 0.08974 FALSE -0.56
BID 0.41 | 0.00396 TRUE 0.81 | 0.000169 TRUE 0.4
BIK 1.31 | 0.000166 TRUE 1.34 | 0.000169 TRUE 0.03
BMF 1.06 | 0.000166 TRUE 1.71 | 0.000169 TRUE 0.65
BNIP1 0.46 | 0.000609 TRUE 0.45 | 0.000763 TRUE -0.01
BNIP3 0.27 | 0.009496 TRUE 1.36 | 0.000169 TRUE 1.09
HRK 2.09 | 0.000166 TRUE 2.51 | 0.000169 TRUE 0.42
PMAIP1 1.88 | 0.000166 TRUE 1.49 | 0.000169 TRUE -0.39
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Table 20: Evaluation of fold changes within cyclin-dependent kinase gene family at
24 h and 48 h and the change in fold-expression between the two time points: Green
— false at both time points; Yellow — transition from true to false (or vice versa)
between time points; Orange — True at both time points; blue — data not available.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
CDK1 -1.85 | 0.000166 TRUE -0.72 | 0.000169 TRUE 1.13
CDK2 -0.46 | 0.000166 TRUE 0.13 | 0.298313 FALSE 0.59
CDK2AP1 -1.29 | 0.000166 TRUE -1.11 | 0.000169 TRUE 0.18
CDK2AP2 0 | 0.978638 FALSE 0.62 | 0.000169 TRUE 0.62
CDK3 0.76 | 0.014844 TRUE 1.08 | 0.000621 TRUE 0.32
CDK4 -0.87 | 0.000166 TRUE -0.63 | 0.000169 TRUE 0.24
CDK5 -0.72 | 0.000166 TRUE -0.48 | 0.000325 TRUE 0.24
CDK6 -0.24 | 0.057657 FALSE -0.47 | 0.000169 TRUE -0.23
CDK7 0.11 | 0.433544 FALSE -0.17 | 0.171668 FALSE -0.28
CDK8 0.4 | 0.004305 TRUE 0.18 | 0.213693 FALSE -0.22
CDK9 0.13 | 0.326383 FALSE 0.17 | 0.207234 FALSE 0.04
CDK10 0.18 | 0.256291 FALSE 0.4 | 0.004397 TRUE 0.22
CDK11A,
B -0.01 | 0.957187 FALSE 0| 0.98372 FALSE 0.01
CDK12 -0.02 | 0.855399 FALSE -0.11 | 0.390567 FALSE -0.09
CDK13 -0.04 | 0.763476 FALSE -0.22 | 0.076688 FALSE -0.18
CDK14 -1.53 | 0.000166 TRUE -2 | 0.000169 TRUE -0.47
CDK16 -0.69 | 0.000166 TRUE -0.52 | 0.000169 TRUE 0.17
CDK17 0.71 | 0.000166 TRUE 0.58 | 0.000169 TRUE -0.13
CDK18 0.51 | 0.000609 TRUE 0.33 | 0.025849 TRUE -0.18
CDK19 -0.96 | 0.000166 TRUE -1.13 | 0.000169 TRUE -0.17
CDK20 0.85 | 0.00032 TRUE 0.47 | 0.022627 TRUE -0.38
CDKL1 0.21 | 0.542026 FALSE 1| 0.001446 TRUE 0.79
CDKL3 -0.25 | 0.420623 FALSE -0.02 | 0.93435 FALSE 0.23
CDKL5 0.35 | 0.102263 FALSE na na na na
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Table 21: Evaluation of fold changes within cyclin gene family at 24 h and 48 h and
the change in fold-expression between the two time points: Green — false at both
time points; Yellow — transition from true to false (or vice versa) between time points;
Orange — True at both time points.

Log2 log2
ratio ratio Fold change

Gene 24h ql 24h significance | 48h q2 48h significance | 24h to 48h

CCNA1 -0.74 | 0.000166 TRUE -0.81 | 0.000169 TRUE -0.07
CCNA2 -1.75 | 0.000166 TRUE -1.24 | 0.000169 TRUE 0.51
CCNB1 -2.08 | 0.000166 TRUE -1.42 | 0.000169 TRUE 0.66
CCNB1IP1 -0.1 | 0.467954 FALSE -0.63 | 0.000169 TRUE -0.53
CCNB2 -2.1 | 0.000166 TRUE -1.65 | 0.000169 TRUE 0.45
CCNC -0.05 | 0.688475 FALSE 0.12 | 0.375196 FALSE 0.17
CCND1 -0.3 | 0.001681 TRUE 0 | 0.999068 FALSE 0.3
CCND3 0.25 | 0.043051 TRUE 0.58 | 0.000169 TRUE 0.33
CCNDBP1 -0.05 | 0.734513 FALSE 0.13 | 0.315677 FALSE 0.18
CCNE1 0.99 | 0.000166 TRUE 1.08 | 0.000169 TRUE 0.09
CCNE2 0.51 | 0.004867 TRUE 0.99 | 0.000325 TRUE 0.48
CCNF -1.63 | 0.000166 TRUE -0.4 | 0.021492 TRUE 1.23
CCNG1 -0.65 | 0.000166 TRUE -0.85 | 0.000169 TRUE -0.2
CCNG2 -0.49 | 0.001809 TRUE -0.74 | 0.000169 TRUE -0.25
CCNH 0.56 | 0.001023 TRUE -0.82 | 0.686968 FALSE -1.38
CCNI -0.88 | 0.000166 TRUE -1.2 | 0.000169 TRUE -0.32
CCNJ 0.72 | 0.00032 TRUE 0.26 | 0.234475 FALSE -0.46
CCNJL 0.29 | 0.058445 FALSE -0.02 | 0.881535 FALSE -0.31
CCNK 0.42 | 0.008774 TRUE 0.51 | 0.001177 TRUE 0.09
CCNL1 1.03 | 0.000166 TRUE 0.98 | 0.000169 TRUE -0.05
CCNL2 0.77 | 0.000166 TRUE 0.48 | 0.000325 TRUE -0.29
CCNO 0.79 | 0.000749 TRUE 0.87 | 0.000325 TRUE 0.08
CCNT1 0.28 | 0.014052 TRUE -0.01 | 0.960707 FALSE -0.29
CCNT2 0.63 | 0.002063 TRUE 0.46 | 0.088135 FALSE -0.17
CCNY -0.16 | 0.145003 FALSE -0.42 | 0.000169 TRUE -0.26
CCNYL1 -0.38 | 0.011225 TRUE 0.07 | 0.657931 FALSE 0.45
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Table 22: Evaluation of fold changes within death inducing signal complex gene
family at 24 h and 48 h and the change in fold-expression between the two time
points: Green — false at both time points; Orange — True at both time points.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
CASP8 0.72 | 0.000166 TRUE 0.71 | 0.000169 TRUE -0.01
CASP10 -0.56 | 0.000166 TRUE -0.3 | 0.021582 TRUE 0.26
CFLAR 0.12 | 0.567961 FALSE 0.2 | 0.365671 FALSE 0.08
FADD 0.35| 0.00218 TRUE 0.5 | 0.000169 TRUE 0.15
FAS 0.49 | 0.002425 TRUE 0.91 | 0.000169 TRUE 0.42

Table 23: Evaluation of fold changes within EARP gene family at 24 h and 48 h and
the change in fold-expression between the two time points: Green — false at both

time points; Yellow — transition from true to false (or vice versa) between time points;
Orange — True at both time points.

Fold

Log2 log2 change

ratio ratio 24h to
Gene 24h ql significance | 48h g2 value | significance | 48h
VPS50,
CCDC132 -0.44 | 0.046721 TRUE 0.01 | 0.966327 FALSE 0.45
VPS51,
TM7SF2 -0.71 | 0.000166 TRUE -0.63 | 0.000169 TRUE 0.08
VPS52 -0.97 | 0.000166 TRUE -0.93 | 0.000169 TRUE 0.04
VPS53 -0.1 | 0.638006 FALSE 0.08 | 0.726421 FALSE 0.18
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Table 24: Evaluation of fold changes within MTORC 1 and 2 gene families at 24 h
and 48 h and the change in fold-expression between the two time points: Green —
false at both time points; Yellow — transition from true to false (or vice versa)

between time points; Orange — True at both time points.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
AKT1 -0.72 | 0.000166 TRUE -0.4 | 0.000474 TRUE 0.32
AKT1S1 -0.16 | 0.187516 FALSE 0.22 | 0.08479 FALSE 0.38
MLST8 -0.1 | 0.536227 FALSE 0.23 | 0.11513 FALSE 0.33
MTOR -0.76 | 0.000166 TRUE -0.75 | 0.000169 TRUE 0.01
RPTOR 0.15 | 0.242811 FALSE 0.7 | 0.000169 TRUE 0.55
MAPKAP1 -0.65 | 0.000166 TRUE -0.51 | 0.000169 TRUE 0.14
ARHGAPS,
PRR5, 0.61 | 0.001937 TRUE 0.77 | 0.000763 TRUE 0.16
RICTOR 0.59 | 0.000166 TRUE 0.26 | 0.023464 TRUE -0.33

Table 25: Evaluation of fold changes within PIK3C3 gene families at 24 h and 48 h

and the change in fold-expression between the two time points: Green — false at both
time points; Yellow — transition from true to false (or vice versa) between time points;
Orange — True at both time points.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
ATG14 0.26 | 0.020512 TRUE 0.2 | 0.092812 FALSE -0.06
BECN1 -0.74 | 0.000166 TRUE -0.45 | 0.000169 TRUE 0.29
NRBF2 0.59 | 0.000166 TRUE 0.31 | 0.005094 TRUE -0.28
PIK3C3 -0.2 | 0.129148 FALSE -0.15 | 0.273223 FALSE 0.05
PIK3R4 0.1 | 0.475573 FALSE -0.08 | 0.559314 FALSE -0.18
RUBCN 0.76 | 0.002914 TRUE 0.81 | 0.001579 TRUE 0.05
UVRAG 0.74 | 0.000166 TRUE 0.42 | 0.000169 TRUE -0.32
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Table 26: Evaluation of fold changes within SNARE gene families at 24 h and 48 h

and the change in fold-expression between the two time points. Green — false at both
time points; Yellow — transition from true to false (or vice versa) between time points;
Orange — True at both time points.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
BET1 0.13 | 0.363005 FALSE -0.13 | 0.330423 FALSE -0.26
BETIL 0.26 | 0.028034 TRUE -0.06 | 0.667444 FALSE -0.32
BNIP1 0.46 | 0.000609 TRUE 0.45 | 0.000763 TRUE -0.01
GOSR1 0.12 | 0.320609 FALSE 0.23 | 0.059113 FALSE 0.11
GOSR2 0.52 | 0.000166 TRUE 0.34 0.0069 TRUE -0.18
SEC22A 0.48 | 0.000166 TRUE 0.38 | 0.001446 TRUE -0.1
SEC22B -0.07 | 0.586878 FALSE 0.11 | 0.387971 FALSE 0.18
SEC22C -0.65 | 0.011425 TRUE -0.96 | 0.000169 TRUE -0.31
SNAP23 -0.45 | 0.000166 TRUE -0.24 | 0.054667 FALSE 0.21
SNAP29 -0.31 | 0.010204 TRUE -0.3 | 0.017301 TRUE 0.01
USE1 0.31 | 0.045002 TRUE 0.33 | 0.042264 TRUE 0.02
VTI1A -0.12 | 0.393315 FALSE 0.22 | 0.146143 FALSE 0.34
VTI1B -0.49 | 0.000166 TRUE -0.31 | 0.028779 TRUE 0.18
YKT6 -0.29 | 0.004982 TRUE -0.03 | 0.778435 FALSE 0.26

Table 27: Evaluation of fold changes within TNF gene families at 24h and 48h and
the change in fold-expression between the two time points: Green — false at both
time points; Yellow — transition from true to false (or vice versa) between time points;

Orange — True at both time points; blue — data not available.

