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Abstract

Present bladder cancer therapies have extremely limited therapeutic impact giving it the
highest lifetime treatment cost per patient and leading to an imperative need for
investigation of novel therapies. Recent literature suggests hydrogen sulfide (H2S), an
endogenously produced gaseous signaling molecule, plays a pivotal role in cancer
pathophysiology. This study investigated the effect of inhibiting endogenous H2S
production on bladder cancer progression. We targeted the H2S-producing enzyme,
cystathionine y-lyase (CSE), and found that inhibiting its activity significantly attenuated
5637 and MB49 bladder cancer cell viability. Furthermore, an intravesical murine model
of bladder cancer was subjected to single and combination intravesical therapies consisting
of the CSE inhibitor, propargylglycine (PAG), and gemcitabine (GEM) chemotherapy
followed by evaluation of tumor response via magnetic resonance imaging, pathology, and
immunohistochemical staining. We observed a significant attenuation of tumor growth and
invasion following CSE inhibition and enhanced anti-cancer effects of GEM by PAG,
resulting in tumor regression and abrogation of invasion. Our findings suggest that
inhibition of endogenous H2S production induced apoptosis and an immune response and
attenuated VEGF-led neovascularization and proliferation within the bladder tumor. It also
enhanced the pro-apoptotic and anti-neovascularization effects of GEM. Therefore,
inhibition of endogenous H2S production may have antineoplastic potential as well as
additive effect with conventional chemotherapy on bladder cancer progression, suggesting
H2S as a novel target for developing improved combination therapies against bladder

cancer.
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Summary for Lay Audience

Bladder cancer is the 10" most common cancer worldwide with almost 600,000 new cases
and over 200,000 associated deaths occurring in 2020 alone. Current bladder cancer
therapies are inadequate and associated with high failure and complication rates, lengthy
treatment times, and are extremely costly. Therefore, novel therapies need to be
investigated. Hydrogen sulfide (H2S), a gas produced within all mammalian cells, has been
shown to play an important role in the development and progression of cancer. This study
investigated the effect of inhibiting H2S production on bladder cancer progression in
combination with a clinically used chemotherapy using a mouse model. Mice with bladder
cancer received single and combination therapies consisting of an inhibitor of H2S
production and chemotherapy. Therapies were administered directly into the mouse
bladder and tumor growth was evaluated by magnetic resonance imaging and pathology.
We reported that inhibition of H2S production slowed the growth of the bladder tumors and
reduced their invasiveness. Moreover, we reported that inhibition of H2S production
increased the anti-cancer effects of chemotherapy as a reduction in both bladder tumor size
and invasiveness was observed compared to chemotherapy alone. Therefore, we conclude
that inhibiting H2S production in conjunction with chemotherapy may serve as an improved

combination therapy for bladder cancer.
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1 Introduction

1.1 Bladder Cancer

Bladder cancer is the 10" most common malignancy worldwide with almost 600,000 new
cases and over 200,000 associated deaths occurring in 2020 alone [1]. Seventy-five percent
of patients have non-muscle invasive bladder cancer (NMIBC) at the time of diagnosis [2].
This is when the cancer is present on or within the superficial layers of the bladder
urothelium. The remaining 25% have muscle-invasive bladder cancer (MIBC), where the
cancer has invaded the detrusor muscle and/or has spread beyond the bladder [2]. Despite
the majority of bladder cancer cases being superficial, patients who have and have not
received intravesical therapy have a 78% chance of recurrence and 45% chance of
progression after 5 years [3]. Moreover, bladder cancer can be further categorized as low-
or high-grade. Thirty percent of NMIBC patients have high-grade bladder cancers which
consist of poorly differentiated cells. This type of cancer is much more aggressive
compared to lower grade pathologies as it has a higher tendency to recur, progress, and

metastasize [4].

1.1.1 Current standard of care for high-grade NMIBC

The current standard of care for high-grade NMIBC is a transurethral resection of the
bladder tumor (TURBT) followed by intravesical therapy, which involves administration
of immunotherapy or chemotherapy directly into the bladder. This allows the active drug
to come into direct contact with the cancer cells and the rest of the urothelium. A typical
treatment course consists of six weekly induction sessions followed by one to three years
of maintenance doses depending on the risk stratification of the tumor [5]. Bacillus
Calmette-Guerin (BCG) immunotherapy is the most common first line intravesical therapy
[6]. 1t works by binding fibronectin, activating the patient’s immune system, and inducing
an inflammatory response, reducing the risk of progression by 30% [7]. Unfortunately,
after one to two years of treatment 40% of patients experience recurrence [8] and 70%
experience adverse local and systemic effects [9] such as dysuria, hematuria, or BCG sepsis
where an infection occurs within the blood stream [8]. Furthermore, an ongoing world-

wide shortage of BCG was declared in 2018, further limiting the number of patients who



could receive full dose BCG. Current salvage intravesical chemotherapies include
gemcitabine (GEM) and mitomycin C (MMC), which work by inhibiting DNA synthesis
of actively dividing cells. Namely, GEM results in the addition of GEM diphosphate and
GEM triphosphate into DNA whereas MMC results in crosslinks within the DNA. A
prospective trial using patients who progressed after, or failed BCG immunotherapy treated
54 patients with GEM and 55 patients with MMC and found the rate of recurrence and
progression to be less for GEM (28% and 11%, respectively) than MMC (39% and 18%,
respectively) [10]. The time to recurrence was also longer for GEM; however, no statistical
significance was found for any of these findings (p>0.05). Notably, the overall incidence
of adverse events was significantly less for GEM than MMC (38.8% vs. 72.2%; p=0.021).
These findings suggest GEM may be the superior option of the two chemotherapeutic
agents. Two other studies compared GEM to BCG in high-grade NMIBC patients. The first
study found the recurrence rate to be significantly less for BCG (28.1% vs. 53.1%;
p=0.037) which also had a significantly longer time to recurrence compared to GEM (39.4
vs. 25.6 months; p=0.042) [11]. However, neither treatment resulted in cancer progression
and GEM resulted in slightly less local or systemic toxicity (12.5% vs. 9.3% and 0% vs.
6.2%, respectively). The second study made this same comparison in high-risk NMIBC
patients declared BCG non-responders [12]. The authors reported that GEM was associated
with a significantly lower recurrence rate (52.5% vs. 87.5%; p=0.002), but similar
progression rates (33% vs. 37.5%; p=0.12) compared to BCG. These studies demonstrate

a favorable efficacy and toxicity profile of GEM as a salvage high-grade NMIBC therapy.

When NMIBC patients no longer respond to intravesical therapy and/or have progressed,
and are eligible and willing to accept urinary diversion, the next line of treatment is a
radical cystectomy, which includes complete removal of the bladder along with
surrounding lymph nodes and potentially other organs such as the prostate, seminal
vesicles, fallopian tubes, ovaries, uterus, and urethra [13]. Complete removal of the bladder
significantly impacts the patient’s quality of life and has an associated complication rate of
approximately 60% and a perioperative death rate of approximately 3% within 90 days
[14].



1.1.2 Current standard of care for MIBC

The current standard of care for MIBC consists of neoadjuvant chemotherapy and radical
cystectomy. Neoadjuvant chemotherapy is administered systemically, where treatment is
injected intravenously and travels throughout the body. This allows the treatment to come
into contact with cancer cells that have spread from the initial site. Two main neoadjuvant
regimens include cisplatin-based treatments, including cisplatin plus GEM, as well as
methotrexate, vinblastine, doxorubicin, plus cisplatin (MVAC). Cisplatin-based
neoadjuvant chemotherapy was found to be associated with absolute improvement in
overall patient survival, recurrence-free survival, locoregional recurrence-free survival,
and metastasis-free survival at 6%, 11%, 11%, and 8%, respectively [15]. MVAC was
found to be associated with improved survival (77 vs. 46 months; p=0.06) and lower
residual disease (38% vs. 15%; p<0.001) compared to radical cystectomy alone [16].
Furthermore, cisplatin plus GEM is also used specifically in metastatic disease due to its
low toxicity profile compared to MVAC [17], further highlighting the use of GEM in

bladder cancer therapies.

1.1.3 Economic cost burden of bladder cancer

Due to the high rates of progression and recurrence, lengthy treatment times, and associated
complications, bladder cancer requires lifetime surveillance giving it one of the highest
lifetime treatment costs per patient compared to other malignancies [18]. This includes
both direct medical costs due to repeat cystoscopic examinations and treatments, as well as
indirect costs, such as monetary losses due to time receiving cancer treatments and
morbidity and mortality costs. Total costs for bladder cancer were calculated to be $4.7
billion per year in the US and almost $5.5 billion per year in Europe in 2014 and 2016,

respectively, with expectations that these costs will continue to rise [19, 20].

Overall, current bladder cancer therapies have extremely limited impact. Therefore,
development of a novel efficacious intravesical therapy is imperative to preventing
progression and permitting bladder preservation. The extremely high-cost burden further

underscores this need.



1.2 Bladder Cancer Tumor Microenvironment

The tumor microenvironment (TME) consists of all cellular and noncellular components
within a tumor that interact and influence tumor formation, progression, and metastasis.
Despite the bladder TME remaining poorly characterized, immune cells are notable cellular
components [21]. The TME modulates tumor activity by regulating immune responses and
as a result, the presence of immune cells. Major immune cells in the bladder TME include
CD8" cytotoxic T cells, CD4" regulatory T cells, and tumor-associated macrophages
(TAMs). CD8* cytotoxic T cells directly target and destroy cancer cells by inducing
apoptosis. Due to their anti-cancer properties, their presence is positively associated with
therapeutic response in NMIBC patients [22]. Under healthy conditions, CD4* regulatory
T cells work by regulating the immune system and preventing overactivity. Under
cancerous conditions, they suppress anti-tumor immune responses through the activation
of anti-inflammatory molecules such as cytotoxic T-lymphocyte antigen 4 (CTLA-4)
which inhibits cytotoxic and helper T cell activation [23]. Therefore, CD4" regulatory T
cells are elevated within the tumor of bladder cancer patients [24] and their presence is
associated with poor patient prognosis [25, 26]. Finally, TAMSs are macrophages that have
infiltrated the TME. They are phagocytic immune cells responsible for removing dead cells
and regulating immune responses including CD8" cytotoxic T cell and CD4* regulatory T
cell activity [27]. TAMs exist on a continuum of activation states with M1 TAMs, which
are pro-inflammatory, on one end and M2 TAMs, which are anti-inflammatory, on the
other [28]. M1 TAMs inhibit pro-tumor pathways and promote adaptive immune responses
through pro-inflammatory cytokines and upregulation of CD8" and CD4" cell activity
leading to cancer cell apoptosis [29]. M2 TAMs stimulate pro-tumor pathways through cell
growth factors and angiogenic molecules and are the most abundant macrophage type in
the bladder TME [30, 31]. They promote immune evasion through suppression of T cell
activity via CTLA-4 and promotion of CD4" cell differentiation into regulatory T cells
through chemokine (C-C motif) ligand 1 (CCL1) which further contribute to immune
response suppression [32, 33]. In bladder cancer, TAM infiltration has been shown to be

associated with worse tumor stage and poor therapeutic patient outcomes [34-37].



1.3 Hydrogen Sulfide

Hydrogen sulfide (H2S) is a key signaling molecule and one of three gasotransmitters
within mammalian cells alongside carbon monoxide and nitric oxide. It is membrane-
permeable and regulates protein function through persulfidation, otherwise known as S-
sulfhydration, which is a post-translational modification involving the addition of a sulfur

molecule onto a thiol group of cysteine(s) of a targeted protein [38] (Fig 1A).
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Figure 1. Schematic of endogenous H>S metabolism. (A) HzS regulates protein activity
via persulfidation; the addition of a sulfur molecule onto a thiol group of cysteine(s) of a
targeted protein. (B) Anabolism of H2S within mammalian cells occurs by three
independent enzymes: CBS and CSE within the cytosol and 3-MST within the
mitochondria. H2S catabolism occurs by three routes: methylation within the cytosol,
expiration via the lungs, and oxidation within the mitochondria. HzS, hydrogen sulfide;
CBS, cystathionine g-synthase; CSE, cystathionine y-lyase; 3-MST, 3-mercaptopyruvate

sulftransferase. Figure prepared with BioRender (biorender.com).




