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The specific effects of sodium selenite (selenite) on a chemoresistant human bladder cancer cell line RT-112/D21
were investigated during 72h. Selenite at low concentration of 2.5 pumol (otherwise tolerated in normal ur-
othelial cells UROtsa) suppressed growth and proliferation of the tested cancer cells via induced oxidative stress.
Selenite further altered mitochondrial functions (i.e. decreased mitochondrial membrane potential, increased
production of superoxide and reduced ATP synthesis), disrupted lysosomal membranes and activated autophagy.
These changes in selenite-exposed cells ultimately resulted in their demise via necrosis and other cell death

modality displaying heterotypic apoptotic and autophagic features.

1. Introduction

Physiological and life-supporting roles of selenium in eukaryotic
organisms have long been recognized. Selenium is known to strongly
influence a number of biochemical and molecular processes in in-
dividual cells as well as tissues including synthesis of proteins, regula-
tion of redox and stress signaling in addition to mediating im-
munomodulatory and metabolic activities [1]. Selenium is thus
considered an important trace element in animals including human
beings and any disturbances in selenium intake result in an increased
susceptibility to a range of pathologies and diseases [2]. Accordingly,
numerous experimental and epidemiologic studies brought evidence
concerning the relationship between selenium levels and cancer risks in
humans [3].

Cancer of urinary bladder belongs among relatively common ma-
lignancies in developed countries where majority of all incident cases
are diagnosed. The most common risk factor is tobacco use, namely
cigarette smoking, which may account for about half of male urinary
tract malignancies and up to one-third of female urinary track cancers.
Other risk factors might include male sex, infection, diet and occupa-
tional exposures, particularly to aromatic amines and polycyclic aro-
matic hydrocarbons (PAH), although their contributions to the devel-
opment of this malignancy seem to be limited and not entirely clear [4].
Most bladder cancers are at the time of diagnosis non-muscle invasive
which frequently recur but do not often invade and metastasize while
muscle-invasive malignancies present less favorable prognosis due to
metastasizing [5]. Despite the fact that our understanding of molecular
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features and heterogeneity of bladder cancer improved significantly
over the past decades, treatment has not advanced correspondingly and
new approaches to systemic therapy and/or prevention are needed [6].
One potentially beneficial preventive factor in this respect is selenium,
in particular its inorganic form selenite. [7].

Both existing organic and inorganic selenium forms display often
opposite extracellular and intracellular chemistries which to the large
degree determine their final biological effects in target cancer cells.
These range from supportive and pro-survival roles mediated for in-
stance by synthesized selenoproteins [8] to metabolically produced
hydrogen selenide and its dependent oxidative stress, macromolecular
damage and stress signaling leading to cellular injury and ultimate cell
death. In this respect it is especially inorganic selenite which has been
intensively studied as an inhibitory agent in a number of malignancy
models [3,9,10] due to its rather strong toxic effects which, in addition,
seem to be selective for tumor cells only [11].

Most selenite-dependent effects are attributed to increased levels of
ROS that are known to arise from selenite intracellular metabolism
[12]. Available evidence concerning selenite-dependent effects in ma-
lignant cells further shows that this element targets many intracellular
molecules and processes and may induce several cell death modalities
[13-15]. Many if not all malignant tumors develop chemoresistance via
dysregulation or suppression of the main pro-death signaling, mainly
apoptotic [16,17]. Thus selenite by its multi-faceted activity may
overcome such apoptotic resistance via alternative routes and that is
why it is important to investigate its effects in detail [18,19]. In par-
ticular, in malignancies where our mechanistical knowledge over their
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selenite sensitivity is still lacking and which present potentially con-
venient targets for selenite due to its fate in the human body.

In this study we sought to (1) explore the cytotoxic effects of sele-
nite on a chemoresistant human bladder cancer cell line RT-112/D21 as
compared to normal human urothelial cells UROtsa. Our next goal was
to (2) investigate mechanisms of selenite toxicity in the mentioned
cancer cells focusing on select mechanisms and targets such as mi-
tochondria and lysosomes and to (3) analyze the phenotype of ensuing
cell death.

2. Materials and methods
2.1. Chemicals

Sodium selenite (Na,SeO, -selenite, anhydrous, Cat. No. S1382), N-
acetylcystein (NAC), dimethylsulfoxide (DMSO); 4°, 6-diamidino-2-
phenylindole (DAPI), Triton-X; agarose; propidium iodide (PI), ethi-
dium bromide; monodansylcadaverine (MDC), cyclosporin A, acridine
orange (AO), Neutral red (NR), 3-methyladenine (3-MA) and pepstatin
A were purchased from Sigma-Aldrich (Prague, Czech Republic). JC-1
(5,5%,6,6'-tetrachloro-1,1%,3,3’  tetraethylbenzimidazolylcarbocyanine
iodide), MitoSOX™ Red and MitoTracker Green FM were from Life-
Technologies Czech Republic (Prague, Czech Republic). Caspase-3
specific inhibitor z-DEVD-fmk, caspase-3-specific substrate (DEVD-AFC)
and pan caspase inhibitor z-VAD were from Calbiochem (La Jolla, CA,
USA). LC3B, p62, BECLIN-1 as well as AKT and p-AKT were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA). All other
chemicals were in analytical grade.

