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Abstract

Chronic kidney disease (CKD) and cancer are major and increasingly interconnected health burdens.
Uremic toxins, which accumulate as kidney function declines, have been implicated in cancer
progression, including site-specific renal cell carcinoma (RCC), but the molecular mechanisms
underlying these effects remain poorly understood.

This study investigated the effect of lanthionine, a sulfur-containing uremic toxin detected in CKD,
at clinically relevant concentrations, in A-498 cells as human clear cell renal carcinoma cell line
(ccRCC), and HEK?293 as non-malignant renal cells.

Our results showed that lanthionine acts in a cell-specific manner, promoting cancer cell migration
and invasion, with a more pronounced effect in A-498 cells. Lanthionine selectively modulated
VEGFA expression and protein levels in A-498 cells, promoting intracellular calcium levels and
PI3BK/AKT/mTOR signaling pathway. VEGFA increase appeared to be supported by HIFs
overexpression. Importantly, VEGFA silencing in A-498 cells decreased intracellular calcium levels
and inhibited PI3K/AKT/mTOR signaling pathway, supporting a functional link between VEGFA
and these signaling events.

These results provide preliminary in vitro evidence that lanthionine may contribute to ccRCC
progression by modulating VEGFA-associated calcium signaling and the PI3K/AKT/mTOR
pathway, highlighting a potential molecular link between the uremic milieu and renal cancer
progression.
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1. Introduction

Chronic kidney disease (CKD) is a growing health problem that affects 10% of the general population
worldwide, and it is estimated that more than 850 million people will be affected in 2040 [1].

CKD results from a broad spectrum of conditions, including diabetes, hypertension, metabolic
disorders, glomerular and genetic diseases, congenital anomalies of kidneys and urinary tract [2,3].
Progressive loss of renal function is accompanied by profound systemic alterations, including chronic
inflammation, oxidative stress, disturbances in mineral and bone metabolism and the progressive
accumulation of uremic toxins (UTs), promoting the transition to End Stage Renal Disease (ESRD),
a condition strongly associated with elevated cardiovascular risk and mortality [4,5].

UTs are waste products that accumulate due to impaired kidney function and cannot be effectively
eliminated [6]. Notably, even with regular dialysis treatment in ESRD, UTs are not fully cleared and
continue circulating through the bloodstream, inducing several negative effects on various organs,
especially on cardiovascular system [7].

UTs are well known for their cardiotoxic effects, contributing to endothelial dysfunction, vascular
fibrosis, cardiac hypertrophy, oxidative stress, and inflammation, all of which are associated with an
increased mortality risk [4,8—11].

Notably, several of these pathogenic mechanisms are shared by CKD and cancer.

The relationship between CKD and cancer has been investigated for more than five decades. Studies
have reported an increased incidence of several malignancies among patients with impaired kidney
function, especially during uremia, with cancers of the kidney and urinary tract among the most
frequently observed [12,13].

In the case of renal cancer, its development has been clearly associated with traditional modifiable
and fixed risk factors, such as obesity and hypertension [14]. By contrast, the role of non-traditional
risk factors remains insufficiently defined and requires further elucidation [15].

Studies suggest that CKD may directly contribute to the development of renal cell carcinoma (RCC).
This association is likely bidirectional: CKD may promote carcinogenesis through chronic
inflammation, oxidative stress, metabolic alterations, acquired cystic kidney disease, and persistent
exposure to uremic metabolites, whereas RCC may contribute to or accelerate CKD through
nephrectomy, compensatory hyperfiltration, treatment-related kidney injury, and other mechanisms
[16].

Clear cell renal cell carcinoma (ccRCC) accounts for approximately 70-80% of all diagnosed renal
cancer cases [17]. This histotype is notably resistant to chemotherapy [18] and is characterized by
metabolic gene alterations that drive the oncologic-metabolic underlying malignancy. In addition,
ccRCC is characterized by frequent alterations in the von Hippel-Lindau (VHL) pathway. Loss of
VHL function leads to stabilization of hypoxia-inducible factors (HIFs), which regulate the
expression of several genes involved in angiogenesis, metabolism, proliferation, and tumor
progression [19].

Beyond these mechanisms, accumulating evidence suggests that UTs are directly implicated in the
progression of several solid tumors [20]. In particular, p-cresol, a major byproduct of tyrosine
fermentation, causes dose and time-dependent effects on bladder cancer cells, promoting invasion
and migration of living cells [21]. Moreover, it contributes to malignant biological behavior of HepG2
hepatocellular carcinoma cells [21]. Other studies highlighted the impact of indoxyl sulfate (IS) and
p-cresyl sulfate (pCS), metabolites derived from intestinal tryptophan and tyrosine in the intestine.
Specifically, IS has been demonstrated to promote colorectal cancer cell proliferation [22] and to
enhance metastatic traits in ovarian cancer cells [23]. Conversely, pCS have been shown to induce
proliferation and endothelial mesenchymal transition in ccRCC via the miR-21/HIF-1a signaling
pathway [24].

Lanthionine, a sulfur containing UT with several untoward effects, is a natural non-proteogenic amino
acid, generated as a side-product of the action of transsulfuration enzymes, i.e. cystathionine beta
synthase (CBS) and cystathionine gamma-lyase (CSE), in hydrogen sulfide (H>S) biosynthesis
[11,25-30].



