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Abstract. Despite enormous scientific advancements in 
cancer treatment, there is a need for research to combat cancer, 
particularly bladder cancer. Drugs once proved to be effective 
in treating bladder cancer have shown reduced efficacy; hence, 
the cancer recurrence rate is increasing. To overcome this situ-
ation, several strategies have been considered, including the 
development of novel active drugs or modification of existing 
therapeutic regimens by combining two or more existing 
drugs. In recent years, atypical protein kinase Cs (PKCs), 
phospholipid‑dependent serine/threonine kinases, have been 
considered as a central regulator of various cancer‑associated 
signaling pathways, and they control cell cycle progression, 
tumorigenesis and metastasis. Additionally, the biologically 
crucial mTOR signaling pathway is altered in numerous types 
of cancer, including bladder cancer. Furthermore, despite inde-
pendent activation, atypical PKC signaling can be triggered by 
mTOR. The present study examined whether the concurrent 
inhibition of atypical PKCs and mTOR using a combination of 
novel atypical PKC inhibitors (ICA‑I, an inhibitor of PKC‑ι; or 
ζ‑Stat, an inhibitor of PKC‑ζ) and rapamycin blocks bladder 
cancer progression. In the present study, healthy bladder 
MC‑SV‑HUCT2 and bladder cancer TCCSUP cells were tested 
and subjected to a WST1 assay, western blot analysis, immu-
noprecipitation, a scratch wound healing assay, flow cytometry 
and immunofluorescence analyses. The results revealed that 
the combination therapy induced a reduction in human bladder 
cancer cell viability compared with control and individual 
atypical PKC inhibitor and rapamycin treatment. Additionally, 
the concurrent inhibition of atypical PKCs and mTOR retards 
the migration of bladder cancer cells. These findings indicated 

that the administration of atypical PKC inhibitors together 
with rapamycin could be a useful therapeutic option in treating 
bladder cancer.

Introduction

Bladder cancer is the fourth most common type of cancer, 
with ~25,000  estimated cases of mortality in the United 
States in 2019 (1). Carcinoma in the urinary bladder occurs 
in multiple forms, such as low‑grade superficial or high‑grade 
muscle‑invasive tumor (2). Urothelial cell carcinoma is the 
most common form of bladder cancer that accounts >90% of 
all cases (2). The superficial tumor can be removed surgically 
even though the recurrence rate is higher, and the disease 
can progress to high‑grade stage eventually. Metastatic 
muscle‑invasive bladder cancer, on the other hand, is extreme 
and accounts for fatality in 50% of the patients (3). The most 
reliable prognostic evaluation for recurrence includes tumor 
stage and grade (4). Transurethral resection combined with 
immunotherapy for superficial tumor, and cystectomy and 
chemo/radiation therapy for invasive carcinoma are the most 
common treatment strategies (5,6). Nevertheless, identifica-
tion of novel targets or molecules may provide insights into 
prognosis and therapeutic options for bladder cancer, since 
the available prognosis and treatment strategies fail to meet 
expectations.

Protein kinase C (PKC) is a family of serine/threonine 
enzymes consisting of three subclasses of enzymes, including 
conventional, novel and atypical. All PKCs function by phos-
phorylating and activating different downstream proteins and 
are involved in various transmembrane cross‑talks and signal 
transduction pathways (7). Activation of conventional PKCs 
(α, β1, β2 and γ) depends on diacylglycerol and Ca2+, whereas 
novel PKCs (θ, δ, η and ε) are activated by diacylglycerol. 
However, atypical PKCs (ι and ζ) require neither diacylglycerol, 
nor calcium, instead they require protein‑protein interac-
tion (8). PKCs are involved in various cell signaling events that 
stimulate cell growth, proliferation, apoptosis, metastasis and 
regulation of gene expression (9).

mTOR is considered to be an essential downstream 
molecule of the PI3K/AKT1 signaling pathway, which trig-
gers various signaling cascades that mediate cellular growth, 
survival, metastasis, metabolism and angiogenesis, and is 
often hyperactivated in different types of cancer  (10‑12). 
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mTOR is a serine/threonine kinase which can exist in two 
different complexes, namely mTOR complex 1 (mTORC1) 
and mTOR complex 2 (mTORC2) (13). Raptor and Rictor are 
two critical components of mTORC1 and mTORC2, respec-
tively. Furthermore, previous studies have demonstrated that 
mTORC2 phosphorylates turn motif (TF) and hydrophobic 
motif (HM) of conventional PKCs and AKT1, which 
ultimately leads to the maturation and stabilization of these 
kinases (14‑16).

