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A B S T R A C T   

The role of H2S in urothelial carcinoma (UC) is still unclear. Here we have evaluated the expression of H2S 
producing enzymes as well as the effect of endogenous and exogenous H2S on human bladder UC cells. In human 
UC cells the expression of cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate 
sulfurtransferase (3-MST); is significantly lower as compared to healthy cells. A modulatory role for the H2S 
pathway is supported by the finding that, the overexpression of CSE or CBS, but not 3-MST, inhibits cell pro-
liferation and promotes apoptosis. A similar effect is obtained by using exogenous H2S. Diallyl trisulfide (DATS), 
which is a fully characterized H2S donor, inhibits the proliferation of UC cells in a time and concentration- 
dependent manner as well as promotes apoptosis. Moreover, DATS also induces autophagy, as determined by 
transcriptomic and western blot analysis. Finally, DATS inhibits mRNA expression levels of canonical markers of 
epithelial-mesenchymal transition by limiting migration and clonogenic ability of human UC cells in vitro. In 
conclusion, in urothelial carcinoma, there is an impairment of H2S pathway that involves CSE and CBS- derived 
hydrogen sulfide. Thus, targeting H2S signaling pathway in urothelial carcinoma could represent a novel ther-
apeutic strategy.   

1. Introduction 

Urothelial carcinoma (UC), also known as transitional cell carci-
noma, is the most common type of bladder cancer with a frequency of 
about 90% among upper urinary tract tumors [1]. It is frequently 
associated with harmful chemical exposure including chemicals in to-
bacco smoke. About 70% of patients with UC present a non-muscle 
invasive disease that, although is often recurring, is generally not 
life-threatening. While in the remaining 30% of patients, the disease is 
muscle-invasive causing high mortality due to the occurrence of 
metastasis [2]. Currently, the standard cure for UC relies on surgical 
(radical cystectomy) and/or pharmacological treatments with (neo-) 
adjuvant chemo drugs or recently approved immune checkpoint in-
hibitors. Chemotherapy mostly relies on the combination of cisplatin 

with other cytotoxic drugs. However, it is estimated that only about 
30–50% of patients generally respond well to the drugs, while the ma-
jority of them become refractory during the treatment with a five-year 
survival rate below 30–40% [3]. Yet, also with the advent of novel 
immunotherapeutic treatments, the outcome for patients is not signifi-
cantly changed [4,5]. 

Hydrogen sulfide (H2S), together with nitric oxide and carbon 
monoxide, is a key gas signaling molecule playing an important role in 
cellular processes underlying cancer development and progression 
including angiogenesis, oxidative stress, cell cycle, autophagy, 
apoptosis, epithelial-mesenchymal transition, protein sulfhydration and 
chemotherapy resistance [6–8]. H2S is known to be endogenously pro-
duced by several enzymes, including cystathionine β-synthase (CBS), 
cystathionine γ-lyase (CSE), the tandem enzymes cysteine 
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aminotransferase (CAT), and 3-mercaptopyruvate sulfurtransferase 
(3-MST) [9]. Accumulating evidence demonstrated that CSE, CBS, and 
3-MST regulate numerous physiological functions in the brain as well as 
peripheral organs and tissues. As a consequence, the dysregulation of 
these enzymes is associated with several disorders including several 
forms of cancer. In this regard, CSE, CBS, and 3-MST to a different 
extent, were found dysregulated in colon, prostate, breast, renal, uro-
thelial, ovarian, melanoma, oral squamous, and thyroid cancer [10–14]. 
In general, the overactivity of these enzymes has been associated with a 
poor prognosis and higher tumor invasiveness [15–17]. Although the 
role of endogenous H2S in tumors is still controversial, the relatively 
high concentration of exogenous H2S can mainly suppress the growth of 
cancer cells [6]. The response of cancer cells to H2S donors varies sub-
stantially depending on the donor type, concentration, and cancer type. 
In any case, the anticancer role of H2S is known to be mostly exerted 
through the regulation of (i) immune responses [18,19], (ii) activity of 
numerous genes as well as transcription factors including NF-кB [20], 
STAT-3 [21], and Nrf-2 [22,23]; (iii) cell cycle [24], (iv) cell migration 
and invasion [25], (v) autophagy and apoptosis [26,27]. However, the 
exact molecular mechanism underlying the H2S anticancer effect in 
urothelial carcinoma cells is still unclear. In this line, the present study 
aims at evaluating the expression and role of CBS, CSE, and 3-MST in 
human UC cells. In addition, the potential anticancer effect of exogenous 
H2S was examined by investigating cell cycle regulation, autophagy, 
apoptosis, and epithelial-mesenchymal transition. 