Interestingly, Hellmich and colleagues reported increased CBS expression in human colon cancer
tissue and proposed urinary lanthionine as a potential biochemical marker of CBS upregulation,
linking lanthionine metabolism to tumor-associated processes [31].

However, whether lanthionine directly affects renal cancer cells, and particularly the signaling
pathways governing ccRCC progression remain unknown.

In this preliminary study, we investigated the effects of lanthionine, at concentration comparable to
those detected in CKD patients [25,29,30], on ccRCC cell line A-498 and HEK293 cells, which
served as non-cancerous renal controls.

By addressing these mechanisms, we aimed to determine whether lanthionine may represent a
molecular link between the uremic milieu and the aggressive phenotype of ccRCC.

2. Results
2.1 Effect of lanthionine on cell migration and cell viability in A-498 and HEK293 cells

Images of cell cultures monitored until complete scratch closure (at 24 hours) are reported in Fig. 1a,
b. Quantitative analysis of scratch area over time is presented on Fig. Ic, d.

In the A-498 cell line, treatments did not affect the wound closure at 6 hours, compared to control.
After 9 hours, 0.3 uM lanthionine induced a closure comparable to the control, with a scratch area of
38%. At the same point, 1 pM lanthionine markedly enhanced closure, reducing the scratch area to
approximately 20% (Figurela, c).

In HEK293 cells, lanthionine at both concentrations did not significantly influence cell migration
between 0 and 9 hours of treatment (Figure 1b, d).

Cell viability assessed with MTT assay revealed significant differences in A-498 cells, where both
concentrations of lanthionine significantly increased viability at 48 hours. No effect was observed in
HEK?293 cell line (Supplementary Fig. Sla, b).

a A-498 C + CTRL
4 LANO03pM
Oh 6h 9h 24h + LANI1pM
%, :1 WOUND HEALING ASSAY A-4986 h WOUND HEALING ASSAY A-4989 h
CTRL 1004 100
& 80 g 80
E 3 rE
LAN 0.3 pM % - 2
] = *
] H
3
E Z 40
£ g
& &

:::ﬁm 1AM L

T T T
CTRL  LANO3uM LAN 1M CTRL  LANO3 M LAN1,M

o .--

b HEK293 d

Oh 6h 9h 24h
WOUND HEALING ASSAY HEK293 6 h WOUND HEALING ASSAY HEK2939h
CTRL
100 T 100
£ 80
LAN 0.3 pM 60
Z 40 0
20 £
LAN 1 M b ]
T T T T T T
CTRL  LANO3 ;M LAN 1M CTRL  LANO3 M LAN 1M

Figure 1. Wound healing assay in A-498 and HEK293 cell lines. (a, b) Images acquired of the scratch
wound area at time 0, 6, 9 and 24 hours after treatment with 0.3 uM and 1 uM of lanthionine in A-
498 and HEK293 cells. (c, d) Scratch wound area analysis, expressed as %, of A-498 and HEK293
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cell lines. Histograms values are the mean + standard deviation of three independent experiments: *
p <0.05, ** p<0.01 and *** p <0.001. CTRL: control; LAN 0.3 uM: lanthionine 0.3uM; LAN 1
uM: lanthionine 1 uM.

2.2 Effect of lanthionine on cell invasion in A-498 and HEK293 cells

Images of cell invasion ability after 20 hours of lanthionine treatment are shown in Fig. 2a, b.
Quantitative analysis of cell invasion capacity, expressed as invasion index (%) after crystal violet
staining, is reported in Fig. 2c, d. In A-498 cells, lanthionine induced a dose-dependent increase in
cell invasion, resulting in an invasion index of 149.60% and 202.18% following treatment of 0.3 and
1 uM of lanthionine, respectively. In HEK293 cells, lanthionine at both concentrations did not
significantly influence cell invasion after 20 hours of treatment (Fig. 2b, d), with a value of
approximately 100%, comparable to the control.
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Figure 2. Transwell invasion assay in A-498 and HEK293 cell lines.

(a, b) Images acquired at 20 hours after treatment with 0.3 uM and 1 uM of lanthionine in A-498 and
HEK?293 cells. (c, d) Cell invasion analysis, expressed as invasion index (%), of A-498 and HEK293
cell lines. Histograms values are the mean =+ standard deviation of three independent experiments: *



p <0.05, ** p<0.01 and *** p <0.001. CTRL w/o FBS: negative control without FBS. CTRL with
FBS: positive control with FBS; LAN 0.3 uM: lanthionine 0.3uM; LAN 1 uM: lanthionine 1 pM.

2.3 Effect of lanthionine on intracellular calcium levels

Intracellular calcium levels detected after 30 minutes, 1, 2, 3 and 6 hours of treatment in A-498 and
HEK?293 cell lines are reported in Fig. 3 a, b. In A-498 cells, 0.3 uM lanthionine induced a significant
increase in intracellular calcium levels after 30 minutes, 2 and 3 hours of treatments. At the same
point, 1 uM of lanthionine led to a more significant increase in calcium levels, with a relevant effect
even after 1 hour. No changes were detected at 6 hours of treatment (Figure 3a).

In HEK293 cells, lanthionine at both concentrations did not significantly influence calcium levels, as
reported in Fig. 3b.
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Figure 3. Intracellular calcium levels in A-498 and HEK293 cell lines.