1.3.1 H2S metabolism

Endogenous HS levels are tightly and precisely regulated by several mechanisms, as
depicted in Figure 1B. It is endogenously produced in all mammalian cells through the
reverse transsulfuration pathway by three independent enzymes: cystathionine S-synthase
(CBYS), cystathionine y-lyase (CSE), and 3-mercaptopyruvate sulftransferase (3-MST).
CBS, a cytosolic enzyme, catalyzes the condensation of homocysteine with cysteine to
produce cystathionine and H2S [39]. CSE, also a cytosolic enzyme, catalyzes the
conversion of L-cysteine to thiocysteine which breaks down into pyruvate and H2S
nonenzymatically [40]. After cysteine is converted to mercaptopyruvate, the enzyme 3-
MST, localized in the mitochondria, further breaks the substrate down into H2S and
pyruvate [41]. In contrast, three catabolic routes exist to eliminate excess H2S: oxidation,
methylation, and expiration. The majority of HzS is disposed of through the kidneys via
the sulfide oxidation system in the mitochondria. Sulfide quinine oxidoreductase oxidizes
H2S into persulfide, which is subsequently catalyzed into thiosulfate [42]. Minimal
amounts of H2S are degraded through methylation within the cytosol. During this process,
H2S is methylated into non-toxic dimethyl sulfide, which can be further metabolized by the
body [43]. Finally, H2S can also be eliminated in extremely small quantities through

expiration from the lungs [44, 45].

1.4 H2S in Cancer

Dysregulation of H2S metabolism, mainly by the dysregulation of the H2S-producing
enzymes, has been shown by our group and others to be associated with cancer
pathogenesis [46-48]. For example, Sonke et al [46] found endogenous levels of H2S to be
elevated in von Hippel-Lindau-deficient clear cell renal cell carcinoma cells (VHL"
ccRCC) compared to nonmalignant renal cells. Subsequently, Sogutdelen et al [47] found
protein expression of CSE, CBS, and 3-MST to be upregulated in human renal cell
carcinoma tissue compared to normal tissue. These studies suggest H2S accumulation by
the upregulation of H2S-producing enzymes may have salient implications in cancer
development and growth.



Interestingly, Hz2S appears to have a biphasic dose-dependent effect on cancer cells;
moderate to high concentrations of H2S are cytoprotective and promote pro-cancerous
pathways whereas negligible or extremely high concentrations are toxic and attenuate
pathophysiologic pathways [49, 50]. Therefore, experimental manipulation of H2S levels
in both in vitro and in vivo settings has been a prominent approach to gain further
understanding of how H2S modulates carcinogenesis, tumor growth, and invasion. This is
accomplished by using both exogenous donors of H2S to elevate H2S levels as well as

inhibitors of H2S-producing enzymes to reduce or abrogate HzS levels.

1.4.1 Sodium hydrosulfide: an exogenous H2S donor

Several exogenous H2S donors exist to investigate the influence of H2S on cancer
pathogenesis with one of the most commonly used donors being sodium hydrosulfide
(NaHS). As a solid analog of H2S, NaHS releases large amounts of H2S quickly and directly
once dissolved in solution. It does so by dissociating into Na* and HS™ which then partially
binds to H*. To highlight this quick release, a study treated the human breast cancer MCF-
7 cell line with 400 uM NaHS and recorded peak concentrations of H2S after 20 minutes,
which was then depleted to undetectable levels after 90 minutes [51]. Exogenous NaHS
has uncovered several pro-cancerous mechanisms promoted by H2S. For instance, Cai et
al [52] found NaHS to promote cellular proliferation in human colon cancer HCT 116 cells,
which they attributed to increased Akt and ERK phosphorylation. They also demonstrated
that 50 ©M NaHS potentiated cell viability but 1000 uM attenuated cell viability compared
to the control underscoring the biphasic effect of H2S. Moreover, cell proliferation was also
increased in human head and neck squamous cell carcinoma cell lines SWU-HN6 and

CALZ27 after NaHS treatment further underscoring the pro-cancer effects of H2S [53].

1.4.2 Propargylglycine: an endogenous HzS synthesis inhibitor

Endogenous H2S levels have been attenuated by pharmacologically inhibiting the activity
of the H2S-producing enzymes. For instance, the small molecule propargylglycine (PAG)
is a well-known selective inhibitor of CSE [54]. PAG indirectly targets the pyridoxal 5-
phosphate (PLP) cofactor of CSE by sterically hindering the accessibility of the active site

on CSE [55]. It must be noted that there is some concern about the selectivity of PAG as



there are many other PLP-dependent enzymes within mammalian cells vulnerable to
inhibition [56, 57]. Nonetheless, PAG has been centrally important to the study of HzS-
targeted cancer therapies including breast, brain, prostate, and gastric cancers [58-60].
Khan et al [58] treated human breast cancer cell lines MCF-7 and MDA-MB-231 with
PAG and found it to significantly reduce H2S levels, as well as cell viability, migration,
and invasion. They also investigated the in vivo effects of PAG using a subcutaneous
xenograft murine model of breast cancer where they observed a significant reduction in
tumor volume and weight. PAG also significantly attenuated brain tumor growth in an
orthotopic xenograft murine model [59] and significantly reduced human prostate cancer
RWPE-1 and C4-2 cell invasion [60]. Nasopharyngeal cancer is also sensitive to PAG in
vitro and in vivo with a significant reduction in cell survival and promotion of apoptosis in
human CNE-1 and C666-1 cells and a reduction in subcutaneous xenograft tumor volume
and weight [61].

1.5 The Role of H2S in DNA Repair, Neovascularization, Apoptotic Escape, and Immune
Evasion in Cancer Cells

As Dbriefly mentioned in the previous section, HzS influences cancer cell viability,
proliferation, migration, and invasion. This section will focus on several of the underlying
mechanisms including DNA repair, neovascularization, apoptotic escape, and immune

evasion, as shown in Figure 2.
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Figure 2. Accumulation of H.S, due to the upregulation of H>S-producing enzymes in
cancerous tissue, promotes pro-cancerous pathways. (A) H2S downregulates pro-
apoptotic proteins Caspase-3 and Bax expression and upregulates anti-apoptotic protein
Bcl-2 expression. HzS promotes the ERK1/2 pathway leading to (B) PARP-1-led DNA
repair and (D) VEGF-led neovascularization. (C) H2S promotes M1 to M2 polarization
leading to suppression of CD8" T cell and CD4" T cell proliferation. H2S, hydrogen sulfide;
Bax, bcl-2-associated X protein; Bcl-2, B cell lymphoma 2; ERK1/2, extracellular signal-
regulated kinase 1/2; PARP-1, Poly (ADP-ribose) polymerase 1, VEGF, vascular
endothelial growth factor. Figure prepared with BioRender (biorender.com).
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Apoptosis is imperative for removing abnormal cells, such as those capable of becoming
cancerous. Apoptotic pathways typically target proteins known as caspases. For instance,
caspases 2, 8, and 9 are required for the initiation phase and caspases 3, 6, and 7 are required
for the execution phase of apoptosis [62]. H2S has been shown to exert anti-apoptotic
effects on cancer cells (Fig 2A). For example, exogenous H2S upregulates B cell lymphoma
2 (Bcl-2) and downregulates active caspase-3 and Bcl-2-associated X protein (Bax)
expression through HSP90 regulation in the human esophageal squamous cell cancer cell
line EC109 [63]. Furthermore, in human myeloma NCI-H929 cells, exogenous H2S aids in
apoptotic escape by stimulating Akt signaling and upregulating Blc-2 and downregulating
caspase-3 expression [64]. Finally, human PLC/PFR/5 hepatoma cells also demonstrate a
downregulation of caspase-3 and amplification of the activation of the NF-kB pathway

following exogenous H2S administration [65].

Moreover, H2S has been implicated in promoting DNA repair in cancer cells. It does so by
activating Poly (ADP-ribose) polymerase 1 (PARP-1), an ADP-ribosylating enzyme and a
component of the earliest responses to DNA damage (Fig 2B). This activation is a
downstream effect of mitogen-activated protein kinase kinase 1(MEK?1) persulfidation and
subsequent extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation, which
then directly interacts with PARP-1 [66]. Interestingly, it has also been shown that
detection of DNA damage by PARP-1 stimulates an increase in HzS levels, suggesting a
reciprocal relationship [67]. Moreover, DNA damage is less prevalent in mitochondrial
DNA of human lung cancer tissue than adjacent healthy tissue [68]. Inhibition of CSE
activity in human A549 lung cancer cells resulted in DNA damage accumulation and a
reduced repair rate. Conversely, exogenous H2S was shown to enhance the formation of
mitochondria-specific DNA repair enzymes.

We have previously investigated the role of HzS in neovascularization in ccRCC using
chick chorioallantoic membrane [46]. Inhibition of H2S synthesis significantly decreased
the number of blood vessels, whereas exogenous H2S increased the number of blood cells
compared to the control. Papapetropoulos et al [69] implicated H2S in neovascularization
through vascular endothelial growth factor (VEGF), suggesting H2S promotes
angiogenesis via ERK1/2 phosphorylation potentiating VEGF signaling (Fig 2D). It was
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also found that VEGF promotes H2S in return, suggesting a positive feedback mechanism.
Wang et al [70] investigated this in the context of breast cancer metastasis where the H2S-
producing enzyme, CSE, was shown to promote human MDA-MB-231 breast cancer cell
growth, migration, and invasion via VEGF downstream signaling pathway as indicated by

an increase in ERK1/2 protein levels.

H2S also regulates immune responses resulting in a pro-tumor environment. Specifically,
H2S influences macrophage polarization by suppressing M1 macrophage activation and
polarizing macrophages toward the M2 inflammatory type [71] (Fig 2C). The downstream
effect of this is suppression of T cell proliferation by M2 macrophage. Exogenous HzS has
been shown to increase the percentage of M2 macrophage in bone marrow-derived
macrophages, whereas H2S synthesis inhibition decreased this percentage [72]. Limited
research has focused specifically on H2S and its effect on macrophage regulation under
cancerous conditions. However, it is highly plausible that H2S regulates TAM activity due
to its ability to upregulate M2 macrophage presence and therefore M2-associated tumor-
promoting pathways. Moreover, H2S regulates CD4* regulatory T cell differentiation and
function by promoting the Ten eleven translocation family contributing to the anti-

inflammatory environment [73].

1.6 H2S in Bladder Cancer

As demonstrated, H2S plays a pivotal role in pro-cancerous pathways; however, its effects
in bladder cancer is a relatively new topic in research. For instance, the mere presence of
the H2S-producing enzymes, CSE, CBS, and 3-MST, had not been reported in human
bladder cancer tissue until 2016 [74]. This was also the first study to demonstrate H2S
metabolism dysregulation in bladder cancer. In line with the previously reported cancers,
they revealed a positive correlation between enzyme expression and H2S productivity and
bladder cancer stage, with low expression and productivity in healthy bladder tissues,
moderate expression and productivity in NMIBC tissues, and high expression and
productivity in MIBC tissues. This same correlation was replicated in a subsequent study
further validating these findings [75]. Others found exogenous H2S, by NaHS
administration, potentiated the proliferation activity and invasion ability of invasive
bladder cancer cells in vitro [76]. Likewise, a study demonstrated a similar effect with
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DATS, another H2S donor. They also found that overexpression of CSE and CBS inhibited
cell proliferation and promoting apoptosis of cancer cells, exhibiting the bimodal effect of
H2S within bladder cancer [77].

Recently, investigation of H2S in bladder cancer has been performed in vivo [75]. Using a
subcutaneous model, where invasive human bladder cancer EJ cells were injected into the
flank of nude mice, it was found that PAG or NaHS alone did not significantly alter cell
viability. However, they did show potentiation of cisplatin chemotherapy by PAG as a
further reduction of tumor size compared to cisplatin chemotherapy alone was observed.
They also found that NaHS partially recovered tumor volume, counteracting the
cytotoxicity of cisplatin chemotherapy. These findings are the first to suggest HzS synthesis
inhibition as a potential target in the development of a novel combination therapy for

bladder cancer.

