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JS-K induces ferroptosis in renal
carcinoma cells by regulating the
c-Myc-GSTP1 Axis
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JS-K is a precursor drug of nitric oxide (NO) and inhibits tumor growth through various mechanisms.
Ferroptosis, a form of cell death closely related to lipid peroxidation, is increasingly being recognized
for its role in cancer biology. However, the relevance of ferroptosis in the anti-tumor effects of JS-K

is yet to be defined. The cytotoxic effects of erastin and JS-K were evaluated in various renal cell
carcinoma (RCC) cell lines and normal human renal epithelial cells. Cell viability and the intracellular
levels of ferrous ions, glutathione (GSH), lipid peroxides, and malondialdehyde (MDA) were measured
using standard in vitro assays. The expression levels of specific proteins were analyzed by western
blotting. Subcutaneous xenografts of RCC were established in a nude mouse model, and the anti-
tumor effects of JS-K were assessed by histological and immunohistochemical methods. Erastin
selectively inhibited the growth of RCC cells without affecting normal renal cells. In addition, JS-K
induced ferroptosis in RCC cells by reducing cellular GSH levels, increasing lipid peroxidation, and
elevating ferrous ion levels, and the effects of JS-K were neutralized by N-acetylcysteine (NAC). At the
molecular level, JS-K downregulated GSTP1 by blocking the transcription factor c-Myc. Finally, JS-K
inhibited tumor growth in a mouse model by inducing ferroptosis. JS-K induces ferroptosis in RCC cells
by depleting glutathione through the inhibition of the c-Myc-GSTP1 axis.
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Abbreviations

RCC Renal cell carcinoma

ccRCC Clear cell renal cell carcinoma
GST Glutathione S-transferase

NO Nitric Oxide

SLC7A11  Solute carrier family 7 member 11
GPX4 Glutathione Peroxidase 4

GSH Glutathione

GSTP1 Glutathione S-transferase pi-1

Renal cell carcinoma (RCC) is the most prevalent type of kidney cancer. Advanced RCC s particularly challenging
to treat due to the rapid development of drug resistance. Studies show that compared to other tumors!?, RCC
is more sensitive to the ferroptosis inducer erastin®. However, it remains to be ascertained whether ferroptosis
could serve as a new therapeutic target for RCC.

JS-K is a nitric oxide (NO) prodrug that triggers spontaneous release of NO through the catalytic activity of
glutathione S-transferase (GST) in the presence of glutathione (GSH)*. GSTs possesses three primary functions:
catalyze the conjugation of oxidative stress and exogenous substances with reduced glutathione, bind to non-
enzymatic substrates, and participate in protein-protein interactions™°. Studies have established the anti-tumor
effects of JS-K in various cancers, The cell types involved include leukemia cells, prostate cancer cells, bladder
cancer cells, and renal cancer cells. Among these, The combination of JS-K and metformin induces DNA double-
strand breaks in renal cancer cells, leading to cell death. However, the mechanism by which JS-K inhibits the
proliferation of renal cancer cells on its own remains unclear*$,

Ferroptosis is a form of programmed cell death characterized by the massive accumulation of lipid peroxides
and ferrous ions”!'%. GSTP1, a member of the GST isoenzymes, protects cells from ferroptosis by catalyzing the
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conjugation of GSH with lipid peroxides, independent of the previously reported ferroptosis defense system!!.
Yang et al. showed that RCC cells are highly susceptible to ferroptosis®. There is evidence suggesting that JS-K can
deplete glutathione, a crucial component of the antioxidant system, in leukemia cells. The VHL gene is frequently
deleted in clear cell renal cell carcinoma (ccRCC). Miess et al. showed that deletion of the VHL gene inhibits
B-oxidation and mitochondrial ATP synthesis, resulting in the accumulation of lipid peroxides due to reduced
lipid metabolism. As a result, VHL-deficient ccRCC cells are sensitive to ferroptosis'?. Therefore, ferroptosis
induction through the depletion of intracellular glutathione can be explored as a potential therapeutic strategy
for renal cancer. We had previously shown that JS-K down-regulates c-Myc in leukemia cells® and kidney cancer
cells. Given that c-Myc regulates GSH metabolism and ferroptosis-related genes!'?~', the aim of this study was to
explore the relationship between c-Myc and ferroptosis in RCC, and the therapeutic potential of JS-K.

