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Abstract. Patients with advanced urothelial carcinoma (UC) 
generally have poor prognoses due to therapeutic resistance. 
Furthermore, there are limited treatment options for advanced 
UC. Therefore, novel or effective chemotherapeutic agents 
are needed to improve patient survival. The present study 
was conducted to investigate the effect of temozolomide 
(TMZ) on UC cells so as to identify a potential method 
to overcome therapeutic resistance. TMZ is an alkylating 
agent with a target different from that of other anticancer 
drugs used to treat UC, such as cisplatin. TMZ enhanced the 
autophagic response and senescence, which was mediated 
via the p53 and p21 pathways. Inhibiting the autophagic 
response using chloroquine synergistically augmented the 
cytotoxic effect of TMZ on UC cells. TMZ significantly 
reduced the invasiveness of UC cells. Notably, the abundance 
of side population fraction was also significantly reduced 
following TMZ treatment. Considering that side population 
fraction is known to confer therapeutic resistance, it is 
noteworthy that the TMZ treatment markedly decreased side 
population fraction. Altogether, TMZ may have the potential 
to be applied as a part of an alternative treatment strategy to 
reduce the malignancy of UC cells.

Introduction

Urinary bladder cancer is the ninth most common 
malignancy globally and the fourth most common among 
men in 2017 (1,2). Urothelial carcinoma (UC), also known 
as transitional cell carcinoma, accounts for ~90% of bladder 
cancer cases (3). Although non‑muscle‑invasive UCs are 
generally not life‑threatening, advanced UCs with metastasis 
are associated with a high risk of mortality (3,4). The 5‑year 
survival rate of patients with stage IV distant metastasis is 
<5% (5). The standard first‑line chemotherapy for advanced 
UC is platinum‑based combination chemotherapy (5).

However, ~40% of the patients with UC are unsuitable 
candidates for cisplatin‑based therapy (6). Furthermore, 
patients with advanced UC have a poor prognosis owing to 
the rapid development of resistance to platinum‑based drugs. 
Thus, the treatment options for these patients are particularly 
limited (5,6). Therefore, there is an urgent need to develop new 
or efficient chemotherapeutic agents to increase the survival 
rate of patients with advanced UC.

Temozolomide (TMZ) is an anticancer drug used against 
various tumors (7,8), particularly glioblastoma (9). TMZ is 
a non‑classical alkylating agent that induces DNA meth‑
ylation (10). Its cytotoxic mechanism differs from that of 
conventional therapeutic agents used for treating patients with 
UC. Its anticancer activity is largely attributed to its DNA 
methylation ability that induces various outcomes, including 
cellular senescence, cell cycle arrest and apoptosis (11,12).

Most conventional cancer therapies exert their effects 
by promoting cell death (13,14). Unfortunately, tumor cells 
frequently develop resistance to chemotherapy‑induced 
apoptosis. Targeting senescence or autophagy may be an 
effective alternative to eradicate resistant cancer cells (13,15). 
In addition, restoring senescence could result in favorable 
outcomes in patients with cancers, such as hepatocellular 
carcinoma (14,16,17).

Autophagy is a highly conserved self‑degrading process 
involved in homeostasis maintenance (18). It also serves a 
vital role in cell survival under environmental perturbations, 
such as nutrient deprivation and cytotoxic drug treatment (19). 
Chemotherapy induces autophagy, which may help tumor cells 
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survive by supporting their adaptation to harsh conditions (20). 
Hence, inhibiting autophagy can augment the therapeutic 
effects of anticancer drugs (21). Chloroquine (CQ), a traditional 
anti‑malarial drug, has been investigated for its promising role 
in autophagy inhibition (22,23). As the only clinically available 
autophagy blocker, CQ may be an adjunctive agent in cancer 
therapy (24,25). Furthermore, because CQ has been approved 
by the Food and Drug Administration as an antimalarial drug, 
it has been commonly used in clinical trials as an autophagy 
inhibitor (26). The present study was conducted to explore the 
effects of TMZ and its combinatorial therapeutic regimen with 
CQ on UC cells.

Materials and methods

Cell lines and culture. Two cell lines (T24 and J82) were used 
in the present study, which were validated by performing 
DNA fingerprinting analysis (Korean Cell Line Bank; Korean 
Cell Line Research Foundation; Fig S1). The cells were 
cultured in Roswell Park Memorial Institute‑1640 medium 
(Cytiva) at 37˚C with 5% CO2. The culture medium weas 
supplemented with 10% fetal bovine serum (GE Healthcare), 
10 mM HEPES (Sigma‑Aldrich; Merck KGaA), 2.0 g/l sodium 
bicarbonate (Sigma‑Aldrich; Merck KGaA), 1 mM sodium 
pyruvate (Thermo Fisher Scientific, Inc.) and 100 U/100 µg/ml 
penicillin‑streptomycin (Thermo Fisher Scientific, Inc.).