Log2 log2

ratio ratio Fold change
Gene 24h ql significance | 48h g2 value | significance | 24h to 48h
na na na na 1.24 | 0.000169 TRUE na
TRAF2 0.6 | 0.000166 TRUE 1.28 | 0.000169 TRUE 0.68
TRAF3 -0.1 | 0.43044 FALSE 0.41 | 0.001579 TRUE 0.51
TRAF4 0.63 | 0.000166 TRUE 0.99 | 0.000169 TRUE 0.36
TRAF5 1.08 | 0.000166 TRUE 0.91 | 0.000169 TRUE -0.17
TRAF6 0.48 | 0.000166 TRUE 0.58 | 0.000169 TRUE 0.1
TRAF7 -0.86 | 0.000166 TRUE -0.66 | 0.000169 TRUE 0.2
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7.4 Discussion

Next generation transcriptome sequencing can identify the changes for the entire
genome, however, a vast amount of data is generated (Akhoundova, Feng et al.
2022). Moreover, it is also difficult to ascertain if the change in expression is of
significance and if these would translate to clinically relevant outcomes. Therefore,
the findings are verified to confirm if the gene expression level changes are indeed
translated into the transcription of proteins. As it is impractical to test for all the
proteins that would have a fold changes, it is necessary to identify the subgroups

that are of relevance.

Our initial approach was to identify, using log2 ratio data, the genes that exhibited
greatest fold changes in PC-3 cell lines when there were exposed to 37 uM for 24 h
or 48 h. As an initial screening step, we compared the fold-change in gene
expression of those genes (to that of controls) that were expressed at both 24 h and

48 h when treated with 37 uM of doxazosin.

A total of 250 genes showed a fold change of greater than at 24 h, and after 48 h this
increased to 350. Among these, 41 showed a fold change of greater than 3 at 24 h
and this increased to 85 at 48 h. The number of genes that had a greater than 4-fold
increase was 3 at 24 h, increasing to 18 at 48 h. At 24 h, the fold increase was
consistently less than 5 and this might reflect the short time to which cells were
exposed to doxazosin. At 48 h of exposure to doxazosin, 5 genes had a greater than
5-fold change — of these both LOC100271832 and MR1256/SLC25A3 genes had a
9-fold increase. Among all time periods, the highest fold change was seen in CD3D

gene which was the only gene to exhibit a fold change of greater than 10.
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In the case of CD3D gene, there was a 10.54-fold reduction in the log2 ratio; hence,
this gene was supressed in the presence of doxazosin. The CD3D gene is also
known as the CD3-Delta unit of the T-cell receptor complex as they were initially
identified in T cell lymphocytes; subsequently, they were found to be expressed in
benign as well as malignant prostate tissues (Essand, Vasmatzis et al. 1999). CD3D
expression levels is known to be a prognostic marker for a wide range of cancers or
their response to treatment including muscle-invasive BCa (Shi, Meng et al. 2019),
gastric cancer (Yuan, Xu et al. 2022), colon cancer (Yang, Zang et al. 2020), and is a
marker for response to radiotherapy in PCa (Fortis, Goulielmaki et al. 2022). To our
knowledge, no previous studies has previously examined the relationship between

CD3D gene expression and PCa cells.

The LOC100271832 is an uncharacterized gene that is expressed at low levels in
several tissues in humans (Fagerberg, Hallstrom et al. 2014). Therefore, an increase
in fold change by a factor of 9.77 in our data is intriguing. Further studies into
understanding the functions of this gene and the protein expressed by this gene

could shed light into novel pathways that are involved in androgen-resistant PCa.

The SLC25A3 gene, which demonstrated a 9.77-fold reduction and belongs to a
family of mitochondrial transport proteins that is involved in transport of copper ions,
which is need for cytochrome oxidase for cytochrome-c release — this recently
described pathway sometimes referred to as cuproptosis (Wang, Zhang et al. 2022).
There have been no previous studies that have examined the relationship between
adrenergic receptors or its antagonists with cuproptosis. Whilst suppression of
cuproptosis could be a possible pathway in doxazosin induced cell death, further
studies will be needed to clarify this. Moreover, the reduction in expression could be
reflection of disruption to the mitochondrial membrane and subsequent autophagy.
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Separately, there also exists a recently reported copper-dependent macro

autophagic process mediated by glutathione peroxidase 4 (Xue, Yan et al. 2023).

Therefore, further studies would be needed to understand the role of SLC25A3 gene
in PCa and to delineate the relationship between cuproptosis and doxazosin-induced

cell death.

Among the genes which had a fold change of over 2, we then identified that 143
genes underwent the greatest fold changes between the two time points of 24 h and
48 h. These fold changes were more likely to be from exposure to doxazosin rather
than the cell conditions. However, the control flasks significantly have higher
population of cells that in those exposed to doxazosin. It is therefore possible that
these fold changes between control and doxazosin treated group might arise from
the discrepancy in the population of the cells, which in turn can influence several

factors including those that involve cell-cell adhesion and nutrition depletion.

Our next approach was to look at specific gene families to identify which genes in the
groups underwent fold changes (Tables 14 to 27). We looked at the fold expression
within individual genes that are classed under the following gene families, namely:
autophagy, adrenoreceptor gene family, apoptosome gene family, caspase gene
family, Bcl-2 gene family, BH3 subset of Bcl-2 gene family, cyclin-dependent kinase
gene family, the cyclin gene family, death inducing signal complex gene family,
EARP gene family, MTORC 1 and 2 gene families, PIK3C3 gene families, SNARE
gene families and TNF gene families. The selection of these gene families was
based on the hypothesis that the cell death induced by doxazosin would involve one

or more of the pathways (namely autophagy, apoptosis and anoikis) and such gene
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fold changes would be reflected at a transcriptome level which can be identified

using next generation sequence analysis.

Table 28: Summary table of changes in gene expression in the various gene families
in PC-3 cells exposed to doxazosin compared to control. The colour schematic
below is also replicated on figure 66 for easier correlation.

Significant at both Not significant at both Significance changes
Gene Family Total Genes time points (%) time points (%) between time points (%) | Uncertain
Autophagy 30 15 (50%) 9 (30%) 6 (20%) 0
Adrenoreceptor 2 0 1(50%) 0 1
Apoptosome 3 1(33%) 2 (66%) 0 0
Caspase 9 8 (88%) 0 1(12%) 0
Bcl-2 11 2 (18%) 3(27%) 6 (54%) 0
BH3 subset 11 8 (72%) 1(9%) 2 (18%) 0
CDK GF 24 11 (45%) 6 (25%) 6 (25%) 1
Cyclin GF 26 15 (58%) 3 (11%) 8 (31%) 0
DISC 5 4 (80%) 1 (20%) 0 0
EARP 4 2 (50%) 1(25%) 1(25%) 0
MTORC1 &2 8 5 (63%) 2 (25%) 1(12%) 0
PIK3C3 7 4 (57%) 2 (29%) 1(14%) 0
SNARE 14 7 (50%) 4 (29%) 3 (21%) 0
TNF 7 5(72%) 0 1(14%) 1
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Significant fold changes in individual gene families

Autophagy
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Figure 66: Data from Table 28 shown as a graphical representation to highlight the
changes in gene expression in the various gene families in PC-3 cells exposed to
doxazosin compared to control.

Next, we assessed the first 17 genes in the table 13 to identify if these changes in
expression could be related to an increased duration of exposure to doxazosin or to
a discrepancy from the reduced cell population in doxazosin-treated group as
compared to the control group as the latter has a higher population density and more

confluent.

EGR1, also known as early growth response-1 gene, encodes zinc finger nuclear
proteins as functions as a transcriptional regulator (Cao, Mahendran et al. 1993,
Arora, Wang et al. 2008). Interestingly, it is also a cancer suppressor gene and
involves the induction of TGF-1 in its tumour suppression activity (Liu, Calogero et

al. 1996).
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RMRP gene (also known as RNA component of mitochondrial RNA processing
endoribonuclease) encodes the RNA component of mRNA processing
endoribonuclease, which cleaves mRNA at the priming site of mitochondrial DNA
replication (van Eenennaam, Jarrous et al. 2000). They can also interact with
telomerase reverse transcriptase catalytic subunit to form RNA-protein complex and
double stranded RNA that can be processed into siRNA (Maida, Kyo et al. 2013).
Pathway analysis of RMRP gene activity have shown to down regulate several
genes including those associated with cell proliferation and differentiation (Rogler,

Kosmyna et al. 2014).

TNFAIP3 gene encodes for TNF alpha-induced protein 3 (also known as A20

protein), which is a zinc finger protein that inhibits NF-kappa- activation as well as
TNF-mediated apoptosis (Van Antwerp, Martin et al. 1998, Hsu, Young et al. 2000).
Additionally overexpression of A20 has been postulated to play a role in resistance

to chemotherapy (da Silva, Minussi et al. 2014).

Several HSP genes, also called heat shock protein genes, have been upregulated
with >1 fold-change and these included HSPA1A (also known as HSP70), HSPA1B,

and HSPAS.

These 3 genes encodes for the family of proteins called HSP70, which consists of
adenosine triphosphatase molecular chaperones of 70 KDa size that play a critical
role in unfolding misfolded or denatured proteins and maintain such proteins in a
folding-competent state (Murphy 2013). The chaperone proteins thus improve
cellular survival in conditions of proteotoxic stress by facilitating protein damage
repair (Radons 2016). HSP70 has also been shown to confer resistance to stress-

induced apoptosis and improve survival to radiation induced damage (Kennedy,
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Jager et al. 2014, Radons 2016). Therefore, the increased expression of genes
encoding for the HSP70 family of chaperone proteins may suggest that it may play a
role in supressing the apoptosis machinery following exposure to doxazosin.
Alternatively, doxazosin could lead to a proteotoxic response within the cells and the
HSP70 over expression may reflect the augmented response to protein damage.
When protein damage occurs, the balance between protein folding and degradation
(proteostasis) is controlled by heat shock proteins, ubiquitin proteasome system,
autophagy, and lysosome dependent systems (Dokladny, Myers et al. 2015). An
elevated HSP70 can therefore be a reflection of increased repair as well as
recycling, vesicle trafficking and repair. Not surprisingly, an upregulation of HSP70 is
a marker of increased endocytosis, especially the clathrin-mediated pathway (Vega,
Charles et al. 2010, Sousa and Lafer 2015). Overexpression, of HSP70 may thus
facilitate proteostasis on one hand, whilst on the other hand increase clathrin-
mediated doxazosin trafficking into cells, supress apoptosis and lead to an

autophagic response.

FOS gene encodes leucine zipper nuclear phosphoproteins that can dimerize with
proteins in the JUN family, to form the transcription factor complex activator protein-1
(AP-1) (Neuberg, Adamkiewicz et al. 1989, Steinmuller, Cibelli et al. 2001). The latter
controls a wide range of cellular processes including differentiation, cell proliferation,
endothelial cell migration, cell adhesion and apoptosis (Galvagni, Orlandini et al.
2013, Jia, Ye et al. 2016). Additionally, inhibition of dynamin 2 is a strong stimulator
of the AP-1 pathway (Szymanska, Skowronek et al. 2016). DNM2 mutations using
dominant-negative Dyn2 K44A mutations lead to an increased phosphorylation of
several receptor tyrosine kinases, which initiated JNK-dependent signalling

cascades that resulted in stimulation of AP-1 target genes (Szymanska, Skowronek

256



et al. 2016). Our previous results have shown that doxazosin induced cell death was
a dynamin-dependent process and that chemical inhibition of dynamin using
dynasore attenuated these effects of doxazosin in PC-3, DU-145, LNCaP and HT-
1376 cell lines. The expression of DNM2, the gene encoding for dynamin 2, is
downregulated when exposed to doxazosin over 24 h. The log2 ratio for DNM2 was
0.31 after exposure to doxazosin for 24 h, and this was downregulated to -0.27 over
48 h exposure. Therefore, reduced dynamin 2 following exposure to doxazosin for 48
h could at least in part account for upregulation of AP-1 between the two time points

in our experiment.