Protein kinases, specifically atypical PKCs, have been 
implicated in numerous types of cancer, such as breast 
cancer, colon cancer, melanoma, ovarian cancer and glioblas-
toma (8,9,17‑20). Additionally, unlike other PKCs, atypical PKC 
has a glutamic acid at the HM region, which makes the TM of 
the atypical PKC sensitive to mTOR‑mediated phosphoryla-
tion and stabilization of PKC‑ι and PKC‑ζ (14). Therefore, in 
the present study, bladder cancer TCCSUP cells were treated 
with a combination of atypical PKC inhibitors (either ICA‑I 
or ζ‑Stat) and rapamycin (mTOR inhibitor; Fig. 1) to examine 
the effect of mTOR and atypical PKC, as well as the mTOR 
complex, on atypical PKCs associated with bladder cancer cell 
survival. The healthy bladder epithelial MC‑SV‑HUCT2 cell 
line, was used in the present study as a healthy bladder cell 
line. The data revealed that the combination of atypical PKC 
inhibitor and rapamycin reduced metastatic bladder cancer 
cell progression by inducing cell cycle arrest and eventual 
senescence.

Materials and methods

Antibodies and reagents. ICA‑I [5‑amino‑1‑(2, 3‑dihydroxy‑4‑
hydroxymethyl) cyclopentyl)‑1H‑imidazole‑4‑carboxamide)] 
and ζ‑Stat (8‑hydroxynaphthalene‑1, 3, 6‑trisulfonic acid) were 
obtained from the National Cancer Institute, and rapamycin 
(cat.  no.  BP29631) was procured from Thermo Fisher 
Scientific, Inc. Anti‑phospho PKC‑ι (T555; cat. no. ab5813) 
and anti‑phospho PKC‑ζ (T560; cat.  no.  ab59412) were 
purchased from Abcam, Inc.. Anti‑PKC‑ι (cat. no. 610176) 
and anti‑E‑cadherin (cat.  no.  610181) antibodies were 
purchased from BD Biosciences. The antibodies, anti‑PKC‑ζ 
(cat. no. 9372), anti‑phospho Rictor (T1135; cat. no. 3806), 
anti‑Rictor (cat. no. 9476), anti‑β‑galactosidase (cat. no. 2372), 
anti‑β‑catenin (cat. no. 25362), anti‑P70S6K (cat. no. 2708), 
anti‑phospho P70S6K (T421/S424; cat. no. 9204), anti‑AKT1 
(cat.  no.  4691), anti‑phospho AKT1 (S473; cat.  no.  4058), 
anti‑phospho AKT1 (T308; cat. no. 4056), anti‑phospho Src 
homology 2 domain cotaining transforming protein (SHC) 
(S239/240) (cat. no. 2434) and anti‑SHC (cat. no. 2432), and the 
Senescence β‑Galactosidase Staining kit (cat. no. 9860) were 
procured from Cell Signaling Technology, Inc. The antibodies 
purchased from Santa Cruz Biotechnology, Inc. were: Anti‑
cyclin D1 (cat. no. sc70899), anti‑CDK4 (cat. no. sc53636), 
anti‑p27 (cat. no. sc527), anti‑phospho p53 (S315; sc101763), 
anti‑p53 (cat. no. sc126), anti‑Lamin B1 (cat. no. sc374015), 
anti‑p21 (cat. no. sc817), anti‑phospho mouse double minute 2 
homolog (MDM2; S166; cat. no. sc53368) and anti‑MDM2 
(cat. no. sc965). Anti‑β‑actin (cat. no. A3854) was obtained 
from Sigma‑Aldrich; Merck KGaA. The Annexin‑V APC 
apoptosis assay kit (cat.  no.  601411) was procured from 
Cayman Chemical Company. Super Signal West Pico 

Chemiluminescent substrate (cat. no. 34580) was purchased 
from Pierce; Thermo Fisher Scientific, Inc. Horseradish 
peroxidase‑conjugated goat anti‑mouse immunoglobulin G 
(IgG) (H+L) (cat. no. 1706516) and goat anti‑rabbit IgG (H+L) 
(cat. no. 1706515) secondary antibodies were purchased from 
Bio‑Rad Laboratories, Inc., and water‑soluble tetrazolium salts 
(WST‑1; cat. no. 11644807001) reagent was purchased from 
Sigma‑Aldrich; Merck KGaA. Eagle's minimum essential 
medium (EMEM, cat. no  ATCC® 30‑2003) was procured 
from American Type Culture Collection. F12K was obtained 
from Corning Inc. (cat. no. 10025CV), and Trypsin‑EDTA 
solution (cat. no. 25200056) was obtained from Thermo Fisher 
Scientific, Inc.

