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Abstract

Prostate cancer is the most diagnosed cancer affecting Canadian men. Prostate tumors
that progress from localized disease to advanced stages show resistance to standard therapy, a
major problem that requires alternative treatments. One new treatment possibility is targeting
lysosomal membrane disruption with lysosomotropic agents, leading to lysosome membrane
permeabilization (LMP) and triggering pathways that result in cell death. Lysosomotropic agents
can also be combined with other targeted agents to increase the efficacy of cell death induction in
different types of cancer. Previous research has shown that the most effective lysosomotropic
agent for inducing ROS generation, lysosome membrane permeabilization, and cell death in
prostate cancer cell lines is siramesine which inhibits acidic sphingomyelinase. My results
indicate that combining siramesine with lapatinib, a tyrosine kinase inhibitor for EGFR and
HER?2, synergistically increased prostate cancer cell death. This combination induced cell death
to a greater extent in an aggressive castration-resistant prostate cell line compared to an
androgen-sensitive prostate cancer cell line or non-malignant cell line. The synergistic increase
in cell death with the combination treatment is mediated by increased ROS levels following
lysosome membrane permeabilization but is independent of the actions of Cathepsin D released
after LMP and caspase activation. The combination also failed to result in BID cleavage.
Combining siramesine and lapatinib resulted in decreased expression of MCL-1, a BCL-2 family
member, and increased cellular and mitochondrial ROS. Treating cells with the antioxidant
alpha-tocopherol attenuated the cell death resulting from siramesine alone or the combination
treatment, suggesting a role for ROS in the caspase-independent cell death. In other cancer cells,

siramesine induces autophagy (self-eating). I found that siramesine and lapatinib caused
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accumulation of the autophagic markers LC3-II and p62 and combining the combination
treatment with chloroquine administration did not further increase expression indicating that
siramesine and lapatinib fail to increase autophagic flux. This suggests the combination treatment
inhibits autophagy and damage to the lysosome through siramesine prevents the progression of
the autophagic pathway and subsequent degradation of the autophagic markers. These results
indicate that combination treatments between lysosomotropic agents such as siramesine and
targeted inhibitors such as the tyrosine kinase inhibitor lapatinib induce ROS driven cell death in
prostate cancer cell lines, but that further work is needed to determine approved treatment
options to target these pathways and provide an alternative treatment strategy in the management

of drug resistant aggressive prostate cancers.
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Preface

A portion of this research in Chapter 4 was used in the publication, E. Garcia, I. Bhatti, E.
Henson, and S. Gibson, “Prostate Cancer Cells Are Sensitive to Lysosomotropic Agent
Siramesine through Generation Reactive Oxygen Species and in Combination with Tyrosine
Kinase Inhibitors,” Cancers, vol. 14, issue 22, 5478. E. Garcia was responsible for the
experimental design, data collection, and data analysis of the majority of experiments in the
publication, except for those noted below. I was responsible for experimental design, data
collection, and data analysis of the western blot experiment to determine PARP and caspase-3
cleavage in Figure 5 of the publication, the Trypan blue experiment to determine cell death with
the siramesine lapatinib combination with a-tocopherol in Figure 8b, the MTS assay experiment
to determine cell death in Supplemental Figure S1, the western blot experiment to determine
MCLI expression in Supplemental Figure S4, the microscopy experiment to determine lysosome
disruption with Lysotracker Red in Supplemental Figure S6, the flow cytometry experiment to
determine ROS expression in Supplemental Figure S7. E. Henson was responsible for
experimental design, data collection, and data analysis of the flow cytometry experiments
determining ROS and assisted in analyzing other data. S. Gibson was the research supervisor,
and responsible for experimental design, data analysis, and manuscript writing. The remainder of

the data collection and analysis in Chapter 4 is my own original work.
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Chapter 1: Introduction

1.1 Prostate Cancer

Prostate cancer is the most diagnosed and third leading cause of cancer-related death,
accounting for about 10% of deaths, in Canadian men as of 2023'. There are several risk factors
that may elevate the chances of prostate cancer diagnosis or mortality such as family history, age,
hereditary mutations, race, and lifestyle and environmental factors such as smoking and
obesity??. In their lifetime, 1 in 8 Canadian men are predicted to develop prostate cancer'. The
majority of cases develops in men older than 50, and screening for prostate cancer can be done
with methods such as digital rectal examination, prostate-specific antigen (PSA) screening,
prostate tissue biopsy, or magnetic resonance imaging (MRI)!*. When diagnosed early, 5-year
survival in stages I to III are nearly 100%, but survival rate sharply declines for stage IV
patients®. Prostate cancers that progress to these advanced stages of the disease are fatal, and
currently existing treatments only extend patient survival and palliate some effects of treatment

on quality of life®.

The prostate gland is an organ that is responsible for producing seminal fluid, which
contains many compounds and enzymes such as PSA. Prostate cancer can develop when prostate
cells mutate in ways that result in them growing and reproducing excessively, exhibiting what
are known as the hallmarks of cancer’ °. Hallmarks of cancer include increased cell proliferation,
avoiding cell growth suppressors and cell death signals, increased genomic instability, metabolic
adaptations, and increased angiogenesis. Typically, the genes mutated in cancer regulate these

hallmarks of cancer involved in cell proliferation, metabolism, death or survival, and cell



differentiation. Mutations in genes such as loss of PTEN or NKX3.1, MYC overexpression, and
chromosomal alterations like TMPRSS2-ERG gene fusion can turn normal prostate epithelial
cells into a prostate intraepithelial neoplasia (PIN) lesion!® . In this pre-malignant state, the
prostate epithelial cells gain more mutations and lead to inflammation in the lesion area. PIN
lesions can progress to adenocarcinoma through more mutations like FOXA1 mutation, loss of
RB1, and activation of telomerase'’2°. These can further progress to metastatic cancer from loss
of the tumor suppressor SMAD4, mutations in BRCA 1 and 2, and mutations in the androgen

receptorzl’zg.

Androgen receptor (AR) is a critical receptor for normal prostate development, but this
also enables it to contribute to prostate cancer carcinogenesis as its activation can be used by
cancer cells to resist cell death and continue replicating?>?* 3. Its main ligands are testosterone
and dihydrotestosterone (DHT), which are steroidal androgens primarily produced in the testes,
with DHT having a greater affinity for the AR****, In response to ligand binding, the AR
translocates from the cytoplasm to the nucleus and binds to the androgen response elements of its
target genes which are responsible for promoting cell growth and proliferation. There are also
connections between AR signaling and cell migration through complexes between AR and the
cell cytoskeleton, which could impact cell motility and metastasis®®*’. The progression of
prostate cancer and the development of castration resistance in prostate cancer is strongly
correlated with AR expression and activity and presents a challenge for therapies against more

aggressive tumors.

1.2 Prostate Cancer Treatment and Challenges



Over the years, treatments for prostate cancer have changed, resulting in longer survival
times for patients. Since 1994 and until 2012, the mortality rate for prostate cancer decreased by
about 2.8% annually, and by 1.6% annually following 2012 until the present'. Some standard
treatments for prostate cancer include anti-hormonal therapies and radiation therapy>. The
treatment used for prostate cancer patients depends on the severity and spread of the cancer.
Prostate cancer is scored based on a set of criteria known as the Gleason score*®* *°. The Gleason
score correlates with the severity of the disease and whether it has metastasized and informs the
treatments given to the patient. Two tissue samples from different areas are taken and graded
from 1 through 5, with lower grades corresponding to well-differentiated tissue that does not
differ significantly from non-malignant tissue, and higher grades for more abnormal tissue.
These two grades are added up from representative tissue samples to give the Gleason score, and
a score of less than 6 is low grade, 7 is intermediate grade, and 8 to 10 is high grade disease. The
combination of Gleason score, PSA level and clinical stage can be used to further categorize
prostate cancer to determine the course of treatment. In the earlier stages of the disease with a
localized, slow growing tumor, the first strategy is keeping watch over tumor progression
through regular surveillance of PSA levels and tissue biopsies*'. This is done to ensure that the
tumor is not progressing, and to maintain patient quality of life, especially in older patients with
low-risk cancer where aggressive treatment would not bring significant benefits. For growing
cancers with a higher Gleason score, surgery or radiotherapy might be used to ablate the tumor
instead. These strategies, however, run the risk of recurrence if tumor cells are left behind to
proliferate once more. Prostate cancer can advance to metastatic prostate cancer and spread to

other organs, typically the bones or lymph nodes***. In the case of recurrence after surgery or



radiation and in more advanced metastatic prostate cancer, the mainline treatment involves using
chemotherapy with taxanes such as docetaxel, combined with hormone manipulation*. The
hormonal-based treatment can involve agents such as luteinizing hormone-releasing hormone
agonists and antagonists, abiraterone which inhibits CYP17A1 and blocks androgen production,
or enzalutamide which inhibits AR in combination with other therapies to inhibit the production

of androgens or the activation of the AR, one of the key players in this disease’s progression*>%°.

This is known as Androgen Deprivation Therapy (ADT)*. ADT is used against prostate cancer
that is metastasized beyond the prostate gland, but which remains androgen sensitive. Ninety
percent of patients find benefit with ADT, but eventually most of them become resistant to the

therapy, resulting in a highly aggressive cancer and poor patient outcomes*’.

Some tumors may become resistant to ADT and other commonly used treatments, and
progress to a more advanced and aggressive phenotype that no longer responds to standard
treatments. There are several different ways the cancer become drug resistant: cell death pathway
inhibition, DNA damage repair, drugs being removed from the cell by membrane transporters
and therefore unable to act upon their targets, alterations in the immune system, epigenetic
modifications, and changes in the tumor microenvironment*’ %, Prostate cancer cells could
become resistant to its main chemotherapeutic taxane docetaxel by overexpressing the ATP-
binding cassette (ABC) transporters such as MRP2, MRP3, and p-glycoprotein, as these
transporters are able to pump certain drugs out of the cell preventing them from exerting their
therapeutic effects*®*. For androgen-based therapies, prostate cancer can become resistant to
ADT when androgen receptor signalling function is restored, which could be through but is not

limited to AR mutations, AR splice variants that remain active constitutively, AR overexpression,



or androgens are synthesized in the prostate®’®%. Once this occurs, the cancer is referred to as
castration-resistant prostate cancer*>*. Most point mutations in the AR in prostate cancer are in
the ligand binding domain, and this makes AR antagonists behave as agonists instead, activating
the receptor and promoting tumor progression and castration resistance**¢7-¢>-7°_ For example, the
mutation F876L/T878A causes a change in the conformation of the AR LBD and switches

t’1. Even in environments with low levels of androgens, AR

enzalutamide into an AR agonis
overexpression can develop by gene amplification, or the cancer cells can show increased
expression of co-regulators for AR allowing the cells to respond to androgens despite their
depletion. This gene amplification is present in 20-33% of castration resistant prostate
cancers®!’>73_ As a result of prostate cancers receiving ADT, the cancer can alternatively bypass
the need for the AR axis entirely and upregulate pathways like the glucocorticoid receptors
which shares some of the same gene targets as AR signaling, causing treatment resistance®. In
addition, using these drugs in sequence with one another can lower their effectiveness due to
cross-resistance, as one study demonstrated that following up abiraterone treatment with
enzalutamide only shows a response rate between 15-30%*%#, Inappropriate activation of AR

can be detected by increased levels of PSA detected in the serum’>"".

Other treatment strategies for prostate cancer have been under investigation in recent
years, such as sipuleucel-T, an immunotherapeutic cancer vaccine that has shown a 4.1-month
median survival increase in phase 3 studies against metastatic castration resistant prostate
cancer*®’8, Studies on immune checkpoint inhibitors that have shown effects in other types of

cancer like ipilimumab which inhibits CTLA4, nivolumab which is an antibody against PD-1,



and pembrolizumab which is an anti-PD-1 monoclonal antibody fail to show the same efficacy in

prostate cancer’” 8!,

Despite available treatments, there is no definitive cure for aggressive prostate cancer.
Thus, there is a need for developing alternative therapy strategies that are effective and carry less
toxic side effects compared to typical chemotherapy regimens to overcome the development of

drug resistance in these prostate cancers.
1.3 Targeting the EGFR with Lapatinib in Prostate Cancer Therapy

In metastatic prostate cancer, there is increased expression of the epidermal growth factor
1 receptor (EGFR) and its ligand epidermal growth factor (EGF)®? %, The expression of the
receptor correlates with a higher Gleason score, and it has been predicted that it may be involved
in the switch from hormone sensitive to hormone resistant prostate cancer. In addition, activation
of the receptor by EGF causes activation of the MAPK pathway, responsible for supporting cell
growth and promoting tumor progression®'8>8¢_ In addition, literature has shown that there is
cross talk between AR and EGFR pathways, as activating EGFR in an AR-negative prostate
cancer cell line resulted in transcription of an AR-mediated reporter gene indicating that
stimulation of EGFR can activate AR pathways and gene targets despite the lack of AR in the
cells®”. EGFR mediated pathways can be targeted with tyrosine kinase inhibitors such as
Gefetinib, which has shown an effect in both androgen sensitive and insensitive prostate cancer
xenograft models but failed to show the same effects in phase II studies on patients®®!.