2.2. Cell lines and treatments

Multidrug resistant human bladder cancer cell line RT112/D21 was
provided from Dr. J. Hatina Department of Biology, Faculty of Medicine
in Pilsen, Charles University, Czech Republic). This cell line was es-
tablished by continuous exposure of the parental line RT-112 to in-
creasing concentrations of doxorubicin over a period of 9 months, with
resulting manifold higher resistance to doxorubicin and cross resistance
to epirubicin and vinblastine [20]. Histologically, the cells are con-
sidered as moderately differentiated with intermediate grade due to the
original evaluation of the transitional cell carcinoma (histological grade
G2) from which parental line RT-112 was established. Immortalized
human urothelial cell line UROtsa was a kind gift from prof. Fabarius
University Medical Centre Mannheim, University Heidelberg, Germany.
Both cell lines were cultivated in RPMI medium (RPMI, Gibco, Prague,
Czech Republic) with added 10% fetal calf serum (FCS) (Gibco, Prague,
Czech Republic). Cells were kept in an incubator at 37 °C in a humi-
dified atmosphere with 5% CO,. All experiments were carried out at
low passages of both cell lines.

Sodium selenite was dissolved in full treatment medium. The
working concentrations were prepared ad hoc prior to each individual
experiment. The stock solutions of other used chemicals (inhibitors or
modulators) were prepared in DMSO or serum-free medium at 1,000 X
concentration and stored at 4°C in the dark. The particular working
concentrations of individual chemicals and the time-frame of their use
are indicated below:

3-MA (added to cells 30 min prior to selenite exposure at 5 mmol
concentration), NAC - (added to cells 24 h prior to selenite exposure at
500 umol concentration), z-VAD (added to cells simultaneously with
selenite at 50 umol concentration), pepstatin A (added to cells 1 h prior
to selenite exposure at 20 pumol concentration) and cyclosporin A
(added to cells 30 min prior to selenite exposure at 5pmol concentra-
tion).

2.3. Cytotoxicity assays

Cytotoxicity of selenite in bladder cancer cells RT-112/D21 and
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urothelial cells UROtsa was measured using Brilliant Blue and Neutral
red assays. In both assays cells were seeded (cancer cells at the density
of 3 x 10* cells/ml and urothelial cells 2 x 10* cells/ml), grown and
exposed to 2.5-10 umol selenite in 96-well microtiter plates for up to
72h upon standard cultivation conditions in an incubator at oxygen
tensions close to atmospheric (~20%), with the partial pressure of O,
being roughly 150 mm Hg. In case of Brilliant Blue assay, cells at the
particular time interval were washed twice with PBS, fixed with me-
thanol and fixation solution (50% ethanol, 49% H,0, 1% glacial acetic
acid) and stained Brilliant Blue stain solution (0.4 mg/ml). After 1h
incubation at room temperature (RT) the formed blue product was
dissolved in potassium acetate ethanol solution and the absorbance was
recorded at 450/ 650 nm wavelength. In case of Neutral red assay, cells
at the particular time interval were incubated in an incubator with 1001
of NR (80 pug/ml) in fresh medium for 3h. Next, the medium was re-
moved and 1001 of fixative solution (calcium chloride in 0.5% for-
maldehyde) was added for 15 min at RT. After two subsequent rounds
of washing, cells were lysed with 2001 of lysis solution (1% acetic acid
in 50% ethanol) and further incubated for 30 min at RT. The presence
of coloured product was measured at 540/620 nm of wavelength.

2.4. Time-lapse analysis of cell morphology

About 25% confluent RT112/D21 and UROtsa cells in plastic tissue-
culture dishes with glass bottom were exposed to 2.5-10 pmol selenite
in the growth medium for up to 72 h. During entire experiment cells in
the tissue-culture dishes were placed and observed in a time-lapse
imaging system BioStation IM (Nikon, Prague, Czech Republic) which
insures the standard cultivation conditions and allows automatic re-
cording of cellular morphology and behavior. Recording was carried
out in a both multipoint and multichannel time-lapse modes and upon a
range of magnifications. Obtained sequences were next software (NIS
Elements AR 3.20 (Nikon, Prague, Czech Republic)) processed and
analyzed with selection of typical frames depicting morphology of in-
dividual cells at the particular time intervals.