Ras related glycolysis inhibitor and calcium channel regulator is a suppressor of
voltage gated calcium channels and has been shown to inhibit cardiac hypertrophy
through its interaction with calmodulin-dependent kinase Il (Chang, Zhang et al.
2007). It also acts as a positive regulator of EGFR pathway by enhancing the
endosome-associated nuclear translocation of EGFR (Yeom, Nam et al. 2014).
Nonetheless, the increased expression of this gene when exposed to doxazosin

remains unclear.

CLDN14 encodes for claudin family of proteins that are exclusively responsible for
the formation of tight junction strands and are also a critical component in the coat
complex Il mediated vesicle transport system required for entry of hepatitis C virus
into the cell (Sawada, Murata et al. 2003, Yin, Li et al. 2017). Doxazosin has been
shown to induce anoikis and this results in detachment from the surface; additionally,
cell-to-cell adhesion is also lost (Keledjian and Kyprianou 2003). A recently
synthesized quinazoline compound DZ-50, which is a doxazosin based derivative
have been shown to downregulate the expression of claudin (by downregulation of
CLDN11) and other genes involved in focal adhesion integrity in DU-145 PCa cells
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(Hensley, Desiniotis et al. 2014). In agreement with the above findings, our results
also show that CLDN11 is downregulated (log2 ratio of -1.82 and -1.94 at 24h and
48h, respectively) in PC-3 cell lines. On the other hand, CLDN9 was not expressed
at 24 h and was significantly upregulated (log2 ratio of +1.86) at 48 h. These suggest
that interpretation of the results of claudin family gene expression are difficult as they
may vary greatly between the individual genes as well as the duration of exposure of

doxazosin.

IL24 and IL8 genes encodes for the IL10, also known as interleukin 10, family of
cytokines (Piazzon, Lutfalla et al. 2016). Overexpression of these genes have been
postulated to increase expression of GADD genes (encodes for growth arrest and
DNA damage proteins) which induces growth arrest and induces apoptotic cell death
(Fornace, Jackman et al. 1992, Zhan, Lord et al. 1994). These findings suggest that
doxazosin may be genotoxic to the PC-3 cell lines and that growth suppression from

doxazosin maybe mediated by IL10 subfamily.

MAP7D3 gene (also known as microtubule associated protein containing domain 3)
encodes for microtubule associated protein 7 (MAP7) promotes the assembly and
stability of microtubules. (Ramkumar, Jong et al. 2018). Another significant MAP is
LC3 which is a molecular marker of autophagosomes and is encoded by the
MAPLC3 gene family (Tanida, Ueno et al. 2008, Liu, Xu et al. 2013, Wild, McEwan et
al. 2014). The MAPLC3 gene family includes MAPLC3A, MAPLC3B, MAPLCBZ2 and
MAPLC3C (Kar, Singha et al. 2009). Our results show that MAP1LC3A, MAP1LCB
and MAP1LC3B2 were significantly upregulated (log2 ratios 0.66, 0.24 and 0.68,
respectively) in the PC-3 cell lines after 48h of exposure to doxazosin. MAP1LC3C

was not expressed in PC-3 cell lines at any of the time points tested.
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ARHGAPZ27 gene (also known as Rho-GTPase activating protein 27) encodes for a
large family of proteins that activate Rho GTPases, which play a critical role in
clathrin-mediated endocytosis(de Toledo, Senic-Matuglia et al. 2003, Katoh and
Katoh 2004). Another gene that has been upregulated is the RGS4 gene (also
known as regulator of G protein signalling 4) and are located within the cytoplasm
and involved in deactivating G-protein signalling (Tamirisa, Blumer et al. 1999).
Additionally, the RGS4 gene is known to interact with the COPB2 gene which
encodes for the protein coatomer subunit beta 2, which is an integral part of clathrin
scaffolds and also essential for budding of non-clathrin coated vesicles from Golgi
complex for transport to ER (Waters, Serafini et al. 1991, McMahon and Mills 2004,

Antonny 2006, Beck, Rawet et al. 2009, Yu, Lin et al. 2009).

TOP2A gene (also known as topoisomerase 2 alpha) encodes for TOP lia, a nuclear
enzyme that controls the DNA coiling and thereby the topological structure and is a
marker of cell cycle progression (Smith 1981, de Resende, Vieira et al. 2013).
Several chemotherapeutic agents such as etoposide, doxorubicin and ICRF-193 are
inhibitors of TOP2A (Ishida, Sato et al. 1994, Maede, Shimizu et al. 2014). In PCa,
higher levels of TOP lia has been correlated with higher Gleason scores and
preoperative PSA levels and TOP lia inhibitors block androgen signalling (de
Resende, Vieira et al. 2013, Li, Xie et al. 2015). The upregulation of TOP2A with
increasing exposure to doxazosin remains unclear and may possibly be related in
part to the toxic effects of doxazosin on nuclear chromatin and microtubules, and in
part the elevation may reflect the androgen-resistant profile of PC-3 cells (de

Resende, Vieira et al. 2013).
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Our preliminary analysis showed that several gene families are involved in the
process of doxazosin-induced cell death. Several genes in the autophagy and
apoptosis gene families underwent wide variations in expressions suggesting that
both these processes are involved in doxazosin-induced cell death. Nonetheless, our
results would need to be confirmed on other cell lines and further verified to confirm

protein analysis and this would be a subject of further studies.
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Chapter 8

Effect of doxazosin on the growth of high-grade
bladder cancer In Vivo
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8.1 Introduction

Doxazosin-induced cell death, observed in In Vitro studies, have been
replicated /n Vivo studies using PCa cells (Tahmatzopoulos and Kyprianou 2004).
Our previous experiments have established that doxazosin also induced dose-
dependent cell death in high grade BCa cell line, HT-1376. We investigated if these
In Vitro effects of doxazosin on BCa cells can also be replicated In Vivo, and if
doxazosin can reduce the growth of bladder tumours In Vivo. For this, we chose HT-
1376 as they are a well characterized cell line and our team had experience of this
cell line in nude athymic mice (Shabbir, Ryten et al. 2008, Shabbir, Thompson et al.
2008). Additionally, it is difficult to obtain tissue form human BCa cells and is

expensive to characterize their individual properties fully.

Several established animal models of cancer exist within the literature (Sharkey and
Fogh 1984, van Weerden and Romijn 2000, Roy-Burman, Wu et al. 2004, Ittmann,
Huang et al. 2013, Cekanova and Rathore 2014, Grabowska, DeGraff et al. 2014,
Szadvari, Krizanova et al. 2016). The majority of these involve inoculation of human
cancer cells (obtained from patient or from established cell lines) into
immunocompromised mice. More recently, genetically engineered mice (Shappell,
Thomas et al. 2004) have also been described and are gaining in popularity due to
their ability to replicate the physiological and pathological characteristics of the
disease process being studied (Roy-Burman, Wu et al. 2004, Seager, Puzio-Kuter et

al. 2010, Ahmad, Sansom et al. 2012, Ding, Xu et al. 2014, John and Said 2017).

The most used immunocompromised mice are nude athymic T-cell deficient mice

and severe combined immune deficiency (SCID) mice, the latter is both T-cell and B-
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cell deficient. The SCID mice are expensive to use in larger numbers and their
severe immune deficiency status render them very vulnerable and at risk of sepsis
and death; nonetheless, they are more effective in reproducing reliable metastatic

event (Shibayama, Tachibana et al. 1991).

In the present study, we used nude athymic mice in all the experiments.

8.2 Methods:

8.2.1 Ethical considerations:

All experiments were conducted according to Home Office Guidelines and under a
Home Office of United Kingdom license granted to Dr Cecil Thompson and with local

ethical committee approval.

The study was conducted under the guidance of animal welfare team under the
guidance of Dr Cecil Thompson at the UCL Animal Research House and in
accordance with the Animals (Scientific Procedures) Act 1986. Specialized
individually ventilated cages were used to house the immunodeficient mice in a
pathogen free environment. The mice were acclimatised for 5 days before
experiments were commenced. The Well Being Score Assessment was used to
evaluate the wellbeing of the mice (Table 8.1) and the overall score calculated once
weekly or more frequently if mice appeared to be distressed. A pre-formulated
strategy protocol (Table 8.2) was then adhered to and it was based on the overall

wellbeing score of each mouse.
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Table 8.1: Assessment to calculate the ‘Wellbeing score’ of nude athymic mice
based on appearance, change in body weight, behaviour and tumour characteristics.

Parameter Score
Normal 0
(A) Appearance Decreased grooming 1
Piloerection 2
Hunched posture 3
0-4% 0
(B) % Loss of Body 5-9% 1
Weight 10-14% 2
15-20% 3
Normal 0
(C) Provoked Behaviour | Agitated 1
Isolated 2
Lethargic 3
Tumour <0.5 cm 0
(D) Clinical signs for
subcutaneous tumour | Tumour 0.5 —1.0 cm 1
models Tumour 1.1 to 2.0 cm 2
Tumour > 2.0 cm 3
Any evidence of ulceration 4
over tumour

Note: For sections A-C, consecutive readings of maximum score (3) add a score of +1 per section.
Overall score is the sum of score from sections A-D and maximum overall score is 16.
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Table 8.2: Protocol for strategies to be adopted on the basis of final overall wellbeing
scores

Score Strategy
0-4 Normal animal
5-8 Increased monitoring: analgesia required
9-12 Increased monitoring: Analgesia is required. If animal is in treatment group, all therapy to be

stopped. Involve and seek help of named veterinary surgeon

13-16 Kill animal by method outlined in schedule 1 without delay

8.2.2 Subcutaneous tumour cell inoculation:

HT-1376 cells (1 x 108 cells with over 90% viability) were suspended in matrigel (total
inoculation volume of 150 L in a ratio of 1:1), as per protocol previously described

(Sato, Gleave et al. 1997).

Matrigel facilitates the uniformed and localized tumour growth and retains the
inoculated cells in the discrete area at the site of inoculation (Benton, Arnaoutova et
al. 2014). This allows the assessment of correct tumour cell placement in the
subcutaneous tissue and subsequent monitoring of its growth. Matrigel is composed
of an extract of basement membrane proteins and remains in liquid state at 4 C but
rapidly solidifies into a gel at room and body temperature (Kleinman and Martin
2005). Subcutaneous injections of tumour suspended in matrigel induces rapid
tumour development and growth of human tumours in athymic mice (Sato, Gleave et
al. 1997, Kleinman and Martin 2005, Benton, Kleinman et al. 2011, Benton,

Arnaoutova et al. 2014).
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8.2.3 Preparation of matrigel and inoculation of cells:

Matrigel (storage temperature -20 C), is thawed overnight at 4 C to render it into the
liquid state. Pre-cooled syringes and needles were used in handling matrigel to avoid
it from solidifying into gel at room temperature. Matrigel was vortex mixed with cells
(placed in Eppendorf containers on ice) and loaded into precooled syringes (total
inoculation volume of 150 yL). These were injected to right flank of athymic mice

using a 20-guage needle while the mice were lightly anesthetized with halothane.

