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Abstract

Clear cell renal cell carcinoma (ccRCC) is characterized by Von Hippel-Lindau (VHL)-deficiency,
resulting in pseudohypoxic, angiogenic and glycolytic tumours. Hydrogen sulfide (H»S) is an
endogenously-produced gasotransmitter that accumulates under hypoxia and has been shown to be
pro-angiogenic and cytoprotective in cancer. It was hypothesized that H,S levels are elevated in
VHL-deficient ccRCC, contributing to survival, metabolism and angiogenesis. Using the H»S-
specific probe MeRhoAz, it was found that H,S levels were higher in VHL-deficient ccRCC cell
lines compared to cells with wild-type VHL. Inhibition of H,S-producing enzymes could reduce
the proliferation, metabolism and survival of ccRCC cell lines, as determined by live-cell imaging,
XTT/ATP assay, and flow cytometry respectively. Using the chorioallantoic membrane
angiogenesis model, it was found that systemic inhibition of endogenous H,S production was able
to decrease vascularization of VHL-deficient ccRCC xenografts. Endogenous H,S production is
an attractive new target in ccCRCC due to its involvement in multiple aspects of disease.
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1. Introduction

Renal cell carcinoma (RCC) has a cancer-specific mortality rate of 30-40% [1]. Despite
advances in early detection of RCC, upto 30% of RCC patients present with metastatic
disease (MRCC), which is highly resistant to systemic chemotherapy and radiation therapy
[2]. This has led to the development of alternate RCC therapies that target the molecular
basis of the cancer [3].

Of the various histological subtypes of RCC, the most common is the clear cell histotype
(ccRCC), accounting for roughly 80% of all RCCs [4]. A common molecular signature of
ccRCC, present in 90% of cases, is inactivation of the Von Hippel-Lindau (VHL) tumour
suppressor, a protein responsible for the degradation of hypoxia-inducible factors alpha
subunits (HIF-1/2a) under normoxia [3,5]. When VHL is inactivated, HIF-1/2a transcription
factors are not degraded under normoxic conditions and cells become pseudohypoxic,
inappropriately upregulating growth factors and pro-angiogenic factors like vascular
endothelial growth factor (VEGF) [3]. As such, recently developed ccRCC therapies aim to
disrupt these growth and angiogenic signalling pathways by targeting mammalian target of
rapamycin (MTOR) — a master regulator of growth and survival — and VEGF receptors on
endothelial cells [3].

Unfortunately, objective response rates of these targeted therapies only approach 50% and
durable complete responses are rare [1,6]. There is a need for a truly unique targeted therapy
for treatment of MRCC, seeing as significant investment into VEGF and mTOR inhibitors
has yet to yield a cure for the disease [7]. Another identifying feature of pseudohypoxic
ccRCC tumours which may be a promising target is a strong preference for glycolysis over
mitochondrial respiration, even when oxygen is readily available [8]. This shift in
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metabolism is known as the Warburg Effect, and is thought to provide cancer cells with a
cellular environment that facilitates rapid proliferation [9]. Rather than targeting cell
proliferation, angiogenesis, and metabolism individually, it might be more favourable to
target these processes simultaneously. However, finding good molecular targets that mediate
multiple aspects of disease has proven challenging.

Hydrogen sulfide (H»S)’s role as a physiological molecule with pleiotropic functions is
becoming increasingly apparent. It is generated endogenously in mammalian cells by three
independent enzymes: cystathionine y-lyase (CSE), cystathionine p-synthase (CBS) and 3-
mercaptopyruvate sulfurtransferase (MPST) [10]. Expression of these enzymes within renal
epithelial cells is physiologically important because of the role that they play in the
detoxification of homocysteine [10,11]. Production of H,S was long regarded as simply a
by-product of this process, however there is now evidence that this small gaseous molecule
serves diverse functions in the kidneys and throughout the body [12,13]. In the vascular
system, H»S functions as a potent vasodilator and pro-angiogenic factor that works in
combination with nitric oxide and VEGF [14-16]. Throughout the body H5S has been
shown to be cytoprotective and antioxidative in various models of injury and ageing [17,18],
and has also been shown to be mitogenic [19].

Under normoxic conditions, H,S is rapidly oxidized by mitochondria through the combined
action of the electron transport chain (ETC), the enzyme sulfide quinone reductase (SQR),
and the sulfide-oxidizing unit [20-22]. Aerobic mitochondrial oxidation of H,S not only
ensures that H,S does not reach a toxic concentration at which Complex 1V of the ETC is
inhibited, but electrons derived from this oxidation also help to drive mitochondrial ATP
production [22]. However under hypoxic conditions when oxygen is scarce, mitochondrial
oxidation of H,S ceases, allowing H,S to accumulate and function as an oxygen sensor
[23,24]. H,S accumulation under hypoxia helps maintain cell function by upregulating
anaerobic metabolic pathways like glycolysis [25], upregulating cytoprotective pathways
[26], and helping to restore oxygen supply [15,27].

Given its involvement in angiogenesis, cytoprotection and metabolism, increased HoS
production has been linked to various cancers. It has recently been shown that upregulation
of CBS in colon cancer cells produces H,S at a level that is capable of sustaining the
bioenergetics of malignant colonocytes, which in turn leads to increased proliferation
[19,23,28]. In addition, CBS upregulation in tumour cells increases tumour
neovascularization [28]. H,S production has also been linked to play a role in cancers of the
ovaries, breast and the liver where it may play a role in conferring resistance to radiation
therapy, chemotherapy and hypoxia by maintaining supply of glycolytic and antioxidative
substrates [29-32]. While the expression of H,S-producing enzymes has not been
investigated in ccRCC nor other renal cancers, it was recently found that the expression of
CBS is regulated in part by HIF-1/2a subunits [33]. This leads us to hypothesize that
expression of endogenous H,S-producing enzymes might be increased in psuedohypoxic
ccRCC cell lines, and may contribute to the survival, metabolism and angiogenesis of
ccRCC tumours.
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Here we describe for the first time that endogenous levels of H,S are increased in VHL-
deficient ccRCC cell lines and inhibition of H,S-producing enzymes can significantly
decrease the growth, survival, metabolic output and angiogenic potential of ccRCC cell
lines. The cell-permeable, H,S-specific, fluorescent probe MeRhoAz was used to measure
intracellular levels of H,S in ccRCC cell lines at baseline, and following inhibition/
stimulation of H,S-producing enzymes. We evaluated the effects of inhibiting/stimulating
endogenous H,S production on ccRCC cell lines in vitro by quantifying cell growth,
metabolism and viability in the VHL-deficient ccRCC cell lines 786-O and 769-P, as well as
the VHL wild-type ccRCC cell lines Caki-1 and the 786-O VHL knock-in (786-O VHL+).
We further evaluated the effects of H,S inhibition on xenograft neovascularization /n vivo
using an avian xenograft model previously developed for RCC [34].