2.5. Cell proliferation signaling

Selenite (2.5 pumol)-treated RT-112/D21 cancer and UROtsa ur-
othelial cells grown in 96-well microtiter plates with black bottom were
at individual time intervals (24 and 48 h) rinsed in PBS, fixed in 4%
paraformaldehyde and permeabilized with blocking buffer (PBS with
0.3% Triton-X and 5% BSA). Following the blocking The cells were then
incubated with primary antibodies (anti-AKT1 1:100; anti-
PAKT1(Ser473) 1:100; anti-AKT2 1:100; anti-pAKT2(Ser474) 1:100,
anti-AKT3 1:100; anti-pAKT3(Ser474) 1:100; anti-CYCD 1:100; anti-c-
MYC 1:100; anti-ERK1/2 1:100; anti-p38 1:50; anti-TP53 1:100; anti-
p21 1:100; anti-pl6 1:50, anti-PTEN 1:50 - PathScan’ Intracellular
Signaling Array Kit, Cell Signaling Technology, Inc. (Danvers, MA,
USA) at 4 °C for 24 h. Next day, cells were washed with cold PBS (5 min,
RT) three times and secondary antibodies (Alexa Fluor 488 anti-mouse
or anti-rabbit (1:250)) were added for 1h at RT. After washing with
PBS, cells were counterstained with DAPI and the fluorescence was
analyzed by high-throughput cell scoring system with Cell scoring
module of MetaXpress® Image Acquisition and Analysis Software.

2.6. DNA damage

DNA damage in 2.5umol selenite-exposed bladder cancer cells
during 48 h was measured by the alkali single-cell gel electrophoresis
(comet assay). Harvested cells by trypsinization were pelleted by cen-
trifugation (5min at 1500 rpm and 4°C - (JOUAN MR 22, Trigon,
Prague, Czech Republic)), and embedded in 0.6% agarose on micro-
scopic slides. After cell lysis (lysis buffer - 2.5M NaCl, 100 mM EDTA,
10 mM Trizma, 1% Triton X-100 and 10% DMSO) for 1.5h at 4 °C, the
electrophoresis in the alkaline buffer (NaOH, EDTA) was carried out at
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25V (300mA) for 30 min at 4 °C after a 40-min period of unwinding.
Slides were next neutralized, drained and cells stained with ethidium
bromide. One hundred cells from three independent samples were
scored for tail migration intensity (% of DNA in tail) using the double
staining LUCIA Comet Assay analysis system LIM (Laboratory Imaging
Ltd., Prague, Czech Republic).

2.7. Mitochondrial superoxide production

Mitochondrial superoxide levels in 2.5 pmol selenite exposed che-
moresistant bladder cancer cells during 48 h were determined using
fluorescent detection of MitoSOX™ Red reagent. Briefly, selenite-ex-
posed and control cells grown in cytospin chambers were co-incubated
with MitoSOX™ Red solution (5 pM, 20 min, 37 °C) and MitoTracker
Green FM solution (100 nM, 20 min, 37 °C). Mounted native specimens
were examined and photographs were taken by an epi-fluorescent mi-
croscope Nikon Eclipse E 400 (Nikon, Prague, Czech Republic).
Cytoplasms of at least 1000 cells were quantified with subsequent
morphometric analysis using the software NIS Elements AR 3.20.
Results were expressed as percentage of cells positive for superoxide
radical production.

2.8. Mitochondrial membrane potential (MMP) analysis

Mitochondrial membrane potential analysis in 2.5 pumol selenite-
exposed chemoresistant bladder cancer cells during 48 h was carried
out using mitochondrial cationic JC-1 dye (10 pg/ml, 15min, 37 °C)
whose fluorescent emission color is potential-dependent: red — polar-
ized mitochondrial membrane, green — depolarized mitochondrial
membrane. Control and selenite-treated cells in cytospin chambers
were mounted and changes in MMP in at least 1000 cells were assessed
with an epifluorescence microscope Nikon Eclipse E 400 (Nikon,
Prague, Czech Republic) (TRITC and FITC-specific filters). In obtained
photographs mitochondria of at least 1000 cells were analyzed using
the software NIS Elements AR 3.20. Results were expressed as percen-
tage of cells with decreased mitochondrial membrane potential.

2.9. ATP production

ATP content in 2.5 pmol selenite-treated and control chemoresistant
bladder cancer cells during 48 h was measured by ATP bioluminescent
assay kit (Sigma-Aldrich, Cat. No. FLAA, Prague, Czech Republic) as
recommended by manufacturer. Briefly, grown control and selenite-
exposed cells were collected and lysed as described in Section 2.6. The
lysates were resuspended in PBS and the amount of protein in super-
natant was determined by BCA assay. Based on the amount of protein
present in individual supernatant samples, these were then adjusted by
dilution or concentration to insure that measured ATP would corre-
spond to the equal number of cells in both controls and treated popu-
lations per given time interval. Chemoluminescent reaction of sample
supernatants as well as blanks was then measured in glass vials and
their final ATP content was calculated from calibration curves obtained
by the same reaction with provided ATP standards. Results were ex-
pressed as a percentage of control.