Cell lines and subculture. The metastatic bladder cancer 
TCCSUP (ATCC®  HTB‑5) and healthy bladder epithelial 
MC‑SV‑HUCT2 (ATCC® CRL‑9519) cell lines were obtained 
from American Type Culture Collection. The TCCSUP and 
MC‑SV‑HUCT2 cells were sub‑cultured and maintained in 
T75 flasks containing EMEM and F12K media, respectively. 
Both flasks were supplemented with 10% FBS (R&D Systems, 
Inc.) and 1% antibiotics (penicillin, 10 U/ml; streptomycin, 
10 mg/ml). Cells were incubated at 37˚C with 5% CO2. Cells 
were used for the experiments a few days after subculture 
when cells were 70‑80% confluent.

Viability of metastatic TCCSUP cells and normal bladder 
MC‑SV‑HUCT2 cells following treatment with ICA‑I, ζ‑Stat 
and rapamycin. Metastatic TCCSUP cells (3.0x103/well) and 
healthy MC‑SV‑HUCT2 cells (3.0x103/well) were subcultured 
in a 96‑well plate. Following incubation for 24 h at 37˚C with 
5% CO2, the cells were treated with either ICA‑I (7.5 µM), 
ζ‑Stat (7.5 µM) or rapamycin (100 nM) separately, or combina-
tion of ICA‑I and rapamycin or ζ‑Stat for 72 h at 37˚C with 5% 
CO2. Subsequently, cells were washed with 200 µl 1X DPBS 
buffer and incubated with suitable media (either EMEM or 
F12K) and WST‑1 reagent (final dilution, 1:10) at 37˚C with 
5% CO2 for 3 h according to the manufacturer's protocol. 
Finally, the cells were analyzed after 3 h at 450 nm using a 
microplate reader (BioTek Instruments, Inc.) (21).

Flow cytometric analysis of apoptosis of combination‑
treated bladder cancer cells. Annexin‑V/APC and 
DAPI‑based flow cytometry was used to distinguish the 
apoptotic population from a healthy population. Cells were 
plated in 100‑mm cell culture plates, treated for 5 consecu-
tive days as aforementioned for the cell viability test, lifted, 
harvested and analyzed according to the manufacturer's 
protocol. Briefly, the treated and untreated cells were then 
resuspended in 100 µl Annexin‑V/APC and DAPI solution. 
Subsequently, the cells were incubated in the dark for 10 min 
at room temperature. The samples were run at 633 nm excita-
tion and 700 nm emission wavelengths for APC, and 350 nm 
excitation and 450  nm emission wavelengths for DAPI 
using the BD FacsCanto II instrument (Becton, Dickinson 
and Company), and analyzed using FacsDiva 6.3.1 software 
(BD Biosciences).

Cell lysate preparation and immunoblot analysis. Cells 
(1.5x105) were cultured in 100‑mm cell culture flasks. After 
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incubation for 24 h at 37˚C with 5% CO2 (to obtain ≥50% 
confluency), new medium was supplied, and each experi-
mental flask was treated with 7.5 µM ICA‑I or ζ‑Stat, 100 nM 
rapamycin or a combination of ICA‑I/ζ‑Stat and rapamycin 
for 72 h at 37˚C with 5% CO2. An equal volume of DMSO 
(vehicle control), as the volume of the drug, was added to the 
control. After continuing the treatment for 3 consecutive days, 
cells were placed on ice, washed with 1X DPBS, scraped into 
a 1.5‑ml centrifuge tube and resuspended in 500 µl cell 1x 
Cell Lysis buffer (cat. no. 9803; Cell Signaling Technology, 
Inc.). The re‑suspended cells were subsequently sonicated 
and centrifuged at 16,128 x g at 4˚C for 30 min, followed by 
the determination of protein concentration using a Bradford 
assay (22). An equal amount (30 µg/lane) of protein was loaded 
and separated by 10% SDS‑PAGE, followed by electroblotting 
onto a nitrocellulose membrane (0.45‑µm). The proteins were 
then blocked for 1 h in 5% fat‑free milk in TBS with 0.05% 
Tween‑20 (TBST) at room temperature. Subsequently, the 
membranes were incubated with primary antibody solution 
in 5% BSA (cat. no. BP1600‑100; Thermo Fisher Scientific, 
Inc.) in TBST (dilution, 1:1,000) overnight at 4˚C, followed by 
incubation with secondary antibody of either goat anti‑mouse 
IgG HRP conjugate or goat anti‑rabbit IgG HRP conjugate in 
5% fat‑free milk in TBST (dilution, 1:3,000) for 1.5 h at room 
temperature. The immune reactive bands were finally visual-
ized using Supersignal West Pico Chemiluminescent substrate 
under Amersham Imager 600 (GE Healthcare Life Sciences), 
as previously described (23).