2. Methods

2.1. Cell culture

All cells were cultured under normal growth conditions (37 °C, 5% CO,, 21% O,) in growth
media (Gibco®) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
Subculturing of cells was performed weekly with use of 0.05% trypsin EDTA (Gibco®). The
human renal epithelial cell line HK-2 was generously donated by Dr. Lakshman Gunaratnam
(Western University, London, ON) and cultured in Keratinocyte Serum Free Medium
supplemented with human recombinant Epidermal Growth Factor 1-53 and Bovine Pituitary
Extract. The VHL wild-type ccRCC cell line Caki-1 was generously donated by Dr. Alison
Allan (Western University, London, ON) and cultured in McCoy’s 5A growth medium. The
VHL-deficient ccRCC cell lines 769-P and 786-O were also donated by Dr. L. Gunaratnam
and cultured in Dulbecco’s Modified Eagle Medium. The ccRCC 786-O VHL+ cell line was
generously donated by Dr. James Brugarolas (UT Southwestern, Dallas, TX) and grown in
Dulbecco’s Modified Eagle Medium.

2.2. Treatments

Inhibitors of endogenous H,S synthesis — hydroxylamine (HA) and propargy! glycine (PAG)
—and the substrate for endogenous H»S production — L-cysteine (LC) — were prepared as
100 mM stock solutions in PBS. Effective doses ranged from 0.5 mM to 5 mM, depending
on the assay, and were used to treat cells seeded in 96-well, 24-well, 12-well or 6-well
plates. Cells were treated for 6-48 h in either normoxic growth conditions (37 °C, 5% CO,,
21% O,) or hypoxic growth conditions (37 °C, 5% CO,, 1% Oy) using a HypOxystation®
H85 hypoxia chamber (HYPO2XYGEN, Frederick, MD).

2.3. Real-time measurement of endogenous H»S production

The cell-permeable, HyS-specific, fluorescent probe MeRhoAz was used in combination
with live-cell imaging to track endogenous H,S production in our cell cultures in real-time
(Hammers et al., In Press). MeRhoAz was generously donated by Dr. Michael Pluth
(University of Oregon, Eugene, OR) and is the second-generation product of probes
previously developed in the Pluth lab [35]. The live-cell imaging platform used here was the
IncuCyte ZOOM (Essen BioScience, Ann Arbour, MI) and its use was graciously afforded
by Dr. Anthony Jevnikar (Western University, London, ON). Cells were seeded into 96-well
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plates (2 x 10% cells per well) and allowed to adhere overnight. Treatments and MeRhoAz
were added to wells simultaneously and green channel fluorescent images of each well were
captured every 30 min for 15 h (4x objective, 440 nm excitation/520 nm emission). Using
IncuCyte internal software, thresholding was performed on wells in which no MeRhoAz had
been added in order to eliminate background cellular fluorescence. The total number of cells
fluorescing above the established threshold was quantified, yielding a Total Probe Count.
IncuCyte internal software was also able to quantify percentage cell confluency after
additional thresholding, and this was used to normalize the Total Probe Count.

2.4. Western blot analysis

Cells were plated into 60 mm dishes and allowed to reach 90-100% confluency. Cells were
either kept in normoxia or exposed to hypoxia for 624 h. Following treatment, media was
aspirated, cells were washed twice with PBS before being lysed on ice for 15 min in RIPA
buffer. Lysates were collected and centrifuged at 4 °C and 10,000 x g for 10 min before
being aliquoted and stored at —80 °C. Forty-fifty micrograms of each sample was run on 10—
12%, Tris-glycine, SDS-polyacrylamide gels under thiol-reducing conditions at 60-120 V
and transferred to PVDF membranes for 45 min at 80 V. Membranes were blocked in TBS
(5% BSA) and incubated overnight at 4 °C with primary antibody (mouse-anti-human CBS
(B-4): Santacruz Biotechnology Inc., sc-133154; rabbit-anti-human CTH (CSE): Sigma
Aldrich, SAB2100501; mouse-anti-human MPST (D-8): Santacruz Biotechnology Inc.,
sc-374326; mouse-anti-human B-actin: Sigma Aldrich, A5441). Membranes were washed in
TBS (1% Tween-20) for 3 x 10 min, incubated with HRP-conjugated secondary antibody
(goat-anti-mouse 1gG HRP conjugate: Life Technologies™, G-21040; goat-anti-rabbit 1gG-
HRP-conjugate: Jackson Immunoresearch Laboratories Inc., 111-035-003) for 1 h at room
temperature and washed for 3 x 10 min. Chemiluminescence was induced using Luminata™
Crescendo Western HRP Substrate (EMD Millipore, WBLURO0100A). Blots were imaged
using the C-DiGit® Blot Scanner (LI-COR) and subsequently analyzed using Image Studio
Lite version 4.0.