2.10. Lysosomal permeabilization

To measure lysosomal membrane integrity in 2.5pumol selenite-
treated chemoresistant bladder cancer cells during 48 h, both control
and treated cells in 96-well plates were washed in warm medium and at
individual treatment intervals were stained with 5 M AO for 15 min in
an incubator. At the end of incubation, cells were rinsed twice with
fresh cultivation medium and AO redistribution was measured with a
SpectrafluorPlus (TECAN Austria GmbH, Grodig, Austria) at 490/
530 nm wavelengths. An increase in diffuse cytosolic green fluorescence
by AO released from lysosomes indicated loss of lysosomal membrane
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2.11. Autophagy assays

2.11.1. Detection of autophagosomes

The rate of autophagy was measured in control and 2.5 umol sele-
nite-treated cells during 48 h by a detection of MDC-specific autophagic
fluorescence. Briefly, cells grown in 96-well plates with transparent
bottom were at individual time intervals incubated with 50 uM MDC in
DMSO for 15min at 37 °C at dark. After incubation, wells were thor-
oughly rinsed twice in PBS and MDC-positive fluorescence was quan-
tified with a SpectrafluorPlus (TECAN Austria GmbH, Grodig, Austria)
at 390/455 nm wavelength. Results are shown as fold increase in MDC-
specific fluorescence relative to untreated cells.

2.11.2. Expression of autophagy proteins

The expression of autophagy markers BECLIN-1, p62 and LC3B in
control and 2.5pumol selenite-treated chemoresistant bladder cancer
cells during 48 h was investigated using fluorescence microscopy and
cytometric analysis. Cells were grown, treated and processed in 96-well
plates as described in the Section 2.5. Primary anti-BECLIN-1 1:100;
anti-p62 1:100 and anti-LC3B 1:100 and secondary Alexa Fluor 488
anti-mouse or anti-rabbit (1:250) antibodies were used. The fluores-
cence was analyzed by high-throughput cell scoring system with Cell
scoring module of MetaXpress® Image Acquisition and Analysis Soft-
ware.

2.12. Cell death analysis

2.12.1. Morphology and permeability assays

Cell death in chemoresistant bladder cancer cells treated with
2.5 umol selenite during 48 h was determined by selective presence of
cell morphology in combination with cell permeability method. Cells
grown in tissue culture flasks or on coverslips were at individual
treatment intervals analyzed morphologically or rinsed with warm
medium (5 min) and stained with 0.5 pg/ml propidium iodide (PI) for
20 min (37 °C, dark). Thereafter, coverslips were mounted and the
presence of PI in the cells along with their morphology were examined
using a high-throughput cell scoring system with Cell scoring module of
MetaXpress® Image Acquisition and Analysis Software. Together 3000
cells were examined.

2.12.2. Caspase-3 activity assay

Selenite (2.5 pmol)-treated and control chemoresistant bladder
cancer cells grown in tissue culture flasks were at each treatment in-
terval (0-48 h) harvested by centrifugation (1000 g, 5 min, JOUAN MR
22, Trigon, Prague, Czech Republic) and lysed on ice for 20 min in a
lysis buffer (50 mM HEPES, 5mM CHAPS and 5 mM DTT). The lysates
were centrifuged at 14,000, 10 min, 4°C and their enzyme activity
was measured in a 96-well microplate using a kinetic fluorometric
method based on the hydrolysis of the fluorogenic caspase-3-specific
substrate (Ac-DEVD-AMC 37 °C, 1h). Specific inhibitor of caspase-3
(Ac-DEVD-CHO) was used to confirm the specificity of the cleavage
reaction. Fluorescence was recorded at 465/360 nm wavelength using a
SpectraFluor Plus (TECAN Austria GmbH, Grodig, Austria).

2.12.3. Cell death typing

Damaged and dying cells were assorted to into three groups —
apoptotic positive for blebbing morphologies, increased caspase-3 ac-
tivity and the absence of PI staining, necrotic positive for cell bal-
looning or shrinkage, absent caspase-3 activity and the presence of PI
staining and others showing a range of morphological changes often
accompanied by vacuolization in the absence of caspase-3 activity and
PI staining.
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Fig. 1. Antiproliferative effects of sodium selenite (Na,SeO, — selenite) on chemoresistant bladder cancer cells RT-112/D21. Cells were exposed to a range of selenite
concentrations and cell growth and viability (up to 72 h) were measured by Neutral red and Brilliant blue assays as described in Materials and methods section. (A)

Neutral red assay (B) Brilliant blue assay. Values represent means =

SD of at least three experiments *P < 0.05 compared to untreated control cells at the same

treatment interval with one way-Anova test and Dunnett’s post test for multiple comparisons (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

2.13. Statistics

Data analysis was performed by GraphPad Prism (GraphPad
Software version 6.0, Inc. San Diego, U.S.A.). Statistical analysis was
carried out using one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparisons test significant at a level of P < 0.05.