1.6.1 Limitations of current bladder cancer models

(Sections 1.6.1, 1.6.2, and 1.6.3 have been adapted from Relouw et al [78])

The previously mentioned studies investigating HzS in bladder cancer are very promising;
however, there are several limitations that need to be addressed before this research can be
conducted in the clinical setting. For instance, in vitro models of bladder cancer do not
suffice as they are unable to recapitulate human bladder cancer etiology and progression,
and they lack many of the defining features of cancer [79]. In vivo models, on the other
hand, have been developed in an attempt to closely replicate the progression, genomic
profile, and histology of human bladder cancer [80, 81]. Previous models include
subcutaneous tumors, where human bladder cancer cells are implanted into the shoulder or
flank of mice [82, 83]. The attractiveness of this model includes the ease of implantation,
a high tumor-take rate, and the ease of tumor growth assessment [84, 85]. However, this
model is limited by the assumption that the structure and environment of the skin and
epithelium mimics that of the bladder to appropriately apply these findings [86]. Moreover,
current bladder cancer studies do not administer treatment in a clinically relevant manner.
For example, Wahafu et al [75] treated mice via abdominal cavity injections which do not
mimic NMIBC nor MIBC therapy administration in humans. Yet, murine models of

bladder cancer are critical to this investigation, as they provide a means for translational
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research of potential therapies and allow for a more comprehensive exploration of in vitro

findings prior to clinical testing.

1.6.2 Intravesical murine models of bladder cancer

Requirements of an ideal murine model of bladder cancer have recently been established
as (1) tumors being of urothelial origin to mimic human bladder cancer progression,
encapsulating all different stages of the tumor, (2) tumors being able to grow within the
bladder to interact with other layers of the bladder wall and for direct exposure to
therapeutic agents, and (3) tumors being relatively easy to develop within a reasonable time
period, making them reproducible and reliable [86, 87]. Following these criteria, an
intravesical murine model, rather than a subcutaneous model, facilitates the opportunity

for a successful pre-clinical model.

Current intravesical murine models of bladder cancer includes orthotopic, transgenic and
carcinogen-induced approaches [88-91]. Orthotopic models require inoculation of bladder
cancer tumors into the bladder wall. This model can be further categorized as syngeneic or
xenogeneic, which consists of inoculation of mouse or human bladder cancer cells,
respectively. Because these cells are already cancerous at the time of inoculation, they do
not encapsulate the most primitive stages of bladder cancer. However, this model does
allow the cells to continue to develop within the bladder wall for interaction with other
tissue types and exposure to therapeutic agents, satisfying criterion 2, but not criterion 1.
Moreover, upon successful establishment of bladder cancer cells, tumor formation is rapid

and only takes days to form therefore satisfying the final criteria [92].

Transgenic models of bladder cancer involve alterations of the mouse genome and allow
investigation of individual gene functions [90]. Despite seeing an imperative advancement
in the investigation of human diseases, this model is not as established as the others.
Furthermore, transgenic models are very costly and do not mimic the complexity of the
microenvironment and interactions during the development of human bladder cancer [93].

Therefore, this model does not fulfill criteria 1 or 3.

Carcinogenic models can be developed by oral administration of carcinogens. A common

carcinogen is N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN), which has been reported to
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recapitulate the progression of human bladder cancer induced by tobacco [94-96]. This is
highly relevant as approximately half of patients develop bladder cancer due to smoking
[97], which satisfies criterion 1. To induce cancer, BBN is first activated in the liver and
enters the bladder via urine causing DNA damage and initiating carcinogenesis in an organ
specific manner [98]. This allows the cancer to develop on the inner lining of the bladder
and allows for direct exposure to therapeutic agents, sufficing criterion 2. A consequence
of carcinogen-induced models is that they require an extensive amount of time to develop
bladder cancer. Several months of carcinogen exposure may be required depending on the
desired cancer stage [99, 100]. However, this model is reliable with 100% of mice
developing dysplasia after 16 weeks of 0.05% BBN exposure and 100% of mice
developing carcinoma in situ after 20 weeks of exposure, satisfying criterion 3 [101].

Overall, several successful intravesical models exist; however, a carcinogen-induced
model is the only one to satisfy all three requirements of an ideal murine model of bladder

cancer.

1.6.3 Non-invasive imaging modalities for intravesical models of bladder cancer

As tumor formation and progression occur within the bladder of intravesical models,
bladder cancer is not readily detectable like it is in subcutaneous models. This provides an
obstacle for confirming and monitoring bladder cancer response when investigating novel
therapies. Recent studies have demonstrated bioluminescence imaging (BLI), micro-
ultrasound imaging (MUI), positron emission tomography (PET), and magnetic resonance
imaging (MRI) as non-invasive imaging modalities allowing for initial and repeat
assessment of bladder cancer presence facilitating longitudinal investigation [78]. These
modalities are depicted in Figure 3.
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Figure 3. Non-invasive imaging in intravesical murine models of bladder cancer. (A)
During BLI, cancer cells are transfected with a luciferase vector and inoculated into the
bladder wall. D-luciferin substrate is administered via intravenous or intraperitoneal
injection to stimulate the reporter system which is detected by an in vivo imaging system.
(B) During MUI, the mouse abdomen is shaved, depilatory cream is applied to remove fine
hairs, and high viscosity ultrasound gel is used to enhance image resolution. (C) During
PET imaging, cancer cells are inoculated into the bladder wall, FDG are radiolabeled
producing ®F-FDG and are administered intravenously prior to imaging. (D) During MR,
mice are secured to a radiofrequency coil and subsequently placed within a mouse or
clinical MRI scanner. BLI, bioluminescence imaging; MUI, micro-ultrasound imaging;
PET, positron emission tomography; ®F-FDG; 2-'8F-fluoro-2-deoxy-glucose MRI,
magnetic resonance imaging. Figure prepared with BioRender (biorender.com).

16




BLI allows for visualization of bladder cancer cells through the detection of light emission
using an in vivo imaging system. Bladder cancer cell lines are transfected with a luciferase
vector and subsequently inoculated into the bladder wall of a murine model. Subsequent
intravenous or intraperitoneal administration with D-luciferin substrate stimulates the
reporter system to produce luciferase, which converts D-luciferin to oxyluciferin, resulting
in the emission of green light. As genetic engineering of cells is required, this imaging
modality is limited to an orthotopic bladder cancer model. BLI is unable to detect the
presence of cancer cells immediately after inoculation but can confirm tumor presence as
early as 4 days post-inoculation [102]. Authors reported varying tumor size and
bioluminescence intensity, which correlated over time with R? values ranging from 0.75 to
0.92 [102]. However, this was followed by a decline in bioluminescence over an extended
period of time. Jurczok et al [103] denoted the loss of bioluminescence in large tumors to
be due to necrosis and hemorrhage within the tumor core, which inhibited D-luciferin
uptake. In conclusion, BLI is a reliable modality to confirm and quantitively evaluate early-
stage bladder cancer presence but can only qualitatively assess bladder cancer presence in

advanced stages.

MUI utilizes soundwaves to produce 2D images of organs and other tissues, such as the
bladder wall. MUI is independent of tumor origin, whether orthotopically, carcinogen, or
genetically induced, making it suitable for use in conjunction with all intravesical bladder
cancer models. Mean bladder cancer tumor detection time in a syngeneic orthotopic model
using MUI was found to be 10 days, ranging from 8 to 17 days, whereas that for clinical
symptoms of bladder cancer was 20.8 days, ranging from 14 to 28 days [92, 104, 105].
Subsequent studies were able to detect orthotopic bladder cancer tumors as early as 4 [102],
7 [106] and 11 days [105, 107, 108]. However, reported disadvantages of MUI are the lack
of 3D imaging [109] and reliance on a skilled operator to detect bladder cancer tumors, as

well as the restricted availability of this technology [109, 110].

PET evaluates metabolic activity of organs and tissues providing information on
physiology and anatomy. Molecules naturally used by the organs or tissues of interest are
tagged by radioactive atoms, producing radiotracers, allowing for detection and evaluation

of diseases such as cancer. A widely used radiotracer is 2-*8F-fluoro-2-deoxy-glucose (*¢F-

17



FDG). ¥F-FDG is a glucose analogue and works based on the premise that cancer cells,
which are more metabolically active than non-cancerous cells, will uptake glucose at a
higher rate. This uptake is detected by PET, thus identifying cancerous regions. The
attractiveness of PET is attributed to its ability to identify protein dysregulation, as
indicated by changes in glucose metabolism [111]. Unfortunately, evaluation of bladder
cancer with PET imaging is difficult due to the accumulation of ®F-FDG within the bladder
from renal excretion. This excretion obstructs delineation of the tumor from the bladder
wall and hinders the detection of primary bladder tumors [112]. This limitation currently
makes PET a less appealing option for bladder cancer imaging. However, its unique ability
to detect phenotypic changes has encouraged several studies to investigate modifications
to potentially improve detection in intravesical murine bladder cancer models [106, 113].

MRI produces high-resolution 3D images of anatomical structures via a strong magnetic
field and radio waves. Several studies have investigated the feasibility of MRI as a method
for identification and quantitative analysis of murine bladder cancer tumors. In a
carcinogen induced bladder cancer murine model, MRI was used to calculate bladder wall
and tumor area [109]. In this study, MRI produced T1 and T2 weighted images with ~100
um spatial resolution in less than 10 minutes per mouse. Bladder wall measurements,
representative of tumor burden, were calculated by subtracting the area of the inner lumen
from the area of the outer edge of the bladder using single axial images. The area of the
bladder wall was found to be strongly associated with tumor stage despite being weakly
correlated with ex vivo bladder weight. Interestingly, bladder wall area was also strongly
associated with both NMIBC and MIBC, whether grouped as individual stages or
invasiveness. An acknowledged limitation of this study was the use of one axial image in
the calculation of the bladder wall area. Multiple sections are recommended for a more
complex analysis. Nonetheless, MRI is a reliable modality for repeat assessment of bladder

cancer burden in an intravesical murine model.

In conclusion, BLI, MUI, PET, and MRI all offer a means to detect bladder cancer presence
and longitudinally follow tumor growth. However, given the loss of BLI signal overtime
and requirement of an orthotopic model, the lack of 3D imaging and restricted availability

of MUI, and accumulation of radiotracers within the bladder during PET, the 3D imaging
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and ease of tumor burden evaluation of MRI makes it the current superior method for

cancer evaluation in an intravesical murine model.

1.7 Rationale and Hypothesis

Given the limited therapeutic impact and high-cost burden of current bladder cancer
treatments, investigation of novel therapeutics is required. HzS plays an important role in
pathophysiological pathways and supports the development and growth of cancer. Very
recently, research has been conducted on H2S in bladder cancer and the results are
promising; inhibiting H2S synthesis potentiates the anti-cancer effects of cisplatin
chemotherapy, whereas exogenous H:S attenuates these effects in vitro and in a
subcutaneous murine model [75]. However, it cannot be assumed that these findings will

translate into the clinical setting, as the current models are not clinically relevant.

To address the current limitations of this research, an intravesical murine model is required.
More specifically, a carcinogen-induced model using BBN should be used, as it satisfies
all requirements of an ideal model: it mimics human bladder cancer progression, allows
tumors to grow within the bladder wall for direct exposure to therapeutic agents, and it is
relatively simple to develop resulting in a reproducible and reliable model. To further
mimic the clinical setting, intravesical therapy should be performed to deliver the
treatments, as this is the standard for NMIBC. Moreover, an established non-invasive
imaging modality, such as MRI, should be used to accurately detect and evaluate bladder

tumor response to potential therapies.

Therefore, the purpose of this project is to investigate the effect of inhibiting endogenous
H2S synthesis on the progression of bladder cancer progression in an intravesical murine
model using MRI. With this, we hypothesize that inhibiting H2S synthesis will attenuate
bladder cancer progression and potentiate the anti-cancer effects of the established

chemotherapeutic agent GEM.
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1.8 Aims and Obijectives

Aim 1: Investigate the effect of the HzS synthesis inhibitor PAG, and the exogenous H2S
donor NaHS, on bladder cancer cell viability in conjunction with GEM in an in vitro model
of bladder cancer.
Objective 1: Identify a H2S-producing enzyme for subsequent targeting.
Objective 2: Determine optimal dosage of PAG, NaHS, and GEM for use in
subsequent in vitro and in vivo experiments.
Objective 3: Investigate the effects of single and combination treatments of PAG,
NaHS, and GEM on bladder cancer cell viability.

Aim 2: Explore the effect of Hz2S synthesis inhibition with and without GEM chemotherapy
on bladder tumor progression using MRI.
Objective 1: Establish a carcinogen-induced intravesical murine model of bladder
cancer with BBN.
Objective 2: Investigate the effects of single and combination intravesical therapies
consisting of PAG, NaHS, and GEM on bladder tumor progression and invasion.
Objective 3: Investigate the effect of single and combination intravesical therapies

on markers of bladder cancer progression and HaS activity.
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2 Methods

2.1 In vitro model of bladder cancer

2.1.1 Cell culture. Mouse bladder cancer cells (MB49 cell line; MilliporeSigma, USA)
were used as they were developed from C57BL/6 mice, keeping in line with our in vivo
experiments. They were maintained in Dulbecco’s modified eagle media (DMEM)
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Human
bladder cells (5637 cell line; generously donated by the Burton Lab, Western University,
ON, Canada) were used as they possess similar molecular features as high-grade NMIBC.
They were maintained in Roswell Park Memorial Institute (RPMI) 1640 media containing
10% FBS and 1% P/S. Both cell lines were maintained under normal growth conditions of
21% O2 and 5% CO2 at 37°C.