2.5. Cell growth assay

Cells were seeded into 96-well plates (1 x 10% cells per well) and allowed to adhere
overnight, resulting in roughly 50% confluency at the time of treatment. Treatments were
added to wells and images (4x magnification) of each well were captured every 30 min for
12 h using the IncuCyte ZOOM live-cell imaging platform (Essen BioScience, Ann Arbour,
MI). Using IncuCyte internal software, thresholding was performed on wells in which cells
received no treatment in order to optimize quantitation of cell confluency. The percentage
change in confluency for each individual well was then calculated.

2.6. Cell viability assay

Cells were seeded into 12-well plates and allowed to reach 70-90% confluency. Treatments
were applied and cells were then placed in hypoxic or normoxic growth conditions for 48 h.
Following treatment, cells were trypsinized and washed with PBS in preparation for flow
cytometry. Cells were stained with the necrosis marker 7-AAD (Biolegend®, 420404) and
the apoptosis marker phycoerythrin-conjugated Annexin-V (Biolegend®, 640908) and
analyzed using the Cytomics FC500 flow cytometer (Beckman Coulter, Mississauga, ON).
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Heat-killed samples singly stained for each marker and doubly stained for both markers
served as positive controls for compensation analysis. Cells identified as viable were those
negative for both Annexin-V and 7-AAD, as compared to the gated normoxic control
samples.

2.7. XTT cytotoxicity assay

Pre-assay optimization was performed according to manufacturer protocol (ATCC, 30-1011
K) which allowed for identification of ideal seeding density and ideal reagent incubation
time. In 96-well plates, 786-O, 769-P and 786-O VHL+ cells were plated at 1 x 10*
cells/mL, whereas Caki-1 and HK-2 cells were plated at 5 x 10% cells/mL. Following
plating, cells were allowed to adhere overnight before addition of treatment and growth
under either normoxia or hypoxia. Cells were treated for 44 h before addition of XTT
Reagent to growth media for the remainder of the 48 h incubation. Plates were read by a
spectrophotometer at 660 nm, for measurement of non-specific absorbance, and again at 475
nm for measurement of metabolic activity. Wells were also blanked against growth media
without cells or drug added. Data was then normalized to the normoxic control after
converting all final readings to positive values.

2.8. Chorioallantoic membrane xenograft assay

Four RCC cell lines (Caki-1, 769-P, 786-0, and 786-O VHL+) were seeded and grown to
50-60% confluency. Cells were inoculated with ZsGreen lentiviral vector containing a gene
for extreme green fluorescent protein (EGFP) and a puromycin resistance gene for pooled
clone selection. Two days following infection, EGFP-expressing cells were selected for
using 1-2 pg/mL of puromycin, depending on the cell line. Puromycin was removed from
growth medium following 2 weeks of sub-culturing.

Fertilized chicken eggs were incubated at 37 °C in humidified, non-sterile conditions for
three days before being cracked and deposited into individual plastic trays. Embryos were
placed back in the incubator and were ready for introduction of cancer cells after another six
days of incubation. On day 9 post-fertilization (pf), a filter paper disc 7 mm in diameter was
placed onto the chorioallantoic membrane (CAM) near large oxygenated blood vessels and
subsequently ripped off to remove the upper-most layers of the CAM. Ten microlitres of a
1:1 suspension of EGFP-expressing cancer cells in BD Matrigel™ were then implanted on
top of this exposed area, and tumours were given two days to establish themselves within the
tissue.

At 2 days post-implantation, tumours that had successfully begun recruiting blood vessels
were randomly sorted into four groups. Intravascular injections of 50 pL of either: i) 20 mM
HA, ii) 10 mM LC, iii) 20 mM HA + 10 mM LC or iv) PBS vehicle control were
administered daily on days 11 pf through 14 pf. On day 15 pf, embryos were intravascularly
injected with 75 pL of 0.5 mg/mL rhodamine-labelled /ens culinaris agglutinin (rhodamine-
LCA,; Vector Laboratories, RL-1042) to fluorescently label vasculature for subsequent
analysis prior to harvesting tumours from the CAM. As a control, 4 PBS-treated tumours
were harvested and analyzed without rhodamine-LCA injection. Tumours were washed in
PBS then fixed in 10% neutral buffered formalin containing 30% sucrose for a minimum of
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1 week. Tumours were then embedded in Optimal Cutting Temperature compound and
stored at —80 °C until sectioning. Using a CM30505 Cryostat (Leica, Concord, ON), ten 10
um sections were obtained from various depths of each tumour, with the plane of sectioning
running parallel to the surface of the once-surrounding CAM.

Fluorescence stereoscope images of tumours were obtained at 20x magnification using the
AX10 Zoom V.16 stereoscope (Zeiss, Toronto, ON) before tumours were harvested from the
CAM. The cross-sectional area of stereoscope tumour images was measured using the hand
trace tool in ImageJ Software.

Sectioning and imaging/analysis of tumours were performed by separate individuals and
both were performed in a blinded fashion. Sections were imaged using the Fluoview
FV1200 confocal laser scanning microscope (Olympus, Toronto, ON) and the number of
rhodamine-LCA positive blood vessels in each field of view was visually quantified.

2.9. Statistical analyses

All statistical analyses were performed using GraphPad Prism v6.05 software. Figures
displaying representative data of one independent experiment show standard deviation of the
mean. Figures displaying data of multiple independent experiments show standard error of
the mean. Results from one-way ANOVA were further subjected to Tukey’s multiple
comparisons test. Results from two-way ANOVA were further subjected to Sidak’s multiple
comparisons test, Tukey’s multiple comparisons test and Dunnet’s multiple comparisons
test.