Methods

Cell culture

The human RCC cell lines 786-O and A498, and the renal epithelial cell line HK-2 were obtained from the
Chinese Academy of Sciences Cell Bank (CAS Cell Bank, Beijing, China). The RCC cells were cultured in Roswell
Park Memorial Institute 1640 (RPMI-1640) medium supplemented with 10% fetal bovine serum (FBS, ZETA).
The HK-2 cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% FBS
(ZETA). All cultures were maintained in a humidified incubator at 37°C in an atmosphere containing 5% CO,,.

Cell viability assay

The cells were seeded in a 96-well plate at the density of 3000 cells/well and cultured overnight. Erastin (5 uM for
786-0 cells, 2 uM for A498 cells) was added to the medium either alone or in combination with ferrostatin-1 (5
uM for 786-0 cells, 2 uM for A498 cells), and the cells were incubated for 24 h. In another experiment, JS-K (4
uM, Santa Cruz) was added with or without NAC (200 uM), Z-VAD-FMK (30 uM), liproxstatin-1 (100 uM), CQ
(50 uM), and necrostatin-1 (40 uM). At pre-determined time points, 10 ul CCK-8 solution (Dojindo) was added
to each well, and the cells were incubated for 1 h. The absorbance at 450 nm was measured using a microplate
reader, and cell viability was calculated based on the absorbance values.

Western blotting

The suitably treated cells were lysed using RIPA buffer supplemented with PMSF under ice-cold conditions.
The protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a polyvinylidene fluoride (PVDF) membrane. After blocking with 5% skim milk, the
membrane was incubated overnight with the primary antibody at 4 °C, followed by horseradish peroxidase-
labeled secondary antibody (1:10,000) for 1 h at room temperature. The grayscale values of the protein bands
were analyzed using Image J software, with GAPDH as the internal reference.

Lentivirus transduction

A lentiviral construct with c-Myc-specific siRNA (si-c-Myc) and the control empty vector were obtained from
GenePharma Biotechnology Company (Suzhou, Jiangsu, China). The RCC cells were transfected with si-c-Myc
and a non-targeting siRNA (si-NC) at a transfection ratio of 1:25. The stably transfected cells were selected with
a suitable concentration of puromycin.

Lipid peroxidation analysis

The cells were seeded in a confocal dish at the density of 1074 cells/well (786-O and HK-2 lines) or 1.5 x 10* cells/
well (A498 cells). Following incubation with 4 uM JS-K, JS-K+200 uM NAGC, or 5 pM Erastin for 24 h, 10 pg/
ml DAPI and BODIPY-581/591 C11 were added to each well. The cells were incubated for 30 min and serum-
free medium was added. Live-cell imaging was performed using an OLYMPUS FV3000 laser scanning confocal
microscope.

Fe?* intensity assay

RCC cells were plated in a confocal dish at the density of 1015 cells/well (786-O) or 1.5 x 1015 cells/well (A498).
Following incubation with 4 uM JS-K, JS-K+200 pM NAGC, or different doses of JS-K (0, 1, 2, 4 uM) for 24 h, 1
uM FerroOrange was added to each well. The cells were incubated for 30 min at 37 °C in a 5% CO; incubator, and
live-cell imaging was performed using the OLYMPUS FV3000 laser scanning confocal microscope.

Measurement of intracellular MDA levels

Cells were cultured in a 10 cm cell culture dish till 70% confluent, and the medium was replaced with fresh
drug-supplemented medium according to the experimental design. Following incubation for 24 h, the cells
were lysed to extract the protein fraction. The concentration of protein in each sample was determined, and
200 pl MDA assay working solution was added to 100 pl of the lysates and mixed well. The samples were heated
and centrifuged, and the supernatants were dispensed into a 96-well plate. The absorbance was measured at
532 nm using a microplate reader. The MDA content of the samples was determined using a standard curve, and
expressed relative to the protein content by weight.