2.1.2 Quantitative PCR analysis. An in vitro model of bladder cancer that simulates the
hypoxic TME was used to quantify mRNA expression of the H2S producing enzymes, CSE,
CBS, and 3-MST. MB49 and 5637 cells were seeded on 6-well plates (2 x 10° cells/well).
Following, cells were subjected to 0, 8, or 36 h of hypoxia (5% COz2, 0.5% O2, 95% N) at
37°C. Hypoxic conditions were created using the HypOxystation H85 hypoxia chamber
(HYPO2YGEN, USA). Cell lysate was homogenized using QlAshredder (Qiagen, ON,
Canada) and total RNA was isolated using RNeasy® Mini Kit (Qiagen, ON, Canada) and
reverse transcribed into cDNA using OneScript® Plus cDNA synthesis Kit (ABM,
Canada) in conjunction with Oligo(dT)12-1s primers as per manufacturer protocol. The
reaction mixture of each qPCR sample had a volume of 20 pL and was composed as per
BlastTag™ 2X gPCR MasterMix (ABM, Canada) protocol and analyzed using
QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific, CA). Primer
sequences, shown in Table 1, for human (h) g-actin, mouse (m) S-actin and mCBS were
designed using Primer-BLAST software (NCI), primer sequences for mMST and mCSE
were generously donated by Adam Greasley from the Zhang lab, and sequences for hCSE,
hCBS, and hMST were designed as previously described [77]. All genes of interest were
normalized against -actin from the appropriate species. Fold changes of gene expression

were compared to 0 h hypoxia cells and were calculated using the AACt method.
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Table 1. List of g°PCR primer sequences.

Primer Forward Sequence (5’ = 3°) Reverse Sequence (5’ — 3°)
Mouse B-actin CAGCTGACAGGGAAATCGTG CATTGCCAATAGTGATGACC
Mouse CSE TCTTGCTGCCACCATTACGA GTGGTGTAATCGCTGCCTCT

Mouse CBS GTGGCATGGCGACTGAAGAACGAA  ATGCGGGCAAAGGCGAAGGAAT

Mouse 3-MST TGTCTAAGCCCTTGGTAGCC CCACTCTACCCAGGAGCCAT

Human B-actin AGCACAGAGCCTCGCCTTT ATCATCATCCATGGTGAGCTGG
Human CSE AGGTTTAGCAGCCACTGTAAC GGGGTTTCGATCCAAACAAGC
Human CBS GGCCAAGTGTGAGTTCTTCAA GGCTCGATAATCGTGTCCCC

Human 3-MST CATTTCGCGGAGTACGCAG GCTGGCGTCGTAGATCACG

2.1.3 Dose response curves and treatments. An in vitro model of bladder cancer that
simulates the hypoxic TME was used to assess the effects of H2S on bladder cancer cell
viability (Fig 4). To determine optimal doses of NaHS (Thermo Fisher Scientific, CA),
PAG (MilliporeSigma, USA), and GEM (MilliporeSigma, USA) for subsequent in vitro
and in vivo experiments, dose response curves were generated. MB49 cells were seeded on
6-well plates (2 x 10° cells/well). Following, cells were subjected to 8 h of hypoxia (5%
CO2, 0.5% Oz2, 95% N2) at 37°C. Cells were then washed with phosphate-buffered saline
(PBS) and treated with a gradient of concentrations of NaHS (0 — 300 uM), PAG (0 — 80
mM), and GEM (0 — 100 mM). Control cells received untreated media. Cells were then
subjected to an additional 24 h of hypoxia (5% COz2, 0.5% O3, 95% N-2) at 37°C. These
hypoxic conditions were created using the HypOxystation H85 hypoxia chamber
(HYPO2YGEN, USA). Additionally, the monotherapy and combination treatment effects
of PAG + NaHS and PAG + GEM were investigated using MB48 and 5637 cell lines using
20 mM PAG, 100 uM NaHS, and 100 uM GEM under the same sequence of conditions.
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Figure 4. In vitro model of bladder cancer workflow. MB49 and 5637 cells were first
subjected to 8 hr of hypoxia. They were then treated with gradient, single, or combination
therapies of NaHS, PAG, and GEM depending on the objective and subjected to an
additional 24 hr of hypoxia. Cellular viability was assessed via staining of cells with FITC-
Annexin-V and propidium iodide, which measures apoptosis and necrosis, respectively.
NaHS, sodium hydrosulfide; PAG, propargylglycine; GEM, gemcitabine. Figure prepared

with BioRender (biorender.com).
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2.1.4 Flow cytometry. Cellular viability was assessed via staining of cells with FITC-
conjugated Annexin-V (FITC-Annexin-V; BioLegend, USA) and propidium iodide
(BioLegend, USA), which measure cellular apoptosis and necrosis, respectively. Cells
were analyzed using the CytoFLEX S (Beckman Coulter, USA) and CytExpert Software

(Beckman Coulter, USA) was used to appropriately gate the data for statistical analysis.

2.2 In vivo model of bladder cancer

2.2.1 Experimental animals. Thirty-six 6-week-old C57BL/6 male mice were purchased
from Charles River Canada (St. Constant, QC, Canada) and maintained in the Animal Care
and Veterinary Services facility at Western University (London, ON) under standard
conditions. Animal studies were approved by the Animal Care Committee of the University
Council on Animal Care (AUP Number: 2022-021; refer to Appendix A).

2.2.2 Murine bladder cancer model. Thirty mice were fed 0.05% BBN tap water (BBN*;
TCl America, USA) for 12-weeks to induce bladder cancer development [114]. BBN-
treated water was replaced twice weekly, as BBN is light sensitive. Following 12 weeks of
carcinogen exposure, the mice were fed untreated water for the remainder of the
experiment. Six mice were fed regular tap water (BBN") for the entire duration of the

experiment to act as a healthy control. The experimental timeline is depicted in Figure 5.
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Figure 5. In vivo model of bladder cancer workflow. Thirty mice were treated with

0.05% BBN tap water for 12 weeks and regular tap water for one week to initiate bladder

cancer development. Concurrently, six mice were fed regular water to act as a heathy

control. On the 14" week, mice underwent MRI to confirm cancer development. Mice then

underwent four weekly sessions of intravesical therapy consisting of saline, PAG, or GEM

monotherapies or PAG + NaHS or PAG + GEM combination therapies and the healthy

control group received saline. Tumor response was evaluated by a second MRI performed

after the treatment course. BBN, N-butyl-N-(4-hydroxybutyl)-nitrosamine; MRI, magnetic

resonance imaging; NaHS, sodium hydrosulfide;

PAG, propargylglycine;

gemcitabine. Figure prepared with BioRender (biorender.com).

GEM,
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2.2.3 Magnetic resonance imaging. MRI was performed at week 14 to confirm the presence
of bladder tumors prior to beginning intravesical therapy, and again at week 19 to evaluate
tumor progression following intravesical therapy (Fig 5). All bladder MRI examinations
were acquired on a 3.0T GE MR750 clinical MR scanner (General Electric, Mississauga,
ON, Canada) using a custom-built gradient and radio frequency coils. Mice were
anesthetized in an aesthesia induction chamber with 2.5% isoflurane and an Oz flow rate of
2L/min. During the scan, the mice were transferred to a nose cone which supplied 2.5%
isoflurane and heart rate and temperature were monitored throughout. In vivo bladder
images were acquired using the GE system 3D steady-state free precession imaging
sequence, Fast Imaging Employing Steady State Acquisition (FIESTA) and produced
T2/T1 weighted images. Scanning parameters were as follows: in plane spatial resolution
=200 x 200 um, repetition time (TR) = 6.5 ms, echo time (TE) = 2.3 ms, bandwidth (BW)
= 31.25 kHz, flip angle (FA) = 35°, scan time = approximately 36 minutes per mouse.

2.2.4 Tumor analysis. MRI images were analyzed using Horos imaging software, version
3.3.6. Images were evaluated for bladder cancer presence by detecting thickening of the
bladder wall and protrusions into the bladder lumen. Total tumor burden was represented
as bladder wall volume, which was a modification from a previously described method that
used bladder wall area [109]. To quantify tumor bladder wall volume, nine coronal slices
were used; the middle slice was determined by the slice with the largest bladder diameter,
then four slices, 3 slices apart, were selected posterior and anterior to the middle slice. Two
regions of interest (ROI) were manually segmented on all slices, the first being around the
outer bladder wall and the second being around the inner bladder lumen (Fig 6A). 3D
images were reconstructed to quantify volumes of each ROI and bladder wall volume was

calculated as the difference as shown in equation 1.
VVolumesiadder wall= Volumeouter wail — VOlUMEinner Lumen (1)

To evaluate tumor growth following intravesical therapy, mice underwent a second scan
on week 19. Tumor growth was calculated as the difference in bladder wall volume from

the first MRI to the second MRI as shown in Figure 6A and 6B and in equation 2.

AVolumesiadder wall = Volumesiadder wall MRI 2 — VOlUMEBIadder Wall MRI 1 (2)
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Before Intravesical Therapy After Intravesical Therapy

Figure 6. Representative images of tumor burden analysis using MRI. (A) MRI image
of BBN* bladder before PAG + NaHS intravesical therapy and (B) MRI image of the same
BBN* bladder after PAG + NaHS intravesical therapy. The dashed lines represent the outer
bladder wall ROI, and the solid lines represent the inner bladder lumen ROI. MRI,
Magnetic resonance imaging; BBN, N-butyl-N-(4-hydroxybutyl)-nitrosamine; PAG,
propargylglycine; NaHS, sodium hydrosulfide; ROI, region of interest.
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2.2.5 Intravesical therapy. BBN* mice were randomly assigned to an intravesical therapy
group (n=6 mice per group) where they received 80 uL of monotherapy (saline, PAG (20
mM), NaHS (100 uM), or GEM (100 uM)) or 80 uL of combination therapy (PAG (20
mM) + NaHS (100 uM) or PAG (20 mM) + GEM (100 uM)). The BBN" control group
received 80 uL of saline. Therapies began during week 15 and were administered once a
week for four weeks as previous studies demonstrated this to be sufficient in observing
tumor response [115, 116]. This procedure was performed as described previously [117]
and as depicted in Figure 4. Mice were anesthetized in an aesthesia induction chamber with
5% isoflurane and an Oz flow rate of 2L/min. Mice were then transferred to a nose cone
which supplied 2.5% isoflurane throughout the session and received a subcutaneous
injection of meloxicam. Mice were then placed in a supine position and the abdomen was
shaved. Treatment was delivered via transurethral instillation where the penile body was
exposed and a lubricated 26-gauge angiocatheter was inserted into the urethra and
treatment was delivered into the bladder lumen. Eighty microliter of treatment was
delivered as the average mouse bladder can hold up to 150 uL of urine [118]. This
minimized the risk of therapy expulsion without utilizing invasiveness methods such as
purse string sutures to occlude the urethra as done in previous studies [116]. An ultrasound-
guided technique was used to locate the bladder and verify treatments were properly

delivered into the bladder lumen, as indicated by swelling of the organ.

2.2.6 Histological staining. Bladders were removed after sacrificing the mice at the
experimental endpoint (post-second MRI) and placed in 10% formalin for paraffin
embedding and sectioning. Histological sections were stained with hematoxylin and eosin
(H&E) and scored by an independent and blinded genitourinary pathologist to assess
cancer presence and level of invasion. Histological sections also underwent
immunohistochemical (IHC) staining where they were incubated with antibodies against
the apoptotic markers caspase-9 and cleaved PARP-1, neovascularization marker VEGF,
proliferation marker Ki67, macrophage marker F4/80, M2 macrophage marker CD163, and
T cell markers CD8 and CD4 (Abcam, Toronto, Canada) and visualized with secondary

antibodies.
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2.2.7 Microscope image analysis. Immunohistochemically stained sections were analyzed
at 40x magnification. Five randomly selected fields, which is in line with previous studies
[48, 116], were analyzed per section of caspase-9, cleaved PARP-1, VEGF, Ki67, F4/80,
CD163, CD8, and CD4 analysis and percent (%) staining per field of view was quantified
by Image J version 1.51 (National Institutes of Health, Bethesda, MD).