Chemicals and antibodies. TMZ (Sigma‑Aldrich; Merck 
KGaA) was dissolved in dimethyl sulfoxide (Sigma‑Aldrich; 
Merck KGaA). CQ (Sigma‑Aldrich; Merck KGaA) was 
dissolved in distilled water, filtered through a 0.2‑µM pore 
membrane, and protected from light. Antibodies against 
GAPDH (1:1,000; cat. no. 2118S) and p21 (1:1,000; cat. 
no. 2947S) were purchased from Cell Signaling Technology 
Inc. Antibodies against LC3 (1:1,000; cat. no. NB100‑2220) 
and p62 (1:2,000; cat. no. NBP1‑48320) were purchased from 
Novus Biologicals LLC. Antibody against p53 (1:500; cat. 
no. sc‑53394) was obtained from Santa Cruz Biotechnology, Inc. 
Goat anti‑rabbit HRP‑conjugated secondary antibody (1:2,000; 
cat. no. ADI‑SAB‑300‑J; Enzo Life Sciences, Inc.) and goat 
anti‑mouse HRP‑conjugated secondary antibody (1:2,000; cat. 
no. P0447; Dako; Agilent Technologies) were used.

Cell viability assay. Cell viability was determined using 
Cell Counting Kit‑8 (Dojindo Molecular Technologies, Inc.) 
according to the manufacturer's instructions. Cells were 
treated with TMZ at 10, 20, and 40 µM for 24 h. The inhibitory 
concentration (IC50) of CQ was determined by treating the cells 
with CQ concentrations ranging from 1x106 to 1x10‑2 µM, with 
10‑fold dilution. Cell viability was quantified by measuring 
photometric absorbance at 450 nm using Epoch Microplate 
Spectrophotometer (Bio Tek Instruments, Inc.) and expressed 
as a percentage relative to the viability of untreated control 
cells.

Colony‑forming assay. A colony‑forming assay was conducted 
as described previously (27). The number of colonies in 
each category were recorded from five random fields at 
x20 magnification. Colonies with 5‑10, 11‑50, and >50 cells 
were classified as small, medium and large, respectively.

Apoptosis assay. Annexin V Apoptosis Detection kit 
(eBioscience; Thermo Fisher Scientific, Inc.) was used 
for the apoptosis assay. According to the manufacturer's 
instructions, cells treated with either 0 or 20 µM TMZ for 
24 h at 37˚C were prepared, and Annexin V staining was 
performed. After staining, the cells were placed on ice in 
dark conditions and analyzed using a BD FACSVerse flow 
cytometer (BD Bioscience) within 1 h. The relative proportion 
of apoptotic UC cells was determined. UC cells stained 
with Annexin V‑fluorescein isothiocyanate and propidium 
iodide (PI) were indicated in a scatter diagram. The cells were 
divided into necrotic (Q1, Annexin‑/PI+), late apoptotic (Q2, 
Annexin+/PI+), intact (Q3, Annexin‑/PI‑), and early apoptotic 
(Q4, Annexin+/PI‑) based on the results of Annexin and 
PI staining.

Scratch wound‑healing assay. A scratch wound‑healing assay 
was performed as previously described (28,29). The T24 and 
J82 cells were treated with either 0 or 20 µM TMZ for 24 h 
at 37˚C. When cells covered 80‑90% of the dish, the cells 
were scratched using 200 µl pipette tips. Cells were washed 
twice using PBS, and cultured in serum‑free medium (Cytiva). 
At 24 h after the scratch, the number of migrated cells was 
counted in nine random fields of view at x40 magnification 
under light microscope.

Senescence‑associated β‑galactosidase (SA‑β‑gal) assay. 
Senescence was evaluated using an SA‑β‑gal staining kit (cat. 
no. CBA‑230; Cell Biolabs, Inc.) according to the manufactur‑
er's instructions (30). Color development was detected under 
a light microscope in 10 random fields at x40 magnification.

Transwell migration assay. The invasiveness of UC cells was 
evaluated using a BD BioCoat™ 24‑Multiwell Invasion System 
precoated with BD Matrigel™ Matrix (BD Biosciences) 
according to the manufacturer's instructions (27). The number 
of invaded cells in five random fields at x20 magnification was 
counted, and the average was recorded.