Lapatinib (GW572016) inhibits tyrosine kinases such as EGFR and HER2, both of which are

altered in cancers such as breast cancer and prostate cancer, and which overexpression can lead



to worse patient outcomes’2. Phase I studies on lapatinib show effects in breast cancer, and the
drug is well tolerated, and FDA approved for breast cancer treatment®>*. In phase II studies on
prostate cancer however, lapatinib treatment alone has minimal effect in advanced prostate
cancer that has not been treated with hormone-based therapies and a moderate effect on
androgen-dependent prostate cancer that has relapsed after primary treatment or some castration-
resistant prostate cancer patients®>°>% In in vitro studies, lapatinib alone has shown apoptosis
induction and migration inhibition in the hormone-sensitive LNCaP cells, but not in the
castration-resistant PC3 cell lines®’. Lapatinib was also able to enhance apoptosis induced by
navitoclax in prostate cancer cells’®. Previous research has shown the combination of siramesine
(a lysosome disrupting agent) and lapatinib induced synergistic cell death in breast cancer cell
lines®. Using lapatinib in combination with other anti-cancer drugs such as lysosome disrupting

agents might be an effective strategy to treat prostate cancer cells.
1.4 Lysosomes as a Target for Prostate Cancer Therapy

One method of developing new therapies is to investigate targeting cellular machinery
such as the lysosome!%. The lysosome is an acidic organelle often located near the nucleus or
cell membrane that is responsible for degrading cellular components and macromolecules, as it
contains enzymes such as cathepsins, hydrolases, proteinases to degrade proteins, and other
degradative enzymes**!°!. It is responsible for a variety of cellular functions, such as protein
degradation, nutrient recycling, and disposing of cellular waste and damaged organelles**!102-104,
In addition, it also has functions in signalling, immune responses, and exocytosis'® . The
102,107,112—116.

lysosome can receive substances for degradation through autophagy or endocytosis

Lysosomes can be classified into two categories, the first being the endolysosome which is the



fusion of a late endosome with a lysosome, and the second being a classic dense lysosome**. The
biogenesis of lysosomes needs to be carefully controlled depending on the nutritional status of
the cell. When there is an abundance of nutritionally relevant biomarkers such as amino acids
present, signalling pathways in the cell result in the activation of mTORCT1 kinase complex on
the lysosomal membrane which inhibits the translocation of the transcription factor controlling
lysosome biogenesis, Transcription Factor EB (TFEB), to the nucleus through phosphorylating
TFEB ensuring it remains bound to a regulatory protein, thereby preventing more lysosomes
from being synthesized!!”. Conversely, in conditions such as starvation, where the cells do not
have sufficient levels of nutrients and other macromolecules, mTORCI1 is not able to activate and
the inhibition on TFEB is released, allowing more lysosome biogenesis and the ability for them
to carry out their function of degrading organelles and other cellular components and the process

of autophagy to recycle nutrients and sustain normal cellular function'!s,

Lysosomes are involved in antigen presentation for immune cell communication.
Lysosomes degrade proteins that are then displayed as antigens on MHC type II molecules in
antigen-presenting cells, which can be presented to immune cells such as T cells'!%!1°,
Lysosome-related organelles in leukocytes can release granules through exocytosis for damaging
pathogens'". Some Toll-like receptors that respond to double stranded RNA from pathogens are
located within the lysosome, and TLRs 7, 8, and 9 need proteolytic processing for their
activation. Lysosomes can also release exosomes to release cellular contents into the
extracellular space or for repairing the membrane'?’. Exocytosis enables lysosomes to clear

cellular substances, which benefits the cells as accumulation of these unwanted molecules can

result in detrimental effects on the cells, as seen in pathologies like lysosomal storage disorders



120.121 * A fter damage to the cell membrane, lysosomes can join and fuse at the site of injury,
helping to seal the insult. Exosomes also contribute to the creation of pseudopods in the process
of phagocytosis!®”1?2. Molecules engulfed by phagocytosis can be subjected to autophagy by the
lysosomes, another one of its key functions in the cell. Given the lysosomes’ myriad uses in the
cell including autophagy in maintaining cellular homeostasis, this makes the lysosome a target

for therapies that disrupt these processes, which can result in cell death.

As lysosomes are critical to healthy metabolic functioning of the cell, cancer cells may
upregulate the number of lysosomes to keep up with the high demands of tumor
proliferation!?*!124, Cancer cells initially have high metabolic needs that benefit from the
macromolecule recycling capabilities of the lysosome**!18125_ Cancer cells often have a greater
number of lysosomes near the plasma membrane compared to the nucleus as opposed to non-
cancerous cells, and this is so the lysosomes can assist in invasion and adhesion of the cancer
cells**1?®. The lysosomes in cancer cells are also larger and more fragile than the lysosomes of
non-cancerous cells'?’. Previous literature has shown that inhibiting lysosome biogenesis through
siRNAs acting against TFEB causes a reduced metastatic potential in cancer cells'?®. Lysosomes,
which are involved in autophagy, can be either tumor suppressive or tumor promoting through
autophagy function'?’. This is because autophagy is tumor promoting in that it prevents ROS
build up which would lead to cell death in conditions like stress and hypoxia, something cancer
cells might experience in larger more aggressive tumors. In prostate cancer mouse models that
have autophagy deficiency through deletion of the autophagy related gene A¢g7, tumor
progression is slowed in both castration-naive and castration resistant cancer'*°. Increased

expression of cathepsin B is correlated with tumor invasion'®!. In addition, lysosome function



can contribute to cancer cells acquiring resistance to first line therapies, as they can sequester
some drugs to the lysosome instead of to their action sites'*?. Therefore, the contribution of
lysosomes in maintaining the homeostasis of cancer cells makes it a target for combination

therapies, by inducing autophagy or cell death through disruption of lysosomal function.

1.5 Lysosomes and Autophagy
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Figure 1.1. The process of autophagy. Autophagy is blocked by mTOR, but this inhibition is
released and autophagy is initiated when the cell experiences stressors such as starvation. This
causes the creation of a vesicle by enzymes such as PI3K class III, beclin-1, and Atg-6 in a
process known as nucleation. Following this, the vesicle undergoes elongation and eventually
forms the autophagosome. The autophagosome-bound protein LC3I is lipidated to become
LC3II. Lysosomes fuse with the autophagosome to form the autolysosome, which is the

organelle that carries out the degradative functions of autophagy. Autophagic degradation can
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free macromolecules such as amino acids and fatty acids to help facilitate protein synthesis, ATP
generation, and ultimately promote cell survival. However, an overabundance of autophagy
activation and degradation can also lead to cell death. This figure is adapted from: Levine, B., &

Yuan, J. (2005)!%.

Lysosomes are involved in autophagy. Autophagy is a process by which cells degrade

cellular components to promote survival during adverse conditions'?

. Autophagy is inhibited
during times where the cell has access to sufficient nutrient levels, as GTPases on the lysosome
activate mMTORC1 which phosphorylates and inhibits proteins in the autophagy initiation
complex**133 When nutrient levels drop, mTORC] is no longer activated, and autophagy can
initiate. During the process, lysosomes fuse with the autophagosome to form the autolysosome,
leading to degrading cellular components such as damaged organelles to promote nutrient
recycling in the cell'*®. For fusion between the autophagosome and the lysosome, SNARE
complexes are formed along with assistance from proteins such as HOPS complex, PLEKHM1,
and EPGS5, which interact with Arl8b and RAB7 on the lysosome, and LC3 on the
autophagosome!!"137-140_ This fusion allows for the components of each organelle to occupy the
interior of the newly formed autolysosome, including hydrolases from inside the lysosome,
which can degrade the autophagic substrates present. The lysosomal degradation pathway

involves several steps: initiation, nucleation, elongation, fusion, and finally degradation'*!

. Upon
initiation, cellular stress and AMP kinase can set off a chain of events that results in mTORC1
downregulation, releasing mTORCI1 inhibition of autophagy proteins in the Atg family and the

ULK1 complex'#*'"1* Nucleation involves activation of the PI3K III complex and recruitment of

vesicles that contain Atg-9'*+1%5, During elongation, two conjugation systems are activated with
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one containing the protein LC31'*¢-148 L.C31 is lipidated by several enzymes to become LC3II
and 1s bound to the autophagosome membrane. The lysosome fuses with the autophagosome to
form the autolysosome which is what carries out the degradative function of autophagy'#.
Autophagy can carry out bulk degradation, but proteins such as p62 can transport cargo to the

autophagosome for more selective degradation'>*!3!,

Previous literature has shown that cancers including prostate cancer have altered levels of
autophagic flux compared to normal cells as well as higher lysosomal content with altered
activity and responses to metabolic changes®. Autophagy can play a role in modulating cell
survival or cell death. Under stressful conditions such as hypoxia, cancer cells have been shown

1'?. However, autophagy has also been shown to have a

to use autophagy to promote cell surviva
tumor suppressive effect when exposing cells to more prolonged stress, as autophagy is induced.
Autophagy can prevent tumor progression, as it prevents cells from being damaged leading to
genetic problems and the initial trigger for cancer'?’. In addition, through degradation of cellular
components, it contributes to nutrient recycling and freeing up building blocks for cancer cells to
synthesize new proteins and continue tumor growth and proliferation'*2. The mechanism

responsible for the switch between the tumor promoting and tumor suppressing effects is not

completely understood.

1.6 Lysosomal Cell Death
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Figure 1.2. Outcomes of lysosome membrane permeabilization. Various triggers such as
calpain activation by increased calcium concentration can cause the permeabilization of the
lysosome membrane, resulting in the release of cathepsins, iron, and ROS generation. This can
lead to several types of cell death through different mechanisms. Release of cathepsins leads to
lysosome-dependent cell death and to necrosis. The released cathepsins can also cause activation
of the NLRP3 inflammasome, activating A, which lead to cell death by pyroptosis. Cathepsins
have also been implicated in causing apoptosis by cleaving BID which activates BAX/BAK on
the mitochondrial membrane leading to release of cytochrome ¢, ROS generation, and the start of
the caspase cascade. [ron and ROS release can result in an iron-dependent form of cell death
known as ferroptosis. This figure is adapted from: Wang, F., Gbmez-Sintes, R., & Boya, P.

(2018).133
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Disruption of the lysosomal membrane, or lysosomal membrane permeabilization (LMP)
can lead to lipid peroxidation, generation of ROS, release of lysosomal contents, and cell death

in a caspase-dependent or independent manner >,

In caspase-dependent apoptosis, membrane disruption results in the release of lysosomal
molecules such as cathepsins, which triggers the caspase cascade indirectly resulting in the
induction of apoptosis'>>!%. The intrinsic pathway for apoptosis involves permeabilization of the
mitochondrial outer membrane (MOMP), which results in the release of cytochrome ¢ and the
rest of the caspase cleavage pathway!”!%8, Lysosome disruption can initiate this pathway as
Cathepsins B and D have been shown to cleave the proapoptotic protein BID. The cleaved BID
then interacts with BAX and BAK, which when activated form a pore in the mitochondrial
membrane which leads to MOMP'*. Due to the links between lysosomes and mitochondria,
antiapoptotic BCL-2 family members have been shown to inhibit LMP as well'%1¢!, LMP can
also cause other forms of cell death independent of caspase activation mediated by reactive
oxygen species (ROS)!?%162 Reactive oxygen species are highly reactive oxygen-based
molecules which can be generated inside cells through exogenous or endogenous means'*!,
Some examples include the hydroxyl radical, superoxide, and hydrogen peroxide!'#!!%,
Endogenously, the main source of ROS generation is the mitochondrial electron transport chain,
including superoxide production at complexes I and I11'**, External factors such as drugs and
stressors such as hypoxia or starvation can also cause cells to increase ROS production!#!:165-167,
Cancer cells have altered metabolism and increased ROS compared to normal cells''®. After

mitochondrial dysfunction and membrane destabilization, ROS is produced which can lead to

lipid peroxidation that results in LMP and further mitochondrial destablization''®. If the redox
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balance is sufficiently disrupted, this causes oxidative stress that when combined with the
damage to organelles results in cell death'®*~!"!, Antioxidants and ROS scavengers including
vitamin E (a-tocopherol) can protect against toxic accumulation of ROS '*%. Siramesine-induced
cell death in CLL has been shown to be blocked by a-tocopherol, and despite not preventing
LMP, it prevented changes in mitochondrial membrane potential and inhibited lipid peroxidation.
This indicated that following LMP, ROS production led to cell death through disruption of the

mitochondria. The effect of lysosome disruption in prostate cancer is not completely understood.

Necrosis is a less frequent type of cell death induced after excessive mechanical and/or
chemical damage events'’>!73. This type of cell death is known to be triggered and regulated in a
more uncontrollable manner. An excessive mechanical damage and significant concentrations of
certain drugs can lead to the rupture of the plasma membrane and DNA damage. This is the more
primitive type of cell death where cellular damage cannot sustain the process of finalizing
signaling cascades or programmed cell death. When lysosome membrane permeabilization

(LMP) occurs rapidly necrotic cell death occurs.

Ferroptosis is the most newly discovered type of cell death that relies on the increased
availability of labile iron through altered iron transport or storage and inhibition of the Xc-
cysteine pathway that imports cysteine as an antioxidant®-172174177 I cells, where these
pathways are upregulated or altered, an increase in labile iron can potentially lead to an increase
in reactive oxygen species which can target oxidation of lipids more specifically than other
cellular processes. An increase in lipid peroxidation rapidly leads to cell death since membrane

integrity becomes unstable and can no longer sustain cell and organelle structure. In breast
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cancer cells, lysosome disruption leads to increased labile iron and ferroptosis®>!”’. The role of

ferroptosis in prostate cancer is unclear.

