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Abstract: Cisplatin (CDDP) remains a key drug for patients with advanced bladder cancer (BC), despite the
emergence of new therapeutic agents. Identifying factors contributing to treatment resistance to CDDP is
crucial. The acidity of the tumor microenvironment has been reported to be associated with treatment
resistance and poor prognosis across various cancer types. Our objective was to investigate the effects of an
acidic environment on BC cells and elucidate the mechanisms behind CDDP resistance. Our findings show that
BC cells cultured in acidic conditions developed resistance to cisplatin as acidity increased. Notably, CDDP
administered to BC cells in a pH 6.0 environment required twice the concentration compared to pH 7.5 to
achieve equivalent toxicity. Using chloroquine and navitoclax, we identified the involvement of Bcl-2 and LC3B
pathways in the acquisition of CDDP resistance under acidic conditions. Western blot analysis revealed that
the activation of Bcl-2 and XIAP expression appears to inhibit both apoptotic and autophagic cell death. These
results suggest that alleviating the acidity of the tumor microenvironment in clinical settings might enhance
BC sensitivity to CDDP.

Keywords: potential hydrogen (pH); acidity; bladder cancer; cisplatin; Bcl-2; XIAP; chloroquine;
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1. Introduction

Bladder cancer (BC) is the 10th most diagnosed cancer type in the world in 2020, with 573,278
patients diagnosed and 212,536 deaths. In Japan, 34,568 patients are reported to be diagnosed and
10,928 to die, with 8.7% of patients having metastasis at initial diagnosis [1,2]. Among patients treated
with transurethral resection of bladder tumor (TURBT) and diagnosed with pathological Ta and T1,
the proportion of patients who progressed to muscle-invasive BC was 10% and 35%, respectively
[3,4]. Metastatic recurrence is reported in 22.5% of patients with invasive BC who have had curative
TURBT [5].

Combination therapy, including cisplatin (CDDP), has been a cornerstone of treatment for
urothelial carcinoma, including urothelial BC, for decades. The most common platinum-based
combination chemotherapy, gemcitabine and CDDP was introduced in 1999, achieving an objective
response rate of 48.4% to 49.1%. However, more than 80% of patients subsequently progress,
resulting in a median OS of 12.8 to 14.0 months and a 5-year survival rate of 13%, leading to an
unfavorable prognosis [2,6-8]. CDDP exerts its effects by binds to purine residues and damages the
deoxyribonucleic acid (DNA) of cancer cells, thereby inhibiting cell division and inducing apoptotic
cell death. Additionally, it generates reactive oxygen species that contribute to cell death [9].

Until the advent of pembrolizumab, there was no established standard of care following primary
therapy with platinum drugs. Pembrolizumab is typically administered alone or in combination with
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docetaxel, paclitaxel, or vinflunine [10-12]. JAVELIN Bladder 100 trial introduced of avelumab
maintenance therapy in patients with no disease progression after platinum-based chemotherapy
[13,14]. Furthermore, the introduction of the antibody-drug conjugate enfortumab vedotin will
expand the options for BC treatment [15-17]. Despite recent advancements in various therapies,
platinum drugs remain a key treatment, as a significant percentage of patients with advanced BC will
use them during their lifetime. The tumor microenvironment has emerged as a factor in drug
resistance. In several cancer species, growth inhibition and drug resistance have been associated with
acidic environments [18,19]. In the context of BC, hypoxia has been identified as a trigger for drug
resistance; however, there are few reports addressing the impact of acidic environments on this
phenomenon [20-22].

Our objectives were to investigate tumor microenvironment factors that impair CDDP
sensitivity in bladder urothelial cancer, with a specific focus on tumor potential hydrogen (pH). To
the best of our knowledge, this study is the first report on an association between an acidic
environment and CDDP resistance in BC cancer.