Measurement of intracellular GSH levels

Cells were cultured in a 10 cm cell culture dish till 70% confluent, and the medium was replaced with fresh
drug-supplemented medium according to the experimental design. Following incubation for 24 h, the cells
were harvested using trypsin. The samples were centrifuged, and the protein content of the supernatants was
measured. Each sample was mixed with reagent one in a 1:1 ratio and centrifuged at 3500 rpm for 10 min. The
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supernatants were collected, and 100 pl aliquots were dispensed into each well of a 96-well plate. Reagents two,
three, and four were sequentially added according to the instructions, with a 5-min pause between the steps.
The absorbance of each well was measured at 405 nm using a microplate reader. The measured values were then
substituted into the formula to calculate the content of GSH.

Tumor xenografts

Female nude mice (BALB/c, nu/nu, 17-23 g, 4-5 weeks old) were obtained from SPF Biotechnology, Beijing,
China, and housed under specific pathogen-free conditions on a 12 h/12 h light/dark cycle. The animal
experiments were approved by the Ethics Committee for Animal Experimentation of Guangdong Medical
University Affiliated Hospital, and were conducted in accordance with the Guidelines for the Care and Use
of Laboratory Animals. All mice were subjected to an acclimatization period of at least 1 week before the
experimental processes. Each mouse was subcutaneously injected with 10x 10° control or c-Myc-knockout
786-0O cells in 100 pl PBS. Once palpable masses had formed, the mice bearing the control and 786-Q°Mye=/~
xenografts were randomly assigned to the placebo (0.9% saline solution) and JS-K (20 mg/kg) groups, and
100 pl of the respective formulations were injected through the tail vein three times per week for 6 weeks. The
length (L) and width (W) of the tumors were measured every 7 days using calipers, and the tumor volume
was calculated as: V=m/6xLxW2. The mice were euthanized on day 48 post-treatment by cervical dislocation
after anesthetizing with 2% avertin. Tumor samples were harvested and processed for hematoxylin-eosin (HE)
staining and immunohistochemistry (IHC).

Histological assessment and IHC

Tumor tissues sections were stained with HE for histological evaluation as per standard protocols. For THC,
the tissue sections were probed with anti-GSTP1 (Affinity Biosciences, DF7462, diluted 1:1000), anti-c-Myc
(Fuzhou Maixin Biotech, RMA-0803, diluted 1:1000), and anti-KI67 (Proteintech, 27309-1-AP, diluted 1:2000)
antibodies. Subsequently, the slides were incubated with goat anti-rabbit IgG H&L (HRP) secondary antibody
(Abcam, ab6721, diluted 1:200).

Statistical analysis

GraphPad Prism version 9.3.1 (GraphPad Software, Inc., La Jolla, California, USA) was used for all statistical
analyses. Quantitative data were initially tested for normality and homogeneity of variance. The normally
distributed variables were described using mean + standard deviation. Independent sample t-test was used to
compare data between two groups, and analysis of variance (ANOVA) was utilized for comparisons among
multiple groups. P value <0.05 was considered statistically significant.

Results

Erastin induced ferroptosis in renal carcinoma cells

As shown in Fig. 1A, erastin decreased the viability of 786-O cells in a dose-dependent manner. Furthermore, the
cytotoxicity of erastin was significantly higher in the 786-O cells compared to that in the normal renal epithelial
cells (HK-2), especially at the concentration of 8 uM (Fig. 1A). BODIPY-C11 staining showed accumulation of
lipid peroxidation products in the 786-O cells, but not in the HK-2 cells, following erastin treatment (Fig. 1B).
The viability of erastin-treated 786-O (5 uM) and A498 (2 uM) cells also decreased in a time-dependent manner,
while addition of ferrostatin-1 (2 uM for A498, 5 uM for 786-0) reversed the inhibitory effects of erastin
(Fig. 10).

A Viability of RCC (786-O) and normal human renal epithelial (HK-2) cells incubated with different
concentrations of Erastin (0-8 uM) for 24 h. B Representative images showing oxidized lipid ROS (green color)
and reduced lipid ROS (red color) in the suitably treated 786-O and HK-2 cells. Scale bars: 20 um. C Viability
rates of RCC cell lines incubated with Erastin (786-O 5 pM, A498 2 uM), Fer-1 (786-O 5 uM, A498 2 uM), or
both, for 24, 48, or 72 h. The error bars represent the standard error of three replicates. **P<0.01, **** P<0.0001.