2.3 Statistical analysis. Data are expressed as mean +/- standard error of mean (SEM). Data
were analyzed via ANOVA and performed using the Graphpad (LA Jolla, CA) Prism
statistical software package, version 9.0. Statistical significance was accepted at the 95%

confidence interval.
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3 Results

3.1 CSE gene expression is less downregulated in MB49 cells and upregulated in 5637
cells under hypoxic conditions.

To investigate the expression of the Hz2S-producing enzymes under hypoxic conditions
MB49 and 5637 cell lines were subjected 0, 8, or 36 h of hypoxia and mMRNA levels were
quantified using qPCR (Fig 7A and B). Genes were normalized against S-actin and fold

changes of gene expression were compared to 0 h hypoxia cells.

In the MB49 cell line, the expression of all genes was downregulated after 8 h of hypoxia
compared to 0 h hypoxia. 3-MST gene expression was significantly less downregulated
compared to CSE and CBS (p<0.002 and p<0.0002, respectively; Fig 7A). However, after
36 h hypoxia, CSE gene expression was the least downregulated compared to CBS and 3-
MST (p<0.002 and p<0.002, respectively; Fig 7A). CSE gene expression was also
significantly less downregulated at 36 h compared to 8 h (p<0.0002; Fig 7A). Conversely,
CBS gene expression did not significantly change, and 3-MST gene expression were
significantly attenuated overtime (p>0.05 and p<0.05, respectively; Fig 7A). These
findings suggest hypoxia downregulates CSE gene expression the least compared to CBS
and 3-MST in MB49 cells over time.

In the 5637 cell line, the reverse was observed. All genes were upregulated to a similar
extent after 8 h of hypoxia compared to 0 h hypoxia. At 36 h hypoxia CSE gene expression
was significantly increased by almost 7-fold compared to O h hypoxia. CSE gene
expression was also significantly upregulated compared to both CBS and 3-MST at this
time point (p<0.0001 and p<0.0001, respectively; Fig 7B). Furthermore, CSE gene
expression was significantly increased at 36 h hypoxia compared to its expression at 8 h
hypoxia, whereas CBS and 3-MST gene expression significantly decreased overtime
(p<0.0001, p<0.05, and p<0.05, respectively; Fig 7B). These findings suggest hypoxia

upregulates gene expression of CSE and not of CBS or 3-MST in 5637 cells over time.
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Figure 7. CSE gene expression is less downregulated in MB49 cells and upregulated
in 5637 cells under hypoxic conditions. gPCR analysis of (A) MB49 and (B) 5637 cells
for gene expression levels of CSE, CBS, and 3-MST after 8 and 36 h of hypoxia. Genes
were normalized against S-actin and fold changes of gene expression were compared to 0
h hypoxia cells and calculated using the AACt method. Data (n=5) are expressed as mean
+ SEM. Means were compared using two-way ANOVA followed by Tukey’s post-hoc test.
*p<0.05, **p<0.002, ***p<0.0002, ****p<0.0001. gPCR, quantitative polymerase chain
reaction; CSE, cystathionine y-lyase; H2S, hydrogen sulfide; CBS, cystathionine f-
synthase; 3-MST, 3-mercaptopyruvate sulftransferase.
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3.2 Optimal treatment doses were determined as 100 uM NaHS, 20 mM PAG, and 100
uM GEM in vitro.

To determine optimal dosage of NaHS, PAG, and GEM for use in subsequent in vitro and
in vivo experiments, an in vitro model was established. Based on the findings in section
3.1, we chose to inhibit H2S synthesis by targeting CSE activity using the selective
inhibitor, PAG. We also chose NaHS as our exogenous H2S donor and GEM as our
chemotherapy based on its current success as a salvage intravesical therapy, availability,
and relatively low toxicity levels. MB49 cells were subjected to 8 h hypoxia and then
treated with a concentration gradient of NaHS (0 — 300 uM), PAG (0 — 80 mM), and GEM
(0 — 100 mM) and subjected to 24 h more of hypoxia. Cell viability was analyzed using
flow cytometry and compared to control cells that underwent hypoxia without treatment.
Optimal dose was defined as the dose that resulted in the most significant response on cell
viability without exceeding the half maximal inhibitory concentration compared to the
untreated control group.

NaHS demonstrated a slight bimodal effect with low (25 uM and 50 uM) and high
concentrations (300 uM) either not influencing or slightly, but not significantly, attenuating
cell viability compared to the control (p>0.05; Fig 8A). Moderate doses of 100 uM and
150 uM significantly potentiated cell viability with 100 uM resulting in the most
significant response compared to the control (p<0.0001 and p<0.002, respectively; Fig
8A). PAG and GEM had opposing effects. Low levels of PAG (5 uM and 10 uM) did not
significantly attenuate cell viability (p>0.05), whereas moderate doses of 20 uM and 40
uM and a high dose of 80 uM significantly attenuated cell viability compared to the control
(p<0.0001, p<0.0002, and p<0.0002, respectively; Fig 8B). Notably, the moderate dose of
20 uM elicited the most significant response. All concentrations of GEM significantly
attenuated cell viability compared to the control (p<0.0001; Fig 8C). 100 mM elicited the
most significant response, exceeding the half maximal inhibitor concentration. Finally, 0.1

mM significantly attenuated cell viability compared to 0.01 mM (p<0.002; Fig 8C).
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Figure 8. Optimal doses are 100 uM NaHS, 20 mM PAG, and 100 uM GEM as
determined by dose response curves. Cell viability of MB49 cells following 8 hr of
hypoxia, treatment with a gradient of concentrations of (A) NaHS, (B) PAG, and (C) GEM
and 24 h more of hypoxia. Flow cytometry was used to quantify cell viability as the portion
of cells negative for the apoptosis and necrosis markers, FITC-Annexin-V and propidium
iodide, respectively. Cell viability is represented as fold change from control cells that
underwent hypoxia without treatment. Data (n=5) are expressed as mean + SEM. Means
were compared using one-way ANOVA followed by Tukey’s post-hoc test. *p<0.05,
**n<0.002, ***p<0.0002, ****p<0.0001. NaHS, sodium hydrosulfide; PAG,
propargylglycine; GEM, gemcitabine.
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3.3 Inhibiting CSE activity attenuates cell viability and further reduces cell viability in

the presence of chemotherapy.

To investigate the effects of HzS synthesis inhibition on bladder cancer cell viability in
conjunction with chemotherapy, MB49 and 5637 cells were subjected to 8 h hypoxia
followed by treatment with PAG (20 mM), NaHS (100 uM), GEM (100 uM), PAG (20
mM) + NaHS (100 uM) or PAG (20 mM) + GEM (100 uM) and 24 h more of hypoxia
(Fig 9A). Cell viability was analyzed using flow cytometry and compared to control cells

that underwent hypoxia without treatment.

The MB49 cell line, had a significant increase in cell viability following NaHS
monotherapy compared to the control (p<0.002; Fig 9B). However, NaHS had no effect
on cell viability of the 5637 cell line (p>0.05; Fig 9C). Conversely, PAG monotherapy
significantly attenuated both MB49 and 5637 cell viability (p<0.0002 and p<0.0001,
respectively) as did GEM monotherapy compared to the controls (p<0.0001 and p<0.0001,
respectively; Fig 9B and 9C). Furthermore, GEM significantly reduced cell viability
compared to PAG in MB49 cells but there was no significant difference in cell viability
between the two treatments in 5637 cells (p<0.0001 and p>0.05, respectively; Fig 9B and
9C). In terms of combination treatments, NaHS partially recovered cell viability from PAG
for both MB49 and 5637 cells compared to the controls (p<0.05 and p<0.002, respectively;
Fig 9B and 9C). The PAG + GEM combination treatment further reduced cell viability
compared to PAG in both the MB49 and 5637 cells (p<0.0001 and p<0.0001, respectively;
Fig 9B and 9C). Compared to GEM monotherapy, cell viability following PAG + GEM
combination treatment was not significantly less in MB49 cells, but it was significantly
less in 5637 cells (p>0.05 and p<0.0002, respectively; Fig 9B and 9C).

Opposing trends occurred when evaluating cell apoptotic levels. NaHS had an insignificant
effect on apoptosis in both MB49 and 5637 cells (p>0.05 and p>0.05, respectively)
whereas PAG significantly potentiated apoptosis in both MB49 and 5637 cells (p>0.0001
and p>0.0002, respectively) as did GEM (p>0.0002 and p>0.0002 respectively; Fig 9D
and 9E). Furthermore, NaHS reduced apoptotic levels of PAG monotherapy to similar

levels of the controls in both cell lines (p>0.05 and p>0.05, respectively; Fig 9D and 9E).
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Interestingly in the MB49 cells, PAG + GEM combination therapy reduced apoptotic levels
from that of GEM monotherapy and to a level similar to PAG monotherapy (p<0.0002 and
p>0.05, respectively; Fig 9D). Whereas PAG + GEM combination therapy increased
apoptotic levels significantly compared to PAG and insignificantly compared GEM

(p<0.05 and p>0.05, respectively; Fig 9E).
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Figure 9. Inhibiting CSE activity attenuates cell viability and further reduces cell
viability in the presence of chemotherapy. (A) Treatment timeline. Cell viability of (B)
MB49 and (C) 5637 cells and apoptotic levels of (D) MB49 and (E) 5637 cells following
8 hr of hypoxia, treatment with PAG (20 mM), NaHS (100 uM), GEM (100 uM), PAG (20
mM) + NaHS (100 uM) or PAG (20 mM) + GEM (100 uM) and 24 h more of hypoxia.
Flow cytometry was used to quantify cell viability as the portion of cells negative for the
apoptosis and necrosis markers, FITC-Annexin-V and propidium iodide. Cell viability is
represented as fold change from control cells that had underwent hypoxia without
treatment. Apoptosis was quantified as the portion of cells positive for FITC-Annexin-V
and negative for 7-ADD and represented as fold change from control cells that had
underwent hypoxia without treatment. Data (n=5) are expressed as mean + SEM. Means
were compared using one-way ANOVA followed by Tukey’s post-hoc test. *p<0.05,
**p<0.002, ***p<0.0002, ****p<0.0001. CSE, cystathionine y-lyase; NaHS, sodium
hydrosulfide; PAG, propargylglycine; GEM, gemcitabine.
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3.4 BBN induces bladder cancer in an intravesical murine model as detected by MRI.

To establish an intravesical murine model of bladder cancer, 30 mice had continuous access
to fresh 0.05% BBN tap water for 12 weeks. These mice were designated as BBN™ mice.
Six mice were not treated with BBN to act as a healthy control and were designated as
BBN™ mice. On week 14, all mice underwent MRI to assess for bladder tumor formation.
On MRI, bladder cancer can present as thickening of the bladder wall and/or protrusions
in the bladder lumen compared to a healthy bladder, where the bladder wall is well-defined
with similar thickness throughout, and protrusion free as shown in Figure 10A. These
features of bladder cancer were present in all 30 BBN* mice suggesting a 100% success
rate of bladder cancer development. These features were also absent in all six BBN™ mice,

indicating no spontaneous development of bladder cancer.

As previously reported, tumor burden correlates with bladder wall area [109]. However,
this study acknowledges the limitation of using only one axial image to calculate tumor
burden and recommends using multiple slices for a more complex analysis. With this in
mind, we calculated bladder wall volume using nine coronal slices spaced three slices apart,
for a more comprehensive analysis. These slices were used to construct a 3D rendering of
the bladder wall which allowed for volume quantification. We reported a significant
increase in bladder wall volume in the BBN* group compared to the BBN™ group (p<0.002;
Fig 10B). This quantitative finding suggests that bladder wall thickening did occur in the
BBN* group. BBN* mice were then blindly assigned to an intravesical therapy group;
saline, PAG, PAG + NaHS, GEM, or PAG + GEM. Figure 10C demonstrates bladder wall
volumes of each BBN™ intravesical therapy group where all groups had a similar mean
bladder wall volume prior to beginning intravesical therapy (p>0.05).
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Figure 10. BBN induces bladder cancer in an intravesical murine model as detected
by MRI. (A) Bladder of BBN- mouse compared to bladder of BBN* mouse which displays
thickening of the bladder wall and protrusions in the bladder space, indicated by arrows.
(B) Bladder wall volume (mm?®) of the BBN* group compared to the BBN- group. (C)
Bladder wall volume (mm?®) of BBN" intravesical therapy groups prior to intravesical
therapy. Data are expressed as mean + SEM. Means were compared using by Tukey’s post-
hoc test. *p<0.05, **p<0.002, ***p<0.0002, ****p<0.0001. BBN, N-butyl-N-(4-

hydroxybutyl)-nitrosamine; MRI, magnetic resonance imaging.
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3.5 Inhibiting CSE activity attenuates tumor progression and invasion and results in

tumor regression and abrogates invasion in the presence of chemotherapy.