SP assay. The SP fraction in TMZ‑treated UC cells was 
determined according to a previously published protocol (31). 
The SP regions were confirmed by treatment with 50 µM 
verapamil hydrochloride for 30 min at 37˚C.

Western blot assay. Cell lysates were prepared by scraping 
the T24 and J82 cells off the plate after treatment with the 
EzRIPA lysis kit (ATTO Corporation). The lysates were 
transferred into microcentrifuge tubes and centrifuged at 
15,000 x g for 15 min at 4˚C. After transferring the supernatant 
into a new tube, the protein concentration was measured 
using a detergent‑compatible protein assay reagent (Bio‑Rad 
Laboratories, Inc.). Gel electrophoresis, membrane transfer and 
blocking, and antibody binding were performed as described 
previously (28,32). Proteins (25 µg protein/lane) were loaded 
and separated on 10 or 15% SDS‑PAGE gels. The proteins 
were transferred to polyvinylidene difluoride membranes, 
and blocked with 5% skim milk for 1 h at room temperature. 
The membranes were incubated with the aforementioned 
primary antibodies overnight at 4˚C. After washed by PBST 
(0.05% Tween‑20), the membranes were incubated with the 
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aforementioned secondary antibodies at room temperature for 
2 h. Chemiluminescence was detected using Luminata Forte 
Western HRP Substrate (Merck Millipore) by ImageQuant 
LAS 40000 mini (GE Healthcare). Membranes were reprobed 
with GAPDH antibody as an internal loading control.

Statistical analysis. Data are expressed as mean ± standard 
deviation (SD) where indicated. A unpaired two‑tailed 
Student's t‑test, and one‑way ANOVA were used for statistical 
comparisons. In addition, Tukey's post hoc test was used. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

TMZ does not induce apoptosis. TMZ did not induce significant 
cancer cell death in T24 and J82 cells (P>0.05; Fig. 1A). In 
T24 cells, cell viability of the control group was 100%±1.92%, 
that of the 10 µM TMZ‑treated group was 96.92%±1.18%, that 

of the 20 µM TMZ‑treated group was 95.30%±0.66%, and 
that of the 40 µM TMZ‑treated group was 96.10%±1.24%. In 
J82 cells, cell viability of the control group was 100%±9.14%, 
that of the 10 µM TMZ‑treated group was 96.47%±9.82%, that 
of the 20 µM TMZ‑treated group was 91.58%±6.84%, and that 
of the 40 µM TMZ‑treated group was 84.70%±5.87%.

In addition, TMZ did not significantly alter the 
colony‑forming ability in both cell lines (Fig. 1B). Quantification 
of the cell fractions revealed apoptotic cells (Q2 + Q4) in 
1.39%±0.21% of the control group and 1.41%±0.18% of the 
TMZ‑treated T24 cells, and 2.07%±0.47% of the control group 
and 2.08%±0.32% of the TMZ‑treated J82 cells (Fig. 1C). 
These results indicated that TMZ, at the given concentration, 
did not affect apoptosis. Moreover, TMZ did not significantly 
alter the migration capacity (P>0.05) (Fig. 1D).

TMZ induces senescence in UC cells. The SA‑β‑gal activity 
was significantly higher in TMZ‑treated T24 and J82 cells 
than in the respective untreated control cells (P<0.001; 

Figure 1. (A) Cell viability assay. TMZ at concentrations of 0, 10, 20 and 40 µM did not significantly alter the cell viability of human urothelial carcinoma cells. 
Data are presented as mean ± SD. (B) Colony‑forming assay. TMZ did not significantly alter the colony‑forming ability of human urothelial carcinoma cells. 
There were no significant changes in the total number or composition of the colonies. Colonies with 5‑10, 11‑50 and >50 cells were classified as small, medium 
and large, respectively. Each data point represents the mean ± SD. (C) Apoptosis assay. Results of fluorescence‑activated cell sorting of urothelial carcinoma 
cells stained with Annexin V‑FITC and propidium iodide are presented as a scatter diagram. (D) Scratch wound‑healing assay. Relative cell migration showed 
that TMZ did not significantly affect the proliferation and migration capacity of human urothelial carcinoma cells. Black outlines indicate the initial wound 
area. Dotted lines indicate the edge of the wound after 24 h. CTL, control; TMZ, temozolomide; FITC, fluorescein isothiocyanate.
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Fig. 2A). Moreover, some of the TMZ‑treated cells exhibited 
altered morphological features such as a flattened and enlarged 
shape. Furthermore, the levels of p53 and p21 increased in 
TMZ‑treated T24 cells (P<0.01), and TMZ‑treated J82 cells 
(P<0.05; Fig. 2B).