3. Results

3.1. Cytotoxic effects of selenite in chemoresistant bladder cancer cells RT-
112/D21

Cytotoxic effects of selenite at a range of concentrations were
evaluated during 72h of exposure in chemoresistant bladder cancer
cells RT-112/D21 using two established assays measuring cell viability
via membrane integrity and cell growth via quantification of total
protein content. Selenite-mediated inhibitory effects were concentra-
tion-dependent, with the lowest selenite concentration producing sig-
nificant cytotoxicity during 48-72h of treatment was 2.5 umol whereas
the significant cytotoxicity during 24 h of exposure was associated with
the highest concentration tested (i.e. 10 pmol) only (Fig. 1A, B). These
effects were further confirmed by time-lapse videomicroscopy based
morphological observations (Fig. 2). They revealed rather significant
differences in treated cells morphologies and behavior upon individual
selenite treatment. The higher selenite concentrations produced early
development of a heterogeneous cytoplasmic vacuolization in peri-
nuclear area of exposed cells, their collective loss of adherence to
substratum followed by overall collapse (shrinkage) or cell ballooning.
On the other hand, upon low selenite exposure cells first did not show
any major morphological perturbations other then occasional enlarge-
ment or clumping. Still, in comparison with control cultures their
proliferation was almost stopped. At later treatment intervals (24 h and
onward) selenite-exposed cells showed some vacuolization although
less pervasively and gradually tended to round up and/or collapse in-
dividually in a longer time frame. With respect to the above-mentioned
results we chose to continue testing the lowest efficient selenite con-
centration.

3.2. Low selenite induces antiproliferative signaling in chemoresistant
bladder cancer cells RT-112/D21

In order to confirm the extent of molecular changes associated with
an early selenite-dependent inhibition of proliferation, the expression of
selected proliferation-specific proteins was evaluated using high con-
tent analysis. Our presented data demonstrate that in the spectrum of
evaluated proteins and time interval 24h of exposure to
2.5 pmol selenite, the expressions of cell cycle inhibitors p21 and p16
were significantly increased. This trend continued into 48 h of exposure
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interval and was accompanied by a significant decrease in AKT and
ERK1/2 expressions (Fig. 3A). The drop in the expression of all the
followed AKT forms was specifically visible with markedly decreasing
ratio of phosphorylated to total protein: p-AKT1 to AKT1 0.85 at 24 h of
exposure and 0.22 at 48 h of exposure; p-AKT2 to AKT2 0.75 at 24 h of
exposure and 0.27 at 48 h of exposure and p-AKT3 to AKT3 0.85 at 24 h
of exposure and 0.1 at 48 h of exposure (Fig. 3B). Conversely, the ex-
pressions of cyclin D1 (CYCD), c-MYC, p53 or PTEN were not changed
significantly as well as the expression of p38 which remained at the
same basal level during 48 h of treatment (Fig. 3A).

3.3. Cytotoxic selenite concentration is tolerated in normal urothelial cells
UROtsa

In order to verify biological effects of the tested range of selenite
concentrations in normal human cells, we carried out the same bio-
chemical and morphological assays (see above) during 72h in human
urothelial UROtsa cells. As demonstrated in Fig. 4A, B, the highest se-
lenite concentrations significantly reduced cell growth, proliferation
and viability of exposed cultures at later treatment intervals of 48-72 h.
On the other hand, the lowest selenite concentration of 2.5 pmol, which
was chosen for further studies, had no adverse effect to all evaluated
parameters in exposed cultures at all treatment intervals. In addition,
time-lapse analyses of thus treated cells demonstrated very few changes
in exposed cells both in terms of their morphology as well as behavior
(Fig. 4C).

3.4. Low selenite induces superoxide production but does not damage DNA
in chemoresistant bladder cancer cells RT-112/D21

Time course analysis of 2.5 pmol selenite-treated cells positive for
superoxide anion revealed their significant increase firstly at the 24 h
treatment interval with culmination at 36h of exposure (Fig. 5B).
Conversely, no significant DNA damage as measured by comet assay
occurred at any treatment interval although a slight elevation occurred
at later treatment intervals (Fig. 5A).

3.5. Low selenite interferes with mitochondria

Preliminary microscopic analyses of RT-112/D21 cells exposed to
2.5 umol selenite indicated changes in mitochondrial network (data not
shown). These changes along with increased production of superoxide
radical following selenite exposure suggested mitochondria as a likely
target of selenite-mediated toxicity. Accordingly, to 2.5 umol selenite
concentration reduced mitochondrial production of ATP as well as
mitochondrial membrane potential (MMP) approximately in the same
time frame (i.e. first significant decrease at 24h of exposure) where
superoxide production increased (Fig. 5C, D).
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Fig. 2. Time-lapse videomicroscopy of chemoresistant bladder cancer cells RT-112/D21 exposed to a range of sodium selenite (Na;SeO, — selenite) concentrations
during 72 h. Control and selenite-exposed cultures were recorded using BioStation IM upon various time-lapse modes and magnifications. Presented are typical
culture morphologies out of at least five independent experiments. Phase contrast 400 X . Bar 30 pm.