To investigate the effects of H2S synthesis inhibition on bladder cancer progression in
conjunction with chemotherapy in vivo, we performed MRI and pathology to evaluate
tumor response to intravesical therapies consisting of 80 uL of saline, PAG (20 mM),
NaHS (100 uM), or GEM (100 uM) monotherapy and 80 uL of PAG (20 mM) + NaHS
(100 uM) or PAG (20 mM) + GEM (100 uM) combination therapy.

Changes in the bladder wall volume of the BBN" intravesical therapy groups were
normalized to the change in bladder wall volume of the BBN" saline monotherapy group.
In comparison to all other BBN™ intravesical therapy groups, bladder tumor growth was
highest in the BBN™ saline monotherapy group. In comparison to the BBN* saline
monotherapy group, the BBN® PAG monotherapy group demonstrated significant
attenuation of tumor growth (p<0.002; Fig 11). The PAG + NaHS combination therapy
group demonstrated attenuation of the anti-cancer effects of PAG, partially recovering
tumor growth to a volume similar to the BBN* saline monotherapy group (p>0.05, Fig 11).
Furthermore, the GEM monotherapy group also demonstrated significant attenuation of
tumor growth compared to the BBN™ saline monotherapy group (p<0.0002; Fig 11). The
PAG + GEM combination therapy group demonstrated an even further attenuation of tumor
growth compared to both the BBN™ saline monotherapy group and BBN* PAG
monotherapy group (p<0.0001 and p<0.002, respectively; Fig 11). There was no
significant difference between the PAG + GEM combination therapy group and the GEM
monotherapy group (p>0.05; Fig 11); however, the PAG + GEM combination therapy

group was the only treatment to demonstrate tumor regression.

Figure 11B shows representative images of H&E stained bladder tumor tissue. All BBN™
intravesical therapy groups were diagnosed with high-grade bladder cancer. Within these
images, the BBN* saline monotherapy group was diagnosed as MIBC whereas the BBN*
PAG monotherapy group, BBN" PAG + NaHS combination therapy group, BBN* GEM
monotherapy group, and BBN" PAG + GEM combination therapy group were all
diagnosed with papillary NMIBC.
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Figure 11C shows percentage of mice within each group that had normal tissue, dysplasia,
cancer with no invasion or invasion into the lamina propria (LP) or muscularis propria
(MP) as determined by pathology. Among the mice that had confirmed bladder tumors, the
BBN* saline monotherapy group had 33% no invasion and 67% MP invasion (Fig 11D).
The BBN*PAG monotherapy group had 30% no invasion, 40% LP invasion, and 30% MP
invasion (Fig 11D). The BBN* PAG + NaHS combination therapy group had 50% LP
invasion and 50% MP invasion (Fig 11D). The BBN* GEM monotherapy group had 20%
no invasion, 60% LP invasion, and 20% MP invasion (Fig 11D). The BBN*PAG + GEM
combination therapy group had 100% no invasion (Fig 11D).
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Figure 11. Inhibiting CSE activity attenuates tumor progression and invasion and
results in tumor regression and abrogates invasion in the presence of chemotherapy.
(A) MRI was used to assess the change in bladder wall volume, representative of tumor
progression, before and after intravesical therapy of 80 pL of saline, PAG (20 mM), NaHS
(100 uM), GEM (100 uM), PAG (20 mM) + NaHS (100 uM) or PAG (20 mM) + GEM
(100 uM). Caption continues onto page 43.
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Caption continued. Changes in bladder wall volume of the BBN™ groups were normalized
to the change in bladder wall volume of the BBN™ group. (B) Representative images of
H&E stained bladder tumor tissue. (C) Percentage of mice within each group that had
normal tissue, dysplasia, cancer with no invasion, LP invasion, or MP invasion. (D)
Percentage of mice with no invasion, LP invasion, or MP invasion among the mice that
had bladder tumors. Data are expressed as mean + SEM. Means were compared using one-
way ANOVA followed by Tukey’s post-hoc test. *p<0.05, **p<0.002, ***p<0.0002,
****n<0.0001. CSE, cystathionine y-lyase; MRI, magnetic resonance imaging; PAG,
propargylglycine; NaHS, sodium hydrosulfide; GEM, gemcitabine; BBN, N-butyl-N-(4-

hydroxybutyl)-nitrosamine; LP, lamina propria; MP, muscularis propria.
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3.6 Inhibiting CSE activity induces bladder tumor apoptosis, attenuates
neovascularization and proliferation, alters the bladder tumor immune response and

potentiates the pro-apoptotic and anti-neovascularization effects of chemotherapy.

To investigate the mechanisms by which H2S synthesis inhibition attenuates bladder tumor
growth and invasion and potentiates the anti-cancer effects of chemotherapy, bladder
tumors underwent IHC staining for markers of apoptosis, neovascularization, proliferation,
macrophages, and T cells. Staining for the apoptotic marker caspase-9 revealed a
significant increase in caspase-9* cells in the bladder tumor tissue of the BBN™ saline
monotherapy group compared to the bladder tissue of the BBN™ saline monotherapy group
(p<0.05; Fig 12C). However, caspase-9* cells were not significantly altered in any of the
BBN™ intravesical therapy groups compared to the BBN* saline monotherapy group (Fig
12C).

Staining for the apoptotic marker PARP-1 revealed that PARP-1" cells were not altered in
the bladder tumor tissue of the BBN™ saline monotherapy group compared to the bladder
tissue of the BBN" saline monotherapy group (p>0.05; Fig 12D). PARP-1" cells were
induced in the BBN" PAG monotherapy group, BBN* GEM monotherapy group, and
BBN* PAG + GEM combination therapy group compared to the BBN* saline monotherapy
group (p<0.05, p<0.0001, and p<0.0002, respectively; Fig 12D). PARP-1* cells were
induced in the BBN™ PAG + GEM combination therapy group compared to the BBN* PAG
monotherapy group (p>0.002; Fig 12D). PARP-1* cells were not altered in the BBN* PAG
+ NaHS combination therapy group compared to the BBN* saline monotherapy group
(p>0.05; Fig 12D).

Staining for the proliferation marker Ki67 revealed a significant increase in Ki67" cells in
the bladder tumor tissue of the BBN™ saline monotherapy group compared to the bladder
tissue of the BBN" saline monotherapy group (p<0.002; Fig 13C). Ki67" cells were reduced
in the BBN* PAG monotherapy group, BBN* GEM monotherapy group, and BBN* PAG
+ GEM combination therapy group compared to the BBN™ saline monotherapy group
(p<0.002, p<0.002, and p<0.0001, respectively; Fig 13C). Ki67" cells were not altered in
the BBN* PAG + NaHS combination therapy group compared to the BBN* saline
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monotherapy group but were induced compared to the BBN* PAG monotherapy group
(p>0.05 and p<0.05, respectively; Fig 13C).

Staining for the neovascularization marker VEGF revealed a significant increase in VEGF*
cells in bladder tumor tissue of the BBN™ saline monotherapy group compared to the
bladder tissue of the BBN" saline monotherapy group (p<0.0001; Fig 13D). VEGF" cells
were reduced in the BBN™ PAG monotherapy group, BBN® PAG + NaHS combination
therapy group, BBN* GEM monotherapy group, and BBN* PAG + GEM combination
therapy group compared to the BBN™ saline monotherapy group (p<0.0002, p<0.05,
p<0.0002, and p<0.0002, respectively; Fig 13D). VEGF" cells were reduced in the BBN*
PAG + GEM combination therapy group compared to the BBN* PAG monotherapy group
(p>0.05; Fig 13D).

Staining for the macrophage marker F4/80 revealed F4/80*" macrophage were not altered
in bladder tumor tissue of the BBN™ saline monotherapy group compared to the bladder
tissue of the BBN" saline monotherapy group (p>0.05; Fig 14C). F4/80" macrophage were
induced in the BBN* PAG monotherapy group compared to the BBN* saline monotherapy
group (p<0.002; Fig 14C). F4/80" macrophage were reduced in the BBN™ PAG + NaHS
combination therapy group compared to the BBN* PAG monotherapy group (p>0.002; Fig
14C). F4/80" macrophage were not altered in the BBN* PAG + NaHS combination therapy
group, BBN* GEM monotherapy group, and BBN™ PAG + GEM combination therapy
group compared to the BBN* saline monotherapy group (p>0.05, p>0.05, and p>0.05,
respectively; Fig 14C).

Staining for the macrophage marker CD163" revealed no significant changes in CD163*

M2 macrophage presence in any group (Fig 14D).

Staining for the T cell marker CD8 revealed no change in CD8" T cell presence in the
bladder tumor tissue of the BBN™ saline monotherapy group compared to the bladder tissue
of the BBN" saline monotherapy group (p>0.05; Fig 15C). CD8" T cells were induced in
the BBN" PAG monotherapy group and BBN* PAG + GEM combination therapy group
compared to the BBN* saline monotherapy group (p>0.05 and p>0.0001, respectively; Fig
15C). CD8" T cells were also induced in the BBN" PAG + GEM combination therapy group
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compared to the BBN* GEM monotherapy group (p>0.002; Fig 15C). CD8" T cells were
not altered in the BBN®™ PAG + NaHS combination therapy group and BBN® GEM
monotherapy group compared to the BBN™ saline monotherapy group (Fig 15C).

Staining for the helper T cell marker CD4 revealed a significant increase in CD4™ T cell
presence in the bladder tumor tissue of the BBN™ saline monotherapy group compared to
the bladder tissue of the BBN" saline monotherapy group (p<0.0002; Fig 15D). CD4* T
cells were reduced in the BBN™ PAG monotherapy group compared to the BBN* saline
monotherapy group (p<0.05; Fig 15D). CD4* T cells were not significantly altered in any
other group compared to the BBN™ saline group (Fig 15D).
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Figure 12. CSE inhibition induces presence of the apoptotic marker cleaved-PARP-1
but not caspase-9 and further induces PARP-1* cells in combination with
chemotherapy. Representative images of immunohistochemical staining of apoptotic
markers (A) caspase-9 and (B) cleaved PARP-1 of bladder tumors treated with saline,
PAG, PAG + NaHS, GEM, and PAG + GEM intravesical therapy; 40x magnification. Line
represents 100 um. Corresponding digital analysis show percent area of sections positive
for (C) caspase-9 and (D) cleaved PARP-1. Data are expressed as mean + SEM. Means
were compared using one-way ANOVA followed by Tukey’s post-hoc test. *p<0.05,
**p<0.002, ***p<0.0002, ****p<0.0001. CSE, cystathionine y-lyase; PARP-1, Poly
(ADP-ribose) polymerase 1; PAG, propargylglycine; NaHS, sodium hydrosulfide; GEM,

gemcitabine.
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Figure 13. CSE inhibition reduces presence of the proliferation marker Ki67 and the
neovascularization marker VEGF and further reduces VEGF* cells in combination
with chemotherapy. Representative images of immunohistochemical staining of (A)
proliferation marker Ki67 and (B) neovascularization marker VEGF of bladder tumors
treated with saline, PAG, PAG + NaHS, GEM, and PAG + GEM intravesical therapy; 40x
magnification. Line represents 100 um and 50 um for Fig A and B, respectively.
Corresponding digital analysis show percent area of sections positive for (C) Ki67 and (D)
VEGEF. Data are expressed as mean + SEM. Means were compared using one-way ANOVA
followed by Tukey’s post-hoc test. *p<0.05, **p<0.002, ***p<0.0002, ****p<0.0001.
CSE, cystathionine y-lyase; VEGF, vascular endothelial growth factor; PAG,
propargylglycine; NaHS, sodium hydrosulfide; GEM, gemcitabine.
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Figure 14. CSE inhibition potentiates presence of macrophage marker F4/80.
Representative images of immunohistochemical staining for macrophage markers (A)
F4/80 and (B) CD163 of bladder tumors treated with saline, PAG, PAG + NaHS, GEM,
and PAG + GEM intravesical therapy; 40x magnification. Line represents 50 pm.
Corresponding digital analysis show percent area of sections positive for (C) F4/80 and (D)
CD163. Data are expressed as mean = SEM. Means were compared using one-way
ANOVA followed by Tukey’s post-hoc test. *p<0.05, **p<0.002, ***p<0.0002,
****p<0.0001. CSE, cystathionine y-lyase; PAG, propargylglycine; NaHS, sodium
hydrosulfide; GEM, gemcitabine.
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Figure 15. CSE inhibition induces presence of T cell marker CD8 and further induces

presence of CD8* T cells in combination with chemotherapy and reduces the presence

of T cell marker CD4. Representative images of immunohistochemical staining for T cell
markers (A) CD8 and (B) CD4 of bladder tumors treated with saline, PAG, PAG + NaHS,
GEM, and PAG + GEM intravesical therapy; 40x magnification. Line represents 50 pm.