2. Materials and methods 

2.1. Cell culture and reagents 

SVHUC1 (cat. CRL-9520), T24 (cat. HTB-4) and UMUC3 (cat. CRL- 
1749) cells were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Cell lines were used between passages 
3 and 10. SVHUC1 cells were grown in HAM’S F12 medium (cat. 
11765054, Thermo Fisher Scientific, MA, USA) containing 10% fetal 
bovine serum, 2 mmol/l L-glutamine, penicillin (100 U/ml), strepto-
mycin (100 mg/ml) (all from Merk, Milan, Italy). T24 cells were grown 
in MC COY’S (cat. 16600082, Thermo Fisher Scientific, MA, USA) and 
UMUC3 cells in EMEM medium (cat. 10-009-CV, Corning®, AZ, USA), 
both media were supplemented with 10% fetal bovine serum, 2 mmol/l 
L-glutamine, penicillin (100 U/ml), streptomycin (100 µg/ml) and 1 
mmol/L sodium pyruvate (all from Merk, Milan, Italy). Cells were 
maintained in a humified incubator at 37 ◦C with 5% CO2. DATS (cat. 
SMB00577) was purchased from Merk (Italy); GYY4137 (cat. 13345) 
from Cayman Chemical (MI, USA). 

2.2. Western blot analysis 

Total proteins were extracted from cells using a lysis RIPA buffer (50 
mM Tris-HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 1% Triton X-100, 
0,25% (v/v) sodium deoxycholate, 0,1% SDS) supplemented with Pro-
tease Inhibitor Cocktail (cat. P8340-1 ml, Merk, Milan, Italy). Protein 
concentration was then measured by the Bradford method (Cat. 
5000006, Bio-Rad, Italy). An equal amount of proteins (40 µg) from each 
cell extract was loaded and separated on sodium dodecyl sulfate poly-
acrylamide (SDS-PAGE) gel and subsequently transferred from the gel 
onto a nitrocellulose membrane using Trans-Blot Turbo Transfer Starter 
System (Bio-Rad, Italy). After transfer, the membranes were blocked in 
5% low-fat milk in PBS with 0,1% Tween 20 (PBST) for 1 h at room 
temperature and then incubated overnight at 4 ◦C with the following 
primary antibodies (i) CBS (cat. 14787-1-AP, Proteintech Group, Chi-
cago, IL; diluted 1: 1000); (ii) CSE (cat. 60234-1-Ig, Proteintech Group, 
Chicago, IL; diluted 1: 1000); (iii) 3-MST (cat. sc-135993, Santa Cruz 
Biotechnology, Santa Cruz, CA; diluted 1:1000); (iv) Caspase 3 (cat. 
9662, Cell Signaling, MA, USA; diluted 1: 1000); (v) PARP (cat. 9542, 
Cell Signaling, MA, USA; diluted 1: 1000); (vi) XIAP (cat. AF8221, R&D 