3. Results

3.1. Endogenous levels of H,S are elevated in VHL-deficient ccRCC cell lines

To address whether baseline H,S production is increased in VHL-deficient ccRCC,
endogenous levels of H,S were measured in two VHL-deficient ccRCC cell lines (786-O
and 769-P) and compared to a VHL wild-type ccRCC cell line (Caki-1) and a nonmalignant
renal cell line (HK-2). Accumulation of intracellular H,S was tracked over 15 h using
MeRhoAz in combination with live-cell imaging (Fig. 1). It was found that significant
accumulation of H,S occurred in HK-2 cells (p < 0.001), 786-O cells (p < 0.0001) and 769-
P cells (p < 0.0001) over 15 h, though not in Caki-1 cells (Fig. 1Aii). When compared to
HK-2 cells, the accumulation of H,S in 786-0 and 769-P cells after 15 h was significantly
greater (p < 0.0001), while the accumulation of H,S in Caki-1 cells was not (Fig. 1Aiii, 1B).
Accumulation of H,S in the VHL-deficient ccRCC cell lines after 15 h was also
significantly greater (p < 0.0001) than in the VHL wild-type Caki-1 cells (Fig. 1Aiii).

It was hypothesized that VHL inactivation leads to increased expression of the H,S-
producing enzymes CBS, CSE and/or MPST, which in turn leads to increased cellular levels
of H,S. To answer this question, western blot analysis of CBS, CSE and MPST was
performed to determine baseline expression of these enzymes in HK-2, Caki-1, 786-O and
769-P cell lines (Supplementary Figure 1). There were no significant differences in baseline
normoxic expression of CBS, CSE, nor MPST between cell lines (Supplementary Figure 1).
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To more thoroughly investigate the relationship between VHL function and hypoxic
induction of CBS, CSE and MPST, western blot analysis comparing expression of CBS,
CSE and MPST in 786-0O and 786-O VVHL+ cells grown in normoxia and hypoxia was
performed (Fig. 2). When VHL function was restored to 786-O cells, expression of CBS and
CSE decreased slightly under normoxia, though not significantly, while expression of MPST
did not change (Fig. 2B,C). A slight decline in endogenous H,S production, as measured by
methylene blue assay, was also observed in 786-O cells upon VHL knock-in (data not
shown). When cells were grown in hypoxia for 24 h, expression of CBS and CSE in VHL
knock-in cells increased, returning to levels seen in wild-type 786-O cells (Fig. 2B,C).
Similar hypoxic induction experiments were performed in unmolested ccRCC cell lines,
which revealed no relationship between VHL inactivation and aberrant upregulation of CBS,
CSE and MPST (Supplementary Figure 2).

3.2. Endogenous H,S production can be targeted in ccRCC cell lines

The dual CBS/CSE inhibitor HA, the CSE inhibitor PAG and the substrate for endogenous
H>,S production LC were administered to HK-2, Caki-1, 786-0 and 769-P cell lines to
determine if they could influence baseline H,S production (Fig. 3). Using MeRhoAz it was
found that accumulation of H,S in HK-2 cells significantly (p < 0.0001) increased over time
when LC (blue) was added to growth media (Fig. 3Ai) and that this increase in HoS was
significantly greater than the increase observed in untreated cells (Fig. 3Bi). LC was able to
evoke a similar response in VHL wild-type Caki-1 cells (Fig. 3Aii, Bii). However, in the
VHL-deficient ccRCC cell lines, treatment with LC did not increase endogenous H,S
production to the same degree, as a result of increased baseline levels (Fig. 3Aiii, Biii, Aiv,
Biv).

As a result of their elevated baseline production of H,S, VHL-deficient ccRCC cell lines
were much more susceptible to inhibition with HA when compared to non-malignant HK-2
cells and VHL wild-type Caki-1 cells (Fig. 3, red). There was no significant accumulation of
H,S in HK-2 cells over 15 h when cultured in the presence of HA (Fig. 6Ai) and levels of
H,S in HA-treated cells were significantly (p < 0.05) lower than in untreated cells (Fig. 3Bi).
Reduction in H,S synthesis upon HA treatment were more significant in 769-P cells (p <
0.0001; Fig. 3Biii) and 786-0 cells (p < 0.0001; Fig. 3Biv). Treatment of all cell lines with a
combination of HA and LC could significantly increase production of H,S when compared
to treatment with HA alone (Fig. 3, green). Treatment with the CSE inhibitor PAG did not
significantly decrease endogenous H»S production (data not shown).

3.3. Inhibition of endogenous H5S production restricts the growth, metabolism and
survival of ccRCC cell lines

Cells were treated with HA and cell confluency was tracked over 15 h using live-cell
imaging to determine whether endogenous H,S production plays a role in mediating cell
growth (Fig. 4). HA appeared to slightly restrict the growth of HK-2 cells, although results
were not significant (Fig. 4). Significant (p < 0.05) restriction of cell growth was observed in
Caki-1 cells, 769-P cells and 786-0O cells, though not in 786-O VHL+ cells (Fig. 4). While
higher concentrations of HA (1 mM) were cytotoxic to ccRCC cell lines, lower
concentrations of HA (0.1 mM) did not restrict cell growth (data not shown), revealing a
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narrow range of the inhibitor’s cytostatic effects. There was no clear relationship between
VHL inactivation, and reliance on H,S for cell growth (Fig. 4).

To determine if declines in cell growth upon inhibition of endogenous H»S production were
the result of deficits in metabolic activity, the XTT cytotoxicity assay was used to measure
alterations in metabolic activity after 48 h treatment (Fig. 5). It was observed that the VHL-
deficient cell lines 786-0O and 769-P suffered significant declines in metabolic activity upon
treatment with HA (p < 0.05) while the VHL wild-type cell lines HK-2, Caki-1 and 786-O
VHL+ did not (Fig. 5). Combined treatment with HA and LC resulted in significant (p <
0.05) restoration of hypoxic metabolic activity compared to HA treatment alone in the VHL-
deficient ccRCC cell lines 786-0 and 769-P (Fig. 5). HA treatment was also observed to
significantly (p < 0.05) decrease ATP production in ccRCC cells, though this was not
dependant on VHL inactivation (data not shown).