2. Materials and Methods
2.1. Cell Lines, Cell Culture and pH Adjustment Cell Lines, Cell Culture and pH Adjustment

We used the BC cell lines HT'1376, T24, and human embryonic kidney 293 (HEK293) cells, which
were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). HT1376
cells were cultured in RPMI 1640 medium (Gibco; Thermo Fisher Scientific, Inc., Grand Island, NY,
USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) , 1% MEM non-
essential amino acids (Gibco; Thermo Fisher Scientific, Inc.), 1% MEM sodium pyruvate solution 100
mM (Gibco; Thermo Fisher Scientific, Inc.), and 90 pg/mL kanamycin at 37 °C in an atmosphere of
5% CO2. The potential hydrogen (pH) of complete medium was adjusted to 0.5 intervals from pH 6.0
to pH 7.5 with hydrochloric acid, and the pH was measured by a pH monitor LAQAtwin (HORIBA,
Kyoto, Japan). The amount of HCl required to reduce the pH of 40 ml of culture medium is shown in
Supplementary Figure S1. CDDP was purchased from FUJIFILM Wako Chemicals U.S.A.
Corporation.

2.2. Cell Viability Assay

Cell viability was evaluated by MTS assay with a tetrazolium compound according to the
manufacturer’s instructions. Cells were seeded in 96-well plates at 2x103 cells/well, incubated in 100
ul of unadjusted medium for 3 hours, and then treated with CDDP for 0, 24, 48, and 72 h, in each pH
environment. 10 pL of CellTiter 96® AQueous One Solution Reagent (Promega Corporation,
Madison, WI, USA) was added to each well and incubated at 37 °C for 2 h. The absorbance was
quantified at 490 nm using an IMARK microplate reader (Bio-Rad Laboratories, Inc.). Chloroquine
(phosphate) (14194) was purchased from the Cayman chemical company (Ann Arbor, MI, USA).
Inhibitory concentration 50 (IC50) was calculated using GraphPad Prism software (GraphPad
Software version 8.0, Inc., San Diego, CA, USA). Data were analyzed using one-way ANOVA with
Dunnett’s test for multiple comparisons. Statistical analysis was calculated using GraphPad Prism
software.

2.3. Cell Migration Assay

Cells were spread at full confluence in 6-well plates and scratched with a p1000 pipet tip after 3
hours of culture, then washed with PBS, and incubated for 24 hours in pH 6.0 and pH 7.5
environments separated with and without CDDP administration. Scratch assay area measurements
were calculated using the software Image] (NIH, Bethesda, MD, USA).

2.4. Western Blotting

Subconfluent cell cultures were washed with cold PBS and lysed using Cell Lysis Buffer (Cell
Signaling Technology, Inc., Danvers, MA, USA) containing Protease Inhibitor Cocktail (Sigma-
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Aldrich, St. Louis, MO, USA). The cell lysates were incubated on ice for 30 min, then clarification of
the lysates by centrifugation at 15,000x g for 30 min at 4 °C, and the supernatants were collected. The
protein concentration was determined using the Bradford method. Each 20 pg of protein was
separated on a 4-15% SDS-polyacrylamide gel and transferred to a PVDF membrane. After blocking
with 10% skimmed milk in TBS, the membranes were incubated with primary antibodies, and
horseradish peroxidase-labeled secondary antibodies for one hour at room temperature.
Immunolabelling bands were visualized using the Clarity Max Western ECL Substrate (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The antibodies and concentrations are shown in Tablel.

Table 1. Antibodies used in western blotting.

P .
Antibody Name roduct Worklng- Manufacture
Code Concentration
BCL2 monoclonal antibody #MAB11332 1:2000 Abnova

XIAP #66800-1-Ig 1:2000 Proteintech

Cleaved PARP #9541 1:500 Cell Signaling
Technology

HiIF1la #14179 1:1000 Cell Signaling
Technology

Beclinl #3738 1:1000 Cell Signaling
Technology

LC3B #3868 1:1000 Cell Signaling
Technology

11 Signali

SQSTM1/p62 #8025 1:1000 Cell Signaling
Technology

i ) Cell Signaling
Fretin #3700 1:1000 Technology

Anti-Mouse IgG, HRP-Linked . '
Whole Ab Sheep NA931 1:2500 Cytiva
Anti-Mouse IgG, HRP-Linked ' '
Whole Ab Sheep NA934 1:10,000 Cytiva

2.5. Flow Cytometry Analysis

For cell cycle assessment, cells were harvested 24h after CDDP administration. Cells were
washed twice with cold PBS and fixed in ethanol at 4 °C for 30min. After the fixed cells were washed
twice with cold PBS, 1000 puL of FxCycle™ PI/RNase Staining Solution (Invitrogen; Thermo Fisher
Scientific, Inc.) was added and incubated at room temperature in the dark for 30 min. Flow cytometry
was performed to assess the cell cycle using a BD FACSCelesta™ Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ, USA).