Systems, MN, USA; concentrated 1 µg/ml); (vii) Bcl-2 (cat. 2876, Cell 
Signaling, MA, USA; diluted 1: 1000); (viii) Cyclin D1 (cat. 2922, Cell 
Signaling, MA, USA; diluted 1:1000); (ix) CDK4 (cat. 12790, Cell 
Signaling, MA, USA; diluted 1:1000); (x) LC3 (cat. 2775, Cell Signaling, 
MA, USA; diluted 1:1000); (xi) p62 (cat. 5115, Cell Signaling, MA, USA; 
diluted 1:1000); (xii) E-Cadherin (cat. 3195, Cell Signaling, MA, USA; 
diluted 1:1000); (xiii) Caveolin-1 (cat. 3238, Cell Signaling, MA, USA; 
diluted 1:1000); (xiv) Vimentin (cat. sc-373717, Santa Cruz Biotech-
nology, Santa Cruz, CA; diluted 1:1000). Following the incubation, 
primary antibodies were removed, and membranes washed three times 
with PBST. Anti-mouse (cat. 115-035-003) and/or anti-rabbit (cat. 111- 
035-144) IgG secondary antibodies (Jackson ImmunoResearch, Cam-
bridge, UK, dilution 1: 3000) for 1.30 h at room temperature. An anti-
body anti GAPDH protein (cat. 1E6D9, Proteintech Group, Chicago, IL; 
diluted 1: 5000) was used as the control normalizing protein [28]. 
Following incubation, secondary antibodies were removed, and mem-
branes washed three times with PBST. Protein bands were detected by 
using the enhanced chemiluminescence method (Clarity TM Western 
ECL Substrate, cat. 1705061, Bio-Rad Laboratories, CA, USA) and 
Chemidoc XRS (Biorad, Milan, Italy). Quantification of results was made 
using ImageJ Software (version 1.52a, U.S. National Institutes of 
Health). 

2.3. RNA purification and quantitative real-time PCR 

Total RNA was isolated from cells using the QIAzol Lysis Reagent 
according to the manufacturer’s instructions (Cat. 79306, Qiagen, Hil-
den, Germany). The purity and quantity of each purified RNA were 
evaluated considering the ratio between readings at 260/280 nm using 
an Eppendorf BioPhotometer and Nanodrop apparatus (Thermo Fisher 
Scientific, MA, USA). Purified mRNA was reverse-transcribed using 
iScript Reverse Transcription Supermix for RT-qPCR (cat. 1708841, Bio- 
Rad, Italy). qPCR was carried out in a CFX96 real-time PCR detection 
system (Bio-Rad) with the use of specific primers (Table 1) and SYBR 
Green master mix kit (cat. 1725271, Bio-Rad). Real-Time PCR cycling 
protocol was: Polymerase Activation and DNA Denaturation 95 ◦C for 
30 s, Amplification 40 cycles, Denaturation 95 ◦C for 15 s, Annealing and 
Extension 60 ◦C for 30 s, Plate read at 60 ◦C, Melt-Curve Analysis 
65–95 ◦C 0.5 ◦C increment, 5 s/step. The housekeeping gene (ribosomal 
protein S16) was used as an internal control to normalize the CT values, 
using the 2− ΔΔCt formula. 

2.4. Transfection 

The day before, UMUC3 cells were seeded onto 96-well plates (2 
×103 cell/well) and 6-well plates (3 ×105 cell/well). After 24 h, cells 
were transfected (at a confluence of about 60–70%) with the following 
plasmids: (i) human CSE/pIRES-EGFP, (ii) human CBS cDNA/pCMV- 
SPORT6 or (iii) human 3-MST/pCI-HA using TransIT-X2 Dynamic De-
livery System (cat. MIR 6004, Mirus Bio, Madison, USA). Two days after 

Table 1 
List of primers used in qPCR analysis.  

Gene FORWARD Sequence (5′->3′) REVERSE Sequence (5′->3′) 

Human   
CBS GGCCAAGTGTGAGTTCTTCAA GGCTCGATAATCGTGTCCCC 
CSE AGGTTTAGCAGCCACTGTAAC GGGGTTTCGATCCAAACAAGC 
3-MST CATTTCGCGGAGTACGCAG GCTGGCGTCGTAGATCACG 
S16 TACCACGGAGGCCACCTAA CTGCTCCACAAATCGGCCAT 
ATG13 TTGCTATAACTAGGGTGACACCA CCCAACACGAACTGTCTGGA 
BECN1 ACCTCAGCCGAAGACTGAAG AACAGCGTTTGTAGTTCTGACA 
BNIP3 ATGTCGTCCCACCTAGTCGAG TGAGGATGGTACGTGTTCCAG 
LAMP1 TCTCAGTGAACTACGACACCA AGTGTATGTCCTCTTCCAAAAGC 
ULK1 AGCACGATTTGGAGGTCGC GCCACGATGTTTTCATGTTTCA 
mTOR TCCGAGAGATGAGTCAAGAGG CACCTTCCACTCCTATGAGGC 
SLUG CGAACTGGACACACATACAGTG CTGAGGATCTCTGGTTGTGGT 
ZEB1 TTACACCTTTGCATACAGAACCC TTTACGATTACACCCAGACTGC  
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transfection, cell proliferation and apoptosis were evaluated (see next 
sections). The overexpression of the genes of interest was evaluated and 
quantified using qPCR analysis (see supplementary fig. 1). 