Cells were treated with HA and PAG to determine whether loss of endogenous HyS
production impacts 48 h cell survival under normoxic and hypoxic conditions, as determined
by Annexin-V-PE and 7-AAD detection (Fig. 6). Under normoxic conditions all ccRCC cell
lines were found to be significantly (p < 0.05) more susceptible to treatment with HA than
HK-2 cells (Fig. 6A,B). Caki-1 and 786-0 cell lines were also significantly (p < 0.05) more
susceptible to treatment with HA than HK-2 cells under hypoxic conditions, however 769-P
cells were not (Fig. 6A). The reduction in hypoxic viability of HK-2 cells was significantly
(p < 0.05) greater than the reduction in normoxic viability, while the opposite was true of the
ccRCC cell lines (Fig. 6C). Inhibition of CSE alone, through use of the inhibitor PAG,
proved to be less effective in reducing viability than inhibition of CBS and CSE through use
of the inhibitor HA (Fig. 6C). The only cell line to display significant declines in viability
following PAG treatment was the ccRCC cell line 769-P (Fig. 6C). When treated with a
combination of HA and LC, the VHL-deficient ccRCC cell lines 769-P and 786-O displayed
significant (p < 0.05) restoration of viability when compared to treatment with HA alone
(Fig. 6D). The same could not be said of the VHL wild-type Caki-1 cell line (Fig. 6D).

3.4. Inhibition of endogenous H»S production restricts the neovascularization and growth
of ccRCC xenografts

H,S is known to participate in paracrine angiogenic signalling and has been shown to play a
role in the vascularization of other cancers. To investigate the effects of endogenous H,S
production on the vascularization of ccRCC tumours, the chick chorioallantoic membrane
(CAM) was used as a vascular structure for xenograft implantation of ccRCC cell lines. Cell
lines were manipulated to express EGFP and chick vasculature was labelled with
rhodamine-labelled /ens culinaris agglutinin (rhodamine-LCA) such that the number of
intratumoural blood vessels could be quantified using fluorescent microscopy. Treatments
were administered systemically via intravascular injection for four consecutive days
following two days of initial tumour growth and then harvested, sectioned and imaged (Fig.
7).

Treatment with HA was able to significantly (p < 0.05) decrease the vascularization of the
VHL-deficient 786-O and 769-P xenografts while the same treatment had no effect on the
vascularization of VHL wild-type Caki-1 xenografts (Fig. 7). Treatment with LC was able to
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significantly (p < 0.05) increase the number of intratumoural blood vessels (Fig. 7A) and
also appeared to dilate blood vessels (Fig. 7B). When 786-O and 769-P xenografts were
treated with a combination of HA and LC simultaneously, the decline in vascularization
observed with HA treatment alone was attenuated (Fig. 7). Knock-in of VHL into the 786-O
cell line not only decreased overall vascularization of untreated xenografts, but also
appeared to eliminate the xenograft’s sensitivity to HA and LC treatment (Fig. 7).

Similar trends were observed when analyzing the effect of H,S production on tumour
growth as measured by cross-sectional area of whole tumours prior to harvest (Fig. 8). HA
treatment was able to significantly (p < 0.05) decrease the size of 769-P xenografts and
appeared to have the same effect on 786-0O cells, although the observed decrease was not
statistically significant (Fig. 8). Conversely, HA treatment had no effect on the cross-
sectional area of VHL wild-type Caki-1 and 786-O VHL+ xenografts (Fig. 8). As with
vascularization, treatment with HA and LC simultaneously was able to attenuate the
decrease in size in 786-0 and 769-P xenografts (Fig. 8). Qualitative inspection of tumours
revealed that HA treatment also resulted in necrotic and dysmorphic tumours (Fig. 8).

4. Discussion

The efficacy of targeted cancer therapies lies in the cancer possessing some trait that non-
malignant cells do not possess. Targeted therapies that have been developed for treatment of
ccRCC are clinically effective due to their ability to specifically target these traits with
relatively mild adverse effects [36]. However, while specificity of action is desired with any
treatment, it inherently limits the range of cellular processes that are subject to inhibition. In
the case of ccRCC, today’s clinical therapies are unable to concurrently target tumour cell
survival and the tumour’s angiogenic potential [7]. While the targeted approach has been
shown to be a sound one, the identification of new targets that may be mediating multiple
aspects of disease should continue to be pursued. Here it has been shown that targeting the
endogenous production of H,S can reduce the proliferation, metabolic output, survival and
angiogenic potential of ccRCC cell lines, with minimal effects on non-malignant cells
treated /n vitroand in vivo. This presents endogenous HyS-production as a valuable target in
ccRCC, which when inhibited can challenge the disease on multiple fronts.

It was originally hypothesized that endogenous production of H,S would be increased in
ccRCC cell lines lacking a functional copy of the VHL tumour suppressor, as a result of
HIF-1/2a-mediated upregulation of H,S-producing enzymes. While levels of H,S were
elevated in VHL-deficient ccRCC cell lines, western blot analysis revealed that this was not
due to increased expression of the H,S-producing enzymes — CBS, CSE and MPST.
Conversely, it is likely that elevated levels of H,S in pseudohypoxic ccRCC cell lines is due
to a lack of mitochondrial oxidation, thus eliminating the primary mechanism of H,S
removal. It has previously been reported that primary ccRCC cells have very few
mitochondria, low mitochondrial activity and low oxygen consumption, all of which would
support this theory [8]. Furthermore, loss of VHL function and HIF-1/2a accumulation has
been implicated in mitochondrial suppression and the induction of aerobic glycolysis
[37,38]. Therefore, while pseudohypoxia does not influence HoS production through
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induction of CBS, CSE and MPST, pseudohypoxia does result in H,S accumulation by
decreasing mitochondrial oxidation.