β‑galactosidase staining of bladder cancer cells for 
senescence. TCCSUP metastatic bladder cells (1x103 cells/well) 
were plated in 6‑well plates, followed by treatment with 
the combination of atypical PKC inhibitors and rapamycin 
for 7 consecutive days. Cells were then fixed and stained 
according to the manufacturer's protocol using the senescence 
β‑Gal staining kit. Briefly, TCCSUP cells were fixed with 1x 
β‑Gal fixative for 20 min at room temperature and stained 
with complete 1x β‑Gal stain solution in a dry incubator over-
night at 37˚C. Images were captured using Jenoptik Gryphax® 
software (Jenoptik AG) with differential interference contrast 
brightfield microscopy (Motic AE31E; magnification, x20).

Scratch wound healing assay. TCCSUP malignant cells were 
plated into 6‑well plates. At ~90% confluency, old media were 
discarded, a line was scratched across the cell monolayer using 
a 100‑µl sterile pipette tip and the cells were washed with 
1X DPBS to remove floating cells and debris. Subsequently, 
fresh complete media (supplemented with 10% FBS) was 
supplied and the cells were treated using ICA‑I (7.5 µm), ζ‑Stat 
(7.5  µm), rapamycin (100  nM), combination of ICA‑I and 
rapamycin, or combination of ζ‑Stat and rapamycin for 72 h and 
incubated at 37˚C with 5% CO2. Finally, the cells that moved 
into the interspace of the wound were observed after 72 h using 
a phase contrast microscope (Motic Incorporation, Ltd.).

Immunoprecipitation (IP). Protein (3  µg) was immuno-
precipitated from 300  µg protein containing cell lysate 
suspension using primary antibody of interest and separated 
by SDS‑PAGE and finally analyzed using the western blotting 
technique to determine the associated proteins with the IP 
protein as described in our previous study (8).

Densitometry. The intensity of each band was quantified using 
1D analysis software, Alpha View (v3.4.0.0; ProteinSimple). 
The background intensity was subtracted from each band to 
quantify the correct intensity.

Statistical analysis. To determine the statistical significance of 
the data, the results were presented as the mean ± SEM of at 
least three independent experiments. The data were compared 
by one‑way ANOVA (Dunnett's multiple comparison tests) or 
two‑way ANOVA (Tukey's multiple comparison test) using 
GraphPad Prism 8 software (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

Atypical PKC inhibitors and rapamycin reduce the survival of 
bladder cancer cells without affecting healthy bladder cells. 
To examine the effects of the combination of atypical PKC 
inhibitors and rapamycin on bladder cancer TCCSUP cells, 
the present study first examined the viability of bladder cancer 
following the combination treatment. The data indicated that 

Figure 1. Structures of inhibitors. (A) ICA‑I (nucleoside analog, PKC‑ι inhibitor), (B) ζ‑Stat (PKC‑ζ inhibitor), (C) Rapamycin (mTOR inhibitor). PKC, protein 
kinase C.
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the combination of ICA‑I with rapamycin and the combination 
of ζ‑Stat with rapamycin decreased the viability of bladder 
cancer TCCSUP cells by >50% (P<0.0001) compared with the 
control (Fig. 2A). Additionally, the reduction in the viability 
of the cells treated with rapamycin or atypical PKC inhibi-
tors alone was less compared with combination‑treated cells 
(Fig. 2A). By contrast, the use of either combination or single 
drug therapy did not produce any significant effect in healthy 
bladder MC‑SV‑HUCT2 cells (Fig. 2B). These discoveries 
suggested that the concomitant administration of mTOR and 
atypical PKC inhibitors can be used to treat bladder cancer 
cells without affecting healthy bladder cells.

Combination of atypical PKC inhibitors and rapamycin 
induces cell cycle arrest by activating tumor suppressors in 
bladder cancer cells. Since reduced viability of TCCSUP 
bladder cancer cells was observed for the combination therapy 
of rapamycin and atypical PKC inhibitor, the present study 
investigated the reason for the reduced bladder cancer cell 
viability. The flow cytometric analysis of apoptosis revealed 
that there was no substantial change in the early and late 
apoptotic population of TCCSUP cells treated with the combi-
nation even after 5 days (Fig. 3). Subsequently, the present 
study investigated the status of cell cycle progression. During 
cell cycle progression, cyclin E can work in conjunction with 
CDK2 to transit the cells from G1 to S phase (24). The CDK 
interacting protein/kinase inhibitory protein family members, 
such as p21 and p27, and inhibitor of kinase 4/alternative 
reading frame family members, such as p16, serve a critical 
role in inhibiting cell cycle progression by binding and inac-
tivating cyclin‑CDK complexes (Fig. 4A) (25). The findings 
indicated that there was no significant change in the expres-
sion of cyclin D1 and CDK4 (Fig. 4B and C). However, the 
data demonstrated that the simultaneous inhibition of mTOR 
and atypical PKC by the combination of ICA‑I and rapamycin 
significantly increased the expression levels of p53 (P<0.0001), 