2.5. Proliferation assay 

Cell proliferation was measured by MTT (3-(4,5-dimethylthiazol-2- 
yl)− 2,5-diphenyltetrazolium bromide) assay. SVHUC1, T24 and 
UMUC3 cells were seeded on 96-well plates (3 × 103 cells/well). After 
24 h, cells were treated with two H2S-donors (i) DATS (10–30–100 μM) 
and (ii) GYY4137 (30–100–300 μM) for 72 h before adding MTT (cat. 
M5655, Merk, Italy) (final concentration 5 mg/ml in PBS). Cells were 
incubated for an additional 3 h at 37 ◦C. After this time, cells were lysed 
and formazan salts resulting from MTT reduction were solubilized with a 
solution containing 50% (vol/vol) N,N-dimethyl formamide, 20% (wt/ 
vol) sodium dodecylsulfate with an adjusted pH of 4.5. The absorbance 
was measured using a microplate spectrophotometer (Thermo Scientific 
Multiskan GO, Thermo Fisher Scientific, MA, USA) equipped with a 570- 
nm filter. None of the compounds tested under the same experimental 
conditions had a cytotoxic effect on SVHUC1. 

2.6. Flow cytometry 

Apoptosis was measured using the BD Pharmingen™ FITC Annexin V 
Apoptosis Detection Kit I (cat. 556547, BD Biosciences, Franklin Lakes, 
NJ, USA) according to the manufacturer’s instructions. UMUC3 cells 
were seeded (2.5 ×105 cell/well) in 35 mm culture dishes. On the day 
next, the cells were treated with DATS (100 μM) for 24 and 48 h. After 
this time, UMUC3 cells were collected and washed twice with PBS and 
stained with Annexin V-FITC/Propidium Iodide (PI). Flow cytometry 
analysis was performed using a BriCyte flow cytometer (Mindray, Italy) 

as described previously [29]. A minimum of 50000 events for each 
sample were collected and data were analyzed using FlowJo v10 soft-
ware (Tree Star, Ashland, OR, USA). 

2.7. Cell cycle analysis 

Cell cycle analysis was measured using BD Pharmingen™ FITC BrdU 
Flow Kit (cat. 559619, BD Biosciences, Franklin Lakes, NJ, USA). For 
these experiments, UMUC3 cells were seeded in a 6-well plate (1.5 × 105 

cells/well) and treated after 24 h with DATS (100 μM) for 24 and 48 h. 
Cells were analyzed using BriCyte flow cytometer (Mindray, Trezzano 
sul Naviglio Italy), gated based on forward and side scatter to separate 
debris, and then the cellular events were further gated based on their 
BrdU and 7-AAD content. Quantification of results was made using 
FlowJo v10 software (Tree Star, Ashland, OR, USA) and expressed as 
fold change of the cells in each cell cycle phase. 

2.8. Wound healing assay 

UMUC3 cells were seeded in 6-well plates (3 × 105 cells/ well). Once 
the cells reached 90% confluence, DATS (1–3–10 μM) was added and a 
wound area was generated by scraping the cell monolayer with a sterile 
200 μl pipette tip. Subsequently, the cells were incubated at 37 ◦C in 5% 
CO2. The width of the wounded area was monitored and photographed 
with an inverted microscope (20-fold magnification) at the time zero 
point and after 24 h, 48 h, and 72 h of treatment. The wounded area was 
measured using Image J software (version 1.52a, U.S. National Institutes 
of Health) [30]. 