Data analysis was performed using the FCS Express ™ (version 7.22.0031) (De Novo Software,
Pasadena, CA).

3. Results
3.1. BC Cells Become More Resistant to CDDP as the Acidity of the Medium Increases

The first step was to cultivate HEK293, T24 and HT1376 cells for 72 hours in medium adjusted
to pH 6.5, pH 7.0 and pH 7.5, respectively, to investigate differences in the acidic tolerance of normal
cells and BC cells. Normal cells were severely inhibited in proliferation when exposed to an acidic
environment, whereas BC cells showed resistance. In particular, HT1376 was more robust to acid
toxicity than T24, so we decided to use HT1376 in our subsequent experiments (Figure 1).

d0i:10.20944/preprints202410.0084.v1
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Figure 1. HEK293, T24, and HT1376 cell lines were subjected to survival assays to assess their response
to varying extracellular pH levels. Cells were plated in 96-well plates at a density of 2 x 10"4 cells/ml
and incubated for 72 hours under different pH conditions. Low pH significantly inhibited the growth
of normal HEK293 cells, while bladder cancer (BC) cells exhibited resistance to low pH. Notably,
HT1376 cells were less sensitive to pH changes compared to T24 cells. Data are presented as mean +
SD from four independent experiments.

HT1376 was conditioned in culture environments ranging from pH 6.0 to pH 7.5 and incubated
for 24 hours, it showed a tendency to proliferate in normal environments compared to acidic
environments. However, the administration of CDDP did not influence the growth of HT1376
cultured in the acidic environment, whereas CDDP caused growth inhibition in the cells cultured in
the neutral pH environment (Figure 2a). Then, HT1376 were cultured in pH 6.0 and pH 7.5 culture
medium and various CDDP concentrations were added to the cells. The CDDP IC50 for HT1376 cells
cultured in an acidic environment was 4.268 mg/pL, which was twice as much as IC50 for the cells at
normal pH. Based on the results, a basic dose of 2 pl of CDDP was used in subsequent experiments
(Figure 2b).

These results showed that the acidic environment has some positive effects on CDDP resistance
in BC cells.
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Figure 2. We studied the effects of pH and cisplatin (CDDP) on growth using the MTS assay and
assessed migration inhibition in HT1376 cells. (a) Low pH reduced cell viability but conferred
resistance to CDDP. (b) The CDDP IC50 was twice as high at low pH. (c) HT1376 cells were plated in
6-well flasks, scratched with a 1000 uL pipette tip, and incubated for 24 hours. (¢, d) The cell-free area
was measured using Image]. Cell mobility under acidic and normal conditions did not differ
significantly, while CDDP treatment impaired mobility only under neutral pH conditions.

3.2. CDDP Treatment in an Acidic Environment Does Not Influence Mobility of BC Cells

In the migration assay, cell mobility under acidic and normal conditions was not significantly
different, whereas CDDP treatment impaired mobility capacity only under neutral pH. An acidic
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environment confers an advantage to BC cells not only in terms of survival but also in terms of
mobility (Figure 2c-d).

3.3. Bcl-2 Expression Is Activated and Autophagy Is Suppressed in BC Cells with an Acidic Environment

To check the influence of autophagy and apoptosis on the survival of BC cells under low pH
conditions, we performed a survival assay using the autophagy inhibitor chloroquine and the bcl-2
inhibitor navitoclax to determine which pathways influence CDDP resistance under acidic
conditions. When chloroquine was administered under normal pH conditions, HT1376 growth was
inhibited in a concentration-dependent manner with or without CDDP administration. This finding
was not observed in an acidic environment. BC cells cultured in an acidic environment demonstrated
decreased survival when treatment with navitoclax, but this effect was not observed under neutral
pH. These findings suggest that the inhibition of autophagy in urothelial carcinoma cells in acidic
environments may be linked to decreased survival (Figure 3).
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Figure 3. Effects of combinatory treatment with cisplatin (CDDP) and autophagy inhibitor
chloroquine or BCL-2 inhibitor navitoclax at varying pH levels on cell viability. Relative cell viability
was assessed using the MTS assay after 72 hours. Under normal pH conditions, chloroquine inhibited
HT1376 growth in a concentration-dependent manner, both with and without CDDP. This effect was
not observed in an acidic environment. Conversely, bladder cancer (BC) cells cultured in acidic
conditions showed reduced survival with navitoclax treatment, while no significant effect was noted
at neutral pH.