8.2.4 Treatment protocols:

We used 6 to 10 week nude athymic mice for the experiments. The mice were lightly
anaesthetized with halothane. Test mice (n=5) received HT-1376 cells dispersed
uniformly in matrigel and inoculated as described previously. Control mice (n=5)
received vehicle solvent dispersed uniformly in matrigel (inoculation volume of 150
WL for both test and control mice). Exogenous doxazosin was given (3mg/kg) daily
via intraperitoneal injection into tumour bearing mice. Mice were followed up weekly
for up to 42 days and then killed using increasing concentrations of carbon dioxide in
accordance with the schedule 1 guidelines of Home Office UK. The rate of change of
established tumour growth was calculated using the formula previously described

(Ahmed, Johnson et al. 2002):

Fractional tumour volume = (volume on day measure)/ (initial pre-treatment tumour

volume)
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8.3 Results

8.3.1 Effect of doxazosin on freshly implanted HT-1376 cells:

Daily intraperitoneal injections of doxazosin (3 mg/Kg) significantly reduced the rate
of growth of freshly implanted HT-1376 cells when compared to control (n=5). After
42 days of treatment, doxazosin reduced mean fractional tumour volume significantly

(Figure 67).

No obvious side effects relating to treatment were noted in the treatment or control
groups. Histological analysis of the neoplasms using TEM showed the tumours
maintained the characteristics of urinary transitional carcinomas. In the doxazosin

treated group, TEM also revealed the presence of autophagy.

8.3.2 Effect of doxazosin on established HT-1376 tumour growth:

Daily intraperitoneal injections of doxazosin (3 mg/Kg) significantly reduced the rate
of growth of established tumour compared to control (n=5). After 42 days of
treatment, doxazosin reduced mean fractional tumour volume significantly (Figure

68).

No obvious side effects relating to treatment were noted in the treatment or control
groups. Histological analysis of the neoplasms using TEM showed the tumours
maintained the characteristics of urinary transitional carcinomas. In the doxazosin

treated group, TEM also revealed the presence of autophagy.
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Figure 67: Effect of doxazosin (3mg/kg) on the growth of freshly implanted HT1376 tumour
In Vivo (versus control).

Effect of doxazosin (3mg/kg) on the growth of freshly implanted HT-1376
tumour in vivo (vs control)

== confrol

n [\*]
o (5]
(=] o
L J

=—dox 3mg/kg

Tumour volume/mm?3
S o
[=] (=1
I L

o
o
L

(=]
L

14 21 28 35
Days post treatment

Figure 68: Effect of doxazosin (3mg/kg) on the fractional growth of established HT1376
tumour In Vivo (versus control).
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Figure 69: Effect of doxazosin (3mg/kg, intraperitoneal) on the growth of implanted HT1376
cells In Vivo after 14 days of initial growth. Lower mouse in the figure received doxazosin
treatment versus vehicle only treatment in the upper mouse.

Figure 70: Resected specimens from the mice shown in figure 69 (above). The resection
sample from the control is on the left and the resection sample of doxazosin treated mice is
on the right.
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8.4 Discussion

Athymic nude mice animal model is a widely used tool in cancer research especially
for preclinical testing of drugs (Szadvari, Krizanova et al. 2016). These mice models
have a deletion of Foxn1 gene, which results in an absent thymus and consequent
reduction in T cells and immunosuppression (Szadvari, Krizanova et al. 2016). The
suitability of the athymic nude mice to xenograft models is due to their lack of an
immune response to the xenografts. The shorter overall life span and the rapid
disease progression are factors that contribute to the advantages of animal models

in the experimental setting (Cekanova and Rathore 2014).

More recently, genetically engineered mice models have been used in the PCa
research with over 40 different models described to date (van Weerden and Romijn
2000, Ittmann, Huang et al. 2013) and the choice of the model will be determined by
the desired experimental conditions as well as the inherent advantages or
disadvantages of a specific xenograft or genetically engineered model (Grabowska,
DeGraff et al. 2014). Nonetheless, mice rarely develop spontaneous PCa (Suwa,
Nyska et al. 2002) suggesting that there are fundamental differences between
human and mouse prostate biology and tumorigenesis (Grabowska, DeGraff et al.

2014).

Our group has had previous experience using xenograft model in nude athymic mice
with HT1376 cells (Shabbir, Ryten et al. 2008) and this dictated the choice of using
an experimental model that had been previously tried and tested in our lab. Using
HT1376 subcutaneous cell inoculations we were able to show for the first time that
intraperitoneal injections of doxazosin (3mg/kg/day) significantly and effectively

reduced the growth of both freshly implanted and established tumour outgrowths as
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compared to vehicle controls (Pavithran, Shabbir et al. 2017). Using a combination of
immunohistochemistry and TEM, we were able to show that the inoculated tumour
cells retained their original phenotype and cellular characteristics, further validating
the relevance of these results to the expected effects of doxazosin treatment for

tumours in actual patients.

Experiments using animal models of PCa using quinazoline-based adrenergic
receptor antagonists have been previously reported (Chiang, Son et al. 2005).
Chiang et al, in their experiments on transgenic adenocarcinoma of the mouse
prostate (TRAMP) models, found that late administration of doxazosin did not have
any effect on established tumour whilst early administration of doxazosin supressed
the growth of prostate tumour (Chiang, Son et al. 2005). Moreover, administration of
doxazosin completely supressed metastasis irrespective of the stage of development

of the tumour (Chiang, Son et al. 2005).

Our experiments showed that doxazosin reduced the growth of both freshly
implanted —and —established tumours as compared to vehicle controls. The
difference in the results (from previously reported In Vivo experiments with PCa)
could be attributed to the differences in the cell line used, the mice models and the
experimental conditions, particularly the dose of doxazosin used. Whilst 3mg/kg of
doxazosin intraperitoneally was well tolerated by the nude athymic mice in our
experiments, the experience with TRAMP models was considerably different with
death resulting within 4-16 days of oral treatment with 2mg/kg of doxazosin — hence
necessitating the use of a lower dosage of doxazosin in TRAMP mice models
(Chiang, Son et al. 2005). The same group had been able to administer a high dose
100 mg/day of doxazosin (daily, orally) without adverse consequences in SCID nude
athymic mice (Kyprianou and Benning 2000) further supporting the suggestion that
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the reported deaths in TRAMP models were due to an intrinsic inability to tolerate

higher doses of doxazosin by the TRAMP mice models.

Another aspect of this study was to assess the effect of doxazosin on the
development of tumour metastasis. Unfortunately, no distant metastasis was seen in
the doxazosin or vehicle treated group. Subcutaneous xenograft mice models do not
fully replicate the disease process compared to that of orthotopic implanted tumours,
and the inability to find distant metastasis could have been due to the subcutaneous
tumour implantation or too short a time to allow for metastatic spread to become

evident clinically.

By the time we had identified the presence of extensive autophagy in our In Vitro
experiments, the In Vivo experiments had already been completed. As a result, we
were unprepared at the time of experiment planning and assessment of
histopathological analysis to assess specifically for the presence of autophagy in the
xenograft implants. Nonetheless, we looked at the xenograft sections retrospectively
and found evidence of autophagy as well as the presence of apoptosis in xenograft
tumour specimens. However, these evaluations would need further confirmation
using immunohistochemistry techniques that can specifically label and quantify the
presence of anti-LC3II antibodies in the xenograft specimens as well as
demonstration of characteristic morphological features of autophagy in sections that

are suitably prepared for viewing on TEM.

We suggest that future experiments should take into consideration the evaluation of
autophagy in xenograft specimens from the experiment planning stage itself and
suitable sections for immunohistochemistry and TEM should be prepared as part of

the histopathological analysis.
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Chapter 9

Discussion
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PCa is the most common cancer in men in developed countries; worldwide, it is the
second most commonly diagnosed cancer in men (Bray, Ren et al. 2013, Torre, Bray
et al. 2015, Shah, loffe et al. 2022). BCa accounted for 430,000 cases in 2012 and is
the ninth most common cancer worldwide (Malats and Real 2015, Lobo, Afferi et al.

2022, Siegel, Miller et al. 2023).

Androgen ablation therapy is the mainstay for locally advanced or metastatic PCa,
However, the inevitable development of androgen resistance is a major
disadvantage of androgen ablation treatment and it offers only a short-term benefit to
most patients (Wasim, Lee et al. 2022). Whilst second-generation AR antagonists
such as enzalutamide, apalutamide and darolutamide has improved survival they do
not result in cure, and these patients too progress to lethal neuroendocrine PCa
(Chen, Zhou et al. 2022). More recently, Lutetium177 therapy has been used for

treatment of such metastatic PCa (Fanti, Briganti et al. 2022).

At the start of this research, there was a growing body of evidence suggesting that
alpha-1A adrenergic receptor antagonists inhibit the growth of various cancers,
including PCa and BCa. This effect appeared to be independent of their ability to
bind with the alpha-1A receptors and instead was linked to the quinazoline-based

structure.

It was found that the cumulative incidence of developing BCa in those who were
prescribed alpha-1 antagonists (doxazosin or terazosin) for BPE or hypertension was
0.24% as compared to 0.42% in the untreated group (Martin, Harris et al. 2008). The

study concluded that men treated with alpha adrenoceptor antagonists have a 43%
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lower attributable relative risk of developing BCa than untreated men (p=0.083)

(Martin, Harris et al. 2008).

The same research group also conducted another study on the same cohort of
27,138 males to understand the relationship between PCa and the use of alpha-1
antagonists. This study revealed that in the treated group (doxazosin or terazosin for
management of hypertension of BPE), the cumulative incidence of PCa was 1.65%
as compared to 2.41% in the untreated group (Harris, Warner et al. 2007). This
equates to 7.6 fewer cases of PCa per 1000 men when treated with alpha-1
antagonists, and these men had a 31.7% lower attributable relative risk of

developing the disease (Harris, Warner et al. 2007).

The precise molecular and cell signalling mechanisms of doxazosin and other
piperazinyl quinazoline alpha receptor antagonists remain unclear. Given that only
quinazoline-based adrenergic receptor antagonists exhibited anticancer effects, the
role of adrenergic receptors themselves has been questioned. (Kyprianou, Chon et
al. 2000). Furthermore, in addition to its alpha-1 antagonist activity, quinazoline
based alpha adrenergic receptor antagonists such as doxazosin can act as a HEGR
ligand, (Bilbro, Mart et al. 2013) EGF receptor inhibitor (Hui, Fernando et al. 2008),
VEGF-mediated angiogenic antagonist (Park, Kim et al. 2014), FGF receptor-2
antagonist (Ballou, Cross et al. 2000), and tyrosine kinase receptor agonist
(Keledjian, Garrison et al. 2005, Petty, Myshkin et al. 2012). All these suggest that
doxazosin can modulate several signalling pathways (Walden, Globina et al. 2004,

Garrison and Kyprianou 2006, Park, Kim et al. 2014, Batty, Pugh et al. 2016).

It has also been shown that doxazosin acts via the extrinsic apoptotic pathway on

the death receptors (TGF-beta 1 receptor and TNF alpha). This leads to adaptor
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protein complex formation, caspase-3 —and —caspase-8 activation, which in turn led
to FADD-dependent apoptosis in the PCa cell lines PC-3 and BPH-1 (Garrison and

Kyprianou 2006).

Alternatively, doxazosin can also mediate apoptosis via the intrinsic pathway via
release of calcium from ER leading to mitochondrial release of cytochrome-c and
caspase-9 activation (Batty, Pugh et al. 2016). Additionally, it can directly exert its
action on DNA either by DNA fragmentation or by inhibiting topoisomerase 1 leading
to DNA damage, intercalation of DNA and cell death (Batty, Pugh et al. 2016). In
addition to these actions, doxazosin modulates PI3K/Akt signalling pathways by
inhibiting downstream VEGFR-2/Akt/mTOR signalling as well as reducing HIF-1a
expression and VEGF expression, and these have been postulated to explain its

ability to inhibit angiogenesis (Park, Kim et al. 2014).