JS-K May induce ferroptosis in RCC cells through depletion of glutione

Liproxstatin-1 partially inhibited JS-K-induced cell death, whereas inhibitors of caspase-mediated apoptosis
(Z-VAD-FMK), necroptosis (necrostatin-1), or autophagy (chloroquine) had no impact (Fig. 2A), thus
confirming that ferroptosis is the primary form of death induced by JS-K. On the other hand, the antioxidant
N-acetylcysteine (NAC) rescued the RCC cells from the cytotoxic effects of JS-K (Fig. 2B), restored intracellular
GSH levels (Fig. 2D), and reversed the increase in MDA (Fig. 2C), ferrous ions (Fig. 2E), and lipid peroxides
(Fig. 2F) in the JS-K-treated cells. Taken together, these results suggest that JS-K induced ferroptosis in RCC cells
by depleting GSH. JS-K decreased the expression levels of SLC7A11, GPX4, NCOA4, and FTH1, and increased
that of TFR in the 786-O and A498 cell lines (Fig. 2G). Furthermore, JS-K reduced GSH levels (Fig. 2H), and
increased the amount of MDA (Fig. 2I) and ferrous ions (Fig. 2J) in the RCC cell lines in a dose-dependent
manner, which were indicative of ferroptosis.

JS-K induced ferroptosis in RCC cells by inhibiting the c-Myc/GSTP1 axis

Preliminary experiments had shown that JS-K decreased c-Myc protein expression in the 786-O and A498 cells
(Fig. 3A), which suggested a role of c-Myc in JS-K-induced ferroptosis. To validate this hypothesis, we knocked
down c-Myc in the RCC cells using a lentiviral si-RNA construct, and confirmed downregulation of the protein
(Fig. 3B). JS-K treatment significantly reduced the viability of control and c-Myc™/~ cells (Fig. 3C), and increased
the intracellular MDA content (Fig. 3D). While NAC rescued the control cells from JS-K-induced ferroptosis,
its protective effects were only partial in the c-Myc™~ cells (Fig. 3C, D). Furthermore, GSTP1 protein was
downregulated in the JS-K-treated 786-O and A498 cells (Fig. 3E). Compared to the control cells, the c-Myc™/~
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Fig. 1. Erastin induced ferroptosis in renal carcinoma cells.

cells also showed a significant decrease in GSTP1 protein (Fig. 3F). LiCl, which is known to upregulate c-Myc
by activating the WNT pathway, rescued the inhibitory effect of JS-K on ¢c-Myc and GSTP1 (Fig. 3G). Taken
together, these results indicate that JS-K induces ferroptosis in RCC cells by targeting the c-Myc/GSTP1 pathway.

JS-K inhibited the growth of RCC xenografts in vivo

To determine the anti-tumor effects of JS-K or c¢-Myc depletion, we established subcutaneous xenografts of
control and c-Myc ™~ 786-O cells in athymic nude mice, and treated them with JS-K or placebo. The c-Myc™/~
cells formed significantly smaller tumors compared to the control cells (Fig. 4A). Furthermore, JS-K treatment
markedly reduced tumor volume and weight, and the effect was stronger against the c-Myc ™'~ tumors (Fig. 4B
and C). Immunostaining of the tumor tissues showed lower in-situ expression of c-Myc and GSTP1 in the JS-
K-treated and c-Myc ™'~ groups (Fig. 4D). Taken together, JS-K downregulated c-Myc and GSTP1 in vivo, which
suggests that it might prevent RCC recurrence by inhibiting c-Myc.

Discussion
RCC is one of the most common malignancies of the urinary system. Surgery is the primary treatment for early-
stage RCC, although nearly 40% of the patients develop metastatic disease (mRCC) after tumor resection. The
poor response of patients with advanced RCC to the current therapeutic strategies has prompted researchers
to seek new treatment options'’, such as the combination of radiotherapy and immunotherapy. Although RCC
cells are not sensitive to radiotherapy, the concurrent use of radiation and immunotherapy drugs may exert
a synergistic effect'®. Additionally, novel targeted therapies are also being developed for RCC based on the
molecular characteristics of the tumors. VHL, a key tumor suppressor gene, is frequently deleted in patients with
clear cell RCC (ccRCC). Overexpression of VHL in ccRCC cells effectively inhibited ferroptosis by reducing the
accumulation of lipid peroxides, whereas ccRCC cells with VHL gene deletion exhibited excessive accumulation
of lipid peroxides'2. Moreover, studies show that RCC cells are highly sensitive to ferroptosis inducers compared
to other tumors cells’, suggesting that ferroptosis could be a promising new target for RCC treatment.