Fig. 1. mRNA and protein expression of CBS, CSE and 3-MST in UC cells. (A) mRNA expression levels of CBS, CSE, and 3-MST in SVHUC1, T24 and UMUC3 cells 
were evaluated by qPCR analysis. The housekeeping gene (ribosomal protein S16) was used as an internal control to normalize the ct values; (B-C) Representative 
blots and quantitative analysis of CBS, CSE and 3-MST in SVHUC1, T24 and UMUC3 whole-cell lysates; **P < 0.01, ***P < 0.001 versus SVHUC1. 
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2.9. Clonogenic assay 

UMUC3 cells were seeded in 6-well plates (1 × 103 cells/well) on the 
day next treated with DATS (1–3–10 μM) and allowed to form colonies 
for 14 days. Once the colonies were formed, after washing with PBS, the 
cells were fixed with 4% paraformaldehyde and stained with 0.5% 
crystal violet. Colonies composed of more than 50 cells were manually 
counted under the microscope and captured by a digital camera. 

2.10. Statistical analysis 

Data are expressed as mean ± SEM of n experiments. Data were 
analyzed and presented using GraphPad Prism 5.0 software (San Diego, 
CA, USA). Significance was determined using Student’s 2-tailed t-test. 
Results were considered significant at P values less than 0.05 and are 
labeled with a single asterisk. In addition, P values less than 0.01 and 
0.001 are indicated with double and triple asterisks, respectively. 

3. Results 

3.1. CBS, CSE, and 3-MST genes and proteins expression are reduced in 
human urothelial carcinoma cell lines 

To understand the potential role of the H2S pathway in urothelial 
carcinoma we first analyzed the expression levels of CBS, CSE, and 3- 
MST genes in normal human uroepithelial cells (SVHUC1) as well as 
in two distinct human urothelial carcinoma cell lines (T24 and UMUC3) 
by using real-time PCR (qPCR) and western blot analysis. As shown in  
Fig. 1A, the mRNA expression level of all three genes was robustly lower 
in T24 and UMUC3 cells, as compared to control SVHUC1 cells. This 
result was also confirmed by western blot analysis (Fig. 1B-C). 

3.2. Overexpression of CBS and CSE inhibits urothelial carcinoma cell 
proliferation 

To assess whether CBS, CSE, and 3-MST play a role in urothelial 
carcinoma cell proliferation, we performed the first experiments in 
UMUC3 cells that were selected for their extremely low expression of 
CBS, CSE, and 3-MST. In particular, in these cells, CBS, CSE, and 3-MST 
were transiently and separately overexpressed to understand their role 
in cell proliferation. As shown in Fig. 2A, we found that in both CBS- and 
CSE-transfected UMUC3 cells, the proliferation was significantly lower 
(about 20%) as compared with control cells. While in 3-MST transfected 
UMUC3 cells we did not observe significant changes (Fig. 2A). More-
over, in presence of L-cysteine (1 mM), which is a substrate for these 
enzymes, the anti-proliferative effect of CBS, CSE in transfected UMUC3 
cells was not further changed. In addition, there were no changes in 
presence of 3-MP (10 µM), the substrate for 3-MST (Fig. 2A). Next, to 
clarify whether the inhibition of cell proliferation observed in CBS and 
CSE overexpressing cells was associated or not with apoptosis, we per-
formed a cytofluorimetric analysis by using Annexin V/PI dual staining. 
As shown in Fig. 2B, CBS and CSE overexpression, either alone or in 
presence of L-cysteine, caused a slight, but significant induction of cell 
apoptosis. While in 3-MST transfected UMUC3 cells the presence or not 
of 3-MP did not affect cell apoptosis. 

3.3. Exogenous H2S inhibits proliferation, induces apoptosis, and causes 
cell cycle arrest of human urothelial carcinoma cells 

Since substantial differences have been found in the current litera-
ture between endogenously generated and exogenously administered 
hydrogen sulfide, we assessed the effect on cell proliferation of two H2S- 
donors, the natural compound DATS and the synthetic GYY4137 
(Fig. 3). Both DATS and GYY4137 did not affect SVHUC1 cell prolifer-
ation, however it inhibited growth of T24 and UMUC3 cells in 