Previous experimental data had also already shown that that the anticancer actions
of doxazosin on PCa and BCa were independent of its adrenergic receptor activity
(Tahmatzopoulos, Rowland et al. 2004, Tahmatzopoulos, Lagrange et al. 2005).
Furthermore, novel molecules were developed based on the quinazoline structure
but devoid of adrenergic activity such as DZ-50 against PCa (Hensley, Desiniotis et
al. 2014). However, despite this progress, the underlying mechanism through which
quinazoline-based adrenergic receptor antagonists like doxazosin exert their
anticancer effects remains unclear. Given the numerous signalling pathways
modulated by doxazosin, we hypothesized that its anticancer activity is likely
mediated through a receptor pathway. Initially, we speculated that doxazosin might
exert its anticancer effects via a receptor that is structurally similar to the adrenergic
receptor. The initial hypothesis was that doxazosin could be exerting its anticancer
actions through a receptor that has a structural similarity to the adrenergic receptor
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Using the UniprotKB/SwissProt databases, we performed BLAST searches for the
adrenergic alpha receptor [P35348]. The resulting FASTA outputs were
subsequently used to query the PSI-2 Search database (Lussi, Magrane et al. 2023).
This showed that several members of the adrenergic receptor family and the
serotonin or SHT receptors had close structural similarities [Figure 8]. Interestingly,
doxazosin interacts with serotonin receptors, which has been reported in studies on
platelet activation (Jagroop and Mikhailidis 2001) and in cavernous smooth muscle
contraction (Lau, Thompson et al. 2006). Pre-treatment with doxazosin prevented
the early step in platelet activation thereby inhibiting the shape change in platelets
(Jagroop and Mikhailidis 2001). Doxazosin also attenuated 5HT-mediated
contractility of cavernous smooth muscles (Lau, Thompson et al. 2006).
Furthermore, it has been hypothesized that SHT receptors could possibly mediate
the growth inhibitory effects of doxazosin (Siddiqui, Shabbir et al. 2005). Collectively,
these suggested that doxazosin might influence the activity of SHT receptors.
Consequently, we decided to investigate the roles of doxazosin, other adrenergic
receptors (besides the alpha-adrenergic receptor), and 5HT receptors, all of which

share structural similarities with the alpha-adrenergic receptor.

First, we investigated the role of various adrenergic compounds in doxazosin-
induced cell death. For our In Vitro experiments, we used three PCa cell lines (PC-3,
DU145, and LNCaP) and one BCa cell line (HT1376). The adrenergic compounds
tested included several agonists and antagonists: clonidine, idazoxan, and
guanabenz (alpha-2 selective agonists), yohimbine (non-selective alpha antagonist),
propranolol (non-selective beta antagonist), and imiloxan (alpha-2B antagonist).
Given the structural similarity between alpha-1 and alpha-2 adrenergic receptors, we

tested whether these compounds would alter the growth inhibition by doxazosin.
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Our experiments with yohimbine, clonidine, guanabenz, imiloxan, and propranolol
compounds demonstrated that pretreatment with these compounds did not attenuate
the cell death induced by doxazosin. Whilst idazoxan inhibited the growth of PC3
cells and DU145 cells, it did not alter the growth of LNCaP or HT1376 cells. These
findings suggest that growth inhibitory actions of idazoxan could be related to the
androgen-resistant status of PC3 and DU145 cells. Not surprisingly, the growth
inhibition of DU145 cells by idazoxan had already been reported previously though
the mechanism of action remains to be fully elucidated (Eilon, Weisenthal et al.
2009). More importantly, idazoxan did not have any effect on doxazosin-induced
growth inhibition in any of the cell lines tested. Based on these results, we concluded

that adrenergic receptors do not mediate the anticancer actions of doxazosin.

Next, we assessed the role of 5HT receptors using serotonin hydrochloride and
serotonin creatinine sulphate monohydrate, the latter being more water-soluble and
resistant to photodecomposition. We found that 5SHT induced proliferation in the cell
lines tested. However, pre-treatment with 5HT did not mitigate doxazosin-induced
cell death. These findings are consistent with previous studies showing that
serotonin promotes the proliferation of PCa and BCa cells In Vitro (Siddiqui, Shabbir
et al. 2005) and that this proliferative effect is inhibited by 5HT antagonists (Abdul,
Anezinis et al. 1994). Our experiments with both these compounds (serotonin
chloride and serotonin creatinine sulphate) were unable to demonstrate that SHT
receptors mediated doxazosin induced growth inhibition. We also repeated the
experiment using BrdU assay with serotonin creatinine sulphate, obtained similar
results to that of Cell-Titer 96® aqueous MTS assay. Taken together, we concluded
that SHT receptors did not mediate the cytotoxic effects of doxazosin in the PCa and

BCa cell line we tested.
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Though we concluded that doxazosin did not mediate its actions on cell viability via
the receptors that have structural similarity to alpha-1 adrenergic receptor, at this
stage of experiments, the receptor that mediated the cytotoxic actions of doxazosin
remained elusive. However, our results were also in agreement with others that the
cytotoxic actions of doxazosin in PCa and BCa were independent of the alpha-
adrenergic receptor (Benning and Kyprianou 2002, Pavithran and Thompson 2012,

Pavithran, Shabbir et al. 2017).

Following these findings, we initiated the development of doxazosin-resistant cells,
as these cells could potentially exhibit up-regulation or down-regulation of receptors
responsible for mediating the growth-inhibiting effects of doxazosin. Our hypothesis
was that treating cell lines with a sub-lethal dose of doxazosin over time would
prompt the emergence of doxazosin-resistant cancer cells. These resistant cells

could then serve as a model to investigate the actions of doxazosin.

Using previously established experimental protocols (Chien, Astumian et al. 1999),
we attempted to develop drug-resistant PCa cell lines (PC-3, DU-145 and LNCaP) in
the first phase before extending the experiments to BCa cell lines. In brief,
logarithmically growing PCa cells were exposed In Vitro to either serially increasing
concentrations of doxazosin for short time intervals or a low dose doxazosin for
longer periods. The attempts to develop PCa cell lines that are resistant to doxazosin
were unsuccessful and therefore, we did not extend our experiments with BCa cell

lines.

During the course of the above experiments to create resistant cell lines, we noted
that all cell lines treated with doxazosin developed a granular appearance of the

cytoplasm. These cytoplasmic granules, which could be seen on light microscopy,
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were present in the doxazosin treated samples; control samples were devoid of such
granular changes. PC-3 cells showed the most marked granular appearance whilst in
HT-1376 cells these granulations were difficult to appreciate as these cells do not form
a uniform monolayer and tend to grow into several layers. We also observed that the
time taken for onset of granular appearance was directly proportional to the
concentration of doxazosin to which the cells were exposed - the higher the

concentration of doxazosin the faster these granulations appeared with the cytoplasm.

We, therefore, embarked on identifying and further characterizing the granulations.
Initially, we stained using DAPS and aldehyde fuchsin as these granularities
resembled lipofuscin granules. DAPS stains lipofuscin in magenta colour and
aldehyde fuchsin in deep purple. (Perse, Injac et al. 2013). However, we were unable

to demonstrate the presence of lipofuscin using these techniques.

Though we were unable to identify the nature of the granulations, we continued to
study the relationship between the development of granulations and exposure to
doxazosin. We focused on the relationship between concentration of doxazosin and
the time taken for the granulations to appear. The morphological examination of the

cell lines using light microscopy during these experiments suggested that:

(a) appearance of granular cytoplasm was preceded by cell death

(b) the actions of doxazosin were cumulative even when exposed to low doses of

doxazosin but over a longer duration,

(c) the effects were irreversible once the cells were exposed to concentrations over

60 uM of doxazosin, and vice versa,

(d) nutrient-depleted conditions, such as incubation in serum free media, potentiated

doxazosin-induced cell death,
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(e) addition of lipoproteins to the culture medium negated the effects of nutrient

depletion, and

(e) the addition of cholesterol solution (1:1000) further abrogated the cell death

induced by doxazosin.

We concluded, based on these observations, that developing doxazosin-resistant
cell lines would not be feasible due to the cumulative effects of doxazosin and its
reversibility at lower concentrations. This also led us to hypothesize that an active or
passive transport mechanism might be involved in the entry of doxazosin into the
cell, potentially bypassing receptor-mediated pathways and operating independently
of receptor involvement. Considering the additive cytotoxic effects of doxazosin in
serum-free and LPDS conditions, and the reversal of these effects with the addition
of cholesterol, we postulated that doxazosin's action might be mediated by a
receptor that undergoes endocytosis upon binding with doxazosin—potentially a lipid

receptor.

To test this hypothesis, we used LDL receptor mutant fibroblast cell lines. Interestingly,
doxazosin had no effect on cell viability at lower concentrations (12.5 uM and 25 uM)
on these cells and over 50% of the cells were viable at 75 yM of doxazosin. The LDL
receptor mutant cell lines were difficult to grow in cell cultures and did not grow beyond
40% - 50% confluence. Despite our best efforts, establishing new batches of cells for
experiments proved futile and therefore further experiments using this cell line had to
be terminated. Hence, it is difficult to conclude if LDL receptors can be implicated in

doxazosin-mediated toxicity.

To further explore how doxazosin is transported into cells, we examined the roles of

common endocytic pathways and pinocytosis. We utilized chemical inhibitors
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targeting clathrin and caveolin-mediated endocytosis, as well as inhibitors of

pinocytosis.

It has been previously shown that cells can internalize small segments of its plasma
membrane and this internalized segment could carry surface receptors and their
bound ligands, nutrients, bacterial toxins, immunoglobulins, viruses and various
extracellular soluble molecules into the cell by endocytosis (Lanzetti and Di Fiore
2008). Endocytosis had been shown to attenuate cell signalling and recent evidence
in this field has given rise to the concept of signalling endosomes (von Zastrow and

Sorkin 2007, Lanzetti and Di Fiore 2008).

Quinazoline compounds like doxazosin are small molecules, allowing them to enter
the cell directly via endocytosis. Alternatively, doxazosin might first bind to a
receptor, which is then internalized. Another possibility is that the lipophilic nature of
doxazosin enables it to integrate into the lipid-rich cell membrane, which is
subsequently internalized and transported into the cell. Previous studies using
single-cell quantitative fluorescence imaging with BIODIPY-FL prazosin have shown
that 40% of adrenergic binding sites are located intracellularly (Mackenzie, Daly et
al. 2000). The mechanisms controlling the entry of macromolecules like doxazosin
and prazosin, as well as the factors that regulate their subsequent trafficking within
cells via endocytosis, remain poorly understood. Once these macromolecules enter
the cells, they are sorted into different cellular destinations within early or sorting

endosomes.

Molecular trafficking into the cell can occur by endocytosis and pinocytosis. The

endocytic pathway can be further subdivided into clathrin-mediated, caveolin-
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mediated and dynamin-mediated pathways though some overlaps exist between

these individual pathways.

We investigated the role of endocytosis in doxazosin-induced cell death in In Vitro
cell cultures of PCa and BCa cell lines by using chemical inhibitors of endocytosis
that target the clathrin-mediated, caveolae-mediated, dynamin-mediated, and
pinocytosis pathways. In brief, we observed that there was significant attenuation of
doxazosin-induced cell death when clathrin-mediated or dynamin-mediated

pathways were inhibited.