TMZ significantly decreases the invasiveness of UC cells. The 
transwell migration assay revealed a remarkable decrease in 
the invasiveness of TMZ‑treated UC cells compared with that 
of the untreated control cells (Fig. 3A). TMZ decreased the 
invasiveness of T24 and J82 cells to 18.46%±3.92% (P<0.001) 
and 54.69%±3.40% (P<0.05), respectively, compared with that 
of their respective untreated control cells.

TMZ preferentially depletes the SP fraction of UC cells. 
Hoechst 33342 staining revealed a delineated SP fraction, 
identified by flow cytometric analysis (33). Verapamil 
hydrochloride abrogated the SP region. The SP fraction of 
T24 cells, accounting for 0.8% of the negative control cells, 
decreased to 0.1% after TMZ treatment for 24 h (Fig. 3B). 
Similarly, TMZ treatment decreased the SP fraction of 
J82 cells from 1.0 to 0.3%.

TMZ enhances the autophagic response in UC cells, and 
inhibition of autophagy sensitizes UC cells to TMZ. The 
cytotoxicity of CQ on UC cells was measured using different 
concentrations of CQ. The IC50 of CQ was 182.72 µM in T24 cells 
and 441.84 µM in J82 cells. Based on these results, 10 µM CQ 
was used to inhibit autophagy with limited toxicity (Fig. 4A).

To examine the effect of TMZ on autophagy, the levels of 
LC3‑II were measured (Fig. 4B), which were elevated after 
TMZ treatment, indicating enhanced autophagy. Treatment 
with CQ inhibited the autophagic response. Irrespective of 
the TMZ treatment, CQ dramatically elevated the levels of 
both LC3‑II and p62 in T24 and J82 cells. However, TMZ 
treatment alone increased the level of LC3‑II but decreased 
the level of p62. These results indicated that CQ treatment 
inhibited TMZ‑induced autophagy in both UC cell lines. 
Moreover, the cell viability assay results revealed that CQ 
enhanced the cytotoxicity of TMZ in UC cells. These data 
demonstrated that the inhibition of autophagy contributed to 
the synergistic cytotoxic effect of CQ and TMZ on T24 and 
J82 cells (P<0.001).

The mode of the cell death induced by CQ and TMZ 
cotreatment was evaluated using an apoptosis assay (Fig. 4C). 

Figure 2. (A) TMZ‑treated urothelial carcinoma cells were stained positive for senescence‑associated β‑gal activity. Some cells had an altered morphology 
after treatment with TMZ. ***P<0.001. (B) Western blot analysis. TMZ treatment resulted in an increase in the levels of p53 and p21. *P<0.05; **P<0.01. β‑gal, 
β‑galactosidase; CTL, control; TMZ, temozolomide.
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In both cell lines, apoptosis was significantly increased in the 
groups cotreated with TMZ and CQ (P<0.001).

Discussion

To identify a potential candidate to overcome the 
chemoresistance observed in advanced UC, the effect of TMZ 
on the biological and molecular phenotypes of UC cells was 
investigated in the present study. TMZ significantly elicited 
senescence and autophagy in UC cells. In addition, it reduced 
their malignant potential, including invasiveness. Treatment 
with TMZ reduced the SP fraction of UC cells. Notably, the 
results also indicated that CQ (an inhibitor of the autophagic 
response) combined with TMZ synergistically enhanced the 
cytotoxicity against UC cells.

Although the effect was statistically insignificant, TMZ 
caused a slight decrease in the cell viability of both cell 

lines. Cell viability was reduced by 4.70% in the T24 cells 
and 8.42% in the J82 cells following treatment with 20 µM 
TMZ. Meanwhile, apoptosis was minimally induced by the 
same treatment. Considering that ruling out apoptosis is one 
of the ways of proving the induction of senescence, these 
results may indicate senescence (34). Induction of senescence 
without a statistically significant decrease in cell viability was 
also observed in another study (35). This is possible because 
senescence does not invoke immediate cytotoxic effect, and 
senescent cells are viable and metabolically active (14).