Loss of VHL function can result in tumours that overexpress HIF-1a and HIF-2a to varying
degrees, resulting in two distinct pseudohypoxic ccRCC subtypes [39,40]. It is well accepted
that a key initiating event in ccRCC progression is loss of VHL function, resulting in
tumours that overexpress both HIF-1a and HIF-2a and are said to have an H1H2 phenotype
[40]. Recent evidence suggests that loss of HIF-1a — resulting in the more aggressive H2
phenotype — may be another key event in ccRCC progression, although the mechanism by
which HIF-1a is lost is unknown [41-43]. Exogenous H5S has been shown to reduce both
the translational expression, and the activity of HIF-1a [44], however this effect has been
shown to be dependent on VHL function and mitochondrial activity [45]. Interestingly, H,S-
mediated HIF-1a degradation also only occurs under true hypoxic conditions — not in
response to hypoxia-mimetics, or pseudohypoxia [45]. There is also evidence that a reducing
environment can enhance the stability of HIF-2a, although the effects of a reducing
environment on HIF-1a stability were not investigated [46]. Further investigation into
whether increased levels of endogenous H»S plays a role in loss of HIF-1a in ccRCC is
required. Such investigation may help to explain some of the differences between
pseudohypoxic ccRCC cell lines (786-0 and 769-P) which were observed here.

Here we showed that H,S production contributes to the enhanced proliferation observed in
ccRCC cell lines, and targeting its production can halt cell proliferation. Exogenous H,S has
been shown to play a role in the cell cycle entry and proliferation of colonocytes through
increased production of NADPH, activation of mitogen-activated protein kinase and Akt
signalling pathways, and inactivation of the cell-cycle inhibitor p21 [19,47]. Likewise,
inhibition of endogenous H,S synthesis can slow the proliferation of ovarian cancer and
colon cancer cell lines [28,29]. There appears to be a narrow range of concentrations — as
well as a narrow window of treatment time — at which the CBS/CSE inhibitor stopped
proliferation before becoming cytotoxic. As the length of treatment time and/or
concentration of the inhibitor increased, loss of H,S production resulted in decreased
metabolic activity, decreased ATP production, and ultimately resulted in apoptotic/necrotic
cell death. Seeing as loss of H,S production was ultimately cytotoxic in ccRCC cell lines
and not simply cytostatic, one is led to believe that it plays an important role in energy
production. As suggested here, a slight decrease in H,S production may result in a small
deficit in energy production and influence the cell to stop dividing in order to maintain
essential survival processes. However, a greater decrease in HoS production may result in a
significant deficit in energy production to the point where the cell can no longer maintain
essential biologic processes and dies.

The XTT assay measures metabolic activity by gauging the oxidative potential of coenzyme
Q of the ETC. In addition to accepting electrons from NADH, coenzyme Q also receives
electrons from H,S via the enzyme SQR, and is one way by which H,S can fuel energy
production [23]. One might then question how pseudohypoxic ccRCC cell lines with low
mitochondrial activity can have such high XTT outputs. Interestingly, coenzyme Q also
serves antioxidative functions within the plasma membrane, playing a role in the oxidative
stress response [48]. Therefore, a positive signal in the XTT assay can also indicate
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increased antioxidative activity, increased resistance to oxidative stress, and improvement in
survival. It is known that the metabolic reprogramming in VHL-deficient ccRCC helps to
keep oxidative stress in check by rerouting certain glycolytic intermediates towards the
production of the antioxidant NADPH [9]. In order for aerobic glycolysis to function and
increase production of NADPH, NAD™ levels must remain high [49]. Recent evidence has
shown that production of H,S in other cancers is a crucial component of the aerobic
glycolysis energy circuit that reduces oxidative stress and contributes to ATP production by
maintaining production of NAD™* [31,32]. Therefore, in helping to maintain the supply of
NAD™ that fuels aerobic glycolysis in ccRCC, H5S indirectly ensures that production of the
antioxidant NADPH also remains high, resulting in a high XTT assay output even in
mitochondria-deficient cells.

VHL-deficient ccRCC tumours are highly angiogenic as a result of high VEGF secretion
that is driven by upregulation of HIF-1/2a [5,50]. VEGF secretion has been shown to be
positively correlated with the size, vascularization, stage and Fuhrman grade of ccRCC
tumours and has great prognostic value [51]. The efficacy of bevacizumab and various
receptor tyrosine kinase inhibitors in the clinical setting speaks to the importance of VEGF-
mediated angiogenesis in ccRCC progression both prior to and following metastasis [7].
Multiple sources of evidence suggest that VEGF-mediated angiogenesis is dependent upon
tonic inhibition of phosphodiesterase 5 by H,S in endothelial cells [16,27,52,53]. Other
mechanisms by which HyS exerts its pro-angiogenic effects have also been suggested
[15,52]. CAM-xenograft vascularization assays on ccRCC cell lines performed here support
these lines of evidence.

It was found that the attraction of blood vessels towards VHL-deficient ccRCC xenografts
could be reduced upon systemic inhibition of endogenous H,S production. However, it could
not be determined whether the intravascularly-injected inhibitor was targeting H,S
production in endothelial cells or in the cancer cells themselves. The VHL-deficient
xenografts were observed to decrease in size following HA treatment which could indicate
direct cytotoxicity of the treatment, and suggest that H,S production was being targeted in
the tumour. However, the decrease in xenograft size could also have been the effect of being
starved of nutrients that aren’t being supplied due to devascularization, which would suggest
that treatments failed to reach the tumour are were acting on endothelial cells. Others have
shown that chick endothelial cells are susceptible to inhibition of endogenous H,S
production within the CAM vasculature [15].

Interestingly, the vascularization of VHL wild-type xenografts was shown to not be
susceptible to inhibition of H,S production. These cell lines have been shown to secrete
lower levels of VEGF and were, on average, less well vascularized than their VHL-deficient
counterparts [39,50]. The VEGF-mediated vascularization of these tumours plays less of a
role and this is likely why the inhibitor was not effective. The fact that the inhibitor had no
effect on the vascularization of xenografts secreting lower levels of VEGF lends credence to
the role of H,S in VEGF-mediated angiogenesis. Of further interest, systemic treatment with
LC resulted in noticeable vessel vasodilation, but only when these vessels were in close
proximity to VHL-deficient xenografts. This would suggest that the treatments are acting
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directly on the cancer cells, resulting in changes in tumour-derived H,S that affects the
surrounding vasculature through paracrine signalling.