Since endocytosis is a temperature-dependent cellular process and at 10 C or
below, the rate of endocytosis is negligible. Between 10 to 20 C endocytosis
increases gradually and proportionately to the rise in temperature. Above 20 C, this
rise is at a much higher rate when the temperatures are between 20 Cto 41 C
(Weigel and Oka 1981). Our results showed that the cell death induced by doxazosin
was attenuated when cells were incubated on ice as compared to positive controls at
37 C. We did not observe a significant effect of temperature at lower concentrations
of doxazosin (10-7and 10). However, at concentrations of 10-°and 104, we
observed that there was a significant attenuation of doxazosin-induced cell death
when cells were cooled on ice, suggesting that the effects of doxazosin of cell
viability was temperature dependent. At these temperatures, both clathrin —and —
caveolae —mediated endocytic processes are inhibited and therefore does not
provide information on the specific pathway that is inhibited. Moreover, the
attenuation of cell death by cooling only provides indirect evidence of endocytic
inhibition as the positive controls were not designed to show a direct inhibition of

endocytosis but rather the consequence of such an effect on cell viability.
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One limitation of using cell viability as an endpoint for the experiments was that
cooling the cells had unintended effects on their ability to adhere to the MP, which
was especially noticeable with LNCaP cells. Among the four cell lines tested, LNCaP
cells were the least adherent under normal conditions. Cooling significantly impaired
their adhesion. In contrast, androgen-independent cells (DU145 and PC-3)
overexpress a6p4 integrin due to the loss of AR, which enhances cell adhesion
(Baust, Klossner et al. 2010). This could likely explain the tolerance of androgen-
resistant cells (DU145 and PC3) to lower temperatures whilst androgen-dependent
LNCaP cells underwent significant anoikis at lower temperatures even after a
relatively short duration (4 h) of incubation with doxazosin. Though this added to an
unwarranted artefactual error (due to loss of cells) to the interpretation of results,
particularly with LNCaP cells, they may possibly have some clinical significance in
dissemination and subsequent establishment of metastasis of such tumours
especially when cryotherapy is used as a mode of treatment. On the other hand,
exploitation of the accelerated cell death processes involved in temperature
dependent cell death of androgen-dependent tumours may be useful in planning
novel option of treatments for androgen-dependent PCa (Baust, Klossner et al.

2010).

Our next experiments focussed on dissecting the role of clathrin-mediated endocytic
pathways in doxazosin-induced cell death of PCa and BCa cell lines. These
inhibitors, besides interfering with specific steps of the endocytic pathway, are known
to have several effects on other signalling processes within the cell thus confounding
the validity of the results (lvanov 2008). Chemical inhibitors of endocytosis serve as
a preliminary step towards a broad understanding of the endocytic process (lvanov

2008). Additionally, the different pathways of endocytosis are not clearly demarcated
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and significant overlaps exist between the different endocytic pathways (Ilvanov
2008). Moreover, endocytosis is linked to other unrelated cell processes such as
apoptosis, autophagy and cell division, and these may have an influence on the
results especially when cell viability is considered as an end point of the experiments
(Polo, Pece et al. 2004, von Zastrow and Sorkin 2007, Fielding, Willox et al. 2012, Di
Fiore and von Zastrow 2014). Conversely, whilst visualizing of molecular trafficking
by confocal studies can more reliably quantify the endocytic transport of a molecule
(in this case doxazosin) (Ivanov 2008, Di Fiore and von Zastrow 2014), the results
will still need to be corroborated with cell viability studies to ascribe relevance to
those findings to doxazosin-induced cell death. Therefore, designing studies to
establish a direct relationship between endocytosis and cell viability is challenging
due to several confounding factors. These include the overlap among various
endocytic sub-pathways and the interaction between endocytic pathways and other
cell viability-related pathways, such as autophagy, apoptosis, and endosomal

signalling.

We selected sucrose, chlorpromazine, and dansylcadaverine as chemical inhibitors
for clathrin-mediated endocytosis, following previously reported methods (Ostrom
and Liu 2007, lvanov 2008). We observed doxazosin-induced cell death in PC-3 was
attenuated by pre-treatment with sucrose of 0.25 M and followed by exposure to
doxazosin (10-%) significantly (p = 0.0256). At a higher concentration of sucrose of
0.4 M, this effect was significant for two different concentrations of doxazosin (p =
0.0122 for 10-°and 0.0016 for 10 of doxazosin). Pre-treatment with sucrose 0.25 M
and 0.4 M and followed by exposure to doxazosin (10-) significantly (p = 0.0147 and
0.0475, respectively) attenuated the cell death induced by doxazosin in DU145 cells.

In HT1376 cells, the only significant (p = 0.0004) attenuation was observed when
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pre-treatment with sucrose 0.25 M was followed by exposure to doxazosin (10°6).

Sucrose had no significant effect on viability of at all the other concentrations tested.

Sucrose inhibits clathrin-mediated endocytosis by causing clathrin to become
trapped in microcages, which is considered the primary mechanism of its action.
Therefore, sucrose is experimentally used as an inhibitor of clathrin-mediated
endocytosis, although it can also modulate macropinocytosis and reduce autophagic
flux (Malek, Xu et al. 2007, Dutta and Donaldson 2012). Sucrose interferes with fluid
phase of macropinocytosis (Carpentier, Sawano et al. 1989). Sucrose also induces
vesicle accumulation and autophagy (Higuchi, Nishikawa et al. 2015). All these
overlapping actions of sucrose on macropinocytosis and autophagy limits the ability

to arrive at a conclusion on the basis of viability assays.

Another chemical inhibitor of clathrin-mediated endocytosis investigated was
chlorpromazine. Chlorpromazine inhibits clathrin coated pit formation by a reversible
translocation of clathrin and adaptor protein-2 from plasma membrane to intracellular
vesicles (Wang, Rothberg et al. 1993, Ivanov 2008, Vercauteren, Vandenbroucke et
al. 2010, Dutta and Donaldson 2012). One of the draw backs was that
chlorpromazine can also reduce cell viability in concentrations required for inhibition
of endocytosis (Vercauteren, Vandenbroucke et al. 2010). In our experimental data,
not surprisingly, we noted a small but not significant reduction in cell populations
exposed to doxazosin. However, chlorpromazine did not show any significant

attenuation of doxazosin induced cell death in all the cell lines tested.

The next chemical inhibitor of clathrin-mediated endocytosis we investigated was
dansylcadaverine. Dansylcadaverine and mono dansylcadaverine have been found

to inhibit clathrin-mediated endocytosis as it stabilizes clathrin-coated vesicles and
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reversibly inhibits the uptake of ligands and this process is selective for receptor-
mediated ligands (Schlegel, Dickson et al. 1982). We conducted our experiments
with dansylcadaverine as this is also lysosomotropic and autofluorescent and
selectively concentrates within autophagosomes thus making it a very useful marker
of autophagy (lvanov 2008, Klionsky, Abdalla et al. 2012). Our results show that
dansylcadaverine had a significant effect in attenuation of doxazosin induced cell
death (p = <0.0001 in PC3, DU145 and HT1376 cells) and (p = 0.0002 in LNCaP
cells), suggesting that these may have been mediated by inhibitory of effects of
dansylcadaverine on clathrin-mediated endocytosis. As mentioned earlier,
dansylcadaverine has significant overlapping actions on autophagic pathways and
therefore the results could not be attributed to its clathrin-mediated endocytosis
alone. Nonetheless, we exploited the autofluorescent properties of dansylcadaverine
in our later experiments on autophagy to demonstrate the presence of

autophagosomes in doxazosin treated cells.

Caveolin-mediated endocytosis is a clathrin-independent and dynamin-dependent
pathway for endocytosis, and represents a parallel but distinct mechanism (Nabi and
Le 2003). The caveolin —and —raft dependent pathways are characterized by their
independence from the clathrin and a common sensitivity to cholesterol depletion
and inhibition of dynamin function (Nabi and Le 2003). Caveolin-1 dependent
endocytosis enhances chemosensitivity of Herceptin-2 positive breast cancers to
trastuzumab and emtansine (Chung, Kuo et al. 2015) and a loss of caveolin-1 has
been implicated in the pathogenesis of human cancers (Sotgia, Martinez-Outschoorn

et al. 2012).

Caveolin-mediated —and —lipid raft mediated endocytosis happen at the caveolae
(that are flask-shaped, 50-100 nm invaginations of plasma membrane), which are
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enriched with specific lipids such as cholesterol and glycolipids (Ostrom and Liu
2007, Sotgia, Martinez-Outschoorn et al. 2012). These caveolae are similar to lipid
rafts in that they are both enriched with sphingolipid and cholesterol, but caveolae
also express a coat of caveolin proteins on the inner leaflet of the membrane bilayer;

caveolin-1 is the predominant isoform of caveolin (Ostrom and Liu 2007).

In our experiments we used mevastatin, MBCD and cholesterol oxidase to assess
the role of caveolin-mediated endocytosis pathway on doxazosin-induced cell death

on PCa cell lines (PC-3, DU-145, LNCaP) and BCa cell line HT1376.

Mevastatin inhibits HMG-CoA reductase enzyme (Endo and Hasumi 1993), which
controls the rate limiting step required for intracellular production of cholesterol
(Feher, Webb et al. 1993). HMG-CoA inhibition results in inhibition of cholesterol
synthesis, depletion of intermediates for small GTPase activation, disruption of
vesicular trafficking and disruption of lipid rafts, and actin cytoskeleton disruption
(Endo and Hasumi 1993, Hao, Mukherjee et al. 2004, Sidaway, Davidson et al.

2004, Liao and Laufs 2005, Cheng, Ohsaki et al. 2006, Ivanov 2008).

Incubation of cells with 10- 100 uM concentration of statins (simvastatin, lovastatin,
mevastatin, pravastatin etc), results in nearly 100 % blockage of intracellular
cholesterol synthesis (Sidaway, Davidson et al. 2004, lvanov 2008). Statins also
block the synthesis of franyl pyrophosphate and geranyl-geranyl pyrophosphate that
are essential for post translation activation of intracellular proteins such as Ras, Rho
and Rab families of small GTPases (de Toledo, Senic-Matuglia et al. 2003, Katoh
and Katoh 2004, Liao and Laufs 2005). This results in accumulation of inactive
GTPases and leads to profound and nonspecific disruption of the actin cytoskeleton

(de Toledo, Senic-Matuglia et al. 2003, Liao and Laufs 2005, Ivanov 2008).
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Mevastatin as a prototype statin given its well established role in preventing vesicle
trafficking and disruption of caveolin mediated endocytic pathways (Hao, Mukherjee
et al. 2004). Pre-incubating PC-3, DU145, LNCaP and HT-1376 with 20 uM of
mevastatin for 4 h followed by exposure to doxazosin 37 uM had different effects on
the above cell lines. Whilst in PC-3 and HT1376 cell lines the inhibition of cell death
by doxazosin were unequivocally not significant (p = 0.1394 and p = 0.4635,
respectively), this was not the case with DU145 cells where the p = 0.0507. Also, the
attenuation of cell death by doxazosin by pre-incubation with mevastatin was

unequivocally significant (p = 0.002) in LNCaP cells.

Since HMG-CoA inhibition also secondarily inhibits various downstream cellular
processes (Endo and Hasumi 1993, Hao, Mukherjee et al. 2004, Sidaway, Davidson
et al. 2004, Liao and Laufs 2005, Cheng, Ohsaki et al. 2006, lvanov 2008), the
results suggests that the cytotoxic effects of doxazosin may be contingent on the
inter dependency of these processes for cell viability, and that these may be variable
for each cell line. The attenuation of cytotoxic effects of doxazosin in LNCaP cells
could be attributed to be the androgen-sensitive status of these cell lines as
androgen-resistant cells have an increased aberrant HMG-CoA reductase activity

(Kong, Cheng et al. 2018).

MBCD is a water soluble and hydrophobic compound that is capable of sequestering
cholesterol molecules with a high affinity (Kilsdonk, Yancey et al. 1995). By this
actions, MBCD depletes lipids and cholesterol available to the caveolae and lipid
rafts, to inhibit this pathway of endocytosis (Ivanov 2008). In our experiments, we
used MBCD at a concentration of 1 mM in serum free media to pre-treat PC3-,
DU145, LNCaP and HT1376 to investigate if depletion of lipids and cholesterol from
cells would result in an attenuation of cell death induced by doxazosin. We did not
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observe any significant attenuation of the effects of doxazosin following pre-

treatment with MBCD.