(a) Results obtained in A-498 cells after 30 minutes, 1, 2, 3 and 6 hours of treatments with 0.3 uM
and 1 pM of lanthionine. (b) Results obtained in HEK293 cells after 30 minutes, 1, 2, 3 and 6 hours
of treatments with 0.3 uM and 1 uM of lanthionine. Results are expressed as relative fluorescence
intensity (RFI). Histograms values are the mean + standard deviation of three independent
experiments: * p < 0.05, ** p <0.01 and *** p <0.001. CTRL: control; LAN 0.3 uM: lanthionine
0.3uM: LAN 1 puM: lanthionine 1 uM.

2.4 Effect of lanthionine on VEGFA-PI3K/AKT/mTOR signal pathway in A-498 and HEK293
cells

VEGFA-PI3K/AKT/mTOR gene expression levels were analyzed after 24 and 48 hours of treatment.
In A-498 cells, 1 uM of lanthionine increased VEGFA gene expression levels at both 24 and 48 hours
of treatment (Fig. 4a, b). 1 uM of lanthionine raised PI3K expression after 24 hours of treatment,
while an increase in AKT, mTOR, HIF2A and HIF1B has been detected at both 24 and 48 hours (Fig.
4a, b). While 0.3 pM of lanthionine was able to increase only the expression of HIF1B at 48 hours
(Figure 4b).



In HEK293 cells, at 24 hours, a significant reduction of PI3K after 0.3 uM of lanthionine, of AKT
after 1 uM of lanthionine and of mTOR after both treatments were detected (Figure 4c). At 48 hours,
VEGFA, AKT and mTOR showed a significant reduction with 0.3 uM of lanthionine (Figure 4d). At
the same time of treatment, 1 pM lanthionine induced only an increase in mTOR and HIF2A
expression, while both concentrations were able to increase HIF1B gene levels compared to the
control (Figure 4d).
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Figure 4. Real time PCR analysis of VEGFA, PI3K, AKT, mTOR, HIF2A and HIF I B after treatment
with lanthionine in A-498 and HEK293 cell lines.

(a, b) Results obtained in A-498 cell line after 24 and 48 hours of treatment with lanthionine 0.3 uM
and 1 uM. (c, d) Results obtained in HEK293 cell line after 24 and 48 hours of treatment with
lanthionine 0.3 uM and 1 pM. Histograms values are the mean + standard deviation of three
independent experiments: * p < 0.05, ** p < 0.01 and *** p <0.001. CTRL: control; LAN 0.3 pM:
lanthionine 0.3uM: LAN 1 uM: lanthionine 1 pM.

2.5 Effect of lanthionine on VEGFA, PI3K, pAKT/AKT and pERK/ERK protein levels

In A-498 cells, 1 uM of lanthionine raised VEGFA protein levels after 24 hours of treatment (Figure
5a). PI3K levels had not been affected by lanthionine addition at both concentrations used, while a
significant increase was observed in pAKT and pERK at 24 hours after 1 uM of lanthionine (Figure
5c¢). The levels of pERK appeared raised also at 48 hours of treatment with both concentrations used
(Figure 5c). In HEK293 cells, lanthionine had no effect on VEGFA protein levels and on selected
markers (Figure 5b, d).
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Figure 5. ELISA assay of VEGFA levels
pERK/ERK.

(a) Analysis of VEGFA protein levels in A-498 cell culture medium after 24 and 48 hours of treatment
with lanthionine at 0.3 uM and 1 pM. (b) Analysis of VEGFA protein levels in HEK293 cell culture
medium after 24 and 48 hours of treatment with lanthionine at 0.3 uM and 1 uM. (c) Analysis on A-
498 cells lysate after 24 and 48 hours of treatment with lanthionine at 0.3 uM and 1 uM. (d) Analysis
on HEK293 cells lysate after 24 and 48 hours of treatment with lanthionine at 0.3 uM and 1 pM
Histograms values are the mean + standard deviation of three independent experiments: * p < 0.05,
** p <0.01 and *** p < 0.001. CTRL: control; LAN 0.3 uM: lanthionine 0.3uM: LAN 1 uM:
lanthionine 1 pM.

and western blot analysis of PI3K, pAKT/AKT and

2.6 VEGF silencing influences cell migration and invasion in A-498 cells

The effect of lanthionine on cell migration was analyzed after VEGFA silencing only in A-498 cell
line. After treating the cells with VEGF-siRNA for 24 hours, cell migration was evaluated after
lanthionine treatment, from 0 to 24 hours, comparing the results obtained with respect to control.
Considering the images in Fig. 6a and the analysis of the scratched area (%) in Fig. 6b, a significant
reduction in the closure rate of the scratched area was detected. At 6 hours, the samples treated with
VEGF-siRNA had a value of more than 60%, with a significant difference when comparing
CTRL+VEGF-siRNA to the control or Scramble-siRNA, which had a value less than 50% (Figure
6a, b). This difference was also observed after 9 hours of treatment, where the scratch area of the
control was reduced to about 30% (Figure 6a, b), while the samples treated with VEGF-siRNA had a
value of about 50%. At 24 hours, the scratch area of samples treated with VEGF-siRNA was still
evident, with a value of about 40%, with a significant difference with respect to control or scramble-
siRNA samples, with a scratch area of about 20% (Figure 6a, b).