JS-K inhibits tumor growth through various mechanisms. In leukemia cells for instance, the cytotoxic effects
of JS-K are triggered by GSH depletion and the disruption of intracellular redox balance®. NAC reversed JS-
K-induced apoptosis in bladder and prostate cancer cells, while the pro-oxidant glutathione disulfide (GSSG)
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Fig. 2. JS-K may induce ferroptosis in RCC cells through depletion of glutione. A Viability rates of RCC

cell lines (786-O and A498) incubated with JS-K (4 umol/L), either alone or in combination with NAC (200
pumol/L), Z-VAD-FMK (30 umol/L), Liproxstatin-1 (100 umol/L), CQ (50 umol/L), and Necrostatin-1 (40
umol/L) for 24 h. B Viability rates of RCC cells incubated with JS-K (4 pmol/L) and NAC (200 umol/L), and
the combination of JS-K plus NAC for 24, 48, and 72 h. C MDA content in the RCC cells incubated with JS-K
(4 pmol/L) and JS-K plus NAC (200 umol/L) for 24 h. D GSH levels in RCC cells incubated with JS-K (4
umol/L) and JS-K plus NAC (200 pmol/L) for 24 h. E Ferrous ion content in RCC cells incubated with JS-K (4
umol/L) and JS-K plus NAC (200 pmol/L) for 24 h (scale bar: 20 um). F Representative images showing lipid
peroxidation in RCC cells incubated with JS-K (4 pumol/L) and JS-K plus NAC (200 pmol/L) for 24 h (scale
bar: 10 um). G Expression levels of SLC7A11, GPX4, NCOA4, FTH]1, and TFR proteins in RCC cells incubated
with different concentration of JS-K (0, 1, 2, 4 umol/L) for 24 h. H GSH content in RCC cells incubated with
different concentrations of JS-K (0, 1, 2, 4 umol/L) for 24 h. I MDA content in RCC cells incubated with
different concentrations of JS-K (0, 1, 2, 4 umol/L) for 24 h. J Ferrous ion content in RCC cells incubated

with different concentrations of JS-K (0, 1, 2, 4 umol/L) for 24 h (scale bar: 20 um).*P<0.05, **P<0.01,

P <0.001,74%* P<0.0001.

exacerbated the apoptotic effects of ]S-K%”. We had previously observed that JS-K inhibited the progression of
RCC, although the exact mechanism was unclear. In this study, JS-K reduced the intracellular GSH content in
RCC cells in a concentration-dependent manner, and the inhibitory effect of JS-K was neutralized by NAC. GSH
is crucial for maintaining the intracellular redox homeostasis. Sodium molybdate also depletes GSH in cancer
cells through a mechanism similar to that of JS-K'°. Taken together, JS-K can induce ferroptosis in RCC cells
by increasing the content of MDA and ferrous ions, and decreasing GSH content, eventually leading to tumor
inhibition.

C-Myc regulates the transcription of y-GCS gene under oxidative stress, and phosphorylation of c-Myc
promotes GSH biosynthesis®’. JS-K reduced the expression of c-Myc in myeloid leukemia cells at both the
transcript and protein levels?!. In addition, Maciag et al. had shown that JS-K significantly downregulated c-Myc
protein expression in leukemia cells in a time-dependent manner®. Consistent with the above studies, JS-K
decreased the expression of c-Myc in the RCC cells. Furthermore, exogenous NAC failed to rescue the c-Myc ™~
cells from the inhibitory rate of JS-K, which could be attributed to a weaker reductive function of the GSH
system in the absence of c-Myc.