Subsequently, we used cholesterol oxidase that converts cholesterol into 4-
cholesten-3-one. This compound gets enriched in the caveolae, significantly altering
its properties and disrupting caveolin-mediated internalization of endocytic vesicles
(MacLachlan, Wotherspoon et al. 2000, lvanov 2008). We did not observe a
significant effect on doxazosin induced cell death any of the cell lines (PC-3, DU145,

LNCaP and HT1376) were pre-incubated with cholesterol oxidase.

Taken together our results with mevastatin, MBCD and cholesterol oxidase suggests
that caveolin mediated pathways were unlikely to have a significant role in

intracellular trafficking of doxazosin.

Pinocytosis or macropinocytosis is an actin-dependent mechanism and functions in
parallel to clathrin —and —caveolin mediated pathways (Thurn, Arora et al. 2011). We
used amiloride, a specific inhibitor of pinocytosis, and acts by inhibiting the Na/K
exchange (Ilvanov 2008). We did not observe any significant attenuation of the
effects of doxazosin following pre-treatment with 50 uM of amiloride in any of the cell
lines tested, suggesting that the actions of doxazosin were independent of

pinocytosis.

The caveat of interpreting this result is that pinocytosis is a dynamic process and
other studies such as confocal microscopy would be required to confirm an inhibition

of pinocytosis.

Next, we investigated whether the effects of doxazosin relied on dynamin, a 100-
KDa GTPase crucial for vesicle formation in receptor-mediated endocytosis, synaptic

vesicle recycling, caveolae internalization, and potentially vesicle trafficking to and
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from Golgi bodies (Hinshaw 2000). Dynasore is a relatively specific, cell permeable

inhibitor of dynamin (Macia, Ehrlich et al. 2006).

In our experiments, we utilized dynasore at a concentration of 20 uM in serum-free
media to pre-treat PC3, DU145, LNCaP, and HT1376 cells, aiming to investigate
whether inhibiting dynamin-dependent endocytosis would reduce the cell death
induced by doxazosin. Dynasore exhibited a slight but statistically nonsignificant
inhibitory effect on all four cell lines tested. However, our findings demonstrated that
dynasore significantly mitigated the cell death induced by doxazosin. Specifically,
pre-treatment with 20 uM dynasore for 4 h, followed by treatment with 37 uM
doxazosin for 72 h, yielded significant results (p = 0.0243, p = 0.0019, p = 0.0766,
and p = 0.0007 for PC-3, DU145, LNCaP, and HT1376 cells, respectively). This
effect became more pronounced at a higher concentration of doxazosin (100 uM),
with p-values <0.0001 for PC-3, DU145, and HT1376 cells, and p = 0.0141 for
LNCaP cells. These outcomes suggest that dynasore at 20 uM led to greater
attenuation of cell death at a higher concentration (100 uM) of doxazosin compared
to a lower concentration (37 uM), indicating a quantitative inhibition of intracellular

trafficking of doxazosin through a dynamin-dependent process.

Endocytosis is necessary for the execution of a wide range of cellular programs (Di
Fiore 2009). Derailed endocytosis and its effects on the cellular processes is an
emerging field of cancer research. Endocytosis serves as a tumour suppressor
pathway by attenuating cell signalling (Polo, Pece et al. 2004, Di Fiore 2009).
Endocytic signalling persists throughout the signalling route giving rise to the concept
of signalling endosomes (von Zastrow and Sorkin 2007, Di Fiore and von Zastrow

2014). Defective trafficking of growth factor receptors, due to deranged endocytosis,
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coupled with an unbalanced recycling of adhesion complexes are one of the

hallmarks of malignant cells (Mosesson, Mills et al. 2008).

Prazosin had been shown to inhibit the sorting process by an off-target perturbation
of GPCR of which alpha-1 adrenergic receptors were considered as a prime target
(Zhang, Wang et al. 2012). Since the cell death induced by doxazosin and prazosin
has been shown to be independent of its adrenergic receptor activity (Benning and
Kyprianou 2002, Pavithran and Thompson 2012, Pavithran, Shabbir et al. 2017), the
significance of the ability of prazosin to inhibit the sorting process of alpha-1
adrenergic receptors and its role in prazosin-induced cell death of cancer cells

remains uncertain.

Our results shows that doxazosin induced cell death is a dynamin-dependent
process and inhibition of this pathway using dynasore, the chemical inhibitor of
dynamin, significantly attenuates the cytotoxic effects of doxazosin on PCa and BCa

cell lines (Pavithran and Thompson 2012, Pavithran, Shabbir et al. 2017).

Our previous experiments demonstrated that cell death induced by doxazosin
increased when cells were cultured in serum-free media. We also observed that
serum starvation accelerated the onset of granulation. Additionally, we found that
dansylcadaverine attenuated doxazosin-induced cell death. Besides inhibiting
clathrin-mediated endocytosis, dansylcadaverine also inhibits the autophagic
(Munafo and Colombo 2001). These led us to hypothesize that these granulations

may represent autophagy within the cells exposed to doxazosin.

Autophagy is an evolutionarily conserved process of degradation of cytoplasm and
organelles in the lysosomes for amino acid recycling and energy (Klionsky, Abeliovich

et al. 2008). Autophagy serves as a survival strategy during starvation and plays a
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pivotal role in energy homeostasis. It is also a critical component of the cellular
recycling mechanism and quality control of macromolecules and intracellular
organelles, with an important role in maintaining cellular fitness both in healthy and
stressful conditions. Interestingly, it has both pro- and anti-tumorigenic roles and can
crosstalk with apoptosis, and has a role in senescence; however, autophagy can lead
to cell death if the process is uncontrolled. Autophagy thus plays a dual role in both
cell survival and cell death (Klionsky, Abeliovich et al. 2008, Klionsky, Abdalla et al.

2012, Zhang 2015).

We initially used two commonly used inhibitors of autophagy, namely,
dansylcadaverine and 3-MA to explore if the chemical inhibition of autophagy had any

effect on cell death induced by doxazosin.

Dansylcadaverine is also autofluorescent and its accumulation in autophagic vacuoles
can be demonstrated using fluorescent microscopy (Munafo and Colombo 2001). As
the next step, we examined the accumulation of dansylcadaverine in cells exposed to
doxazosin. We demonstrated that autofluorescent dansylcadaverine accumulated in
the autophagosomes of these cells (Figure 44). Thus, the concentration of dansyl
cadaverine serve as a marker for the presence of autophagosomes and the presence
of autophagy (Davies, Cornwell et al. 1984, Pavithran and Thompson 2012, Pasquier

2016, Pavithran, Shabbir et al. 2017).

Our experiments with 3-MA-1 showed that it significantly inhibited the growth of PC-3
(p <0.0006) and LNCaP cells (p <0.0001) whilst it had no significant effect on growth
of DU-145 (p <0.01) and HT-1376 cells (p = 0.0579). There was a significant reduction
in the cytotoxic effect of doxazosin when the above cells lines were pre-incubated with

2 mM of 3-MA-1 for 4 h. 3-MA-1 is an inhibitor of autophagy and exerts its actions by
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inhibition of PI3K inhibition (Wang, Yang et al. 2017), which in turn regulates cellular
processes such as proliferation, RNA processing, protein translation and autophagy

(Wang, Yang et al. 2017, Chen, Tseng et al. 2023).

TEM is the gold standard for demonstration of autophagy. The characteristic
appearances of autophagy within cells when viewed using TEM are also well
described (Tabata, Hayashi-Nishino et al. 2013). We examined the cells exposed to
doxazosin under TEM and compared the appearances to that of unexposed controls.
Additionally, we also observed the cells using SEM to evaluate if the cell surface

demonstrated any changes that could account for its granular appearance.

We demonstrated the presence of mitophagy on TEM and the granulations observed
on light microscopy were fragmented mitochondria within autophagosomes in
doxazosin treated cells (Figures 45-52). Imaging with SEM revealed the various
stages of doxazosin-treated cells undergoing anoikis but did not provide with any

features that could account for the granulations (Figures 53-57).

We were the first to report widespread autophagy by doxazosin in PCa and BCa cell
lines using TEM (Pavithran and Thompson 2012, Pavithran, Shabbir et al. 2017) and
our experiments with TEM suggests that exposure to doxazosin 37 uM for 24 hto 72
h resulted in autophagy with a predominantly selective mitophagy in PC-3, fibroblasts
and HT1376 cells. Furthermore, these autophagic changes were not accompanied by
karyorrhexis and chromatin condensation in these cells and possibly the autophagic
component was more significant than apoptosis, even though both apoptotic and
autophagic gene families exhibited significant fold changes in our later experiments

with next generation transcriptome sequencing on PC-3 cell line.
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A reliable marker of autophagy is the presence of LC3-Il (Tanida, Ueno et al. 2008).
LC3 is a soluble microtubule-associated protein 1A/1B (with a molecular mass of
approximately 17 KDa), ubiquitously distributed, and found in mammalian tissues and
cultured cells. The cytosolic form of LC3 (LC3-I) is conjugated to
phosphatidylethanolamine to form LC3-ll, and these are recruited into the
autophagosomal membranes (Wild, McEwan et al. 2014). In our next experiment, we
investigated the presence of LC3-ll using immunohistochemistry in cells exposed to
doxazosin (Rosenfeldt, Nixon et al. 2012) and demonstrated the presence of LC3-II
in cells treated with doxazosin. Immunohistochemically labelled sections revealed
densely stained areas of LC3 B (brown staining) in the cytoplasm of sections that had
been exposed to doxazosin whilst this feature was absent in the control specimens

(Figure 58) (Pavithran, Shabbir et al. 2017).

Autophagy commences with de novo formation of double-membrane vesicles called
phagophores. The phagophores undergo invagination to eventually fuse to form a
double-membrane structure called autophagosomes that sequester the transport
cargo. The exact origin of the phagophore membrane that leads to formation of the
autophagosomes remains unresolved with ER-Golgi intermediate compartment and
ER-mitochondria considered to be among the possible candidates (Rubinsztein,
Shpilka et al. 2012, Chan and Tang 2013, Lamb, Yoshimori et al. 2013, Tooze 2013,
Ge and Schekman 2014). The autophagosomes fuse with the lysosome to form the
autophagolysosome which then degrades the cargo within it (Parzych and Klionsky

2014).

Currently, over 30 genes involved in autophagy have been identified in mammals of
which 16 genes are involved in all types of autophagy (Klionsky, Abdalla et al. 2012,
Pyo, Nah et al. 2012). The ubiquitin-like protein LC3 is a mammalian homolog of
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ATG8 gene and is essential for the formation of autophagosomes. LC3 is lipidated
with phosphatidylethanolamine to form LC3-Il which remains on the membranes of
the autophagosomes until its fusion with the lysosomes (Burman and Ktistakis 2010,
Pyo, Nah et al. 2012). The conversion of LC3 to LC3-Il is therefore considered a
reliable molecular indicator of autophagy (Klionsky, Abeliovich et al. 2008, Klionsky,
Abdalla et al. 2012, Pyo, Nah et al. 2012). Nonetheless, as mentioned earlier, TEM

is still considered to be the gold standard for detection of autophagy.

Chemical inhibitors of autophagy serve as an initial tool to assess the presence or
absence of autophagy; however, they are not specific in their actions (Yang, Hu et al.
2013, Vinod, Padmakrishnan et al. 2014, Pasquier 2016). This is compounded by
the fact that autophagy is intrinsically linked to other cellular functions such as

endocytosis (Lamb, Dooley et al. 2013).