Pyroptosis is an inflammatory form of cell death involving the inflammasome!7%!78-183,

The inflammasome contains NLPR3 and caspase 1 in complex that is induced by ROS from
lysosomes. This leads to cleavage of IL1 leading to cell death. In prostate cancer cells, the type

of lysosome mediated cell death is unclear.
1.7 Lysosome Targeting Drugs

Targeting the lysosome or the autophagy pathway with drugs is undergoing investigation.
Some antimalarial agents such as chloroquine, hydroxychloroquine, and quinacrine have also
been found to inhibit autophagy in cells, and studies have shown these agents can induce cell
death of cancer cells in vitro!?"!8+1%0_ Other drugs currently under investigation have the goal of
inducing LMP leading to cancer cell cytotoxicity'?’. These include lysosomotropic agents. These
agents are typically cationic amphiphilic drugs (CADs) which are weak bases. At a neutral pH,
such as in the cytosol, these drugs can cross the lipid membrane of the lysosome due to their
lipophilic or amphiphilic nature, but because the inside of the lysosome is acidic due to the
action of proton pumps, the drugs can become charged through protonation, preventing them
from leaving the lysosome. When these drugs accumulate, they disrupt the lysosomal membrane.
Some lysosomotropic agents also use different methods to induce LMP. Lysosomal membranes
are enriched with sphingolipids and glycerophospholipids compared to other membranes in the

cell'®!, Therefore, disrupting the balance of these sphingolipids can lead to membrane fragility
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and LMP induction which cancer cells are more sensitive to than normal cells!?%. This can be

done with drugs like siramesine.
1.8 Lysosome Disrupting Agent Siramesine

To induce lysosomal membrane permeabilization (LMP), lysosomotropic agents such as
siramesine can be used®>!771931%_ QOther lysosomotropic agents include nortriptyline,
amlodipine, terfenadine, mefloquine, desipramine, loratadine, desloratadine, and clemastine,
which have been tested in various cancers such as chronic lymphocytic leukemia (CLL) or
prostate cancer'?>!1°7-2% Of the agents tested in prostate cancer, previous literature suggests that
the acidic sphingomyelinase inhibitor siramesine is the most effective LMP inducing agent'®®.
Within the lysosome is an enzyme called acidic sphingomyelinase (aSMase) that hydrolyses
sphingomyelin into ceramide. Cancer cells have lower aSMase activity than normal cells, and
further inhibiting this enzyme can lead to an increase in sphingomyelin levels, which eventually
results in the disruption of the lysosome membrane and LMP2?"’, Siramesine is an inhibitor of

aSMase which acts as a lipase that converts sphingomyelin to ceramide?*®

. By inhibiting aSMase
from binding to one of its essential co-factors, the inability for aSMase to carry out its function
results in LMP. The subsequent LMP induction can also cause the release and prevent the further
accumulation of other cancer killing drugs that would otherwise be sequestered within the
lysosome, enabling them to go to their active sites and carry out their therapeutic functions,
presenting an avenue for drug combinations with siramesine to re-sensitize cancer cells to these
drugs®®. Literature has shown siramesine is able to cause cell death in glioblastoma in vitro, in
99,156,177,194 The

breast cancer xenografts, in primary CLL cells, and in breast cancer cells in vitro

influence of cathepsin release or the involvement of caspases in cell death was cell type
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dependent. Siramesine has demonstrated promotion of autophagosome accumulation in cancer
cells!®. In prostate cancers, siramesine re-sensitized multidrug resistant PC3 prostate cancer

cells to docetaxel in vitro and in a xenograft model'*?

. When combined with the tyrosine kinase
inhibitor lapatinib, siramesine caused synergistic cell death through ferroptosis in breast cancer
cells, but this combination has not been investigated in prostate cancer’”!”’. Based on these
findings, I will investigate targeting the lysosome to induce cell death in prostate cancer cells,
and since the lysosome is involved in autophagy, whether disruption of the lysosome and its
impact on autophagy plays a role in promoting or preventing cell death of cancer cells. In

addition, using targeted therapy lapatinib in combination with siramesine, [ will determine

whether this combination acts synergistically in prostate cancer cells.
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1.9. Rationale

Prostate cancer is the most commonly diagnosed cancer in Canadian men, and if detected
and diagnosed early, shows good survival rates. However, prostate cancer can develop resistance
to commonly used treatments, and this advanced stage of cancer is fatal. A strategy to overcome
the drug resistance developed by prostate cancer is targeting organelles such as the lysosome.
The lysosome is responsible for a variety of cellular functions in cancer cells but has a weaker
lysosomal membrane in cancer due to altered sphingolipid biology, enabling it to act as a target
for drugs that induce lysosome membrane permeabilization. Lysosome disrupting agents, such as
the aSMase inhibitor siramesine, induce cell death in cancer cells such as glioblastoma, CLL,
and breast cancer. Prostate cancers also show elevated levels of EGFR and HER?2, receptors
which are responsible for cell proliferation, growth, and can contribute to metastasis in cancer.
The tyrosine kinase inhibitor lapatinib can inhibit both receptors. The combination of lysosome
disrupting agent siramesine and tyrosine kinase inhibitor lapatinib induces synergistic cell death
in breast cancer cells. The role of lysosome disrupting agents alone or in combination with

lapatinib in prostate cancer cells is unknown.

1.10. Hypothesis and Aims

Hypothesis: Targeting lysosomal mediated cell death through siramesine alone or in combination

with lapatinib will be effective in inducing killing prostate cancer cells

Aim 1: Determining whether lysosome disrupting agent siramesine and tyrosine kinase inhibitor

lapatinib increase cell death in prostate cancer cell line PC3.
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Aim 2: Determine the mechanism of action for synergy between siramesine and lapatinib.

Aim 3: Define the role of autophagy in siramesine and lapatinib induced cell death.
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Chapter 2: Methods and Materials

2.1 Cell Culture

2.1.1 Cell Culture

There were four cell lines utilized, PC3, LNCaP, RWPE-1, and HEK293 cells. The cell lines
were obtained from the University of Manitoba. PC3 cells were cultured in Dulbecco’s Modified
Eagle Medium F12 (DMEM F12) (12800-082, Gibco) with 5% FBS (12483-020, Gibco) and 1%
Penicillin-Streptomycin (15070-063, Gibco). LNCaP cells were cultured in RPMI Medium 1640
(31800-089, Gibco) with 10% FBS (12483-020, Gibco) and 1% Penicillin-Streptomycin (15070-
063, Gibco). RWPE-1 cells were cultured in Keratinocyte-Serum Free Medium (1X) (10724-011,
Gibco) with 1% Penicillin-Streptomycin. HEK293 cells were cultured in Dulbecco’s Modified
Eagle Medium Low Glucose (DMEM Low-Glucose) with 5% FBS and 1% Penicillin-
Streptomycin. All cell lines were grown in 10cm plates with 7-10mL of media in a tissue culture

incubator at 5% CO; and 37°C.

2.1.2 Cell Passaging

Cells were passaged upon reaching 70-90% confluency and media was changed every 3 days.
For passaging PC3, LNCaP, and HEK293 cells, media was aspirated off and 10mL of PBS was
added to plates before aspirating once more. For PC3 cells, cells were trypsinized with 0.25%
w/v Trypsin-EDTA (25200-072, Gibco) for 5 minutes, while LNCaP and HEK293 cells were
trypsinized for 3 minutes. A minimum of 10mL of media was added to neutralize the Trypsin-

EDTA on cells after trypsinization, and cells were diluted by a ratio of 1:3 or 1:4 and
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redistributed into 100mm plates. For passaging RWPE-1 cells, media was aspirated off and
200uL of PBS was added to plates before aspirating once more. Cells were trypsinized with
0.05% w/v Trypsin-EDTA for 5-8 minutes and observed under microscope periodically to ensure

cell detachment.

2.1.3 Cell Collection

For collecting PC3, LNCaP, and HEK293 cells, media was aspirated off and 500pL of PBS was
added to plates before aspirating once more. For PC3 and HEK293 cells, cells were trypsinized
with 500uL (100mm plates) or 200puL (60mm plates) 0.25% w/v Trypsin-EDTA for 5 minutes,
while LNCaP cells were trypsinized for 3 minutes. A minimum of 500uL of media was added to
neutralize the Trypsin-EDTA on cells after trypsinization, and cells were collected into 15mL
Falcon tubes before centrifuging at 1500rpm for 5 minutes. Media was aspirated off and cells
were resuspended in 500pL of PBS and moved into Eppendorf tubes on ice. Tubes were
centrifuged at 1200xG for 5 minutes at room temperature and PBS was aspirated off to obtain

cell pellets for protein isolation or flow cytometry or stored temporarily at -80°C for later use.

2.1.4 Cell Cryopreservation and Thawing

Cells were collected into 15mL Falcon tubes before being counted and centrifuged at 1200rpm
for 5 minutes. Media was aspirated off and cells were resuspended in freezing media containing
50% of their growth media, 40% FBS and 10% DMSO (D2650-100ML, Sigma). 5x10° up to

1.2x10° cells were placed per vial and were initially frozen at -80°C and transferred to liquid
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nitrogen for storage. For thawing, cell vials were removed from liquid nitrogen and placed in a
37°C water bath until contents were liquid, after which the thawed cells were added to Falcon
tubes containing pre-warmed media and centrifuged at 120rpm for 5 minutes. Media was

aspirated off from tubes and cells were resuspended and redistributed into 10cm plates.

2.1.5 Cell Counting

Cells were collected using the steps described in Cell Collection. Cells were resuspended in
500pL of PBS and transferred to Eppendorf tubes, where 10puL of cells were taken and mixed
with 10puL 0.4% Trypan Blue (T8154-100ML, Sigma). 10uL of the mixture was added to each
chamber of a hemocytometer before counting under microscope. The four corner grids on each
chamber of the hemocytometer were counted, averaged, and multiplied by the dilution factors to
get the number of cells per mL. Cells were seeded based on cells per mL, by calculating the

volume of cells to seed the required number of cells. The equations used are as follows:
average number of cells in 8 grids of hemocytometer X 2 X 10* = cells/mL

number of required cells + cells/mL = volume in mL to seed

2.2 Cell Treatment and Inhibition
2.2.1 Drug Treatments
Siramesine fumarate salt (#SML0976, Sigma) stock was diluted in DMSO to a concentration of

10mM. This stock siramesine solution was diluted and used at a concentration of 10uM in the
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cell line’s respective culturing media for all experiments involving PC3, LNCaP, or HEK293
cells excluding the MTS assay (see MTS Assay). Lapatinib (L-4899, LC Laboratories) stock was
diluted in DMSO to a stock concentration of 10mM, which was then further diluted into aliquots
with a concentration of 0.5mM. The 0.5mM stock lapatinib solution was diluted and used at a
concentration of 0.5uM in for all experiments involving PC3, LNCaP, or HEK293 cells

excluding the MTS assay (see MTS Assay). Both siramesine and lapatinib were stored at -20°C.

2.2.2 Inhibitors

Antioxidant a-tocopherol (#258024, Sigma) was prepared as a stock solution of 0.95g/mL in
ethanol and used at a final concentration of 200pug/mL for 1 hour prior to treatment. z-vad fmk
(#219007, Sigma) stock was prepared at a concentration of 10mM in DMSO and used at a final
concentration of 10uM z-vad for 1 hour prior to treatment. E-64 (#AAJ62933LB0, Thermo) was
prepared at a stock concentration of SmM in DMSO and used at a final concentration of 10uM
E-64 for 1 hour prior to treatment. Chloroquine (#C6628-25G, Sigma) stock solution was
prepared at a concentration of 10mM in distilled, autoclaved water. In experiments, 10 or 20uM
of chloroquine in media was added with the siramesine and lapatinib treatments for 24 hours. z-

vad fmk, E-64, and chloroquine were all stored at -20°C. a-tocopherol as stored at 4°C.

2.2.3 Starvation

Cell starvation was done using the same conditions as all other treatments, but serum-free media

was used in substitute of culturing media.
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2.3 Cell Death and Viability

2.3.1 Cell Death

Cell death was measured using the Trypan Blue cell exclusion assay, following the steps
described in “Cell Counting” above. The average number of dead cells dyed by Trypan blue was
divided by the average total number of cells across all counted chambers to get the cell death

percentage. The equations used are as follows:

total number of live cells in 8 grids + total number of dead cells in 8 grids

= total number of cells overall

average dead cells across 3 experiments

= percentage of dead cells
total number of cells overall across 3 experiments P ge of

2.3.2 MTS Assay for Cell Viability

PC3 cells were seeded at 1.5 x 10* cells per well in 96-well plates and treated with 0.5, 1, 2, 3, 4,
5,6,7,8,9, or 10uM of lapatinib, and 5, 10, 15, 20, 25, or 30uM of siramesine for 24 hours,
with DMSO-only treated wells as a negative control. MTS assay was performed using the
CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit (G5421, Promega). 10uL of
MTS assay solution was added to each well, and plates were incubated for 4.5 hours before being

analyzed on the FLUOstar Omega microplate reader (BMG Labtech) at 490nm.
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2.3.3 Combination Index

An MTS assay was performed (see MTS Assay for Cell Viability) on PC3 cells treated with a
range of lapatinib or siramesine concentrations for 24 hours, and the IC50 was determined for

each drug. The IC50 for each drug was inputted into Chou and Talalay’s formula:

(D)1 n (D)2

where the numerators are the concentrations of the
(Dx)1 = (Dx)2

Combination Index =

individual drugs and the denominators are the concentrations of the drugs used in the
combination treatment, with the subscript 1 corresponding to siramesine and the subscript 2

corresponding to lapatinib.