The analysis of VEGFA gene and protein levels was reported in Fig. 6¢. As shown, VEGFA gene
expression levels appeared reduced after transfection compared to control or scramble-siRNA.
Considering protein levels, the transfection efficiency resulted in a clear reduction in VEGFA protein
levels (Figure 6¢).



Afterwards, the effect of lanthionine on cell invasion was analyzed following VEGFA silencing. Cells
were transfected with VEGF-siRNA for 24 hours, and invasion was subsequently evaluated after 20
hours of lanthionine treatment.

Representative images (Figure 6d) and quantitative analysis of cell invasion (Figure 6¢) revealed a
significant reduction in cell invasion capacity upon VEGFA knockdown. Specifically, VEGF-siRNA-
treated samples exhibited an approximately 50% decrease in cell invasion compared to the control
(Figure 6e).
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Figure 6. VEGF silencing influences cell migration and invasion in A-498 cells.

(a) Wound healing assay images acquired at 0, 6, 9 and 24 hours after treatment with 0.3 uM and 1
uM lanthionine in A-498 cells, post-VEGF-siRNA transfection. (b) Scratch wound area analysis,
expressed as %, in A-498 cells at 6, 9 and 24 hours after treatment with 0.3 uM and 1 pM lanthionine
in A-498 cells, post-VEGF-siRNA transfection. (¢) VEGF gene and protein levels after 24 hours with



0.3 uM and 1 uM lanthionine in A-498 cells, post-VEGF-siRNA transfection. (d) Transwell invasion
assay images acquired at 20 hours after treatment with 0.3 uM and 1 pM lanthionine in A-498 cells,
post-VEGF-siRNA transfection. (e¢) Invasion index analysis, expressed as %, in A-498 cells at 20
hours after treatment with 0.3 uM and 1 pM lanthionine in A-498 cells, post-VEGF-siRNA
transfection. Histograms values are the mean =+ standard deviation of three independent experiments:
*p < 0.05, ** p < 0.0l and *** p < 0.001. CTRL: control; SCR: scramble PCMT-siRNA;
CTRL+VEGF-siRNA: control with VEGF-siRNA; LAN 0.3 uM + VEGF-siRNA: lanthionine 0.3uM
with VEGF-siRNA; LAN 1 uM + VEGF-siRNA: lanthionine 1 uM + VEGF-siRNA.

2.7 VEGTF silencing influences intracellular calcium levels and PI3K/AKT/mTOR signal
pathway expression in A-498 cells

The effect of lanthionine on intracellular calcium levels and on PI3K/AKT/mTOR expression was
analyzed after VEGFA silencing in A-498 cell line.

Intracellular calcium levels were reported in Fig. 7a. After VEGFA silencing, lanthionine did not
increase the intracellular calcium levels, which instead appeared significantly reduced after 1, 3 and
6 hours of treatment.

PI3K/AKT/mTOR gene expression analysis were reported in Fig. 7b. Any significant increase of the
genes selected were detected after VEGF-siRNA transfection, followed by lanthionine treatment,
with a significant reduction mainly in mTOR gene expression levels.

However, HIF2A and HIF1B showed a significant increase. HIF2A appeared significantly higher
than control considering both lanthionine concentrations utilized, while HIF1B only after adding 1
uM of lanthionine (Figure 7b).
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Figure 7. VEGF silencing influences intracellular calcium levels and PISK/AKT/mTOR signaling
pathway.

(a) Results obtained in A-498 cells after 30 minutes, 1, 2, 3 and 6 hours of treatments with 0.3 uM
and 1 pM of lanthionine after VEGF-siRNA transfection. Results are expressed as relative
fluorescence intensity (RFI). (b) PI3K/AKT/mTOR gene levels after 24 hours with 0.3 uM and 1 uM
lanthionine in A-498 cells, post-VEGF-siRNA transfection. Histograms values are the mean =+
standard deviation of three independent experiments: * p < 0.05, ** p < 0.01 and *** p < 0.001.
CTRL: control; SCR: scramble PCMT -siRNA; CTRL+VEGF-siRNA: control with VEGF-siRNA;
LAN 0.3 uM + VEGF-siRNA: lanthionine 0.3uM with VEGF-siRNA; LAN 1 uM + VEGF-siRNA:
lanthionine 1 pM + VEGF-siRNA.



2.8 VEGF as a Specific Feature of Kidney Clear Cell Carcinoma (TCGA Data)
Considering the Cancer Genome Atlas (TGCA) database, VEGFA appears to be highly expressed

especially in Kidney Renal clear cell carcinoma (KIRC), with respect to other cancer types (Figure 8
a), as well as respect to normal tissue (Figure 8 b, c).
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Figure 8. VEGFA expression profile across all tumor samples and normal tissues.

(a) VEGFA expression profile across tumor and normal tissue. KIRC: Kidney renal clear cell
carcinoma, the other cancer acronyms are reported in supplementary table S1. (b) VEGFA gene
expression profile in KIRC database analyzed by Xena browser (https://xenabrowser.net/). (c)
VEGFA gene expression profile in KIRC database analyzed by GEPIA browser (http://gepia.cancer-

pku.cn/).




3. Discussion

The present study provides preliminary evidence that lanthionine, at concentrations comparable to
those detected in patients in CKD [25,29,30], exerts cell-specific effects on ccRCC cells.