Corresponding digital analysis show percent area of sections positive for (C) CD8 and (D)

CDA4. Data are expressed as mean = SEM. Means were compared using one-way ANOVA
followed by Tukey’s post-hoc test. *p<0.05, **p<0.002, ***p<0.0002, ****p<0.0001.

CSE, cystathionine y-lyase; PAG, propargylglycine; NaHS, sodium hydrosulfide; GEM,

gemcitabine.
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4 Discussion

Bladder cancer is the 6th most common cancer in men and 17th most common cancer in
women [119]. Current bladder cancer therapies have limited therapeutic impact generating

a need for investigation of novel treatments.

H2S, an endogenously produced gaseous signaling molecule, has been implicated in the
development and progression of cancer [46-48]. Dysregulation of its production, through
the experimental use of H2S synthesis inhibitors and H2S donors, has been shown to
contribute to cancer cell viability, invasion, and migration [53, 58-60]. This has most
recently been investigated in bladder cancer [74,75, 77]. However, these studies do not
successfully mimic the clinical setting, therefore it is difficult to say whether these findings
will translate in human subjects. Therefore, this study investigated the therapeutic effect of
targeting H2S synthesis in a clinically relevant, carcinogen-induced, intravesical murine
model of bladder cancer. We showed that inhibiting H2S production, by targeting CSE
activity, reduced bladder cancer cell viability and tumor progression and strengthened the

anti-cancer effects of GEM chemotherapy.

To begin, we performed in vitro experiments using both the mouse and human bladder
cancer cell lines, MB49 and 5637, respectively. The MB49 cell line was used to develop
suitable treatments for the subsequent in vivo experiments which utilized a mouse model.
The 5637 cell line was used to determine whether these preliminary findings are
translatable. We first investigated the dysregulation of H2S synthesis in bladder cancer by
evaluating the gene expression of the H2S-producing enzymes, CBS, CSE, and 3-MST
under hypoxic conditions in both cell lines. Gene expression of the H2S-producing enzymes
have been shown to be downregulated in bladder cancer cells yet, their expression levels
are positively correlated with bladder cancer stage suggesting elevated H2S levels
contribute to the aggressiveness of the disease [75, 77]. Under normoxic conditions, CSE
protein levels are the most upregulated compared to CBS and 3-MST in bladder cancer
cells [77]. However, these models are missing the hypoxic nature of the bladder cancer
microenvironment as hypoxia has been shown to be an integral part of the TME and
correlated with worse patient prognosis [120, 121]. Therefore, this should be considered

when developing an in vitro bladder cancer model.
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We found that after hypoxia exposure, H2S-producing enzyme gene expression was
downregulated in MB49 cells, but more importantly was upregulated in 5637 cells
compared to cancer cells without hypoxia. The latter finding may provide an explanation
for why previous studies found HzS-producing enzyme levels to be positively associated
with bladder cancer tumor progression. Hypoxia, which is associated with more progressed
stages of bladder cancer, may upregulate H2S-producing enzyme expression in bladder
cancer. A previous study demonstrates this in the human lung cancer A549 cell line where
H2S promotes the pro-angiogenic effect of hypoxia-inducible factor-1a (HIF-1a) resulting
in increased cancer cell proliferation and invasion [122]. Moreover, they demonstrated that
HIF-1a knockdown reduced H:S-induced angiogenesis suggesting a positive feedback
mechanism. Therefore, the current study demonstrates that it is plausible that a similar

relationship exists in bladder cancer.

CSE is the main HzS-producing enzyme present within smooth muscle, which is what the
bladder detrusor muscle is composed of [123]. Taking into account the hypoxic nature of
the bladder TME, we reported CSE gene expression to be the most upregulated over time
compared to the other H2S-producing enzymes in 5637 cells suggesting that even under
hypoxic conditions CSE may be the most prominent H2S-producing enzyme in bladder
cancer. This is in line with previous studies as Wahafu et al [75] found CSE to be the only
H2S-producing enzyme to significantly increase from human NMIBC to MIBC tissue
samples. Likewise, Panza et al [77] showed CSE to have the highest protein expression
compared to both CBS and 3-MST in the human bladder cancer cell lines T24 and UMUCS3.
This highlights the importance of targeting CSE activity when pharmacologically
inhibiting H2S synthesis.

To further understand the involvement of HzS synthesis in mouse and human bladder
cancer cell viability, we inhibited endogenous H2S synthesis and administered exogenous
H2S individually and in combination. Based on our previous finding that CSE is the main
H2S-producing enzyme and the subsequent dose response curves, we used 20 mM PAG, a
specific inhibitor of CSE, and 100 uM NaHS as the exogenous H2S donor.
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Compared to the untreated cells exogenous H2S has no impact on 5637 cell viability or
apoptosis. Wahafu et al [75] also reported no effect on human bladder cancer EJ cell
viability after 24 h treatment with 100 uM NaHS providing support for our findings.
Conversely, it has been shown that 100 uM NaHS and 50 uM NaHS is sufficient to induce
a significant increase in human bladder cancer EJ cell and human lung cancer A549 cell
viability, respectively [76, 122]. The former study treated cells for 48 h whereas our cells
were exposed to NaHS for 24 h so it is plausible that longer exposure is required to induce
an effect. Another study investigated this using both exogenous and endogenously
generated H2S [77]. They found that exogenous H2S, by two slow-releasing H2S donors
DATS and GYY4137, decreased cell viability and induced apoptosis in UMUC3 and T24
human bladder cancer cell lines. Moreover, increasing endogenous Hz2S, by overexpression
of CBS and CSE, attenuated human bladder cancer cell viability in the UMUCS3 cell line.
Therefore, fast and immediate administration of H2S may be the key to the observed pro-

cancer effects of H2S rather than a slow and steady release.

Interestingly, we did see a significant potentiation of cell viability in the MB49 cell line
following NaHS administration. This discrepancy from the cell viability of the 5637 cell
line may be explained by the difference in HzS-producing enzyme gene expression. The
downregulation of gene expression levels in MB49 cells may make these cells more
sensitive to H2S administration. 100 uM NaHS may alter these cells into a high H2S state,
whereas 5637 cells may already be in this high state so they may not be as sensitive to

exogenous administration.

In contrast, inhibiting H2S synthesis significantly attenuates cell viability and significantly
potentiates cell apoptosis in both MB49 and 5637 cells. Wahafu et al [75] found that PAG
treatment did not impact EJ cell viability after 24 h; however, they used only 100 uM PAG,
whereas we used 20 mM, therefore our high dose may explain this discrepancy. A breast
cancer study also reported 20 mM PAG significantly reduced viability of the human breast
cancer cell lines MCF-7 and MDA-MB-231 [58]. Furthermore, they found PAG treatment
significantly potentiated the apoptotic index of the breast cancer cells compared to
untreated cells. Similar trends have also been shown in human non-small cell lung cancer

cells, human gastric AGS cells, and human nasopharyngeal carcinoma cells which suggest
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targeting CSE activity is sufficient in restricting human cancer cell viability and inducing
cancer cell death [61, 122, 124].

Our study showed a discrepancy in cell viability between cell lines following PAG
treatment, whereby the viability of 5637 cells was reduced by over 20% compared to MB49
cells. This may be once again due to the difference in H2S-producing enzyme expression,
whereby the upregulation and availability of CSE in 5637 cells may make them more
sensitive to PAG treatment compared to MB49 cells where CSE is downregulated and
therefore less available for PAG interaction. Nonetheless, these findings demonstrate the

anti-cancer potential of CSE activity inhibition in human bladder cancer cells.

To corroborate whether it is the inhibition of H2S production that is contributing to the
observed anti-cancer effects, PAG-treated cells were also supplemented with NaHS. NaHS
partially recovers cell viability from PAG and reduces apoptotic levels in both cell lines.
Sekiguchi et al [124] also reported a reversal of the inhibitory effects of PAG on human
gastric AGS cell proliferation by NaHS. Others have attempted to investigate the effect of
H2S synthesis inhibition and H2S donor administration in vitro by directly measuring H2S
production [46, 51]. This was accomplished using a fluorescent-based assay and a
colorimetric-based assay, respectively, with other methods being chromatographic-based
assays [125] and electrochemical-based assays [126]. If these methodologies were reliable,
measuring Hz2S production could further corroborate our findings. Unfortunately, each of
these methodologies are associated with their own inherent faults which currently do not
allow for selective and sensitive measurements of real-time HzS levels. For example, main
disadvantages have been identified as fluorescent-based assays having extremely high
response times, colorimetric-based assays and chromatographic-based assays being
associated with low sensitivity, and electrochemical-based assays having to rely on
manipulating pH which results in overestimation of H2S levels [127]. Nonetheless, we
reported that reintroducing H2S in the form of an exogenous donor reversed the anti-cancer
effects of CSE activity inhibition supporting our hypothesis that is it the loss of Hz2S, rather
than an off-target effect, that attenuates cancer cell viability and potentiates cancer cell
death.
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Interestingly, we reported that PAG treatment decreased cell viability to a level comparable
to GEM treatment in 5637 cells. Therefore, we wanted to investigate the effect of both
treatments in combination. We found PAG treatment potentiates the anti-cancer effects of
GEM and further increase apoptotic levels in the 5637 cell line compared to GEM
treatment alone. Wahafu et al [75] also found PAG treatment in combination with cisplatin
chemotherapy to further reduced human bladder cancer cell viability compared to both
PAG and cisplatin chemotherapy alone. This was attributed to an increase in the level of
pro-apoptotic proteins, Bax, Bcl-2, and cleaved PARP-1. Thus, it is plausible that inhibition
of CSE activity by PAG may elicit an additive effect with current bladder cancer
chemotherapies.

Based on our promising in vitro results, we investigated the anti-cancer effects of PAG and
its additive relationship with GEM in a clinically relevant, carcinogen-induced, intravesical
murine model. Following intravesical therapy, MRI was used to evaluate bladder tumor
response to the HzS-targeted therapies. Our study shows that inhibiting HzS synthesis, by
targeting CSE activity, reduced tumor growth compared to saline-treated mice. We also
reported an attenuation of tumor invasion following PAG monotherapy, as 30% of PAG-
treated tumors had MP invasion compared to the 67% of saline-treated tumors that had MP
invasion. Cano-Galiano et al [59] and Wang et al [61] reported that PAG significantly
decreased orthotopic xenogeneic brain and subcutaneous syngeneic nasopharyngeal
carcinoma tumor growth, respectively. Wang et al [60] also reported suppression of
prostate tumor growth in an orthotopic xenograft mouse model following CSE knockdown.
Therefore, the current literature in other cancer types supports our finding that PAG

monotherapy impedes cancer growth.

In line with our in vitro results, PAG + NaHS combination therapy partially recovered
tumor growth compared to PAG monotherapy, resulting in bladder wall volume similar to
saline-treated tumors. Moreover, 50% of PAG + NaHS-treated tumors had MP invasion
compared to the 30% of PAG-treated tumors with MP invasion. These findings further
validate our hypothesis that it is the inhibition of Hz2S synthesis that is contributing to the
anti-cancer effects observed by PAG treatment rather than being the result of an off-target

effect.
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To follow this hypothesis further, we investigated whether the anti-cancer effects of PAG
monotherapy could potentiate the anti-cancer effects of GEM monotherapy as observed in
our in vitro findings. Previously, Wahafu et al [75] demonstrated that PAG treatment with
cisplatin chemotherapy further reduced subcutaneous bladder cancer tumor volume
compared to cisplatin chemotherapy alone. Similarly, we reported that PAG in combination
with GEM not only reduced tumor growth compared to PAG monotherapy, but it was the
only group that resulted in regression of the tumor. We also reported no invasion in the
PAG + GEM-treated tumors compared to the 30% and 20% of tumors that had MP invasion
in the PAG-treated and GEM-treated tumors, respectively. Therefore, not only does PAG
have an additive effect with GEM, but this combination therapy was able to reduce tumor
size rather than delay tumor growth and abrogate tumor invasion altogether.