2.4 Flow cytometry
2.4.1 Dihydroethidium ROS Detection Assay

PC3 cells were seeded at 5 x 10° cells per 60mm plate and treated with DMSO as a negative
control, 0.5uM lapatinib, 10uM siramesine, or a combination of siramesine and lapatinib for 24
hours with or without the addition of 200pug/mL a-tocopherol for 1 hour prior to treatment. Cells
were washed with PBS and stained with 3.2uM Dihydroethidium (DHE) for 30 minutes at 37°C
in the dark before collecting cells into pellets (see Cell Collection). Cells were resuspended in
220uL PBS and run through an Attune NxT flow cytometer (ThermoFisher Scientific) or
CytoFlex S flow cytometer (Beckman Coulter). ROS detection was determined by gating for
DHE-positive cells, indicated with the PerCP channel. Data was analyzed using the FlowJo

software (BD Biosciences).
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2.4.2 Lysotracker Red DND-99 Assay

LNCaP cells were seeded at 5 x 10° cells per 60mm plate and treated with DMSO as a negative
control, 0.5 uM lapatinib, 10 pM siramesine or a combination of siramesine and lapatinib for 24
hours and stained with 100nM Lysotracker Red DND-99 (excitation/emission maxima
577/590nm) in PBS for 1 hour at 37°C in the dark. Cells were collected into pellets. Cell pellets
were resuspended in 220uLlL PBS and run through an Attune NxT flow cytometer (ThermoFisher
Scientific) or CytoFlex S flow cytometer (Beckman Coulter). The change in the loss of
fluorescence of Lysotracker in the cells was determined by gating with the PE channel, as PE has
an emission wavelength of ~575nm. Data was analyzed using the FlowJo software (BD

Biosciences).

2.4.3 MitoSOX Red Assay

PC3 cells were seeded at 5 x 10° cells per 60mm plate and treated with DMSO as a negative
control, 0.5 uM lapatinib, 10 uM siramesine or a combination of siramesine and lapatinib for 6
hours (A), 24 hours (B), or 48 hours (C). Cells were stained with 50 nM MitoSOX Red
(absorption/emission maxima of ~396/610 nm) (Thermofisher Scientific) for 45 minutes at 37°C
in the dark. Cells were collected into pellets (see Cell Collection). Cell pellets were resuspended
in 220ul PBS and run through an Attune NxT flow cytometer (ThermoFisher Scientific) or
CytoFlex S flow cytometer (Beckman Coulter). MitoSOX Red was detected using the PE

channel (CytoFlex S flow cytometer (Beckman Coulter)) or with the BL-2 emission filter
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(590/40nm) (Attune NxT flow cytometer (ThermoFisher Scientific)). Gating of the flow
cytometry assay was done on live cells and MitoSOX Red positive cells. Data was analyzed

using the FlowJo software (BD Biosciences).

2.5 Western Blot

2.5.1 Cell Lysis

Cells were treated for 6, 18, or 24 hours and collected. After collection (see Cell Collection), cell
pellets were lysed with 50uL. NP-40 Lysis Buffer (30mL 5M NaCl (BP358-212, Fisher
Scientific), 100mL 10% NP-40 (74385, Sigma), SOmL 1M Tris (pH 8.0) (T2694, Sigma), 820mL
water) containing 1% Halt Protease Inhibitor Cocktail (100X) (#1862209, Thermofisher). Cells
in lysis buffer were placed on ice for 10 minutes, vortexed for 10 seconds, and placed back on
ice for a total of 3 repeats. Cells were centrifuged at 13,000xG for 15 minutes at 4°C. The
supernatant containing the cellular lysate was transferred to Eppendorf tubes, of which 5 uLL was
taken aside for use in BCA assays (see BCA Assay). Tubes containing lysate were stored at -20°C

initially and then transferred to -80 °C for longer term storage.

2.5.2 BCA Assay

To measure protein concentration, SuL of cell lysate from each sample (see Protein Isolation)
were combined with 15uLL of NP-40 Lysis Buffer to use in the BCA assay. Using the Pierce BCA

Protein Assay Kit (#23225, Thermofisher) and following the manufacturer's instructions to create
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a standard curve with BSA standard from the kit ranging from 0-2000ug/mL BSA, 10uL from
each standard or sample was placed into 2 wells each on a 96-well flat bottom plate. Reagent A
and Reagent B from the kit were combined in a 1:50 ratio of B:A, and 200 pL of this solution
was added to each well. The plate was tapped to mix and eliminate air bubbles and sealed and
stored at 37C for 30 minutes before reading the plate with the FLUOstar Omega microplate
reader (BMG Labtech). The readings from each well of standard and/or sample were averaged

and compared to the standard curve, and the amount of protein was calculated.

2.5.3 Western Blot

Based on the results of the BCA Assay (see BCA Assay), 5-30ug of protein for each sample was
taken and diluted to the correct volume for loading using 4X Laemmli Sample Buffer (#1610747,
Bio-Rad) with 10% B-mercaptoethanol (#1610710, Bio-Rad), and mili-Q water to reach a 1X
concentration of Sample Buffer. The samples were heated at 90°C for 10 minutes. 12% SDS-
PAGE gels were made using 8mL of resolving gel stock solution composed of 30mL 40%
Acrylamide/Bis (#161-0146, Bio-Rad), 25mL of 1.5M Tris-HCI pH 8.8 (#1610798, Bio-Rad),
ImL 10% SDS (#1610301, Bio-Rad), and 43.5mL mili-Q water, as well as 2mL of stacking gel
buffer composed of 2.5mL 40% Acrylamide/Bis (#161-0146, Bio-Rad), 6.3mL of 0.5M Tris-HCI
pH 6.8 (#1610799, Bio-Rad), 0.25mL of 10% SDS, and 15.9mL of milli-Q water. To the 8mL of
resolving gel stock solution, 4pL of TEMED (#161-0800, Bio-Rad) and 40puL of 10%
Ammonium Persulfate (APS) (#1610700, Bio-Rad) was added. To the 2mL of stacking gel stock

solution, 2uL of TEMED (#161-0800, Bio-Rad) and 10uL of 10% Ammonium Persulfate (APS)
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(#1610700, Bio-Rad) was added. For 1.5mm gels, 30uL (15-well) or 40uL (10-well) of the
protein samples was added to each well, while 3uL of Precision Plus Protein All Blue Standard
ladder (#1610373, Bio-Rad) was loaded as a marker for protein molecular weights. The gel was
run at 100V for around 1.5 hours with 1X Running buffer (250.1mM Tris base, 1918.2mM
glycine, 34.7mM SDS) diluted by 1:100 in mili-Q water. After the gels were finished running,
the gel was transferred using 0.22um nitrocellulose membranes on the Trans-Blot Turbo transfer
system (1704150, Bio-Rad) for 10 minutes using the Bio-Rad defined 1.5mm gel protocol for 1-
minigel or 2-minigels depending on how many blots were being transferred at one time in each
chamber and transfer buffer composed of 10mL mili-Q water, 10mL methanol and 30mL Trans
Blot Turbo 5x Transfer Buffer (#10026938, Bio-Rad). After transferring, the nitrocellulluose
membrane was rinsed once with 1X TBST with 1% Tween-20 (BP337-500, Fisher) and blocked
with 5% milk in 1X TBST for 1 hour, before rinsing with 1X TBST three times and adding
primary antibody dissolved in 1X TBST (see Table 2.1) at 4C overnight. Membranes were
washed three times with 1X TBST before adding secondary antibody dissolved in 1X TBST at
room temperature for 1 hour, before rinsing with 1X TBST three times. Western blot images
were taken using a scanner (Licor) using 200-500uL of a solution of equal parts Clarity western
luminol/enhancer solution and peroxide solution from the Clarity Western ECL Substrate kit
(#170-5060, Bio-Rad) per membrane. Images were analyzed with the Fiji is just ImageJ (FLJI)
software or Image Studio software (Licor). Band intensities with backgrounds subtracted were

normalized to B-Actin or a-Tubulin, as well as to negative controls.

2.5.4 Western Blot Antibodies
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Name Molecular | Secondary Concentration | Storage Source
Weight Required Used Condition
(kDa)
Cathepsin D | 30, 50 Rabbit 1:1,000 -20°C Thermofisher
MCL-1 37 Rabbit 1:1,000 -20°C Cell Signaling
BCL-2 26 Mouse 1:1,000 -20°C Cell Signaling
capsase-3 35 Rabbit 1:1,000 -20°C Cell Signaling
Cleaved 17 Rabbit 1:1,000 -20°C Cell Signaling
capsase-3
PARP-1 86, 113 Rabbit 1:1,000 -20°C Thermofisher
LC3A/B 14, 16 Rabbit 1:1,000 -20°C Cell Signaling
p62 62 Rabbit 1:1,000 -20°C Cell Signaling
B-Actin 42 Mouse 1:10,000 -20°C Thermofisher
a-Tubulin 52 Rabbit 1:10,000 -20°C Cell Signalling
HRP Goat- | N/A N/A 1:5,000 4°C LiCor
anti-Rabbit
HRP Goat- | N/A N/A 1:5,000 4°C LiCor
anti-Mouse
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Alexa Fluor | N/A N/A 1:2,000 4°C Thermofisher

488

Table 2.1. List of Antibodies Used.

2.6 Acid Spingomyelinase (aSMase) Activity Assay

The Acid Sphingomyelinase Assay Kit is an enzyme assay that determines acid
sphingomyelinase activity in biological samples through the direct hydrolysis of a fluorogenic
substrate. Steps are adapted from the manufacturers protocol for Echelon Biosciences Acid
Spingomyelinase (aSMase) Activity Assay kit catalogue number K-3200. PC3 cells were seeded
at 5x10° cells per plate and treated with 10 uM siramesine for 24 hours. DMSO was used as a
negative control. Cells were collected into pellets (see Cell Collection) and resuspended with
100pL of Substrate buffer from the aSMase kit and were then sonicated for three 10 second
pulses on ice. The sonicated cells were centrifuged at 13,000xG for 15 minutes at 4°C and the
supernatant was collected. The assay kit Substrate and Stop buffers were brought to room
temperature, and the Standard and aSMase Substrate were placed on ice. 150uL of Substrate
buffer was added to the full vial of Standard, and then diluted through a standard dilution series
using 50uL of the previous Standard solution mixed with S0uL of Substrate buffer. 20uL of each
standard solution or sample was added to the 96-well round bottom plate included in the kit, and
30uL of Substrate buffer was then added to each well. The plate was tapped for 5 minutes.
aSMase Substrate was thawed at 70°C on a heat block for 1 minute and diluted at 1:40 aSMase

Substrate to Substrate Buffer at room temperature. S0uL of the diluted aSMase Substrate was
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added to each well. The plate was sealed and incubated at 37°C for 3 hours. After incubation,
50uL of Stop Buffer was added to each well and incubated at room temperature for 10 minutes.
The plate was read using FLUOstar Omega microplate reader (BMG Labtech) at 360nm
excitation and 460nm emission to determine the aSMase activity in each well, calculated against

the standard curve.

2.7 Microscopy
2.7.1 Lysotracker Microscopy

PC3 cells were seeded at 3 x 10° cells per 60mm plate on flame-sterilized glass coverslips and
treated for 4 hours with DMSO as a negative control, 0.5 uM lapatinib, 10 pM siramesine or a
combination of siramesine and lapatinib. Media was aspirated and cells were stained for 30 mins
at 37°C in the dark with 100nM Lysotracker DND-99 (#L75298, Thermofisher), and fixed for 20
minutes with 1mL 4% paraformaldehyde at room temperature. Cells were washed with PBS and
mounted with mounting media made with Mowiol (#475904, Calbiochem) containing DAPI
(#D9542, Sigma). Images were obtained by confocal microscopy using Cy3 (Lysotracker) and
DAPI channels and the Metamorph software (Molecular Devices). The number of cells with no
punctation and/or weak staining were counted and divided by the total number of cells per

image.

2.7.2 Cathepsin D Immunofluorescence

33



PC3 or HEK293 cells were seeded at 3 x 10° cells per 60mm plate on flame-sterilized glass
coverslips and treated for 4 hours with DMSO as a negative control, 0.5 uM lapatinib, 10 uM
siramesine or a combination of siramesine and lapatinib. Media was aspirated and cells were
fixed with 4% paraformaldehyde, then permeabilized with methanol and quenched with
ammonium chloride (NH4Cl) (A661-500, Fisher) in PBS before blocking for 1 hour, incubating
with a primary Cathepsin D antibody (#PA572182, Thermofisher) for 1 hour, and incubating in
the dark for 1 hour with a secondary Alexa Fluor 488 antibody (#A 11008, Thermofisher). Cells
were mounted with media containing DAPI (#D9542, Sigma). Images were obtained by confocal
microscopy using FITC-50 (Cathepsin D) and DAPI-5 channels using the Metamorph software
(Molecular Devices). The number of cells with no punctation and/or weak staining were counted

and divided by the total number of cells per image.