uAKT1 BAKT2 BAKT3 oCYCD BAKT1 Bp-AKT1 BAKT2 Op-AKT2 @AKT3 @p-AKT3
B¢-MYC BERK1/2 mp38 op53
@p21 mp16 mPTEN

Relative intensity of staining
(arbitrary units)
Relative intensity of staining
(arbitrary units)

A 24h 48h B 24h 48h

Fig. 3. Effect of 2.5 pmol sodium selenite (Na,SeO, — selenite) on select proliferation markers expression in chemoresistant bladder cancer cells RT-112/D21 during
48 h. Cells were exposed to external selenite, fixed, permeabilized and after incubation with particular antibody; corresponding fluorescence was measured by the
Cell Scoring module of MetaXpress® Image Acquisition and Analysis Software. (A) Expression of AKT1, AKT2, AKT3, CYCD, c-MYC, ERK1/2, p38, p53, p16, p21 and
PTEN (B) Expression of AKT1, p-AKT1, AKT2, p-AKT2, AKT3, p-AKT3. Results represent means + SD of at least three experiments. P < 0.05 * Significantly higher
than control at the same treatment interval, (A) P < 0.05 # lower than control at the same treatment interval (B) P < 0.05 # lower than treated cells at 24 h of
exposure with a one way-Anova test and Dunnett’s post test for multiple comparisons.

3.6. Lysosomal membrane permeabilization (LMP) in low selenite exposed 3.7. Selenite activates autophagy in chemoresistant bladder cancer cells RT-
chemoresistant bladder cancer cells RT-112/D21 112/D21

We used an assay which quantifies the extent of AO displacement Due to the occurrence of vacuolar morphology in low selenite-ex-
from lysosomes to the cytoplasm. The results of this assay show that in posed cells and with the relatively slow buildup of toxicity, the presence
2.5 pmol selenite exposed bladder cancer cells the translocation of AO of autophagy and its involvement in selenite-dependent damaging was
into cytoplasm occurred at late treatment intervals resulting in a sig- also investigated. Analyses of MDC-specific fluorescence, which is an
nificant elevation in free cytoplasmic AO content in the cells (Fig. 6). indicative of autophagic presence in the system, proved its significant

increase at 12h of exposure and onwards (Fig. 7A). Moreover, dy-
namics of expression of other specific autophagy markers (i.e. LC3B,
p62 and BECLIN-1) indicated an active autophagy process in treated
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Fig. 4. Antiproliferative effects of sodium selenite (Na,SeO, — selenite) on human urothelial cell line UROtsa. Cells were exposed to selenite and cell growth and
viability (up to 72h) were measured by several biochemical and morphological methods as described in Materials and methods section. (A) Neutral red assay (B)
SD of at least three experiments *P < 0.05 compared to untreated control cells at
the same treatment interval with one way-Anova test and Dunnett’s post test for multiple comparisons. Presented are typical culture morphologies out of at least five
independent experiments. Phase contrast 400 X . Bar 30 um (For interpretation of the references to colour in this figure legend, the reader is referred to the web

Brilliant blue assay (C) Time-lapse videomicroscopy. Values represent means =+

version of this article).

cells (Fig. 7B).

3.8. Low selenite induced death in chemoresistant bladder cancer cells RT-
112/D21 is phenotypically variable

Although delayed in time, 2.5 pmol selenite ultimately induced in
exposed bladder cancer cultures cell death. RT-112/D21 cells presented
variable morphological alterations including clustered or individual cell
rounding, shrinkage and/or membrane blebbing (Figs. 2 and 8 A).
Contrary to the caspase-3 activity which was not significantly increased
during all treatment intervals (Fig. 8C), numbers of cells with the da-
maged membrane markedly increased already at 24 h of exposure and
they continued to grow until 48 h of exposure (Fig. 8B). Less than 20%
of treated cells were positive for necrosis and approximately 30% of
treated cells showed a combination of cell death markers with no dis-
tinct and homogeneous cell death modality (Fig. 8D).

3.9. Various signaling pathways contribute to low selenite-dependent cell
death in chemoresistant bladder cancer cells RT-112/D21

To mechanistically verify the involvement of several notorious
death signals in the 2.5 pmol selenite-mediated activated cell demise, a
series of chemical/pharmacological inhibitors blocking oxidative stress
(NACQ), autophagy (3-MA), caspases (z-VAD), aspartate activities (pep-
statin A) and cytochrome c release (CsA) were used. Although none of
them had any significant effect on cell death rate in untreated cells
(Fig. 9A), in 2.5 pmol selenite-exposed cells they showed a differing
efficacy. The strongest effect was observed in case of antioxidant NAC
which reduced cell demise by more than 50% while helping the cells to
maintain their intact morphology. Autophagy as well as aspartate
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inhibitors also markedly prevented cell death although to the lesser
degree than in NAC with the similar protective effect on treated cells
morphology. Conversely, neither pan-caspase inhibitor not mitochon-
drial cytochrome c release blocker proved to attenuate selenite-medi-
ated cell death (Fig. 9A, B).