While stage IV mRCC has often been the focus when developing new therapies against
ccRCC, (neo)adjuvant therapies for treatment of stage Il and stage 111 ccRCC have not been
a priority [54]. Many of these diseases have a high risk of relapsing within 5 years of
surgical resection and this contributes heavily to disease mortality [54]. The cellular source
of cancer relapse is currently unknown, although there is strong evidence to suggest that
cancer stem cells may be responsible for this relapse in ccRCC and other cancers [55].
Recent work has shown that the production of H,S plays a key role in maintaining the stem-
like phenotype of cancer cells through induction of stem cell factors OCT4 and NANOG,
and through regulation of cellular energy production and oxidative stress [32]. Endogenous
H>,S production was also associated with the spheroid-forming and transdifferentiation
potential of cells, which are thought to be important processes in disease relapse [32].
Treatment with inhibitors of H,S synthesis either before or after nephrectomy might limit
the ability of any remaining cancer cells to form new tumours, and this should be
investigated further.

In conclusion, it has been shown that inhibition of endogenous H,S production can target
multiple aspects of ccRCC disease progression, making it a potentially promising treatment
option for mMRCC. Depending on the dosage of treatment, the dual CBS/CSE inhibitor
preferentially targeted the proliferation, metabolism, and survival of ccRCC cell lines over
non-malignant renal epithelial cells /n vitro. Furthermore, systemic intravascular injection of
the inhibitor was able to decrease the vascularization of ccRCC xenografts without
impacting the survival of chick embryos. Some of these effects were observed in both VHL
wild-type and VHL-deficient cell lines, and some were observed regardless of VHL status.
When translating these findings to the clinical setting, it will be important to identify
markers that are more predictive of therapeutic efficacy than VHL-deficiency seems to be
[51].
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Abbreviations

RCC renal cell carcinoma

mRCC metastatic renal cell carcinoma

ccRCC clear cell renal cell carcinoma

VHL \on Hippel-Lindau

HIF hypoxia-inducible factor

VEGF vascular endothelial growth factor

mTOR mammalian target of rapamycin

H,S hydrogen sulfide

CSE cystathionine y-lyase

CBs cystathionine f3-synthase

MPST 3-mercaptopyruvate sulfurtransferase

ETC electron transport chain

SQR sulfide quinone reductase

HA hydroxylamine

PAG propargyl glycine

LC L-cysteine

EGFP extreme green fluorescent protein

CAM chorioallantoic membrane

rhodamine-L CA rhodamine-conjugated lens culinaris agglutinin
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Fig. 1. Baseline endogenous H»S production isgreater in VHL-deficient ccRCC cell linesthan in
VHL wild-type malignant and non-malignant renal cell lines

Cells were seeded into 96-well plates and allowed to reach 90-100% confluency. A cell-
permeable probe that reacts specifically with H,S to fluoresce green (MeRhoAz) was then
either added (probe), or not added (no probe), to growth media and cells were imaged every
hour for 15 h. Following imaging, the number of fluorescent *hits” was normalized to cell
confluency for each well and each time point, resulting in a normalized probe count which
was then averaged (n = 3, error bars represent standard deviation of the mean). Results are
representative of 3 independent experiments (n = 9 total). One-way ANOVA with Tukey’s
multiple comparisons test was used to asses statistically significant differences between
groups (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (A) (i) VHL mutation status
of nonmalignant renal cells (HK-2) and ccRCC cell lines (Caki-1, 769-P, 786-0). (ii)
Statistically significant changes in endogenous H5,S production over time (between 0 h and
15 h) in each cell line. (iii) Statistically significant differences in endogenous H,S
production between cell lines. (B) Representative images of enhanced endogenous HyS
production in 786-0 cells (ii) as compared to HK-2 cells (i).
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Fig. 2. Inhibition of endogenous H»S production reduces elevated levels of HoSin VHL -deficient

ccRCC cdll lines

Cells were seeded into 96-well plates and allowed to reach 90-100% confluency. A cell-
permeable probe that reacts specifically with H,S to fluoresce green (MeRhoAz) was then
added (or not added; ie. no probe), to growth media. At the same time, cells were treated
with either PBS vehicle (control; black) an inhibitor of endogenous H»S synthesis
(hydroxylamine (HA); 1 mM; red), the substrate for endogenous H»S synthesis (L-cysteine
(LC); 5 mM,; blue) or a combination of the two (1 mM HA + 5 mM LC; green). Cells were
imaged every hour for 15 h and background fluorescence was compensated for using
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thresholding. Following compensation, the number of fluorescent “hits” was normalized to
cell confluency for each well and each time point, resulting in a normalized probe count
which was then averaged (n = 3, error bars represent standard deviation of the mean).
Results are representative of 3 independent experiments (n = 9 total). One-way ANOVA with
Tukey’s multiple comparisons test was used to asses statistically significant differences
between groups (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (A) Statistically
significant changes in endogenous H»S production over time (between 0 h and 15 h) were
determined for each treatment in HK-2 (i), Caki-1 (ii), 769-P (iii) and 786-0O (iv) cells. (B)
Statistically significant differences in endogenous H,S production between treatments were
determined in each cell line. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Normoxic expression and hypoxic induction of H>S-producing enzymesin wild-type 786-
O cells (786-0) and VHL knock-in 786-O cells (786-O VHL +)