2.8 Statistical Analysis

Statistical analysis on all data was done using a Student’s T-Test with Welch’s correction. T-test
was done on the replicates (N=3 independent experiments) of each treatment group compared to
the replicates of the vehicle control, and between each treatment group. p<0.05*, p<0.01**, p<

0.001*** p< 0.0001*#**,
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Chapter 3: Results

3.1 Lysosome disrupting agent siramesine inhibits acid sphingomyelinase (aSMase) in

prostate cancer cell line PC3.

It has been previously shown that siramesine is a lysosomotropic agent that accumulates
in lysosomes and disrupts the balance of phospholipids in the lysosomal membrane by inhibiting
the enzyme acid sphingomyelinase (aSMase), leading to lysosome membrane disruption, the
release of lysosomal contents into the cell, and cell death in other cancer types, such as breast
cancer’ !’ To determine whether siramesine inhibits aSMase in prostate cancer cells, 1
conducted an assay that detects aSMase activity. I treated prostate cancer cell line PC3 with 10
uM siramesine for 24 hours. The cells were lysed and aSMase activity determined (Figure 3.1.).
The results showed an approximately 80% reduction which was statistically significant in the
aSMase activity in the cells after the treatment. This indicates that siramesine inhibits aSMase

activation in prostate cancer cells similar to other cancer cells.
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Figure 3.1. PC3 cells treated with 10 pM siramesine for 24 hours show a decrease in
aSMase activity as shown by an aSMase activity assay. PC3 cells were seeded at 5x10° cells
per plate and grown overnight. DMSO was used as a negative control. p<0.05*, p<0.01**, p<

0.001*** p<0.0001**** N=3 independent experiments.

3.2 Siramesine and lapatinib in combination cause synergistic cell death in prostate cancer

cells.

Since the siramesine can inhibit aSMase in prostate cancer cells, and previously it was
demonstrated that siramesine in combination with lapatinib induces cell death in other cancer
cell lines, I then determined whether siramesine and lapatinib combined increased cell death in
prostate cancer cells!””?%, T treated PC3 cells with 10 uM siramesine, 0.5 uM lapatinib, or in

combination for 24 hours and the amount of cell death was determined by Trypan Blue assay. An
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increase in the number of Trypan Blue-stained cells compared to the total number of cells
corresponds to the amount of cell death, as the Trypan Blue dye enters dead cells with disrupted
cell membranes. The combination treatment was able to significantly increase the cell death from
8.7% with siramesine alone and 6.0% with lapatinib alone to 24% in combination (Figure 3.2.).
This suggests that the combination of siramesine and lapatinib increased cell death in prostate

cancer cells.
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Figure 3.2. PC3 cells treated with a combination of 10 pM siramesine and 0.5 pM lapatinib
for 24 hours show significantly higher cell death as determined by Trypan Blue cell
exclusion assay. 5 x 10° PC3 cells were seeded and treated with DMSO as a negative control

(CTRL), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a combination of siramesine and
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lapatinib (S+L) for 24 hours after which a Trypan Blue cell exclusion assay was performed.

p<0.05%*, p<0.01**, p< 0.001*** p< 0.0001**** N=3 independent experiments.

To confirm if siramesine and lapatinib treatment increases cell death, cell viability was
determined by MTS assay. PC3 cells were treated with10 pM siramesine, 0.5 uM lapatinib, or in
combination for 24 hours. I found that cell viability decreased to 88% with siramesine treatment
and 80% with lapatinib treatment alone and further decreased to 35% viable cells relative to the
negative control condition with the combination treatment (Figure 3.3.). The reduction in cell
viability from the control to the combination was statistically significant. These results are
similar to the total cell death following treatment and suggest that the combination treatment is

increase cell death compared to either drug alone.
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Figure 3.3. PC3 cells treated with a combination of 10 pM siramesine and 0.5 pM lapatinib
for 24 hours show significantly decreased cell viability as determined by MTS assay. 5 x 10°
PC3 cells were seeded and treated with DMSO as a negative control (CTRL), 0.5 uM lapatinib
(L), 10 uM siramesine (S) or a combination of siramesine and lapatinib (S+L) for 24 hours after
which an MTS assay was performed. p<0.05%*, p<0.01**, p< 0.001*** p< 0.0001****, N=3

independent experiments.

Since the drug combination increased cell death in PC3 cells, I determined whether this
combination treatment gave synergistic cell death. I performed a series of MTS assays on a range

of concentrations of siramesine alone and lapatinib alone that would produce the same effect as
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the combination treatment of 10uM siramesine and 0.5uM lapatinib. PC3 cells were treated with
0.5,1,2,3,4,5,6,7,8,9, or 10uM of lapatinib, and 5, 10, 15, 20, 25, or 30uM of siramesine for
24 hours, with DMSO-only treated wells as a negative control. After determining these where the

IC50 lies based on the concentrations of the individual drugs alone, I inputted them into Chou

(D)1 + (D)2

oot T o2 where the numerators are the

and Talalay’s formula: Combination Index =

concentrations of the drugs used in the combination treatment and the denominators are the
concentrations of the individual drugs required to produce the same effect as the combination,
with the subscript 1 assigned to siramesine and the subscript 2 assigned to lapatinib®'®. The
combination index determined was 0.7, and as this is less than 1, this indicates that the two

treatments are synergistic when combined at the concentrations used (Figure 3.4.).
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Figure 3.4. Siramesine and lapatinib act synergistically on PC3 cells treated for 24 hours as
determined by MTS assay and the combination index. An MTS assay was performed on PC3
cells treated with a range of lapatinib or siramesine concentrations for 24 hours, and the IC50

was determined. N=3 independent experiments.
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Next, I determined if the cytotoxicity of the combination of siramesine and lapatinib
differs between different cell lines, comparing the effects of the combination on the cancerous
PC3 cells with the non-tumorigenic RWPE-1 cell line?!!. The goal of therapy with drugs is to
selectively target cancer cells while minimizing the impact on surrounding normal tissue, so the
two cell lines were utilized to model this. The metastatic, androgen resistant PC3 cells represent
an aggressive form of prostate cancer and this cell line synergistically responded to the
siramesine and lapatinib combination treatment (Figure 3.2.). To evaluate whether the
combination of siramesine and lapatinib treatment increased cell death in non-transformed
prostate epithelial cells, I used RWPE-1 cells as a model a non-cancerous cell type. RWPE-1 and
PC3 cells were switched to serum-free medium 2 hours before being treated with SuM
siramesine and 0.1uM lapatinib for 24 hours in serum-free medium. With a background cell
death of 22.4% in the RWPE-1 cells, siramesine alone increased cell death to 33.4% percent and
the combination further increased the cell death to 52.5%, a statistically significant increase of
about 30% from the negative control (Figure 3.5A.). In the PC3 cells, the cell death in the
negative control was 9.8%, which was increased to 42.5% with the siramesine and lapatinib
combination (Figure 3.5B.). Only the combination had this effect in the PC3 cells, as siramesine
and lapatinib alone did not induce a significant increase in cell death, being within 10% of the
negative control. This suggests that the combination of siramesine and lapatinib induces cell

death to a greater extent in PC3 cells compared to RWPE-1 cells.
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Figure 3.5. Siramesine and lapatinib treatment of RWPE cells compared with PC3 cells. A.
5 x 10° RWPE cells were seeded and starved in serum-free media for 2 hours before being
treated with DMSO as a negative control (CTRL), 0.1uM lapatinib (L), SuM siramesine (S) or a
combination of siramesine and lapatinib (S+L) in serum-free media for 24 hours after which a
Trypan Blue cell exclusion assay was performed. B. 5 x 10° PC3 cells were seeded and starved in
serum-free media for 2 hours before being treated with DMSO (CTRL), 0.1uM lapatinib (L),
5uM siramesine (S) or a combination of siramesine and lapatinib (S+L) in serum-free media for
24 hours after which a Trypan Blue cell exclusion assay was performed. p<0.05*, p<0.01**, p<

0.001*** p<0.0001**** N=3 independent experiments.

I also compared the effects of the siramesine and lapatinib treatment on a less aggressive
prostate cancer cell line LNCaP. LNCaP is not castration-resistant, unlike PC3%'22!3 T conducted
a Trypan Blue cell exclusion assay for cell death. In the Trypan Blue assay, the LNCaP cells
showed a high background cell death of 28% and following lapatinib, siramesine, and

combination treatments cell death failed to significantly increase with 24.6%, 32.6%, and 38.7%
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cell death respectively (Figure 3.6.). This suggests that siramesine and lapatinib affects

aggressive, androgen-resistant prostate cancer more strongly than the androgen-sensitive prostate

cancer cells modelled by LNCaP.
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Figure 3.6. 0.5 pM Lapatinib and 10 pM siramesine fail to increase cell death in LNCaP
cells after 24 hours. 5 x 10° LNCaP cells were seeded and treated with DMSO as a negative
control (Control), 0.5 uM lapatinib (L), 10 M siramesine (S) or a combination of siramesine
and lapatinib (S+L) for 24 hours. The cells were then stained with 100nM Lysotracker Red
DND-99 for 1 hour at 37°C in the dark. A Trypan Blue exclusion assay was performed for cell
death of LNCaP cells after treatment. p<0.05*, p<0.01**, p< 0.001***, p< 0.0001**** N=3

independent experiments.

3.3 The cell death induced by siramesine and lapatinib on prostate cancer cells is caspase

independent.
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Since siramesine and lapatinib interact synergistically to induce cell death, our next

question was what mechanism was mediating this death. To investigate the contribution of

apoptosis on the level of cell death observed, PC3 cells were treated with 10 uM siramesine and

0.5 uM lapatinib for 6 hours, 18 hours (Figure 3.7A.) or for 24 hours (Figure 3.7B.). A western

blot was performed for common markers of apoptosis such as PARP cleavage or caspase-3

expression and cleavage. At all 3 time points, the treatments did not cause a significant increase

in PARP and caspase-3 cleavage. This indicates that the cleavage of caspase-3, an early step in

apoptosis, is not induced by the treatment.
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Figure 3.7. PC3 cells treated with a combination of 10 pM siramesine and 0.5 pM lapatinib
for 6, 18, and 24 hours do not show increased PARP or caspase-3 cleavage as determined by
western blot. Western blot of 5 x 10° PC3 cells treated with DMSO as a negative control, 0.5
UM lapatinib, 10 pM siramesine or a combination of siramesine and lapatinib for 6, 18 (Panel A)

or 24 hours (Panel B). N=1 independent experiment for A, N=3 independent experiments for B.
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To further expand on whether the cell death induced by the drugs is apoptotic and
involves the cleavage of caspases, I performed a western blot on PC3 cells treated with 10 uM
siramesine, 0.5 uM lapatinib, or both for 24 hours with or without the presence of the caspase
inhibitor z-vad. There is a lack of caspase-3 cleavage and PARP cleavage observed after
treatment, and the addition of z-vad did not change this observation. Using trypan blue exclusion
assay, we found the increased in cell death following treatment with combination was not
changed by the presence of z-vad (Figure 3.8.). The combination treatment with and without z-
vad had a cell death around 47.5 and 47.3% respectively, indicating that the cell death observed
is not affected by inhibition of caspases by the inhibitor, and so a caspase independent form of

cell death is occurring.
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Figure 3.8. z-vad, an inhibitor of apoptosis, does not change the expression of apoptotic
pathway proteins after 24 hour siramesine and lapatinib treatment in PC3 cells. A. Western
blot of 5 x 10°> PC3 cells treated with DMSO as a negative control, 0.5 uM lapatinib, 10 uM

siramesine, or a combination of siramesine and lapatinib for 24 hours with or without the
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addition of 10 uM z-vad for 1 hour prior to treatment. B. Trypan blue exclusion assay of PC3

cells after treatment. N=3 independent experiments.

3.4 Siramesine and lapatinib induce lysosome membrane permeabilization in advanced

prostate cancer cells.

It has been shown that siramesine induces lysosome disruption in breast cancer cells and
my results suggest that the drugs cause synergistic cell death in prostate cancer, so next I
determined whether siramesine alone or in combination can cause lysosome disruption resulting
in cell death in prostate cancer cells as the lysosome may be a potential target for combination
treatments’>!”’. PC3 cells were treated with 10 uM siramesine, 0.5 pM lapatinib, or a
combination of both for 4 hours before being washed, fixed, and stained with a fluorescent dye
Lysotracker (Figure 3.9.). Lysotracker works by fluorescing when the pH is acidic, as it is a weak
base that can diffuse across the lysosomal membrane but becomes protonated and fluoresces at
low pH. Punctate fluorescence in cells indicates intact lysosomes, as shown in Figure 3.9B. The
number of cells with weak or no staining were counted and divided by the total number of cells
in each image to give the percentage of cells without intact lysosomes. From these results, the
treatment of PC3 cells with siramesine and the combination decrease the number of intact acidic
vesicles so that the number of cells with weak staining after the combination treatment is about
37% compared to the negative control with 10% (Figure 3.9A.). This suggests the combination

treatment reduces acidic vesicles in PC3 cells, indicating lysosome membrane permeabilization.
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Figure 3.9. Siramesine and lapatinib treatment decreased lysotracker staining in PC3 cells.
A, B. 3 x 10° PC3 cells were seeded per 60mm plate on glass coverslips and treated for 4 hours
with DMSO as a negative control (CTRL), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a
combination of siramesine and lapatinib (S+L). Cells were stained for 30 mins at 37°C in the
dark with Lysotracker DND-99 and fixed for 20 minutes with paraformaldehyde at room
temperature. Cells were mounted with media containing DAPI. Images were obtained by
confocal microscopy using Cy3 (Lysotracker) and DAPI channels. A. The number of cells with
no punctation and/or weak staining were counted and divided by the total number of cells per
image. B. Confocal microscopy images of PC3 cells. p<0.05*, p<0.01**, p< 0.001***, p<

0.0001**** N=3 independent experiments.