Using A-498 c¢cRCC cell line and HEK293 cells as a comparative non-cancer model, our findings
suggest that lanthionine enhances cell viability, migration, invasion, intracellular calcium signaling,
and activation of the VEGF-PI3K/AKT/mTOR and HIFs axis, a pathway critically implicated in
renal cancer progression. Importantly, VEGFA silencing attenuated lanthionine-induced migration
and invasion and abolished the associated increase in intracellular Ca**, supporting a functional role
for VEGFA in the cellular response to lanthionine.

Wound healing and invasion assay showed that lanthionine promotes A-498 cell migration and
invasive capacity in a dose- and time- dependent manner. This effect was prominently observed in
cancer cells, where most of the scratches were closed within 9 hours of treatment. However,
lanthionine exerted only a mild effect on HEK293 cells, with a complete scratch closure after 24
hours (Figure la-d). Similar results were obtained evaluating cell invasive capacity; lanthionine
treatment selectively induces a significant, dose-dependent increase in cancer cell invasion, whereas
non-tumor cells maintained their baseline behavior (Figure 2a-d).

Cell migration and invasion are critical processes driven by complex intracellular signaling cascades
and microenvironmental factors such as chemokine, cell adhesion molecules and cytokines [32—34].
Our results indicate that lanthionine acts as a selective driver of cancer cell aggressiveness. The rapid
onset of cell motility observed in the wound healing assay- which began as early as 9 hours and
culminated in complete closure at 24 hours-suggests that lanthionine may trigger an immediate
signaling cascade that drives the migration mechanism. This enhanced motility was complemented
by a significant increase in cell invasive capacity at 20 hours. The markedly weaker response observed
in HEK293 cells suggests that the effects of lanthionine may depend on the cellular context and the
molecular features of ccRCC cells. Similar pro-migratory and -invasive effects have been described
for other UTs, including p-cresyl sulfate and indoxyl sulfate [21-23,35]. Our data extends this concept
by identifying lanthionine as an additional uremic metabolite capable of enhancing cancer cell
migration and invasion.

Previous results showed that lanthionine increased intracellular calcium levels in endothelial cells
[27,30], so the levels of this second messenger were analyzed also in these cell models. We found a
dose-dependent increase in the intracellular calcium levels induced by lanthionine, exclusively in A-
498 cells (Figure 3a, b). The regulation of intracellular calcium levels is crucial to several cellular
processes, including proliferations, migration and gene transcription. In cancer cells, aberrant calcium
signaling supports enhanced survival, invasion and metastasis, contributing to rewiring of
intracellular signaling networks to regulate cell migration modules [36].

As previously mentioned, A-498 cells presented a highly vascular phenotype, associated with an
elevated expression of VEGFA, also known as vascular endothelial growth factor A [37].

VEGFA exhibits its effect through the interaction with transmembrane tyrosine-kinase receptors
(VEGFRs), expressed by endothelial cells to promote angiogenesis and migratory mechanisms
[37,38]. In addition to its established role in angiogenesis, VEGFA can participate in autocrine and
paracrine signaling within the tumor microenvironment and has been linked to intracellular Ca*
mobilization and pathways regulating tumor cell migration and invasion [39-42].

Given the central role of VEGFA in ccRCC and the established interaction between VEGFA signaling
and intracellular Ca** dynamics, we next examined whether lanthionine could modulate this pathway.
Our results show that in A-498 cells, lanthionine increased VEGFA at both transcriptional (Figure
4a, b) and protein levels (Figure 5a), particularly at 1 pM, whereas no comparable increase was
observed in HEK293 cells. Interestingly, beyond its involvement in promoting cancer, elevated



circulating VEGFA levels have also been associated with inflammatory state and mortality in CKD
patients [29,43—45]. In addition, VEGFA itself may act as a proinflammatory cytokine, increasing
endothelial cell permeability with an altered expression of endothelial cell adhesion molecules and
chemokines [46,47]. This could represent a further link between CKD and kidney cancer.

In our experimental set, lanthionine also promotes the VEGF downstream PI3K/AKT/mTOR
signaling pathway in A-498 cells, after 48 hours, with increased expression of PI3K, AKT, mTOR-
related genes (Figure 4a, b) and increased pAKT protein levels under specific experimental conditions
(Figure 5c).

A significant crosstalk exists between VHL-HIF-VEGF, intracellular calcium and PI3K/AKT/mTOR
pathways, which synergistically promote renal cancer cell progression [35,48-50]. In addition, it
should be noted that genetic alterations in signaling are highly significant in ccRCC, the abnormal
activation of PI3K/AKT/mTOR correlates with aggressive development invasion and metastasis in
ccRCC [49-51]. About the results obtained in HEK293 cells, we have found an increase only in
mTOR after 1 uM of lanthionine at 48 hours of treatment (Figure 4c, d).

Due to VHL inactivation, ccRCC is characterized by a HIF-a stabilization even in a normoxic
condition, resulting in the activation of HIF target genes, as well as VEGF overexpression, that
influence and modify several cellular processes such as angiogenesis, proliferation and cell
metabolism [52,53]. Our results demonstrated that 1 uM lanthionine induced a significant increase in
HIF2A and HIF1B expression in A-498 cells up to 48 hours (Figure 4a, b). In HEK293, 1 uM of
lanthionine increased HIF2A expression at 48 hours, while both concentrations promoted HIF1B at
the same time of treatment (Figure 4c, d).