4. Discussion

The role of selenite in the inhibition of bladder cancer remains in
many areas underexplored and even controversial. Several available
clinical trials brought inconsistent findings [4,22,23] and experimen-
tally there is only very limited evidence concerning the nature of se-
lenite effects on bladder cancer cells. In the current work selenite ac-
tivity in chemoresistant bladder cancer cell line RT-112/D21 was
investigated. We found that despite its acquired chemoresistance to the
mentioned drugs, RT-112/D21 cells retain their sensitivity towards
selenite which upon low concentration of 2.5pumol inhibited during
48 h of exposure their growth and proliferation. In thus exposed cells
the later gradual development of limited cytoplasmic vacuolization and
individual morphological shape changes resulting in cells rounding and
collapsing were noted too. These observations suggested that dynamics
of selenite activity in chemoresistant RT-112/D21 cells is in fact bi-
phasic; i.e. first cytostatic and next cytotoxic. The presence of an early
selenite-mediated cytostatic effect in exposed cells was further con-
firmed by a steadily increased expression of cell cycle inhibitors p16
and p21 and through a significant decrease in proliferation-stimulating
AKT and ERK1/2 expressions. This increased sensitivity of chemore-
sistant bladder cancer cells to the used low selenite concentration likely
originated from the combined and simultaneous changes in selenite-
intracellular targets including mitochondria, antioxidant systems or
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Fig. 5. Effects of 2.5 umol sodium selenite (NaySeO, — selenite) on (A) DNA damage (B) superoxide production (C) mitochondrial membrane potential (MMP) and (D)
ATP production in chemoresistant bladder cancer cells RT-112/D21 during 48 h. DNA damage was evaluated by comet assay, production of superoxide radicals was
determined by MitoSOX™ Red reagent microscopically, MMP was determined by microscopic measurement of potential-sensitive JC-1 dye and ATP was determined

bioluminescently as described in Materials and methods section. Values represent means

+

SD of at least three experiments *P < 0.05 compared to untreated

control cells at the same treatment interval with one way-Anova test and Dunnett’s post test for multiple comparisons (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).
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Fig. 6. Effect of 2.5pumol sodium selenite (Na,SeO4 — selenite) on lysosomal
membrane disruption in chemoresistant bladder cancer cells RT-112/D21
during 48 h. Lysosomal membrane integrity was quantitated via colorimetric
determination of acridine orange (AO) translocation from lysosomes into the
cytoplasm as described in Materials and methods section. Results represent
means + SD of at least three experiments *P < 0.05 compared to untreated
control cells at the same time interval with one way-Anova test and Dunnett’s
post test for multiple comparisons.

individual proteins as discussed below. Equally important for this cy-
totoxicity could be the effect of extracellular environment and, in
particular extracellular reduction mediated by cysteine. The export of
cysteine residues via multidrug resistance proteins in tumor cells is
acknowledged, leading to the increased production of selenide with
elevated selenite toxicity in the close proximity of chemoresistant cells
[24]. In addition, duration of selenite exposure was an important factor
too as indicated by our observed time-dependent biphasic selenite ef-
fect. Which of the proposed mechanisms was chiefly responsible for the
observed sensitivity of the tested cells to selenite in this context cannot
be fully determined and certainly deserves further mechanistic ex-
ploration. On the other hand, and quite importantly, none of these
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findings were present in selenite-treated normal urothelial cells UROtsa
which corresponds to the known and acknowledged selectivity of se-
lenite in tumor versus normal cells [11,24].

In this respect, mitochondria have been acknowledged to be an
important target of selenite toxicity and a major producer of superoxide
radical responsible for damaging of DNA as well as other macro-
molecules or organelles [15,25-27]. In our experimental model, sele-
nite induced a rather early marked increase in superoxide anion levels
which were accompanied by predictable loss of mitochondrial mem-
brane potential as well as by decreasing ATP production. On the other
hand, no significant DNA damage was recorded in our cells unlike
previously published evidence [28,29]. The most likely explanation of
this discrepancy is the employed selenite concentration-related extent
and timing of ROS levels generation in exposed cells since higher se-
lenite doses do markedly alter DNA and stimulate relevant cell stress
response as shown by us previously [30].