To compare the effect of siramesine and lapatinib on lysosome disruption in another
prostate cancer cell line I used LNCaP, an androgen sensitive prostate cancer cell line?!>%!4,

LNCaP cells were treated with 10 uM siramesine, 0.5 uM lapatinib, or a combination of both for
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24 hours. I then determined the lysosome disruption using lysotracker and analyzed by flow
cytometer. When LNCaP cells were treated with 0.5 uM lapatinib, 10 uM siramesine, or the
combination treatment for 24 hours the loss of fluorescence did not change significantly at 6.0%,
6.7%, and 8.6% respectively when compared to the control (7.5%) (Figure 3.10.). Taken
together, the androgen-sensitive LNCaP cells were resistant to siramesine and lapatinib

treatment.
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Figure 3.10. Siramesine and lapatinib treatment fails to reduce lysotracker staining in
LNCaP cells. C, D, E. 5 x 10° LNCaP cells were seeded and treated with DMSO as a negative
control (Control), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a combination of siramesine
and lapatinib (S+L) for 24 hours and stained with 100nM Lysotracker Red DND-99 for 1 hour at
37°C in the dark. C. Gating for the flow cytometry assay on Lysotracker negative cells in the
control (top) and combination (bottom). D. Flow cytometry assay on LNCaP cells after

treatment. N=3 independent experiments.
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3.5 Siramesine and lapatinib cause mitochondrial dysfunction and ROS production in

prostate cancer cells leading to cell death.

It has been previously shown that siramesine and lapatinib increase ROS contributing to
cell death?!'”’. In addition, previous literature has suggested that siramesine induces apoptotic
cell death in PC3 prostate cancer cells, which could occur through caspase-independent

196 One driver for caspase-independent apoptosis is ROS!'7!2!5, T investigated whether

apoptosis
increased ROS generation through siramesine and lapatinib is contributing to the death of these
prostate cancer cells. I performed a flow cytometry assay using a stain that detects ROS such as
super oxides and hydrogen peroxides known as Dihydroethidium (DHE) in PC3 cells treated for
24 hours with 10 uM of siramesine, 0.5 uM lapatinib, or the combination with or without a-
tocopherol, an antioxidant?'®!”. Siramesine and the combination significantly elevated the level
of ROS from about 10% in the control to about 20% and 40% respectively (Figure 3.11.). When
the antioxidant a-tocopherol is added, cell death from the combination treatment decreased from

45.8% to 7.2%. This suggests that siramesine and lapatinib through their actions on the lysosome

can induce cell death by mediating an increase of ROS in prostate cancer cells.
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Figure 3.11. PC3 cells treated with siramesine and lapatinib increase ROS levels leading to

cell death. A. Gating of the flow cytometry assay on DHE positive cells in the control (top) and

combination (bottom) samples. B. Flow cytometry assay on 5 x 10°> PC3 cells treated with

DMSO as a negative control (Control), 0.5 puM lapatinib (L), 10 uM siramesine (S) or a

combination of siramesine and lapatinib (S+L) for 24 hours with or without the addition of a-

tocopherol for 1 hour prior to treatment. Cells were stained with DHE for 30 minutes at 37°C in

the dark. C. Trypan Blue cell death of PC3 cells treated with lapatinib, siramesine, or the

combination of the two. p<0.05*, p<0.01**, p< 0.001*** p< 0.0001**** N=3 independent

experiments.
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One source of ROS is from the mitochondria and mitochondrial dysfunction contributes
to cell death!!®177-213 To determine if mitochondrial dysfunction might be occurring, I performed
a western blot to determine the expression of MCL-1, a BCL-2 family member and anti-
apoptotic protein that helps regulate mitochondrial function during cell death?!?. PC3 cells were
treated with DMSO as a negative control, 0.5 uM lapatinib, 10 uM siramesine or a combination
of siramesine and lapatinib for 24 hours and a western blot for MCL-1 was performed. The
combination treatment decreased levels of MCL-1 consistently, with a densitometry of about 0.3

normalized to a-tubulin (Figure 3.12.). This indicates that mitochondria dysfunction is occurring.
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Figure 3.12. PC3 cells treated with siramesine and lapatinib decreased MCL1 expression.
A. Western blot of 5 x 10° PC3 cells treated with DMSO as a negative control, 0.5 uM lapatinib,
10 uM siramesine or a combination of siramesine and lapatinib for 24 hours. B. Densitometry of

MCL1. N=3 independent experiments.

Given that the previous results suggest mitochondrial dysfunction is occurring, I

investigated whether this led to an increase in mitochondrial ROS produced and whether this
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contributes to cell death in the prostate cancer cells. To determine mitochondrial generated ROS,
I determined the levels of mitochondrial ROS using a flow cytometry assay with MitoSOX Red.
MitoSOX Red is specific to ROS such as superoxide present in and produced by the
mitochondria????!, PC3 cells treated for 6, 24, and 48 hours with 10 uM of siramesine, 0.5 uM
lapatinib, or the combination showed an increase in the number of MitoSOX Red positive cells
(Figure 3.13.). At 6 hours the percentage of MitoSOX Red positive cells increased from 16.6% to
28.6% with lapatinib, 87.5% with siramesine, and 88.4% with the combination. Lapatinib and
the combination had 34.6% and 61.9% MitoSOX Red positivity after 24 hours, and siramesine
had approximately 10%. After 48 hours of treatment, the control has 18.3% of positive cells,
while lapatinib, siramesine, and combination treatment increased it to 28.1%, 52.1%, and 78.2%,
respectively. This correlated with the amount of cell death following treatment for L and L+S but
not S. This indicates that ROS plays a significant role in siramesine and lapatinib induced cell

death.
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Figure 3.13. PC3 cells treated with siramesine and lapatinib increased mitochondrial ROS
levels. A, B, C. 5 x 10° PC3 cells were seeded and treated with DMSO as a negative control
(Control), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a combination of siramesine and
lapatinib (S+L) for 6 hours (A), 24 hours (B), or 48 hours (C). Cells were stained with 50 nM
MitoSOX Red for 45 minutes at 37°C in the dark and flow cytometry was performed. MitoSOX
Red was detected using the PE channel. D. Gating of the flow cytometry assay on MitoSOX Red
positive cells in the control (top) and combination (bottom) samples. p<0.05*, p<0.01**, p<

0.001*** p< 0.0001**** N=3 independent experiments.

3.6 Siramesine and lapatinib cause lysosome membrane permeabilization and the release of

cathepsins from the lysosome but failed to result in BID cleavage.
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As siramesine and lapatinib can induce LMP and the release of cathepsins from the
lysosome, this could consequently result in increased reactive oxygen species (ROS) generation
inside the cell and the mitochondria, which could be a factor involved in the cell death pathway
154170 T observe if the cathepsins released from the lysosome play a role in the mechanism for
cell death initiated by siramesine and lapatinib treatment, I first performed an
immunofluorescence experiment to determine if Cathepsin D, an enzyme localized to the
lysosome specifically, is released from the lysosome after LMP. To compare the effects on
prostate cells to a non-cancerous transformed cell line, I used the human embryonic kidney cell
line 293 (HEK293) as a control, which is well characterized?*2. HEK293 (Figure 3.14.) and PC3
(Figure 3.15.) cells were treated with 10 uM siramesine, 0.5 uM lapatinib, or a combination of
both for 4 hours before being washed, fixed, and stained with an antibody against Cathepsin D
and an Alexa-488 fluorescently labelled secondary antibody. Lack of punctation and more diffuse
staining indicates loss of intact lysosomes from disruption of the membrane and spillage of
cathepsin D into the cytosol. Comparing the negative control to the combination of siramesine
and lapatinib, there is an increase from about 4.4% to 43% for HEK293 cells, and from 7.4% to
40% for PC3 cells, with weak diffuse staining and therefore disrupted lysosomes (Figures 3.14A.
and 3.15A.). This suggests the combination of siramesine and lapatinib is causing disruption to
the lysosomal membrane, leading to lysosome membrane permeabilization and the release of

cathepsin D into the cytosol.
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Figure 3.14. HEK293 cells treated with siramesine and lapatinib decreased cathepsin D

Cells with Diffuse Staining (%)

punctate staining indicating disruption of lysosomes. 3 x 10° HEK293 cells were seeded per
60mm plate on glass coverslips and treated for 4 hours with DMSO as a negative control
(CTRL), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a combination of siramesine and
lapatinib (S+L). Cells were fixed with 4% paraformaldehyde, then permeabilized with methanol
and quenched with NH4CI/PBS before blocking for 1 hour, incubating with a primary Cathepsin
D antibody for 1 hour, and incubating in the dark for 1 hour with a secondary Alexa Fluor 488
antibody. Cells were mounted with media containing DAPI. A. The number of cells with no
punctation and/or weak staining were counted and divided by the total number of cells per
image. B. Confocal microscopy images of HEK293 cells after treatment. Images were obtained
by confocal microscopy using FITC-50 (Cathepsin D) and DAPI-5 channels. p<0.05%*, p<0.01**,

p<0.001*** p<0.0001**** N=3 independent experiments.
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punctate staining indicating disruption of lysosomes. 3 x 10° PC3 cells were seeded per
60mm plate on glass coverslips and treated for 4 hours with DMSO as a negative control
(CTRL), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a combination of siramesine and
lapatinib (S+L). Cells were fixed with 4% paraformaldehyde, then permeabilized with methanol
and quenched with NH4CI/PBS before blocking for 1 hour, incubating with a primary Cathepsin
D antibody for 1 hour, and incubating in the dark for 1 hour with a secondary Alexa Fluor 488
antibody. Cells were mounted with media containing DAPI. A. The number of cells with no
punctation and/or weak staining were counted and divided by the total number of cells per
image. B. Confocal microscopy images of HEK293 cells after treatment. Images were obtained
by confocal microscopy using FITC-50 (Cathepsin D) and DAPI-5 channels. p<0.05*, p<0.01**,

p<0.001*** p<0.0001**** N=3 independent experiments.
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To determine if the effects of siramesine and lapatinib-induced lysosome membrane
permeabilization are leading to a caspase independent mechanism of cell death, I investigated the
effect of the drugs on BID. BID is a BCL-2 family protein that when cleaved (tBID) and
activated by caspases can interact with the mitochondrial proteins BAK and BAX to cause their
conformational change resulting in pore formation in the mitochondrial membrane in the process
of apoptosis??>??4. Cathepsins have previously been shown to cleave BID in other types of cancer
cells!**?2* To determine whether cathepsin release leads to BID cleavage, I treated cells with the
cathepsin inhibitor E-64°%. A western blot was performed on PC3 cells treated with DMSO as a
negative control, 0.5 pM lapatinib, 10 uM siramesine, or a combination of siramesine and
lapatinib for 24 hours with or without the addition of 10 uM E-64, the cathepsin inhibitor, for 1
hour prior to treatment (Figures 3.16., 3.17.). In Figure 3.16., there is minimal cleavage of BID,
and levels of BID expression do not change significantly from the untreated controls whether it
was treated with E-64 or not. The densitometry of BID after the combination treatment without
E-64 is about 1.5 with a high degree or variance relative to control. Addition of E-64 decreased
the densitometry reading to ~0.6 in the combination treatment lanes. Neither siramesine nor
lapatinib treatment caused a statistically significant difference in the densitometry for BID
(Figure 3.16. C or D). In Figure 3.17., the PC3 cells show a lack of tBID and change in the
expression of BID compared to the untreated control. There were no detectable cleaved BID
bands (Figure 3.16. or 3.17.). The cathepsin inhibitor also has no effect on the amount of cell
death, with the combination treatment resulting in 51.4% cell death without the inhibitor, and
46.5% with the inhibitor (Figure 3.17B.). Despite Cathepsin D being released from the lysosome

after siramesine and lapatinib induced LMP, these results suggest the released cathepsins do not
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cleave BID, and inhibiting the cathepsins does not influence the cell death observed after
treatment. This indicates that cathepsin release from the lysosome failed to contribute to

siramesine and lapatinib induced cell death.
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Figure 3.16. PC3 cells treated with siramesine and lapatinib failed to show cleavage of BID.
A, B. Western blot of 5 x 10° PC3 cells treated with DMSO as a negative control, 0.5 uM
lapatinib, 10 pM siramesine, or a combination of siramesine and lapatinib for 24 hours with (B)
or without (A) the addition of 10 uM E-64 for 1 hour prior to treatment C, D. Densitometry of

PC3 cells treated with (D) or without (C) E-64 relative to control. N=3 independent experiments.
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Figure 3.17. The cathepsin inhibitor E-64 fails to reduce cell death in PC3 cells treated with
siramesine and lapatinib. A, B. Western blot of 5 x 10° PC3 cells treated with DMSO as a
negative control, 0.5 pM lapatinib, 10 uM siramesine, or a combination of siramesine and
lapatinib for 24 hours with (B) or without (A) the addition of 10 uM E-64 for 1 hour prior to
treatment. C. Trypan Blue exclusion assay of PC3 cells after treatment. N=3 independent

experiments.
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3.7 Siramesine inhibits autophagy contributing to cell death when combined with lapatinib.