HIF2A is strictly involved in oxidative stress, and vascular remodeling [54]. Importantly, HIF-2a
selectively drives VEGFA transcription, lipid metabolism, and cell cycle progression in ccRCC,
distinguishing it from the more glycolysis-oriented HIF-1a [55]; additionally, it is involved in ccRCC
progression and metastasis [56]. One possible explanation is that lanthionine, as UT, may perturb
cellular redox or metabolic homeostasis, thereby influencing hypoxia-related signaling [57,58].
Indeed, alterations in HIFs caused by UTs were already observed evaluating the effect of pCS on
ccRCC cells [24], supporting the idea that uremic toxicity can exacerbate hypoxia-driven tumor
signaling.

Regarding the results obtained by the ELISA and western blotting analysis, we found significant
changes in the protein levels of VEGFA after 24 hours of treatment with 1 uM of lanthionine in A-
498 cells compared to HEK293 (Figure 5a, b). Differences were also observed in pAKT and pERK
levels under the same conditions (Figure 5c¢), while no differences were found in HEK293 cells
(Figure 5d). These data are fully consistent with molecular data, both for the cell-specificity effect of
lanthionine and for the modulated pathway. Indeed, activated pERK is also a downstream effector of
VEGFA signaling, involved in tumor invasiveness, growth and angiogenesis. Studies demonstrated
that analyzing pERK activity in RCC biopsy could become useful for creating targeted and
personalized therapy [59].

Afterwards, to confirm the observed cell-specific activity of lanthionine on VEGF-
PI3K/AKT/mTOR pathway, we performed a VEGFA knockdown, by transfecting A-498 cells with
siRNA against human VEGFA. The success of the transfection was verified by evaluating both
VEGFA gene expression and protein levels, which appeared visibly reduced (Figure 6¢).

VEGFA silencing substantially attenuated the effects of lanthionine on A-498 cells, reducing
migration (Figure 6a, b), invasion (Figure 6d, e), and abolishing the lanthionine-induced increase in
intracellular Ca** (Figure 7a). VEGFA knockdown was also associated with reduced expression of
components of the PI3K/AKT/mTOR pathway, particularly mTOR (Figure 7b). Together, these
findings support a functional role for VEGFA in mediating the cellular response to lanthionine.



Notably, HIFs expression remained elevated after VEGFA silencing, suggesting that lanthionine may
act upstream of VEGFA, possibly by inducing hypoxia-like stress or metabolic imbalance, which in
turn, activates HIFs transcription independently of VEGFA feedback [60].

The relevance of VEGFA to ¢ccRCC was further supported by our analysis of publicly available
TCGA/KIRC datasets, in which VEGFA expression was markedly elevated in KIRC compared with
normal renal tissue and was prominent relative to several other tumor types (Figure 8a-c). These data
provide an independent clinical-genomic context for our in vitro observation that lanthionine
increases VEGFA expression in A-498 cells.

Overall, our findings identify lanthionine as a previously unexplored uremic metabolite capable of
modulating numerous key genes involved in ccRCC progression, in a cell-specific manner, through
VEGF-dependent signaling. This observation underscores the translational relevance of these
findings. Indeed, lanthionine may represent one of the molecular links between renal dysfunction and
kidney cancer progression, but also a putative biomarker. Whether circulating or urinary lanthionine
levels are associated with ccRCC incidence, progression, or severity in patients with CKD remains
unknown and warrants dedicated clinical investigation.

4. Conclusion

This study provides the first experimental evidence that lanthionine, at CKD-relevant concentrations,
exerts a pro-tumorigenic and cell-specific effect in A-498 ccRCC. Our findings show that lanthionine
is involved in the promotion of ccRCC migration and invasion, through calcium/VEGF-dependent
signaling, representing a putative mechanistic link between CKD and kidney cancer. Indeed, VEGF
silencing abolished lanthionine-induced calcium signaling and migratory responses, identifying
VEGEF as a central mediator connecting lanthionine exposure with Ca*" signaling and downstream
pathways associated with ccRCC promotion.

Although limited to an in vitro model, this work throws the foundation for future studies, aimed at
defining the role of lanthionine, as well as other UTs, in cancer biology, and evaluating lanthionine
as a potential biomarker in CKD-associated malignancies.

5. Methods
5.1 Cell Culture

A-498 and HEK293 cells (ATCC) were cultured in DMEM media, supplemented with 10% FBS
Fetal Bovine Serum (S1810-500, Microtech, Pozzuoli, NA, Italy), 2 mM L-glutamine (X0550-100,
Microtech, Pozzuoli, NA, Italy) and 0.1% penicillin—streptomycin (L0022-100, Microtech, Pozzuoli,
NA, Italy), maintained in a humidified atmosphere containing 5% CO> at 37 °C.

5.2 Experimental Design

Cells were treated one day after seeding with 0.3 or 1 uM DL-lanthionine (Lan, L8543, Sigma
Aldrich, Merck KGaA, Darmstadt, Germany) for 24 and 48 hours. DL -lanthionine was dissolved in
IM HCl in water at a stock concentration of 50 mg/mL (240 mM). The vehicle effect, corresponding
to HCI addition to DMEM, was considered negligible, as no detectable changes in pH or cell vitality
could be detected. Control cultures were maintained in standard lanthionine-free medium.