Fig. 2. Overexpression (ov) of CBS, CSE and 3-MST genes in UMUC3 cells. (A) MTT proliferation assay performed in CBS, CSE and 3-MST transfected UMUC3 cells 
exposed or not to L-Cysteine and 3-MP. Each column is the mean±SEM of three independent experiments, each performed in quadruplicate. *P < 0.05, **P < 0.01 
versus CTL; (B) Flow cytometric analysis of apoptosis detected by Annexin V/propidium iodide (PI) staining in UMUC3 cells performed in the same cell conditions. 
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concentration-dependent manner with IC50 77 µM and IC50 278 µM, 
respectively. The antiproliferative effect of DATS in UMUC3 cells was 
further investigated by FACS analysis using Annexin V/PI double 
staining. Using this approach, we found that DATS (100 μM) induced 
UMUC3 cell death by apoptosis in a time-dependent manner (Fig. 4 A). 
In particular, after 48 h, almost 50% of the cells were in apoptosis. This 
effect was confirmed by the time-dependent cleavage of Caspase-3, the 
main effector caspase, and of its substrate poly (adenosine diphosphate- 
ribose) polymerase (PARP) (Fig. 4B). Additionally, we found that DATS 
decreased the expression of the two anti-apoptotic proteins X-chromo-
some-linked inhibitor of apoptosis protein (XIAP) and B-cell lymphoma 
gene-2 (Bcl-2) (Fig. 4C-D). Furthermore, we found that DATS (100 μM) 
in UMUC3 cells caused a time-dependent arrest in G0/G1-phase 
(Fig. 5 A). This latter effect was further confirmed by western blot 
analysis showing that DATS in UMUC3 cells inhibited the expression of 
cyclinD1 and Cyclin-Dependent Kinase 4 (CDK4), which are both factors 
promoting cell proliferation (Fig. 5B-C). 

3.4. DATS promotes autophagy in human urothelial carcinoma cells 

Recently, several studies have shown that autophagy is a promising 
target for developing anticancer therapeutic agents [31]. Thus, we 
explored whether the action of DATS could involve autophagy in human 
urothelial carcinoma cells. Notably, we found that DATS (100 μM) 
promoted autophagy in UMUC3 cells in a time-dependent manner, as 
reflected by the increased expression of autophagy-related genes such as 
ATG13, BECN1, BNIP3, LAMP1, ULK1, mTOR (Fig. 6 A). Additionally, 
by western blot analysis, we found that DATS significantly increased the 
expression of LC3II protein, the lipidated form of the LC3I (Fig. 6B), and 
concomitantly decreased the expression of p62, which are considered 
key regulators of autophagosome formation and activity (Fig. 6 C). 

3.5. DATS suppresses epithelial-mesenchymal transition 

The process of cancer cell transition from an epithelial-adhered 
phenotype to a mesenchymal phenotype has been shown to potentiate 
migration, invasion, resistance, and metastasis of cancers [32,33]. 
Therefore, using quantitative PCR (qPCR), we measured in UMUC3 cells 
exposed to DATS, the expression of canonical mesenchymal markers 
including SLUG and ZEB1. Intriguingly, DATS (100 µM) significantly 
inhibited the mRNA levels of SLUG (by about 50%) and ZEB-1 (by about 
30%) (Fig. 7 A). Additionally, we found that DATS, in the same cell 
conditions, promoted the expression of E-Cadherin, a well-known 
marker of epithelial cells, and inhibited the mesenchymal markers 
Caveolin-1 and Vimentin (Fig. 7B-C). 

3.6. DATS inhibits cell migration and colony formation of human 
urothelial carcinoma cells 

Migration and invasiveness of tumor cells are closely related to 
cancer metastasis. The antimetastatic activity of DATS was investigated 
by evaluating its ability to inhibit some of the malignant features of 
urothelial carcinoma cells, in vitro. A wound-healing assay was per-
formed to determine whether concentrations of DATS that do not inhibit 
proliferation or cause apoptosis, interfere with UMUC3 cells motility. 
Treatment with DATS (1–3–10 μM) significantly and time-dependently 
reduced UMUC3 cells migration as compared to untreated cells 
(Fig. 8A-B). Furthermore, DATS significantly reduced the colony for-
mation ability of UMUC3 cells. This data correlates with the capacity of 
tumor cells to produce progeny and form metastasis in vivo [34]. As 
shown in Fig. 8 C DATS (1–3–10 μM) significantly reduces the number 
of colonies as well as focus diameter compared to untreated cells in a 
concentration-dependent manner. 