These findings are promising as the model utilized in this study does not reflect clinical
reality, yet tumor regression and abrogation of invasion were still observed. Within the
clinical setting, patients would first undergo TURBT which would then be followed by
intravesical therapy. We forwent the surgery and performed primary intravesical therapy.
Therefore, PAG + GEM combination therapy may be even more successful when surgery
is performed. It is also important to note that the model utilized in this study was initially
meant to target NMIBC. However, we observed a large number of MIBCs suggesting our
findings may be more applicable to patients with MIBC. The typical treatment course for
MIBC involves neoadjuvant chemotherapy followed by radical cystectomy. However,
50% of patients will experience recurrence within two years of receiving a radical
cystectomy [128]. As we observed tumor regression and abrogation of invasion following
PAG + GEM combination therapy without any other therapeutic intervention, this may be
a promising treatment for MIBC patients, especially those who are unable to undergo

radical cystectomy.

H2S promotes cancer cell function by promoting anti-apoptotic pathways, DNA repair,
proliferation, neovascularization, and evading anti-tumor immune responses. For instance,
it has previously been reported that PAG induces apoptosis through cleaved caspase-3 in
human breast cancer cell lines MCF-7 and MDA-MB-231 [58]. Caspase-3 is directly

cleaved and activated by caspase-9 [129]. GEM has also been reported to induce cancer
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cell death by activating caspase-9 [130, 131]. Conversely, we reported no significant
change in caspase-9* cell infiltration following PAG or GEM monotherapy. Nevertheless,
caspases also induce apoptosis by cleaving the DNA repair initiator, PARP-1. GEM also
induces apoptosis through PARP-1 degradation as demonstrated by a downregulation of
intact PARP-1 following GEM treatment in human KLM21 pancreatic cancer cells [132].
We also demonstrated this as an increase in cleaved PARP-1" cells in GEM-treated tumors.
In contrast, H2S potentiates PARP-1 activity by persulfidation of MEK1 [66]. We found
that PAG monotherapy resulted in increased presence of cleaved PARP™ cells, suggesting
high apoptotic activity. Khan et al [58] also found an increased level of cleaved PARP-1
following PAG treatment in human breast cancer cell lines MCF-7 and MDA-MB-231.
More interestingly, we found an additive effect between PAG and GEM as PAG + GEM
combination therapy resulted in a further increase in cleaved PARP-1" cells compared to
both monotherapies. Therefore, these findings suggest H2S synthesis inhibition potentiates
the apoptotic effects of GEM through PARP-1 degradation (Fig 16).
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H,S-Synthesis Inhibition and Gemcitabine Combination Intravesical Therapy

PARP-1

(inactive) (active)

Bladder Tumor Regression

Figure 16. Proposed mechanisms of H.S synthesis inhibition and GEM combination
intravesical therapy resulting in bladder tumor progression. HzS synthesis inhibition
modifies the immune response, potentiating F4/80" macrophage and CD8" T cell
infiltration and attenuating CD4" T cell infiltration. H2S synthesis inhibition and GEM
potentiate PARP-1 cleavage, resulting in apoptosis. H2S synthesis inhibition and GEM
attenuate neovascularization reducing the presence VEGF™ cells. H2S, hydrogen sulfide;
GEM, gemcitabine; PARP-1, Poly (ADP-ribose) polymerase 1; VEGF, vascular
endothelial growth. Figure prepared with BioRender (biorender.com).
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Another important marker of bladder cancer prognosis is the proliferation marker Ki67 as
high Ki67 levels are indicative of poor bladder cancer patient survival and recurrence
[133]. In comparison to saline-treated tumors, we observed a significant decrease in Ki67*
cells in our PAG and GEM monotherapy groups. Khan et al [58] also reported a significant
decrease in Ki67 levels following PAG treatment in human breast cancer MCF-7 and
MDA-MB-231 cells and subcutaneous tumors. PAG + GEM combination therapy resulted
in the lowest number of Ki67* cells suggesting a further reduction in bladder tumor
proliferation and a better prognosis compared to no therapy, PAG or GEM monotherapy.
It may also be of importance to further identify proliferating cells as tumor or immune cells

using the marker CD45 to provide a deeper insight into what is occurring within the TME.

Neovascularization is another critical process in cancer as the formation of new blood
vessels promotes cancer proliferation and growth. H2S is a key mediator of
neovascularization as its production by CSE has been shown to promote the ERK1/2
signaling pathway [70]. Our group previously demonstrated a reduction in blood vessels
following H2S synthesis inhibition in VHL™ ccRCC [46]. In this study we observed a
decrease in VEGF" cells following PAG and GEM monotherapy and a further reduction
following PAG + GEM combination therapy suggesting another explanation for the

observed additive relationship (Fig 16).

Finally, the immune system plays a critical role in eliminating cancer cells. However, the
TME evades anti-tumor immune responses through recruitment of TAMSs via chemotactic
molecules [134] and favoring pro-tumor M2 TAM polarization which in turn dysregulates
T cell function [32, 33]. It has been reported that GEM has no effect on immune cell
infiltration such as macrophage and T cells within bladder cancer [116], which was also
demonstrated in this study. Conversely, GEM appears to play a role in promoting M2
macrophage polarization in the pancreatic cancer cell lines MiaPaCa-2 and Colo-357 [135].
However, T cell infiltration does not appear to be altered by GEM in pancreatic cancer
patients [136].

In mice, tumor infiltrating TAMs generally express F4/80 and M2 TAMs specifically
express CD163, allowing quantification of total macrophage vs. M2 TAMs. We reported
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that PAG monotherapy potentiated macrophage infiltration, as indicated by a significantly
higher presence of F4/80" macrophage compared to saline monotherapy, suggesting H2S
synthesis inhibition is capable of evoking an immune response within the bladder tumor
(Fig 16). We found no significant changes in the presence of CD163" M2 macrophage
however, we did observe a slight decrease in CD163" M2 macrophage following PAG
monotherapy, suggesting PAG may attenuate M2-polarization or infiltration. We also
observed a statistically insignificant but noticeable increase in F4/80" macrophage
presence and decrease in CD163" M2 macrophage presence after PAG + GEM
combination therapy compared to GEM monotherapy. With that, we hypothesize that the
observed increase in F4/80" macrophage may be due to an increase in anti-tumor M1
macrophage rather than pro-tumor M2 macrophage. To further investigate this, we suggest
using alternative markers for M2 macrophage due to the lack of significance in this study.
Although previous literature utilizes CD163 as an M2 macrophage marker [137], Barros et
al [138] suggest that it may not be reliable. Although CD163 is macrophage specific they
demonstrated that it may not be M2-specific. Thus, it may be more dependable to employ
a double staining technique such as F4/80 with CD206 or triple staining with F4/80,
CD206, and CD111b which has been shown to be M2 macrophage specific [139, 140].
Nonetheless, our findings suggest that PAG adds an immune component to the tumor
response to GEM. This addition may be imperative to the attenuation of tumor growth and
invasion and potentiation of GEM observed in the murine model.

Moreover, we hypothesized HzS synthesis inhibition would modulate T cell infiltration
given the observed impact of HzS on macrophage. Our study found a significant increase
in CD8" T cell infiltration in the bladder tumor following PAG monotherapy compared to
saline monotherapy. Comparatively, Yue et al [141] reported a decrease in CD8" T cells
following H2S treatment in human colon cancer tissue. These findings suggest that H2S
attenuates CD8" T cell infiltration, and inhibiting H2S production may rescue this (Fig 16).
Furthermore, we reported a significant decrease in CD4" T cell infiltration in the bladder
tumor following PAG monotherapy compared to saline monotherapy suggesting H2S
synthesis inhibition attenuates infiltration of CD4" cells. CD4™ T cells are comprised of
several subsets including immunosuppressive regulatory T cells, which have been shown

to be abundant in bladder cancer [142]. We also demonstrated a significant potentiation of
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CDA4" cells in the BBN™ saline group compared to the BBN" saline group. Therefore, it is
possible that what we are seeing is a depletion of regulatory T cells from the bladder tumor
following PAG monotherapy. Yue et al [141] previously reported a significant decrease in
regulatory T cell infiltration following H2S depletion in a subcutaneous murine model of
colon cancer. We also reported that PAG supplementation with GEM chemotherapy
significantly increased CD8" T cell presence and insignificantly decreased CD4" T cell
presence compared to GEM monotherapy underscoring our hypothesis that the addition of
an anti-tumor immune response by PAG may be responsible for the increased potency of

GEM chemotherapy.

4.1 Limitations and future directions

This study possessed a few limitations. Firstly, as BBN treatment was delivered through a
communal water bottle, its consumption by individual mice could not be evaluated.
Therefore, its intake among mice may have been inconsistent resulting in variable tumor
types at the time intravesical therapy began. Because no mice were sacrificed at this time
point, no confirmative pathology could be performed. However, as a previous study has
reported [109], bladder wall area significantly correlates with tumor burden therefore
cancer type could potentially be interpreted from this data. Another limitation exists within
the variability of interpretation of the MRI images. Glaser et al [109] suggested using all
available MRI slices to give a more thorough evaluation of bladder wall volume. However,
utilization of the entire bladder was not possible in this study due to the poor resolution of
imaging strictly at the most anterior and posterior parts of the bladder. Image quality and
usage was also affected by the movement of the bowel. To overcome this limitation, we
utilized four slices on either side of the midpoint of the bladder with each slice being three
slices apart, totaling nine slices. This ensured all images used were unobstructed and the
amount of bladder analyzed was maximized. However, we would recommend that
additional views, such as axial and sagittal, be used during future analysis to avoid bowel
impediment and allow utilization of the entire bladder. Finally, doses used in the
intravesical therapy were evaluated and determined in vitro and were not evaluated in vivo.

Therefore, it is possible that more effective doses for all three treatments exist, and these
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doses should be determined prior to future studies to investigate the full potential of these

therapies.

Despite these limitations, our findings are promising and suggest H2S as a potential target
in developing novel bladder cancer therapies. To improve the quality of this research
inhibition of H2S synthesis by PAG should be verified by quantifying H2S production. We
previously performed real-time measurement of H2S production in ccRCC cell lines using
the HzS-specific, fluorescent probe MeRhoAz [46]. Therefore, this methodology may be
an appropriate approach to doing so. Future studies should also aim to uncover the specific
mechanisms underlying the anti-cancer effects of Hz2S, as well as its additive effects with
GEM chemotherapy, such as with M2 macrophage and CD4* T cell subtypes. Proliferating
immune cells should also be differentiated from other proliferating cells. This may be
accomplished by additional pathology or omics techniques to provide a greater insight into
what is occurring at the gene and protein levels. Moreover, although the employed model
is more clinically relevant than previously used methods, the treatment course should be
prolonged to six weekly sessions to better mimic the current treatment course used in
clinical practice. Finally, intravesical therapy is specific to NMIBC. However, many of the
cancers developed within this experiment were MIBC suggesting intravesical therapy may
not be the most appropriate therapeutic choice. Future studies should consider shortening
the timeline for BBN treatment to ensure treatment of NMIBCs or consider a more suitable
method for MIBC such as intravenous administration. Doing so will better facilitate the

clinical translation of our findings.

5 Conclusion

In conclusion, this study reports that pharmacological inhibition of endogenous H2S
production attenuates bladder cancer progression and potentiates the anti-cancer effects of
a clinically used chemotherapeutic in a clinically relevant murine model. Current bladder
cancer therapies have limited patient success, lengthy treatment times, and an extremely
high cost burden, creating an inescapable need for novel therapies. We have demonstrated
the vital role of H2S in bladder cancer progression as H2S-producing enzyme gene
expression is upregulated in bladder cancer cells under hypoxic conditions with specific

attention to CSE. Inhibition of CSE activity by PAG monotherapy reduced bladder cancer
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viability as well as tumor growth and invasion and has an additive effect with GEM
chemotherapy, resulting in tumor regression and abrogation of invasion. Our findings
suggest H2S synthesis inhibition induces apoptosis, attenuates neovascularization and
proliferation, and modulates the tumor immune response. H2S synthesis inhibition also
potentiates the pro-apoptotic and anti-neovascularization effects and adds an immune
component to the response to GEM chemotherapy increasing the number of mechanisms
by which this therapy may target and destroy cancer cells. These findings underpin the role
H2S plays in cancer pathophysiology demonstrated by the current literature and reveals the

potential of H2S as a target for developing improved bladder cancer combination therapies.
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