GSTP1, a member of the GST isoenzyme family, promotes the combination of exogenous oxidants with GSH
to maintain intracellular redox homeostasis'®*2%3. In addition, GSTP1 and GSH are crucial components in the
defense against ferroptosis and oxidative stress, and function independently of the initial ferroptosis defense
mechanisms. In addition, studies indicate a link between the Myc family genes and GSTP1, and N-Myc has
been identified as a direct regulator of GSTP12%. We found that GSTP1 was downregulated in the RCC cells
following treatment with JS-K or c-Myc knockdown. The WNT pathway activator LiCl upregulated c-Myc in the
JS-K-treated cells, and partially restored the expression of GSTP1. C-Myc regulates the expression of numerous
genes at the transcriptional level, either directly or indirectly?>. However, we did not explore the mechanism
underlying the regulatory effect of c-Myc on GSTP1, or assess the impact of knocking down or overexpressing
GSTP1.
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Fig. 3. JS-K induced ferroptosis in RCC cells by inhibiting the c-Myc/GSTP1 axis. A Changes in c-Myc protein
levels in RCC cells (A498 and 786-0) following treatment with JS-K (4 pmol/L) for 24 h. B RCC cells with
stable c-Myc knockdown (786-O“"™My<~/~ and A498°~My*"/~) were constructed, and the knockdown efficiency
was verified by western blotting. C Viability of control and c-Myc-/- RCC cells incubated with JS-K (4 umol/L)
and JS-K plus NAC (200 umol/L) for 24 h. D MDA content in 786-O° MY/~ and A498°~My~/~ cells incubated
with JS-K (4 pumol/L) and JS-K plus NAC (200 pmol/L) for 24 h. E GSTP1 protein expression in RCC cells
incubated with JS-K (4 umol/L) for 24 h. F GSTP1 protein expression in control and c-Myc-/- RCC cells.

G Expression levels of c-Myc and GSTP1 in RCC cells incubated with JS-K (4 umol/L) and JS-K+LiCl (1
mmol/L) for 24 h. *P<0.05, **P<0.01, ***P<0.001.

JS-K has been shown to inhibit the growth of various subcutaneous tumor xenografts in nude mice, including
those for prostate cancer, multiple myeloma, and glioma?-28, We established subcutaneous tumors in nude mice
using control and c-Myc ™~ 786-O cells, and treated the tumor-bearing mice with JS-K or placebo. The depletion
of c-Myc resulted in smaller tumors compared to that in the control group. In addition, JS-K significantly
inhibited tumor growth in vivo, and the effect was stronger for the c-Myc™/~ tumors. Furthermore, c-Myc,
Ki67, and GSTP1 were relatively downregulated in the JS-K, c-Myc™/~, and c-Myc™~ + JSK groups compared
to the control group. In conclusion, JS-K can inhibit the growth of RCC by inducing ferroptosis and may hold
significant therapeutic potential.

Conclusion

JS-K induces ferroptosis in RCC cells by binding to GSH and triggering ferroptosis through the regulation of
the c-Myc-GSTP1 axis. Our findings provide new insights and potential therapeutic avenues for the treatment
of RCC.

Limitations and future prospects
In this study, JS-K was found to inhibit the expression of c-Myc. However, we only utilized a c-Myc gene silencing
model and did not employ an overexpression model. To further verify whether the inhibitory effect of JS-K on
c-Myc expression is specific, additional exploration will be needed in future research. Moreover, the binding sites
and regulatory mechanisms of the c-Myc/GSTP1 axis in renal cancer cells have not been fully elucidated. We
plan to investigate these aspects in the future by exploring the molecular mechanisms of protein interactions.
In the in vivo experiment where JS-K inhibited the growth of renal cell carcinoma (RCC) xenografts, we
focused primarily on the inhibitory effect of JS-K on the tumor xenografts themselves, as well as the detection of
upstream regulatory factors c-Myc and GSTP1, since they are likely to play more important roles in the antitumor
mechanisms of JS-K. However, the current results do not fully clarify whether JS-K induces ferroptosis in renal
cancer cells. Future studies may consider supplementing the detection of ferroptosis-related indicators to further
elucidate the mechanisms of action of JS-K.
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Fig. 4. JS-K inhibited the growth of RCC xenografts in vivo. A Representative images of tumor tissues excised
from each group. B Mean tumor weight in each group. C Tumor volume in the indicated groups at different
time points. D Representative immunohistochemistry (IHC) images showing expression of Ki67, c-Myc, and
GSTP1I in each group (scale bar: 10 pm).*P <0.05, **** P<0.0001.
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