Increased levels of ROS may generate oxidative stress which cells
attempt to combat using various defense mechanisms including au-
tophagy. Autophagy is a dynamic process involving multi-step forma-
tion of autophagosomes and their lysosomal degradation under control
of autophagy-related genes [31]. Since selenite has been known to in-
fluence autophagy in several types of tumor cells [32,33] we have in-
vestigated its presence using several standard markers. Our data show
an early and fast elevation of MDC-specific fluorescence in treated cells,
indicative of enhanced production of autophagosomes due to increased
autophagy which was also confirmed by increasing protein abundance
of BECLIN-1 and LC3B as well as by decreasing amount of p62. Besides
its effect on autophagy, selenite exposure adversely affected the in-
tegrity of lysosomes and induced lysosomal membrane permeability
(LMP) with subsequent proteases-mediated activation of cell death
[34]. LMP is known to occur as a result of oxidative stress which seems
to be the case here as our employed antioxidant NAC reduced LMP
(data not shown). Moreover, the existence of damaged lysosomes
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Fig. 7. Autophagy in chemoresistant bladder cancer cells RT-112/D21 exposed to 2.5 pmol sodium selenite (Na,SeO,4 — selenite) as measured by (A) MDC-positive
granules and (B) protein expression of selected autophagy-related proteins LC3B, p62 and BECLIN-1 during 48 h as described in Materials and methods section.
Values represent means + SD of at least three experiments (A) *P < 0.05 compared to the untreated cells at the same treatment interval (B) *P < 0.05 and

#P < 0.05 compared to the beginning of treatment with one way-Anova test and Dunnett’s post test for multiple comparisons.

unable to fuse with arising autophagosomes further corroborates their
observed accumulation in selenite-treated cells contributing to the
overall increase in autophagy.

Selenite-dependent acute or chronic damaging of cells finally results
in phenotypically pleiotropic cell death comprising classical caspase-
dependent apoptosis [35], caspase-independent apoptosis [36] or ne-
crosis [37]. Moreover, autophagic or mitophagic cell death as well as
programmed necrosis represent other cell death modalities reported in
tumor cells exposed to selenite [13,38,39].

Cell death in the tested bladder cancer cells treated with selenite
was detectable from 24 h of treatment and presented several pheno-
types. The morphology of exposed cells varied significantly, with same
cells displaying features of classical apoptosis (i.e. rounding, blebbing,
shrinkage) while others showing necrotic morphology (i.e. enlarge-
ment, rupture and fragmentation) and majority being in a continuum
between the above mentioned extremes. Subsequent assays into mem-
brane permeability and caspase-3 activity confirmed the growing
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presence of the former but the absence of later in the studied cells. Such
heterogeneity is perhaps surprising, and particularly in the light of
other published evidence which typically reports seemingly homo-
geneous behavior of treated cells [13,40] but it is logical since treated
populations are not synchronized and would likely respond individually
to the given exposure. Moreover, the use of several complementary
techniques along with focus on individual cells often reveals qualitative
differences among the cells which would go otherwise unnoticed.

In order to mechanistically verify the involvement of various sele-
nite-dependent mechanisms in the final cell death extent, several che-
mical inhibitors were used. Despite of the fact that none of them was
able to completely prevent selenite-induced cell death, several of them;
i.e. autophagy inhibitor 3-MA, antioxidant NAC and aspartate inhibitor
pepstatin A significantly reduced it. Conversely, pan-caspase inhibitor
as well cytochrome c release inhibitor showed no effect. These results
clearly suggest that selenite-mediated inhibitory effects are in the em-
ployed bladder cancer cells multifaceted and occur via oxidative stress-
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Fig. 8. Cell death and its phenotypes in chemoresistant bladder cancer cells RT-112/D21 exposed to 2.5 pmol sodium selenite (Na;SeO, — selenite) as measured by
(A) cellular morphology (B) propidium iodide (PI) permeability and (C) caspase-3 activity with (D) final cell death phenotype groupings during 48 h. Cells were
exposed to selenite and individual parameters were measured as described in Materials and methods section. Distribution of dead cells into respective phenotypic
groups was based on the presence of the above mentioned features. Values represent means + SD of at least three experiments *P < 0.05 compared to the untreated
controls at the same time interval with one way-Anova test and Dunnett’s post test for multiple comparisons.
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Fig. 9. The effects of various chemical inhibitors on 2.5 pmol sodium selenite (Na,SeO, — selenite)-induced cell death in chemoresistant bladder cancer cells RT-112/
D21 during 48 h of exposure. Inhibitors of oxidative stress (N-acetylcystein (NAC)), caspases (z-VAD), autophagy (3-methyladenine (3-MA)), aspartic acid proteases
(pepstatin A (Pep A)) and cytochrome ¢ mitochondrial release (cyclosporine A (CsA)) were firstly supplied to the cells without selenite and then prior to or
simultaneously with selenite and the extent of cell death was determined as described in Materials and methods section. (A) Cell death extent after inhibitors alone,
selenite and selenite with individual inhibitors at 48 h of exposure (B) morphological appearance of cells after selenite with individual inhibitors at 48 h of exposure.
Values represent means + SD of at least three experiments *P < 0.05 compared to the Se-exposed cells at the same time interval with one way-Anova test and
Dunnett’s post test for multiple comparisons. Presented are typical culture morphologies out of at least five independent experiments. Phase contrast 400 X . Bar 5
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