Protein was isolated from 80 to 90% confluent cell cultures grown in normoxia (21% O,) or
hypoxia (1% O,) for 15 h using RIPA buffer. SDS-PAGE was carried out on 40-50 pg of
whole cell lysate using 10-12% poly-acrylamide gels and western blots were performed
using PVDF membranes. (A) Validation of VHLW! (20 kDa) knock-in was performed under
normoxic growth conditions. (B, C) Normoxic expression or hypoxic induction of CBS (63
kDa), MPST (33 kDa) and CSE (45 kDa) was evaluated in 786-O and 786-O VHL+ cell
lines. Protein levels were expressed relative to f-actin (43 kDa). Error bars represent
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standard error of the mean (SEM), n = 3. One-way ANOVA and Tukey’s multiple
comparisons test indicate statistically significant differences (p < 0.05) where indicated (*).
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Fig. 4. Inhibition of endogenous H>S production attenuates proliferation of ccRCC cell lines
Cells were seeded into 96-well plates and allowed to reach 40-60% confluency. Cells were

treated with either PBS vehicle (control; black) or an inhibitor of endogenous H,S synthesis
(hydroxylamine (HA); 0.5 mM; red). Cells were imaged every hour for 12 h and phase
confluency was measured. (A) Following imaging, percentage change in cell confluency was
determined for each well and averaged for each time point (n = 3, error bars represent
standard deviation of the mean). Results are representative of 2 independent experiments (n
= 6 total). Multiple t-tests were used to asses statistically significant differences between
groups at T =12 h (*p < 0.05). (B) Representative images depicting inhibition of cell
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proliferation following 12 h treatment with HA. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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IFig. 5. Inhibition of endogenous H»S production reduces overall metabolic activity of ccRCC cell
Ines

Metabolic activity was assessed via the XTT assay following 48 h treatment with 1 mM
hydroxylamine (HA), 5 mM L-cysteine (LC) or a combination of both. Values are presented
as relative to the untreated, normoxic cells within each experimental trial. Error bars
represent standard error of the mean (SEM). HK-2 (n = 6), Caki-1 (n = 6), 786-O VHL+ (n
=6), 769-P (n = 5-6), 786-0 (n = 5-6). Two-way ANOVA with Dunnett’s multiple
comparisons test was used to asses significant differences between groups (normoxic control
vs. hypoxia control; t; p < 0.05). Two-way ANOVA with Sidak’s multiple comparisons test
was used to assess significant differences between treatments within groups (normoxic
control vs. normoxic 1 mM HA; *; p < 0.05).
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Fig. 6. Inhibition of endogenous H»S production selectively kills ccRCC cells over non-malignant
renal cells

Cells were treated for 48 h with inhibitors of endogenous H,S production hydroxylamine
(HA) and propargyl glycine (PAG) and/or the substrate for endogenous H»S production L-
cysteine (LC) in normoxic (21% O5) or hypoxic (1% O5) growth conditions. Cell culture
viability was determined via detection of Annexin-V-PE and 7AAD using flow cytometry
and quantified relative to the untreated, normoxic cells within each experimental trial. Error
bars represent standard error of the mean (SEM). Two-way ANOVA with Dunnett’s multiple
comparisons test was used to asses significant differences between groups (i.e. normoxic
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control vs. hypoxia control; t; p < 0.05). Two-way ANOVA with Sidak’s multiple
comparisons test was used to assess significant differences between treatments within groups
(i.e. normoxic control vs. normoxic 4 mM HA; *; p < 0.05). (A) ccRCC cell lines are more
susceptible to treatment with HA than non-malignant HK-2 cells, n = 6-9. (B)
Representative flow cytometry dot plots illustrating changes in normoxic viability of cell
lines following treatment with 4 mM HA, as quantified in (A). (C) Differential susceptibility
of ccRCC cell lines to treatment with HA and PAG (HK-2, n = 6; Caki-1, n = 6-8; 786-O, n
= 6-10; 769-P, n = 6-12). (D) VHL-deficient ccRCC cell lines treated with HA and LC
simultaneously display attenuated declines in viability (Caki-1, n = 3-6; 786-0O, n = 4-6;
769-P, n = 3-8).
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Fig. 7. Systemic inhibition of endogenous H»S production with hydroxylamine (HA) reducesthe
vascularization of VHL-deficient ccRCC xenogr afts

ccRCC cell lines were xenografted into the CAM of 9-day old chicken embryos and given 2
days to establish themselves within the surrounding tissue. Embryos were then systemically
treated once a day for 4 days with 50 uL of 20 mM hydroxylamine (HA), 10 mM L-cysteine
(LC) or a combination of both (HA + LC) through intravascular microinjection. Prior to
harvest, embryos were systemically injected with rhodamine-conjugated /ens culinaris
agglutinin (rhodamine-LCA\) to label all chick vasculature. (A) The number of rhodamine-
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LCA-positive blood vessels present in each field of view shot was counted manually
following confocal imaging at 200x total magnification. Error bars represent standard error
of the mean (n = 30 per treatment). One-way ANOVA with Dunnet’s multiple comparisons
test was used to asses statistical significance of treatments compared to PBS vehicle control
(*; p < 0.05). (B) Representative images of data depicted in (A). Rhodamine-LCA-positive
blood vessels (red) are seen in close proximity to EGFP-expressing RCC cells (green). Scale
bar represents 100 um.
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Fig. 8. Systemic inhibition of endogenous H»S production with hydroxylamine (HA) restrictsthe
growth of VHL -deficient ccRCC xenogr afts

ccRCC cell lines were xenografted into the CAM of 9-day old chicken embryos and given 2
days to establish themselves within the surrounding tissue. Embryos were then systemically
treated once a day for 4 days with 50 uL of 20 mM hydroxylamine (HA), 10 mM L-cysteine
(LC) or a combination of both (HA + LC) through intravascular microinjection. Prior to
harvest, fluorescent stereoscope images were obtained for each tumour. (A) The cross-
sectional area of stereoscope images (20x) of each tumour was measured using ImageJ
software. Error bars represent standard error of the mean (n = 10 per treatment). One-way
ANOVA with Dunnet’s multiple comparisons test was used to asses statistical significance
of treatments compared to PBS vehicle control (*; p < 0.05). (B) Representative images of
data depicted in (A). zsGreen expression (green) was used to identify RCC cells. Scale bar
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represents 1 mm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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