Our experiments were designed to identify the causative factor for development of
granulations within the cells when exposed to doxazosin, when attempting to create
doxazosin-resistant cells. We had previously looked at the possibility of these
granules being lipofuscin granules but specific staining for these were negative and
focussed out attention to autophagy. As a first step, we used 2 main chemical
inhibitors of autophagy, namely, 3-MA and dansylcadaverine to evaluate their effects
on doxazosin induced cell death. Subsequently, we demonstrated the presence of
autophagy in cells treated with doxazosin using TEM and fluorescent microscopy
(accumulation of dansylcadaverine in autophagosomes) and by demonstrating the
presence of LC3-Il. As a result of these findings, we were the first to report extensive
autophagy in PCa cell lines, BCa cell lines, and fibroblasts following exposure to

doxazosin (Pavithran and Thompson 2012, Pavithran, Shabbir et al. 2017).
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Additionally, the autophagic process was independent of p53 gene as we were able

to replicate these findings in PC-3 cells, which have a p-53-null status.

Taken together, these observations suggest that autophagy (especially mitophagy)
plays an important role in the doxazosin-induced cell death in the cell lines tested.
These findings, however, cannot directly attribute the cell death from doxazosin to

autophagy (Klionsky, Abdalla et al. 2012).

After having shown that autophagy was involved in doxazosin-mediated cell death,
we set out to conduct next generation entire transcriptome sequencing with a view to
identify the fold changes that occur when cells are exposed to doxazosin as
compared to the controls. We limited to studying PC-3 cells initially given that these
were androgen-independent cells and exhibited the greatest autophagy morphology
among all cells tested. We conducted the transcriptome readings at two time points
(24h and 48h). We chose these time points, as the more significant gene changes
were likely to happen during the earlier part of the exposure, and late exposure times
were likely to only reveal terminal cell death. Another reason was the differences that
occur to cell adhesion and confluence when cells are exposed to doxazosin. Cells
exposed to doxazosin are less adherent, likely to undergo anoikis and less confluent
due to increased cell death and reduced growth rate or both. We felt that the
differences in confluence would result in additional artefactual errors where
pathways involving cell adhesions, integrins and anoikis are involved, and therefore,

chose earlier time points.

Our data showed that significant changes occur in gene expression levels of cells
exposed to doxazosin as compared to controls. All genes examined in the apoptosis

gene family exhibited fold changes, most of the autophagy genes, TNF family of
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genes also exhibited fold changes greater than 2. However, it remains unknown if
these changes would result in altered protein transcription and these experiments
could not be completed. Furthermore, due to the high costs we performed the next
generation sequencing in only a single cell line with a single quinazoline adrenergic
receptor antagonist, namely, doxazosin. To validate the results of our experiments, it
would require repeating the experiments to check if the present data can be
replicated in the same cell line and with other cell lines as well as with other

quinazoline derivatives.

Though autophagy and apoptosis appear to be divergent pathways in cell survival,
several studies have shown that these are closely related and capable of switching
from one pathway to the other (Bhutia, Dash et al. 2010, Bhutia, Das et al. 2011).
Apoptosis signalling can regulate autophagy and conversely autophagy can regulate
apoptosis (Yonekawa and Thorburn 2013). Not surprisingly, we found that the gene
families involved in regulation of autophagy and apoptosis showed significant fold
changes. Given the extensive crosstalk between autophagy and apoptosis (and the
existence of both these processes simultaneously), it is often difficult to attribute
quantitatively the cell death to each of these two processes. Nonetheless, our
results therefore suggests that autophagy is a predominant process involved in

doxazosin-induced cell death.

Among the genes with the highest positive fold change after 48 h of exposure to
doxazosin, we found the LOC100271832 had a +9.77-fold change. The
LOC100271832 is an uncharacterized gene that is expressed at low levels in several
tissues in humans (Fagerberg, Hallstrom et al. 2014). Therefore, an increase in fold

change by a factor of 9.77 in our data is intriguing. Further studies into
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understanding the functions of this gene and the protein expressed by this gene

could shed light into novel pathways that are involved in androgen resistant PCa.

Among the genes with the most significant negative fold change after 48 hours of
doxazosin exposure, the CD3D gene exhibited a -10.54-fold reduction in the log2
ratio, indicating substantial suppression in the presence of doxazosin. The CD3D
gene, known as the CD3-Delta unit of the T-cell receptor complex, was initially
identified in T cell lymphocytes. It has since been found to be expressed in both
benign and malignant prostate tissues (Essand, Vasmatzis et al. 1999). CD3D
expression levels is known to be a prognostic marker for a wide range of cancers or
their response to treatment including muscle-invasive BCa (Shi, Meng et al. 2019),
gastric cancer (Yuan, Xu et al. 2022), colon cancer (Yang, Zang et al. 2020), and is a
marker for response to radiotherapy in PCa (Fortis, Goulielmaki et al. 2022).
However, there has been no previous studies to our knowledge that has previously

examined the relationship between CD3D gene expression and PCa cells.

The SLC25A3 gene demonstrated a -9.77 reduction. This gene belongs to a family
of mitochondrial transport proteins and is involved in transport of copper ions which
is need for cytochrome oxidase for cytochrome-c release — this recently described
pathway sometimes referred to as cuproptosis (Wang, Zhang et al. 2022). There
have been no previous studies that have examined the relationship between
adrenergic receptors or its antagonists with cuproptosis. Whilst suppression of
cuproptosis could be a possible pathway in doxazosin induced cell death, further
studies will be needed to clarify this. Moreover, the reduction in expression could be

reflection of disruption to the mitochondrial membrane and subsequent autophagy.
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In all we observed that over 250 genes underwent fold changes greater than 2 in
PC3 cells when exposed to doxazosin. Since our experiments were conducted in
only a single cell line, it would be beneficial to replicate these studies in additional
PCa and BCa cell lines to identify genes that exhibit significant fold changes
associated with doxazosin-induced cell death. This information would aid in
identifying the involved proteins and elucidating the various cell signaling pathways

mediating doxazosin-induced cell death in PCa and BCa cells.

Finally, we conducted /In Vivo experiments to identify if the In Vitro experimental data
could be replicated in animal studies. Using HT1376 subcutaneous cell inoculations
we were able to show for the first time that intraperitoneal injections of doxazosin
(83mg/kg/day) significantly and effectively reduced the growth of both freshly
implanted and established tumour outgrowths as compared to vehicle controls
(Pavithran, Shabbir et al. 2017). Using a combination of immunohistochemistry and
TEM, we were able to show that the inoculated tumour cells retained their original
phenotype and cellular characteristics, further validating the relevance of these

results to the expected effects of doxazosin treatment for tumours in actual patients.

In summary, our experimental data suggests that doxazosin exerts its anti-tumour
activity by initially entering the cell via a dynamin-dependent endocytic process
(independent of the adrenergic receptor). The presence of significant mitophagy in
TEM experiments suggests that doxazosin is potentially mitochondriotoxic whereby
the damaged mitochondria undergo mitophagy. The highest fold change of a yet
uncharacterized gene (LOC100271832) suggests that the actions of doxazosin may
be mediated by proteins and signalling pathways that has not been elucidated to
date, and future work into this could help to understand novel mechanisms involved
in cancer cell death.
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Chapter 10

Future work
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We were able demonstrate that dynamin-mediated endocytic process played a
critical role in the widespread autophagy (mitophagy) and cell death, following
exposure to doxazosin. The effects of doxazosin were demonstrated In Vitro and
also shown to be present lin Vivo. However, the exact molecular mechanisms

involved in this process are still unknown.

While our research was conducted on 2D cell cultures, future studies could utilize 3D
cell cultures to validate our results in a more complex environment, especially since
anoikis has been identified as a significant upstream event leading to doxazosin-

induced cell death.

Future confocal microscopy studies could enhance our understanding of the role of
endocytosis in doxazosin-induced cell death. Although cell viability assays can
determine cell viability as an endpoint, they are inadequate for studying the dynamic
vesicle trafficking involved in endocytosis. Custom-made fluorescent trackers that
tag doxazosin could be developed to study its trafficking within cells using confocal

microscopy and single live cell imaging.

Additionally, next-generation sequencing revealed that doxazosin increased the
expression of several gene families related to autophagy, apoptosis, anoikis, and
lipid metabolism in the PC-3 cell line. Among the genes identified, LOC100271832,
which remains uncharacterized, showed the second highest fold change in cells

exposed to doxazosin. Since the role of this gene and its encoded protein in cancer
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cell death is unknown, further characterization could uncover novel molecular

mechanisms and potentially lead to new cancer therapies.
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Chapter 11

Summary
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Doxazosin, an alpha-1 adrenergic receptor antagonist, is commonly used to manage
hypertension and benign prostatic enlargement (BPE). Besides its adrenergic
receptor antagonism, doxazosin also demonstrates antineoplastic effects against
various cancers, including prostate cancer (PCa) and bladder cancer (BCa).
Although these effects are known to be linked to its quinazoline-based chemical
structure, the precise mechanisms underlying its antineoplastic activity are not yet
fully understood. This study aimed to investigate the cellular mechanisms by which

doxazosin induces cell death in PCa and BCa.

Initially we hypothesised that the antineoplastic activity could be mediated by
receptors that have structurally similarity to the adrenergic receptors. Therefore,
using UniProtKB/SwissProt and PSI-2-Search we identified that SHT share close
structural similarity to alpha adrenergic receptors as well to other (1D and Beta)
adrenergic receptors. However, our experimental data did not yield any positive

results and refuted this hypothesis.

As a next step, we attempted to develop doxazosin-resistant cell lines with a view to
investigate up regulation and/or down regulation of receptor types. We hypothesised
that by developing doxazosin-resistant cell lines, the receptors mediating doxazosin-
induced cell death would be down-regulated and that these cell lines would serve as
useful tool in the study of doxazosin-induced cell death. However, we were unable to

develop a doxazosin-resistant cell line.

Coincidentally, during the experiments to develop doxazosin-resistant cells, we

observed a granular appearance in cells treated with doxazosin.

We then embarked on characterizing and identifying the granulations developing

within doxazosin treated cells. These studies led us to hypothesise that a non-
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receptor mediated pathways (such as endocytosis and pinocytosis) was involved in

doxazosin induced cell death.

We also further explored, the incidental finding of granular appearances within cells
exposed to doxazosin, using SEM and TEM and immunostaining techniques. Our
experiments in non-receptor mediated trafficking were able to demonstrate that the
inhibition of dynamin-mediated endocytic trafficking attenuates the cell death induced
by doxazosin as well as by other quinazoline based adrenergic receptor antagonists.
Our experiments with TEM demonstrated widespread autophagy (mitophagy) in
prostate, bladder and fibroblast cells that were undergoing cell death following

exposure to doxazosin.

We conducted further experiments using chemical inhibitors of autophagy to identify
the precise steps in autophagy that mediated doxazosin induced cell death.
Subsequently, we also performed next-generation sequencing of the PC3 cell line to
investigate the changes in gene expression following exposure to doxazosin. The
experiments revealed that doxazosin increased the expression of several gene
families related to autophagy, apoptosis, anoikis, and lipid metabolism in the PC-3
cell line. Among the genes identified, LOC100271832, which remains
uncharacterized, showed the second highest fold change in cells exposed to
doxazosin. The significance of this very high level of expression of this gene in cells

undergoing cell death following exposure to doxazosin, remains to be understood.

Finally, we conducted /n Vivo experiments to ascertain if the experiments findings
translated to similar actions in nude athymic mice. Our experiments showed that
doxazosin reduced the growth of both freshly implanted —and —established tumours

as compared to vehicle controls.
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Our results raise the possibility that doxazosin could be useful in the management of
advanced urological malignancy, possibly as an adjunct to complement existing

treatments.
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