Consistent with these findings, SA‑β‑gal staining results 
showed that TMZ treatment was associated with enhanced 
senescence. Moreover, TMZ increased the expression 
levels of p53 and p21, which serve a vital role in the onset 
of senescence (36,37). Several drugs, such as adenosine and 
metformin, can activate p53‑dependent senescence (38,39). 
In cancers, senescence is associated with a more favorable 

Figure 3. (A) Transwell migration assay. In the transwell migration assay, the invasiveness of TMZ‑treated urothelial carcinoma cells was remarkably lower 
than that of untreated CTL cells. TMZ reduced the invasiveness of T24 cells to 18.46%±3.92% compared with the CTL group and that of J82 cells to 
54.69%±3.40% compared with CTL group. *P<0.05; ***P<0.001. (B) SP assay. The SP fraction displayed a high dye efflux activity, which appeared as a clearly 
delineated tail in the lower left portion of the histogram. The SP was validated by verapamil treatment. Representative flow cytometry histograms are shown. 
TMZ treatment markedly reduced the side population fraction. SP, side population; CTL, control; TMZ, temozolomide.



KIM et al:  TEMOZOLOMIDE ENHANCES SENESCENCE AND AUTOPHAGY6

outcome of cancer therapy (34). It is also considered a novel 
functional target to induce a growth inhibitory response (34). 
Previously, it has been reported that cancer cells can be 
induced into to a senescent state by anticancer treatment; this 
finding is of particular clinical relevance (40). Furthermore, 
therapeutic approaches that induce either p21 activation or 
p53 reactivation have been confirmed to be effective by the 
induction of a senescence response (14,36).

In the present study, TMZ reduced the invasiveness and SP 
fraction of UC cells. A decreased SP fraction may contribute 
to the reduced invasiveness of UC cells to a certain extent, 
because SP fraction is enriched in those cancer cells that 

have more malignant features (41). The SP fraction enriched 
in cancer stem cells may confer therapeutic resistance (33). 
Therefore, eliminating the SP fraction may represent an effec‑
tive therapeutic strategy in UC treatment. A reduction in the 
SP fraction by TMZ treatment implies clinical significance in 
overcoming resistance to anticancer drugs (41).

In the present study, the protein expression analysis 
revealed that TMZ elevated LC3‑II expression, an indication 
of autophagy (42). These data suggested that enhanced 
autophagy may help UC cells to adapt to TMZ treatment. 
Additionally, the co‑treatment of UC cells with TMZ and 
CQ significantly enhanced the treatment cytotoxicity. 

Figure 4. (A) Measurement of the inhibitory concentration of CQ. Inhibitory concentration of CQ was 182.72 µM for the T24 cells and 441.84 µM for the 
J82 cells. (B) Cell viability assay and western blot analysis. TMZ and CQ have a synergistic cytotoxic effect. Autophagic flux was induced by TMZ, which was 
evidenced by p62 degradation and increased LC3‑II levels. CQ dramatically increased the levels of both LC3‑II and p62. ***P<0.001. (C) Apoptosis assay. The 
combination of TMZ and CQ markedly induced apoptosis. ***P<0.001. CTL, control; TMZ, temozolomide; CQ, chloroquine.
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Moreover, TMZ and CQ synergistically induced apoptosis, 
whereas either TMZ or CQ did not induce a significant level 
of apoptosis. These data suggest that autophagy helped UC 
cells treated with TMZ to avoid apoptosis. Therefore, the 
TMZ‑treated UC cells underwent apoptosis when autophagy 
was blocked by CQ. Similarly, other studies have shown that 
the inhibition of autophagy induces the cytotoxic effect of 
anticancer agents (20,43,44). CQ suppresses the development 
of chemoresistance and eliminates resistant cancer cells by 
blocking autophagy (23,45,46).

It was also observed that CQ inhibited autophagy in 
UC cells, and that TMZ‑induced autophagy was reduced 
by CQ treatment. Decreased cellular levels of p62 indicate 
increased autophagic p62 degradation, whereas increased 
cellular levels of p62 reflect the inhibition of autophagic p62 
degradation (47). TMZ can enhance the autophagic flux, as 
shown by p62 degradation and elevated LC3‑II levels (48). 
In the current study, CQ treatment resulted in a marked 
increase in the levels of both LC3‑II and p62, indicating that 
CQ inhibited TMZ‑induced autophagy. These results suggest 
that combination therapy with CQ may represent an effective 
approach to enhance the cytotoxicity of TMZ. Further studies 
are required to evaluate the effect of the TMZ and CQ 
combination on normal cells.

In conclusion, TMZ is a promising anticancer agent that can 
be used to overcome therapeutic resistance. By preferentially 
reducing SP fraction and inducing senescence, TMZ reduced 
the malignant features of UC cells. Furthermore, the use of CQ 
in combination with TMZ is a potential method to enhance 
the efficacy of TMZ by targeting autophagy. Although further 
research is warranted to explore the incorporation of TMZ 
into the therapeutic regimen of patients with UC, the findings 
of the present study findings indicate the importance of TMZ 
in treating UC.
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