5.3 MTT assay

Cell viability were measured using MTT assay, according to the manufacturer’s instruction. This
assay was based on the ability of living cells to reduce MTT in blue- violet formazan crystals. Briefly,
cells were seeded in 96-well plates at the proper density and allowed to adhere for 24 hours.
Subsequently, they were incubated in medium containing 1% FBS, with lanthionine added in



triplicate, at concentrations of 0.3 and 1 uM for 24 and 48 hours. Thereafter, the medium was
removed, and the cultures were treated with MTT (M2128 Sigma Aldrich, Merck KGaA, Darmstadt,
Germany) dissolved in PBS (ML116 HIMEDIA Laboratory GMmbH, Modautal, Germany) at a final
concentration of 0.5 mg/mL for 4 hours at 37 °C. Following incubation, the medium containing the
MTT solution was aspirated from the wells, and the remaining formazan crystals were solubilized in
IN isopropanol/hydrochloric acid (10%) solution, using a shaker for 20 min.

Absorbance was then measured at 570 nm using a 96 well microplate reader (Bio-Rad Laboratories,
Milan, Italy). The cytotoxicity index was determined using the untreated cells as the negative control.
Data are presented as mean + standard deviation from three different experiments, performed in
triplicate.

5.4 Wound healing assay

Cells from each line were seeded in 6-well culture plates using Ibidi Culture-Insert 2 Well, according
to the manufacturer's protocol (Ibidi GmbH, Grifelfing, Germany).

After 24 hours, an optically confluent cell monolayer was established. The inserts were then removed,
and the corresponding treatments were applied in medium supplemented with 1% FBS. The substrates
containing confluent cell layers were imaged starting at 0 hours (treatment initiation) and monitored
for up to 24 hours, until closure of the scratch area. Images were acquired every 6 hours using Optika
camera software and observed by a LEICA DM-IRB photomicroscope at 1x/5x magnification. Image
analysis was performed using ImagelJ to quantify the gap closure by measuring the scratch area over
time. Data are presented as scratch wound area (%) relative to the control + standard deviation (SD),
based on three different experiments.

5.5 Cell invasion assay

Cell invasion capacity was analyzed using 12-well Nunc™ Cell Culture Inserts in Carrier Plate
Systems with 8 um pore size (Thermo Fisher Scientific, Waltham, Massachusetts, USA), according
to the manufacturer’s protocol.

The inserts were coated with Geltrex LDEV-Free Reduced Growth Factor Basement Membrane
Matrix. Following a 24-hours starvation period in serum-free DMEM, cells were seeded into the
upper chambers. DMEM supplemented with 10% FBS, either with or without lanthionine, was added
to the bottom well as chemoattractant medium, for 20 hours at 37 °C with 5% COa.

Following the incubation, non-invaded cells on the upper surface of the membrane were removed and
invaded cells on the lower surface were then fixed, stained with crystal violet solution and visualized
by a LEICA DM-IRB photomicroscope at 1x/10x magnification. Image analysis was performed
using ImagelJ to quantify the number of invasive cells. Data are presented as invasion index (%)
relative to the control = standard deviation (SD), based on three different experiments.

5.6 Intracellular calcium analysis

Intracellular calcium analysis was performed using a fluorescent Fura 2-AM probe (F1201,
ThermoFisher Scientific, Waltham, Massachusetts, USA), following the supplier’s protocol. Cells
from each line were seeded in 12-well culture plates. After 24 hours, culture medium was removed,
and incubated with lanthionine added in triplicate, at concentrations of 0.3 and 1 pM for 30 minutes,
1,2, 3 and 6 hours, respectively. After each time point, 3 uM of the probe dissolved in PBS was added
for 50 minutes at 37 °C in a humidified atmosphere enriched with 5% COs..

Fluorescence intensity was quantified at AEx340 nm and AE»510 nm by a fluorescence multi-reader
(Infinite 200, Tecan Trading AG, Méannedorf, Switzerland). Intracellular calcium concentration was
expressed as relative fluorescence intensity (RFI), considering the untreated cells as negative control.



5.7 RNA Extraction, Reverse Transcription and qPCR

Total mRNA was extracted from cells using TRI reagent (Sigma Aldrich, Merck KGaA, Darmstadt,
Germany) according to the manufacturer ’s instructions. RNA concentration was determined with
NanoDrop UV/Vis micro-spectrophotometer (Life Real, Zhejiang, China). Samples were stored at
—80 °C until further use. A total of 2 pg of total RNA was reverse transcribed using the QuantiTect
Reverse Transcription® kit 5x All-in-One RT Mastermix (G486, ABM, Richmond, BC, Canada),
following the manufacturer’s instructions. Reactions were carried out in a Veriti® 96-Well Thermal
Cycler (Applied Biosystems, Foster City, CA, USA). The resulting cDNA concentration was
measured by means of NanoDrop UV/Vis micro-spectrophotometer and samples were stored at —20
°C until useQuantitative PCR (qPCR) was performed with 200 ng of cDNA using Luna universal
qPCR Master Mix (M3003X, New England Biolabs, Ipswich, Massachusetts, USA) on a CFX96
Touch Real-Time PCR Detection System (BioRad, CA, USA). Target-specific primers for PI3K,
AKT, mTOR, VEGFA, HIF2A, HIF1B and GAPDH were designed with Primer-BLAST software
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized by Life Technologies
(Thermofisher Scientific, Waltham, Massachusetts, USA). All reactions were performed in triplicate
under amplification conditions specified by the manufacturer. Relative gene expression was

calculated using the 2722 method, with GAPDH as housekeeping gene. Primer sequences are listed
in Table 1.