Cell cycle analysis using flow cytometry showed no changes due to acidity under non-drug
treatment conditions. The CDDP treatment caused bladder cancer cells to be arrested in the S phase
and G2/M phase, with a particularly high incidence of S-phase arrest under neutral pH conditions

(Figure 4).
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Figure 4. Cell cycle analysis using PI staining and flow cytometry. CDDP treatment led to S and G2/M
phases of the cell cycle in bladder cancer cells. The acidic environment did not have any significant
effect on the cell cycle distribution.

3.4. Bcl-2 and XIAP High Expression Suppresses Apoptosis and Autophagy-Induced Death in BC Cells

Then, we studied the expression of apoptosis-related proteins expression by Western blotting.
Bcl-2 expression was stronger in an acidic environment and was attenuated by addition of CDDP.
Cleaved PARP, the final step in the apoptosis cascade, showed higher expression in the acidic
environment without CDDP, and higher expression in the normal pH with CDDP. In addition, XIAP
expression was stronger in acidic environment and attenuated by CDDP treatment. Since chloroquine
was effective only in neutral pH medium, we checked the expression of LC3B, a protein involved in
the formation of the membrane of autophagosomes, which was elevated in the neutral pH and
slightly increased further with CDDP administration. P62, a protein that direct unwanted
intracellular material to autophagosomes, was elevated in acidic environments and slightly
decreased with CDDP treatment. Beclinl expression was not influenced by the acidity of the culture
and was slightly diminished by anticancer drug treatment. The acidic environment also facilitated
HIF1la expression (Figure 5).

pH6.0 pH7.5 pH6.0 pH7.5
CDDP - + . + CDDP . + B, £
HIFla S S Seas S

Bol2 W — —
Beclinl b B
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Figure 5. Western blot analysis of Bcl2, XIAP, cleaved PARP, HIF1a, Beclinl, LC3B and p62. 3-actin
was used as a loading control. The original blots are presented in Supplementary Figure S2. BCL-2
expression was increased in an acidic environment and was reduced following cisplatin (CDDP)
treatment. Cleaved PARP, a key marker of apoptosis, exhibited higher expression in acidic conditions
without CDDP and increased expression in normal pH conditions with CDDP. Additionally, XIAP
expression was elevated in acidic conditions but was diminished with CDDP treatment. LC3B levels
were elevated in neutral pH conditions and increased further with cisplatin (CDDP) treatment. P62
levels were higher in acidic environments and decreased slightly with CDDP administration. Beclinl
expression remained unaffected by pH levels but was slightly reduced with anticancer treatment.
Additionally, the acidic environment promoted HIF1a expression.

4. Discussion

In normal tissues, the extracellular pH is maintained at approximately 7.4; however, the pH
around tumor cells decreases to between 6.7 and 7.2 [23,24]. Cells located at a distance from blood
vessels may experience even greater acidification, potentially dropping to pH 5.6 due to the the
accumulation of lactate and protons [23,25]. A well-known contributing factor to this is a
phenomenon known as the Warburg effect, in which cancer cells hyperactivate their glycolytic
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system even in an oxygen-rich environment, leading to increased lactate production and subsequent
acidification [26].

The urothelium can be influent by urine pH because it reabsorbs urine into the bloodstream; this
is likely true for urothelial carcinoma, which is constantly exposed to urine [27]. Acid urine has been
associated with poorer postoperative prognosis in both upper urinary tract cancer and BC [28,29].
Additionally, a higher recurrence rate has been observed in non-muscle invasive BC treated with
intravesical mitomycin C in conjunction with lower urinary pH [21]. HIF1la-mediated autophagy has
also been implicated in the development of gemcitabine resistance in BC [20]. Conversely, some
studies suggest that acidic urine is associated with an inhibition of the growth of BC cells [30]. In
other cancer types, such as breast cancer and squamous cell carcinoma, growth inhibition has been
reported in acidic environments, although drug resistance has been reported to be enhanced [18,19].