Autophagy is a process involving fusion of the lysosome to the autophagosome to form
the autolysosome, with removing old and damaged organelles as one of its functions. It can have
a pro- or anti-tumorigenic effect. To investigate whether siramesine inhibits or promotes
autophagy, we evaluated autophagy flux. To measure the effect of siramesine treatment on
autophagy flux, I performed a western blot after treating cells with siramesine and the autophagy
inhibitor chloroquine. Chloroquine blocks fusion of the lysosome with the autophagosome,
preventing the formation of the autolysosome?®?°. This leads to the accumulation of autophagy
marker proteins such as LC3II and p62. LC3II is also increased if autophagy flux is induced, as
LC3I is converted to LC3II during the process of autophagy causing a conformation change that
enables LC3II to move faster through the western blot gel. Under increased autophagy flux,
combining siramesine and chloroquine will further increase the accumulation of LC3II and p62

protein levels compared to siramesine and chloroquine treatment alone.

Siramesine disrupts the lysosome membranes leading to cell death. Since autophagy
requires lysosomes, I determined whether siramesine alone or in combination with lapatinib
inhibits autophagy flux. HEK293 cells were treated with 0.5 uM lapatinib or 10 uM siramesine
or in combination and 10uM of the autophagy inhibitor chloroquine was added 1 hour prior to
treatment to validate and optimize the assay initially (Figure 3.18.). Chloroquine, being an
autophagy inhibitor by preventing the fusion of the lysosome to the autophagosome, is expected
to cause an increase in the amount of LC3II accumulated. Increasing autophagic flux, for
example with starvation, along with the effects of chloroquine cause an even greater

accumulation of LC3II. I determined that LC3II levels and ratio to LC3I increase for siramesine
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and the combination treatment compared to the control in HEK293 cells, but when adding
chloroquine in addition to siramesine, the levels of LC3II are not as significantly elevated as
might be expected with increased autophagy flux (Figure 3.18A.,). For example, LC3II levels
with the siramesine and lapatinib combination have an average density of 10.1 compared to the
negative control and a-tubulin in HEK293 cells (Figure 3.18A.). This changes to 1.7 after adding
chloroquine. There is also no further increase in LC3II levels in the combination compared to
siramesine alone. When I investigated cell death, siramesine and lapatinib increased cell death
from 8.7% in the negative control to 32% with siramesine alone, and 94% with the combination
in HEK293 cells, both values being statistically significant (Figure 3.18B.). Adding chloroquine
increased the cell death in the HEK293 cells from a baseline of 23% with chloroquine alone to
50% with lapatinib and chloroquine, and 48% with siramesine and chloroquine. When
comparing the effects of adding chloroquine to siramesine, the difference is a statistically
significant increase from 32% to 48% percent. This suggests that the damage to the lysosomes
from the siramesine treatment prevents degradation of LC3 resulting in higher levels of LC3-II in
autophagosomes in HEK293 cells, suggesting inhibition of autophagy flux, and that inhibition of
autophagy by the chloroquine treatment fails to decrease cell death, which suggests that

autophagy does not play a role in driving siramesine induced cell death in HEK293 cells.
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Figure 3.18. Siramesine increases LC3II expression in HEK293 cells and blocking
autophagy with chloroquine increases cell death. A. Western blot and B. Trypan Blue
exclusion assay of 5 x 10° HEK293 cells treated with DMSO as a negative control (-), 0.5 pM
lapatinib (L), 10 uM siramesine (S) or a combination of siramesine and lapatinib (L+S) with or

without 10 uM of chloroquine for 24 hours. N=3 independent experiments.

I also performed the chloroquine assay on PC3 cells (Figure 3.19). PC3 cells were treated
with 0.5 uM lapatinib or 10 uM siramesine or in combination and 10uM of the autophagy
inhibitor chloroquine was added 1 hour prior to treatment. Similarly to HEK293 cells, in PC3
cells I determined that LC3II levels and ratio to LC3I increase for siramesine and for the
combination treatment compared to the control. There is also no further increase in LC3II levels
in the combination compared to siramesine alone. However, when adding chloroquine in
addition to siramesine, the levels of LC3II are not as significantly elevated as might be expected
with increased autophagy flux. This suggests that the damage to the lysosomes from the

siramesine treatment prevents degradation of LC3 resulting in higher levels of LC3-II in
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autophagosomes in PC3 cells, suggesting inhibition of autophagy flux. When looking at cell
death, the PC3 cell death is 10% in the negative control, which is increased to 15% with
lapatinib, 13% with siramesine, and 67% with the lapatinib and siramesine combination (Figure
3.19.). Adding chloroquine to these cells results in 21% and 18% cell death when adding
chloroquine to lapatinib and siramesine, respectively. The siramesine and lapatinib combination
increases cell death when chloroquine is added, being 67% without chloroquine and 84% with
chloroquine with no statistically significant difference between these measurements. This
indicates that the inhibition of autophagy by the chloroquine treatment fails to decrease cell
death, which suggests that autophagy does not play a role in driving siramesine induced cell

death.
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Figure 3.19. Siramesine increases LC3II expression in PC3 cells and blocking autophagy
with chloroquine failed to further increased cell death. A. Western blot of 5 x 10° PC3 cells
treated with DMSO as a negative control (-), 0.5 uM lapatinib (L), 10 uM siramesine (S) or a
combination of siramesine and lapatinib (L+S) with or without 10 pM of chloroquine for 24
hours. B. Trypan Blue exclusion assay of PC3 cells after treatment. N=3 independent

experiments.

This was also repeated in both cell lines with 10 uM of siramesine, 10 uM of chloroquine

or in combination for 24 hours and I found a similar trend, as LC3II band density was about 11.9
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with siramesine alone in PC3 cells, and 5.9 when chloroquine was added (Figure 3.20A.). In
HEK?293 cells, this was about 5.0 and 4.6 for siramesine alone and siramesine combined with
chloroquine, respectively. This suggests that the damage to the lysosomes from the siramesine

treatment prevents degradation of LC3 resulting in higher levels of LC3-II in autophagosomes.

In Figure 3.20., when comparing the cell death of HEK293 cells, siramesine alone had
70% cell death compared to the control which had 29%, and chloroquine and siramesine together
had 55% cell death (Figure 3.20C.). The decrease in cell death when comparing the combination
of siramesine and chloroquine to siramesine alone is not statistically significant. For PC3 cells,
siramesine alone had 14% cell death compared to the control which had 7.6%, and chloroquine
and siramesine together had 14% (Figure 3.20B.). Both siramesine alone and the siramesine
chloroquine combination had similar cell death for the PC3 cells with no statistically significant
difference between them. This indicates that autophagy does not play a role in driving siramesine
induced cell death, as the inhibition of autophagy by the chloroquine treatment fails to decrease

cell death.
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Figure 3.20. Siramesine increases LC3II expression in PC3 and HEK?293 cells and blocking

autophagy with chloroquine failed to further increased cell death. A. Western blot of 5 x 10°

PC3 and HEK?293 cells treated with DMSO as a negative control (-), 10 uM siramesine (S), 10

uM of chloroquine (CQ), or a combination of siramesine and chloroquine (S+CQ) for 24 hours.

B, C. Trypan Blue exclusion assay for cell death on PC3 cells (B) and HEK293 cells (C) after

treatment. N=3 independent experiments.
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To further confirm whether autophagy is inhibited after siramesine treatment, p62 levels
were determined by western blot after treatment. p62 cargoes molecules to the autophagosome

and gets degraded by the autolysosome??’

. Using lysosome inhibitors such as chloroquine will
prevent the formation of functional autolysosomes and the degradation of p62, so if there is an
increase in autophagy flux, p62 after treatment with chloroquine will accumulate. PC3 cells were
treated with 10 uM siramesine, without or without 20 uM chloroquine added 1 hour prior, and
the cellular proteins were isolated and western blotted for p62 levels. Treatment with siramesine
failed to decrease p62 levels and when siramesine is combined with 20uM chloroquine, p62
levels increased to about 1.1 with siramesine alone and to 1.7 with the siramesine chloroquine

combination compared to the control after densitometry analysis (Figure 3.21.). This indicates

the siramesine fails to induce autophagy in PC3 cells.
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Figure 3.21. There is no decrease in p62 in PC3 cells treated with siramesine or
chloroquine. A. Western blot of 5 x 10° PC3 cells treated with DMSO as a negative control (-),
10 uM siramesine (S), 20 uM chloroquine (CQ) or a combination of siramesine and chloroquine
(S+CQ) for 24 hours. B. Densitometry of p62 in western blot relative to the negative control.

N=3 independent experiments.
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Starvation increases autophagy leading to cell survival in some cases and cell death in
others??®. To determine whether siramesine treatment increases starvation induced cell death,
PC3 cells were treated with siramesine alone or in starvation conditions using serum-free media
for 24 hours. I found that LC3II levels increased under normal and starved conditions compared
to the control groups of each category, but the starvation condition failed to further increase
LC3II levels (Figure 3.22B.). Average LC3II densitometry is about 3.6 with siramesine in normal
conditions relative to the control, and in starvation with siramesine the density is about 2.7 with
negligible statistical difference between these values. Furthermore, siramesine increased cell
death from 7% in the untreated starvation condition to 50% under starvation and siramesine
treatment, a statistically significant increase. This suggests that siramesine inhibits autophagic

flux and further increases starvation induced cell death.
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Figure 3.22. Starvation does not increase the amount of LC3II in PC3 cells treated with
siramesine. A. Western blot, B. densitometry of LC3I, LC3II, and p62 compared to untreated
control samples under 24 hour starvation or no starvation, and C. Trypan Blue exclusion assay
for cell death of 5 x 10° PC3 cells treated with DMSO as a negative control (-), 10 uM
siramesine (S), or 10 uM chloroquine (CQ) with or without starvation for 24 hours. N=3

independent experiments.



Chapter 4: Discussion

4.1 Discussion

Drug resistance is a major problem occurring in prostate cancer. In castration resistance
in prostate cancer, treatment with ADT is ineffective requiring the need for alternative therapy
strategies and drug combinations???. As prostate cancer cells are more sensitive to lysosome
membrane permeabilization and have increased lysosome size and number of lysosomes
compared to non-cancerous cells, targeting the lysosome is one strategy for overcoming drug
resistance in advanced prostate cancers'®>. Combination therapy supports this strategy by
affecting multiple pathways that can interplay and convergently affect the lysosome in cancer

cells leading to various forms of cell death**°

. My results indicate that the lysosomotropic agent
siramesine alone and in combination with the tyrosine kinase inhibitor lapatinib leads to

synergistic cell death in the castration resistant p53 mutated PC3 prostate cancer cells.

Siramesine was initially developed as a drug for depression treatment due to its ability to
inhibit sigma-2 receptors and does not have FDA approval as a cancer treatment, but research has
shown that if repurposed as a lysosomotropic agent it can effectively cause cell death in a variety
of cancer cell lines”®!77:194-196.218 Siramesine has been demonstrated to kill breast, CLL and
glioblastoma cells and the form of cell death varies by cancer type®®!°¢177:231.232 Among all the
lysosomotropic agents tested, siramesine was demonstrated to have the most potent killing effect
on prostate cancer PC3 cells, and when combined with lapatinib this effect is further
increased!®. Siramesine and lapatinib combination were able to increase ROS and induced cell

death in PC3 cells that was attenuated by adding the antioxidant a-tocopherol. This indicates that
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ROS contributes to prostate cancer cell death, which could result from the lysosome membrane’s
sensitivity to disruption by ROS because unlike other organelles, lysosomes lack enzymes like
superoxide dismutase, catalase, or glutathione peroxidase that could act as antioxidants'®. In
addition, siramesine induced cell death involves mitochondrial ROS and loss of mitochondrial
membrane potential. In other cell types such as breast cancer, leukemia, and glioblastoma cells,
siramesine also increased ROS and treatment with antioxidants reduced siramesine induced cell

death®136177:194 Thys, siramesine is an effective lysosome disrupting agent leading to cell death

mediated by ROS.