4. Discussion 

H2S pathway is involved in both cancer suppression [35–38] and 
progression [39,40]. Despite the recent discoveries, the role of this 
gasotransmitter in cancer has been not fully elucidated. Urothelial car-
cinoma (UC) is the most common malignancy of the urinary tract. It has 
been estimated that only in 2020, there have been ~573,000 new cases 
with 213,000 deaths worldwide [41]. In the current scientific literature, 
there are only few papers showing an involvement of H2S pathway in 
bladder cancer. The present evidence is that the expression of H2S 
producing enzymes negatively correlates with cancer development and 
progression [42,43]. 

In this study, we show that in two distinct carcinoma cell lines, 
namely T24 and UMUC3, the expression of CBS, CSE, and 3-MST is much 
lower than in control cells i.e. SVHUC1. To understand if the down-
regulation of H2S pathway is involved in contrasting cancer develop-
ment, we overexpressed all three enzymes. The overexpression of CBS or 
CSE in UC cells inhibits cell proliferation and promotes apoptosis. 
Whereas overexpression of 3-MST had no effects on both proliferation 
and apoptosis revealing that the activity of this enzyme is not involved 

Fig. 3. Effect of two H2S-donors, DATS and GYY4137, on SVHUC1, T24 and 
UMUC3 cell proliferation. Cell proliferation was measured using the MTT assay 
and evaluated at 72 h. Each experiment (n = 3) was run in quadruplicate. 
*P < 0.05; **P < 0.01; ***P < 0.001 vs. CTL. 
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or is not sufficient alone to control these cellular processes. Thus, in UC 
cells increasing the endogenous production of CBS and CSE-derived 
hydrogen sulfide have a beneficial effect, suggesting that H2S donors 
(exogenous) could act as an efficacious therapeutic replacement. 

Exogenous H2S has two opposite effects on cancer cell growth that is 
strictly linked to (i) concentration, high vs low, and (ii) the time of 
exposure. Overall, the treatment with a relatively high concentration of 

H2S-donors for a long time (over 24 h) has been reported to inhibit 
cancer cell growth in different types of tumors suggesting that slow- 
releasing H2S donors could be a promising therapeutic strategy in 
antineoplastic therapy [17,25,44]. Here the two slow H2S-donors, 
GYY4137 and DATS, inhibited the growth of T24 and UMUC3 carcinoma 
cells in a time and concentration-dependent manner. This is in line with 
the hypothesis that a consistent concentration of H2S over a certain 

Fig. 4. DATS induces apoptosis in UMUC3 cells. (A) Flow cytometric analysis of apoptosis detected by Annexin V/propidium iodide (PI) staining in UMUC3 cells 
treated with DATS (100 μM) for 24 and 48 h; (B) western blot analysis of caspase-3, PARP and of (C) XIAP and Bcl-2 carried out on UMUC3 whole-cell lysates 
following the treatment with DATS (100 μM) for 6, 24 and 48 h; (D) quantitative analysis of XIAP and Bcl-2, GAPDH was detected as loading control. The data shown 
are representative of three independent experiments (n = 3) with similar results. **P < 0.01; ***P < 0.001 versus CTL. 

Fig. 5. DATS induces cell cycle arrest in UMUC3 cells. (A) Representative density plots and cell percentage, indicating the G0/G1, S and G2/M phase distribution of 
UMUC3 cells treated or not with DATS (100 μM) for 24 and 48 h; (B) representative western blot, and (C) relative quantitative analysis of cyclin D1 and CDK4 
proteins measured in UMUC3 whole-cell lysates following the treatment with DATS (100 μM) for 6, 24 and 48 h. GAPDH was detected as loading control. Each data 
point was obtained from at least three independent determinations for each experimental condition. **P < 0.01; ***P < 0.001 versus CTL. 
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Fig. 6. DATS induces autophagy in UMUC3 cells. (A) mRNA expression levels of ATG13, BECN1, BNIP3, LAMP1, ULK1, mTOR in UMUC3 cells following the 
treatment with DATS (100 μM) for 6, 24 and 48 h; (B-C) Representative blots and quantitative analysis of LC3 and P62 proteins measured in UMUC3 following the 
treatment with DATS (100 μM) for 6, 24 and 48 h. GAPDH was detected as a loading control. Each data point was obtained from at least three independent de-
terminations for each experimental condition. *P < 0.05; **P < 0.01 versus CTL. 