In our study, we found that BC cells proliferation was inhibited in an acidic environment.
Notably, we also demonstrated for the first time that CDDP resistance is increased under acidic pH
conditions. Furthermore, scratch assays showed that CDDP administered in an acidic environment
did not impair the mobility of HT1376 cell. One hypothesis for this drug resistance is that the weakly
basic nature of CDDP prevents it from effectively reaching its intracellular targets in an acidic
environment [31]. However, given that oxidative stress is a primary mechanism of action for CDDP,
further investigation into alternative resistance mechanisms is warranted [9].

To explore the mechanisms underlying drug resistance in BC under acidic conditions, we
utilized the autophagy inhibitor chloroquine and Bcl-2 inhibitor navitoclax. Navitoclax, an orally
available Bcl-2 inhibitor, first reported by Chang J et al. is a known to induce apoptosis [32,33], while
chloroquine, commonly used as an antimalarial agent, is known to inhibit autophagy by blocking the
fusion of autophagosomes and lysosomes [34]. In our experiments, navitoclax did not significantly
impact the proliferation of BC cells in acidic environments, nor did chloroquine. In cell cycle analysis
using flow cytometry, CDDP treatment under neutral conditions resulted in a greater transition to
the S phase compared to acidic conditions. We believe this may be due to a higher incidence of DNA
damage. Western blotting showed that Bcl-2 protein expression was indeed enhanced and that
cleaved PARP, downstream of the cascade, was suppressed in an acidic environment. XIAP is the
most important member of the inhibitor of apoptosis protein (IAP) family and is known for its
inhibition of apoptosis through directly blocking caspases [35]. High expression of XIAP has been
linked to poor prognosis in a variety of cancer types, including bladder and breast cancer, and has
been reported to cause resistance to chemotherapy and radiation therapy [36-38]. Our findings
indicate that BC cells in acidic environments not only exhibit increased Bcl-2 expression but also
upregulate XIAP, suggesting the activation of multiple anti-apoptotic pathways. Bcl-2 is known to
negatively regulate autophagy by binding to Beclin1 [39], which is phosphorylated by AMP-activated
protein kinase to promote autophagosome maturation [40]. Light chain 3 (LC3) is a subunit of the
neuronal microtubule-associated proteins (MAPs), MAP1A and MAP1B [41]. LC3B is a membrane
protein essential for autophagosome formation and serves as a reliable biomarker for autophagic
activity [42,43]. p62/SQSTM1 is responsible for recognizing ubiquitin chains and directing specific
proteins and cell organelles to the sequestration membrane of the autophagosome [44]. Our results
showed that BC cells cultured in acidic medium exhibited decreased LC3B activity and elevated
p62/SQSTML levels, reflecting a reduction in autophagosome formation and an accumulation of
p62/SQSTM1. We anticipated that Beclinl, which mediates autophagosome formation, would
decrease under acidic conditions; however, we observed no significant change in its expression,
although a slight reduction was noted with CDDP treatment. This may be attributed to the activation
of Beclinl by HIF1a. The role of HIFla in our experiments, where oxygen concentrations remained
unchanged, warrants further investigation. We summarized the effects of CDDP administered in an
acidic environment on apoptosis and autophagy pathways in BC cells in a diagram (Figure6).


https://doi.org/10.20944/preprints202410.0084.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0084.v1

N avitoclax

\-

Cleaved
PARP

Chroloquine
L
‘ Apoptotic cell death ‘ -

| Autophagic cell death § ‘

Figure 6. Graphical schema illustrating intracellular signaling pathways and the interactions of
various proteins under acidic pH conditions and cisplatin (CDDP) treatment. The schema highlights
key proteins involved in apoptosis, autophagy, and hypoxia response, depicting how acidic
environments and CDDP influence their expression and functional relationships.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org., Figure S1: Correlation between pH of culture medium and hydrochloric acid;
Figure S2: Full-length images of Western blot analyses.
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