Gene Primer reverse Primer forward

PIK3CA (PI3K) GAAGCACCTGAATAGGCAAGTCG GAGCATCCATGAAATCTGGTCGC

AKTI1 (AKT) GAGCATCCATGAAATCTGGTCGC ATGGCGCTGAGATTGTG

mTOR CGGGCACTCTGCTCTTT GGCCGACTCAGTAGCAT

VEGFA TGCATTCACATTTGTTGTGCTGTAG TGCAGATTATGCGGATCAAACC

f}?ﬁ:i;) TTGTCACACCTATGGCATATCACA GTGCTCCCACGGCCTGTA

ARNT (HIFIB) GAGGGGCTAGGCCACTATTC CAAGCCCCTTGAGAAGTCAG

Table. 1. Primer sequences used in gPCR analysis. PI3K: phosphatidylinositol-4,5-bisphosphate 3-
kinase, catalytic subunit alpha; AKT: AKT serine/threonine kinase 1; mTOR: mechanistic target of
rapamycin; VEGF: vascular endothelial growth factor A; EPAS1(HIF2A): Endothelial PAS domain-
containing protein 1; ARNT (HIF1B): Aryl Hydrocarbon Receptor Nuclear Translocator.

5.8 Elisa assay

ELISA kits for human VEGF (DVE00) were obtained from R&D Systems (Minneapolis, USA) and
used according to manufacturer ’s instructions. Absorbance was measured with a multi-reader
(Infinite 200, Tecan Trading AG, Minnedorf, Switzerland). All the experiments were performed in
triplicate.

5.9 Protein Extraction and Western Blotting analysis

Cells were collected and lysed in RIPA buffer (TCL131, HIMEDIA Laboratory GMmbH, Modautal,
Germany) supplemented with a cocktail of protease inhibitors (cat. n°11836153001, Roche, Milan,
Italy) and phosphatase inhibitors (4906845001, Sigma Aldrich, Merck KGaA, Darmstadt, Germany).



Protein concentrations were determined using the Bradford Protein Assay Kit (5000001, BioRad,
Hercules, CA, USA). Proteins were separated by electrophoresis on 8—16% precast gels (456-1104,
mini-PROTEANS® TGX™ Gels, Bio-Rad, Hercules, CA, USA) and transferred onto 0.2 pum
nitrocellulose membranes (1704158, Trans-Blot® Turbo™, Bio-Rad, Hercules, CA, USA).

Proteins immunodetection was performed using the following primary antibodies: anti-PI3K (4249,
Cell Signaling Technology, Danvers, MA, USA), anti-AKT (4691, Cell Signaling Technology,
Danvers, MA, USA), anti-pAKT (4060, Cell Signaling Technology, Danvers, MA, USA), anti-ERK
(9102, Cell Signaling Technology, Danvers, MA, USA), anti-pERK (4370, Cell Signaling
Technology, Danvers, MA, USA) and anti-GAPDH (GTX100118-S, Genetex, CA, USA), as loading
controls. Secondary antibodies included horseradish peroxidase (HRP)- conjugated anti-rabbit
(NC27606, Immunoreagents Inc., Raleigh, NC, USA) and anti-mouse (Immunoreagents Inc.,
Raleigh, NC, USA).

Immune complexes were detected by chemiluminescence utilizing Immobilon Western
Chemiluminescent HRP Substrate (WBKLS0500, Millipore Corporation, Billerica, MA, USA) and
visualized with a transilluminator (ChemiDoc™, Bio-Rad, CA, USA). Signal intensities were
quantified with Image Lab software. All the experiments were performed in triplicate.

5.10 siRNA transfection of A-498 cell line

To inhibit VEGFA protein expression, siRNA transfection was performed in the A-498 cell line using
lipofectamine RNAIMAX. Transfection Reagent (Thermo Fisher Scientific Inc. cat n® 13778075,
Waltham, Massachusetts, USA) was used following manufacturer’s instructions.

Five different conditions were established:

1. CTRL: cells without siRNA transfection;

2. Scramble: cells transfected with a non-targeting control siRNA (i.e. Flexi tube siRNA against
human PCMT, Qiagen, cat n°® 1027416, Hilden, Germany);

3. VEGTF siRNA cells transfected with siRNA targeting human VEGF (Qiagen, cat n° 1027416,
Hilden, Germany);

4. Lan 0.3 uM + VEGF siRNA: same as VEGF siRNA condition, with 0.3 uM lanthionine added
24 hours post-transfection;

5. Lan 1 uM + siRNA VEGF: same as VEGF siRNA condition, with 1 uM lanthionine added
24 hours post-transfection.

Data are presented as mean + SD from three independent experiments, each performed in triplicate.
5.11 Statistical Analysis

Data are expressed as the means + SD, except where otherwise specified. The results were analyzed
using the statistics software GraphPad Prism Version 5.0 (GraphPad Software, San Diego, CA, USA).
Statistical significance was determined as * p < 0.05, ** p < 0.01 and *** p < 0.001 using one-way
ANOVA test.
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