Fig. 7. DATS suppresses epithelial-mesenchymal transition. (A) mRNA expression levels of SLUG and ZEB1 in UMUC3 cells following the treatment with DATS 
(100 μM) for 6, 24 and 48 h; (B-C) representative western blot, and relative quantitative analysis of E-Cadherin, Caveolin-1 and Vimentin carried out on UMUC3 
whole-cell lysates following the treatment with DATS (100 μM) for 6, 24 and 48 h. GAPDH was detected as the loading control. The data shown are representative of 
three independent experiments (n = 3) with similar results. *P < 0.05; **P < 0.01; ***P < 0.001 versus CTL. 
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period of contact time is necessary to replace or mimic the endogenous 
H2S effect. 

To follow this hypothesis, we used DATS since its H2S-delivering 
property has been fully characterized as a thiol-dependent mechanism 
[45]. 

As we have shown, DATS through the release of H2S in UC cells halts 
the proliferation and concomitantly induces apoptosis. This is clearly 
evident as revealed by the cytofluorimetric assay with Annexin V/PI 
dual staining and western blot for Caspase-3 and its substrate PARP. 
Moreover, the antiapoptotic effect of DATS leads also to the inhibition of 
the two anti-apoptotic proteins XIAP and Bcl-2. Next, to gain further 
insights into the mechanism of action of DATS we measured its effect on 
cell cycle progression. DATS arrested UC cell cycle in the G0/G1 phase, 
with a concomitant decrease in the number of cells in the S phase. This 
latter effect was coupled with a reduction in the expression of cyclin D1/ 
CDK4 complex normally driving the transition from G1 to S phase. Thus, 
the behavior of exogenous H2S on UC recapitulates the pattern already 
shown in other types of cancer [8]. 

In recent years, it has been reported that programmed cell death is 
not confined to apoptosis and that cells use different pathways for active 
self-destruction. Another important programmed cell death pathway is 
autophagy [46]. Increasing evidence has indicated that autophagy may 
be a double edge sword in carcinogenesis and anticancer therapies 
[47–49]. On one hand, unfolded or aggregated proteins and organelles 
are degraded by autophagy to maintain intracellular metabolic ho-
meostasis, which may make cancer cells insensitive to chemotherapy 
drugs [50]. On the other hand, apoptosis may be triggered by autophagy 
thereby inhibiting cancer progression [51]. Therefore, apoptosis and 
autophagy may be cooperative to determine cell fate. Here, we first 
document that DATS induces autophagy in UC cells, as reflected by the 
increased expression of autophagy-related genes such as ATG13, BECN1, 
BNIP3, LAMP1, ULK1, mTOR. Moreover, DATS reduced the expression 
of p62, involved in the lysosome-dependent degradation system, and 
enhanced the expression of LC3-II, used as a marker of complete acti-
vation of the autophagosome. 

Epithelial-to-mesenchymal transition (EMT), is a pathological tran-
sition that epithelial cells undergo profound morphogenetic changes, 
promoting tumor invasion and dissemination [52,53]. EMT process is 
initiated by several transcription factors [54]. Among these, both SLUG, 

and ZEB1 were inhibited by DATS. Activation of these factors also leads 
to the suppression of E-cadherin transcription that is increased by DATS. 
Conversely, the mesenchymal markers Vimentin and Caveolin-1 were 
inhibited. Thus, exogenous H2S has a time-dependent effect on 
epithelial-mesenchymal transition in UC cells. EMT is also involved in 
metastatic processes [55]. The molecular studies indicating a beneficial 
effect of H2S on EMT, are further supported by the finding that DATS 
reduces migration and clonogenic ability of human UC cells in an in vitro 
test of cell invasion. 

5. Conclusions 

H2S pathway is impaired in UC contributing to cancer development. 
This is indicated by the finding that by increasing the amount of the 
endogenous production or by delivering exogenous H2S is possible to 
activate the molecular machinery that limits cancer spreading. In 
particular, the fully characterized H2S donor DATS, reduced UC cell 
proliferation inducing autophagy and apoptosis, and concomitantly 
inhibited cell cycle, cell migration, and EMT. One limitation is that our 
study did not include data on human primary cells harvested from UC 
patients. However, it is feasible that molecules releasing H2S can 
represent a possible novel additive therapeutic approach to human 
bladder cancer therapies. 
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