Lysosome disruptors like siramesine can cause the lysosome content to release into the
cytosol which can activate other intracellular signalling pathways such as release of
cathepsins!®%?33, Cathepsins are proteases that are located within the lysosome!®. Cathepsins
leaked from LMP have been shown to cleave BID, causing an apoptotic cell death pathway
activation as the cleaved BID cleaves BAX/BAK on the mitochondria, and connects lysosome
disruption with mitochondrial dysfunction!'!®?**, In other cancer types, cathepsins have been
implicated in cell death resulting from treatment. For example, in CLL cells treated with valproic
acid, cathepsin B is released and plays a role in cell death®*. In contrast, siramesine induced
release of cathepsin B in CLL cells fails to contribute to cell death!>®. My results indicate that
siramesine and lapatinib treatment causes the release of cathepsin D into the cytosol of prostate
cancer cells, but the cell death observed is independent of this given that inhibition of cathepsin
function with E-64 does not decrease cell death. The treatments and subsequent cathepsin release
also failed to cause significant BID cleavage. One possible explanation for this is the inactivation

of cathepsins in the neutral pH of the cytosol**®. However, other studies do show cathepsins
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playing a role in prostate cancer cell growth and proliferation, such as work done by Park et al. in
2020 showing that knockdown of cathepsin A leads to inhibition of PC3 and Du145 cell

proliferation and migration®*’

. The extent and time of the release of cathepsins could also impact
their ability to contribute to cell death. Taken together, cathepsins might not be essential to

induce lysosome mediated cell death in prostate cancer cells.

Many lysosomotropic agents have been identified to induce cell death in cancer cells.
Cationic amphiphilic drugs (CADs), incorporate into lysosomal membranes and neutralize the
pH in the lysosome luminal space'*”!%%23 This leads to inhibition of enzyme activity such as
cathepsins and lipases. There are over 30 different CADs that have shown cytotoxicity in cancer

197 CAD antihistamines are effective

cells and demonstrate lysosome membrane permeabilization
at inducing lysosome-mediated cell death and patients taking antihistamines during
chemotherapy showed reduced patient mortality rates. A study by Garcia et al. showed that
clemastine, desipramine, and siramesine cause cell death in prostate cancer cell lines including
PC3 cells after 24 hours of treatment!°®. Another lysosomotropic agent is tetrahydrocannabinol,
the active component of Cannabis®*°, Tetrahydrocannabinol destabilizes lysosomes by inhibiting
the enzyme dihydroceramide desaturase (DEGS1) leading to cell death. In a clinical trial,
tetrahydrocannabinol treatment of glioblastoma patients indicated it could potentially increase
survival*®’, Antibodies directed against CD20 have also shown lysosome disrupting activities in

241

leukemia cells, but the mechanism is still unclear™". Drugs, such as antimalarial drugs, can also

h2*2, Besides small-

accumulate in lysosomes increasing ROS production leading to cell deat
molecule drugs, nanoparticles can target the lysosome inducing LMP?**2#_ In addition, they can

deliver chemotherapy or targeted therapy drugs to cancer cells. This is an attractive approach as |
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demonstrated lapatinib and siramesine can induce synergistic apoptotic cell death and if targeted
to cancer cells could overcome the issue of resistance while limiting toxicities on healthy cells.
Further research is necessary to determine if lysosomotropic drugs will be effective in the

clinical setting.

Lysosome-mediated cell death leads to different forms of programmed cell death.
Previous research suggested this combination of siramesine and lapatinib induces apoptotic cell
death as determined by an Annexin V assay in CLL cells, but in prostate cancer cells, I showed
inhibiting caspases with z-vad fimk does not mitigate the amount of cell death'*°. In breast cancer
cells, the combination of siramesine and lapatinib induced iron-dependent cell death called
ferroptosis®®!”’. When cell death was examined at later time, it was shown breast cancer cells
were dying from autophagy-mediated cell death!””. Other lysosomotropic agents can trigger
activation of NLRP3 inflammasomes leading to pyroptosis and could be regulated by the release
of lysosomal cathepsins!®*»?%¢. Based upon my results and other published reports, it seems the
ability of lysosome disruption to induced different types of cell death depends upon the cellular

context and needs to be further investigated.

Lysosome membrane disruption leading to cell death is regulated by the sphingolipid
pathway!°%192247 Siramesine is an effective inhibitor of acid sphingomyelinase (aSMase) leading
to LMP!%!192 Indeed, I found that siramesine can effectively block the activity of acidic
sphingomyelinase, an enzyme in the lysosome that breaks down sphingomyelin into ceramide in
prostate cancer cells. Many other CADs can inhibit sphingomyelin phosphodiesterase (SMPD1)
leading to LMP!9%199:248-250 [t has also been shown that siramesine induces cell death in CLL

cells altering sphingosine levels and causing LMP!>®, Other researchers have found that in
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glioma cells, the accumulation of sphingomyelin leads to cell death, and cancer cells are more
sensitive to this compared to non-malignant cells®®'. The cancer cells also showed lower baseline
levels of sphingomyelin. The balance of phospholipids in tumor cells as well as their lysosomal
membranes is critical for the outcome of cancer cells, and disruption of this balance can lead to
cell death!?>197:198.247 ‘1 CLL cells, sphingosine levels are increased and when sphingosine was
added to CLL cells, lysosome membrane permeabilization and cell death was observed''®.
Alterations in sphingolipid pathways have been described in many cancers'?”!2. This impacts
cellular homeostasis and metastasis in cancer cells. Taken together, this suggests that targeting

lysosomes will be an effective treatment in many types of cancers.

An alternative use for lysosomotropic agents like siramesine has the potential to enhance
immunotherapy against prostate cancer, which has a relatively “cold” tumor environment that

252 Various clinical trials

prevents the recruitment of immune cells and their anti-tumor actions
for immunotherapy options such as Sipuleucel-T, anti-PD1 or PD-L1 therapy, have shown
varying levels of success with metastatic castration resistant prostate cancer, but using siramesine
or other LMP inducing agents in combination with immunotherapy could be investigated to
increase the effectiveness of these treatments’® . It has been shown that ROS generation leading
to lysosome membrane disruption can induce a form of cell death known as “immunogenic cell
death,” which stimulates immune cells to mount a response against the dying cell'®.
Immunogenic cell death has 2 proposed mechanisms, one intrinsic and one extrinsic, and
involves immune cells. Because this study was only done in cancer cell lines, determining if

siramesine could cause immunogenic cell death would require an in vivo animal model or

immune cell co-culture. Potentially the combination with siramesine can produce a "hot" tumor
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microenvironment given that it causes ROS increase, LMP, and cell death resulting in the cell
displaying dead cell markers and benefiting immunotherapies being used against advanced
prostate cancer. This reflects work done by Fossel et al., where the prostate cancer cell line
Dul45 showed lysosome disruption and cell death after being treated with p-LDL resulting in
increased ROS around the lysosome®>. In another study, researchers showed activating xanthine
oxidase with Alternol showed similar effects in prostate cancer cells but not in non-tumor
cells?®*. In both studies, lysosome-induced immunogenic cell death was activated directly by the
actions of the oxidation-related damage causing agents, and so combining siramesine is an
avenue to further contribute to this form of cell death in cancer cells that are resistant to other

forms of immunotherapy.

Autophagy plays a role in maintaining cellular homeostasis and is a process that involves
the fusion of lysosomes with autophagosomes'!. Previous literature shows autophagy can also
contribute to both cell survival and cell death functions!!>116:12%255 ‘When basal autophagy is
active, it promotes tumor cell survival by ensuring nutrient recycling in adverse cell conditions
but increasing autophagy can become unsustainable resulting in cell death '?°. Given that the
lysosome is involved in autophagy, targeting the lysosome with drugs like siramesine can disrupt
autophagy. In a 2017 study by Ma et al., they found that in addition to ferroptosis, the
combination of siramesine and lapatinib induces autophagic cell death in breast cancer cells at
later times'”’. This correlated with increased autophagosomes after the combination treatment of
siramesine and lapatinib. In prostate cancer cells, I showed that siramesine can inhibit
autolysosome formation and increase autophagosomes without significantly increasing

autophagic flux. Further work is required to determine the extent to which autophagy is
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protective against the combination of siramesine and lapatinib for prostate cancer cells, and if
blocking autophagy flux through the combination treatment blocks cell survival. Siramesine is
not the only drug that is able to cause lysosome permeabilization leading to inhibition of
autophagy. One type of LMP agent is chloroquine analogs that can target the lysosome, similar to
how siramesine targets it to prevent autophagy and induce LMP?%. In addition, these
chloroquine derivatives block the process of autophagy, contributing to their cancer killing
ability. Previous literature has shown that chloroquine analogs are able to cause apoptosis to
occur in breast cancer, colon cancer, and glioblastomas alone or in combination with
chemotherapy®*®. For example, the chloroquine derivative LYSO05 can be used as single agent and
can also be used with protein kinase inhibitors such as BRAF inhibitors to induce cell
death?>%2%7 However, some chloroquine derivatives result in various downsides. One such
example is HCQ which has been given in combination therapy, and clinical trials treatment with
HCQ has resulted in side effects such as neutropenia, thrombocytopenia, and sepsis?*®. Other
drugs that act as lysosomotropic agents similarly to siramesine and chloroquine that induce both
lysosome membrane permeabilization and inhibition of autophagy might be viable for clinical

studies.

Lapatinib is a tyrosine kinase inhibitor that can inhibit EGFR (also known as HER1) and
HER?2 receptors®”. EGFR is a receptor that interacts with epidermal growth factor and is often
upregulated in cancers including prostate cancer, which is thought to contribute to prostate
cancer acquiring resistance to androgen-based therapies®*. EGF is also a necessary growth factor
for prostate development®®®. HER2 is an EGFR family member that requires binding to EGFR or

other family members to become activated®*'?2, When overexpressed it can homodimerize and
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become activated. Overexpression of HER2 in breast cancer cells leads to invasion-promoting
peripheral localization of lysosomes'*!?®*. These EGFR family receptors could also inhibit
autophagy flux preventing autophagy mediated cell death, which suggests an important role of

264

lysosomes in their function®®. The upregulation of both receptors has been implicated in

promoting prostate cancer metastasis, as blocking their function prevents the growth of tumor

xenografts in mice?®

. Unfortunately, EGFR inhibitors were not successful in clinical trials, but
using lapatinib in combination with siramesine gave synergistic cell death in prostate cancer cells
suggesting this might be a viable treatment strategy for this cancer®®8-9-196:265.266 Eyrthermore,
expanding the combination of lysosome-disrupting agents to other targeted therapies such as

antibodies or other kinase inhibitors could be an effective strategy to treat prostate cancers and

will be the focus of future research.

4.2 Overall Conclusion

The combination of siramesine and lapatinib treatment in the prostate cancer cell line
PC3 can cause lysosome membrane permeabilization leading to ROS production which is
responsible for causing an apoptotic form of cell death independent of caspase activation.
Caspase-independent apoptosis is additionally independent of the actions of cathepsins leaked
during LMP. The combination treatment inhibits autophagic flux from progressing, which could
prevent prostate cancer cell survival against starvation. Thus, targeting lysosome-mediated cell
death in combination with targeted therapies could be an effective strategy to treat aggressive

prostate cancer.
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Figure 4.1. Proposed mechanism of action for the siramesine and lapatinib combination-
induced cell death. Siramesine and lapatinib cause lysosome destabilization leading to LMP,
cathepsin release, and ROS generation. However, there is no cleavage of BID by cathepsins.
Instead, ROS contributes to a caspase-independent form of cell death. The drug combination also
inhibits autophagy, which attenuates the pro-survival effect of autophagy. This figure is adapted

from: Wang, F., Goémez-Sintes, R., & Boya, P. (2018).133

4.3 Future Directions

Utilizing lysosomotropic agents in combination with tyrosine kinase inhibitors is a
potential strategy for overcoming drug resistance in advanced prostate cancers, but further work
needs to be done to explore the therapeutic benefits of this combination. Siramesine and lapatinib

showed synergistic cell death in prostate cancer cells, but the side effects for this combination in
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a clinical setting are still unknown nor the mechanism of action for their synergy. Both drugs are
not FDA-approved for use in prostate cancer but given that the combination resulted in prostate
cancer cell death, drugs within similar categories such as other aSMase inhibitors that are FDA-
approved can be tested to determine if the actions on aSMase by siramesine and EGFR or HER2
by lapatinib are what drive their cytotoxicity in prostate cancer cells. Combinations between
other currently approved prostate cancer treatments including chemotherapy, hormone-based
therapies, and radiotherapy with lysosomotropic agents and tyrosine kinase inhibitors can also be
investigated to evaluate if this can prevent the progression of prostate cancer and emergence of

castration resistance.

These results were obtained using in vitro cell lines including the castration-resistant
advanced prostate cancer cell line PC3, the representative transformed cell line HEK293 and the
non-malignant RWPE-1, but not an in vivo model. To more closely simulate the tumor
microenvironment and potential impact of interactions with the immune system on the efficacy
of the drug combination, the next steps would be to translate these experiments to an in vivo

model, such as testing in mouse prostate cancer xenografts.

Previous literature has elucidated several links between the lysosome and mitochondria
after lysosome membrane permeabilization. Despite studies that show cathepsins released from
LMP lead to BID cleavage, subsequent BAX/BAK activation on the mitochondrial membrane,
and apoptosis, the combination of siramesine and lapatinib resulted in cell death that was
independent of the actions of the LMP-released cathepsins. Instead, the combination induced cell
death was through an ROS-dependent caspase-independent mechanism. Mitochondrial

membrane permeabilization (MMP) has been shown to result from LMP leading to caspase-
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independent cell death, so future investigations can measure the mitochondrial membrane
potential (Aym) to determine if MMP takes place after siramesine induces LMP. This can provide
new insight into combinational treatments for prostate cancer, and their mechanism of action on

the lysosome, the mitochondria, and in cell death.
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