p21(P<0.01), p27 (P<0.05; Fig. 4D and E) in treated cancerous 
urinary tract cells compared with control cells.

Furthermore, in bladder cancer, p53 is known as the 
guardian of the cell cycle and is the most important tumor 
suppressor that serves a crucial role in regulating the cell 
cycle via p21 (26). However, the phosphorylation of p53, in 
turn, depends on the status of tumor promoting MDM2 (26). 
The results demonstrated that there was a notable change 
in the expression of total MDM2 (P<0.05) in TCCSUP 
cells following treatment with atypical PKC inhibitor and 
rapamycin combination (Fig.  4D  and  E). These findings 
suggested that the combination of rapamycin with ICA‑I or 
ζ‑Stat reduced malignant bladder cell growth by retarding cell 
cycle progression.

TCCSUP cells undergo senescence following prolonged 
treatment with atypical PKC inhibitor and rapamycin. 
Cellular aging or senescence, gradual degradation of func-
tional characteristics, can be identified by the upregulation 
of senescence associated β‑Galactosidase (SA β‑Gal) 
activity and downregulation of a nuclear membrane protein, 
Lamin B1 (27,28). To investigate whether SA β‑Gal activity 
and Lamin B1 could be used to quantify senescence in bladder 
cancer cells, metastatic cancer cells were treated with atyp-
ical PKC inhibitors, rapamycin or the combination for 7 days. 
The immunofluorescence analysis demonstrated that with 
the combination treatment of rapamycin with either ICA‑I or 
ζ‑Stat there was an increased SA β‑Gal activity (Fig. 5A), 
as well as, significant overexpression of β‑Galactosidase 
by >20% (P<0.05) in TCCSUP cells (Fig.  5B  and  C). 
Additionally, the combination of rapamycin and atypical 
PKC inhibitor (either ICA‑I or ζ‑Stat) reduced the expres-
sion levels of Lamin B1 by >30% (P<0.01; Fig. 5B and C). 
These results demonstrated that the prolonged simultaneous 
inhibition of atypical PKC and mTOR induced senescence in 
TCCSUP cells.

Figure 2. Effect of atypical PKC inhibitors and rapamycin on normal and malignant bladder cells. (A) TCCSUP and (B) MC‑SV‑HUCT2 cells (3x103 cells/well) 
were plated in 96‑well plates and treated with 7.5 µM ICA‑I or ζ‑Stat, or 100 nM rapamycin, or combination of atypical PKC inhibitor and rapamycin for 72 h. 
Following incubation with a WST‑1 reagent for 3 h, absorbance was determined at 450 nm using a microplate reader. All the experiments were performed for 
at least three times. Data are presented as the mean ± SEM. **P<0.02, ***P<0.01 and ****P<0.0001 vs. untreated control cells. PKC, protein kinase C.
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Concurrent inhibition of atypical PKCs and mTOR reduces the 
migration of bladder cancer cells. To detect the anti‑metastatic 
potential of the combination, a preliminary scratch wound 
healing assay was performed. The data depicted that the 
combination of ICA‑I and rapamycin treatment significantly 

prolonged the wound closure time comapred with the control 
in TCCSUP bladder cancer cells (Fig. 6A and B). During 
metastasis, the alterations of two critical proteins, namely 
E‑cadherin and β‑catenin, in cells contribute to the acquisition 
of the motile phenotype. E‑cadherin, a cell adhesion protein, 

Figure 3. Effect of atypical PKC inhibitors and rapamycin on malignant bladder cell apoptosis. TCCSUP cells (1x106) were plated in 100‑mm plates and 
treated with 7.5 µM ICA‑I or ζ‑Stat, or 100 nM rapamycin or combination of atypical PKC inhibitor and rapamycin for 72 h. Following treatment, the cells 
were harvested and labeled with an APC‑bound Annexin V and DAPI to detect different stages of apoptosis using flow cytometry. (A) Targeted cells used for 
gating during flow cytometric analysis to detect necrotic and apoptotic populations. (B) Percentage of different phases of apoptotic and necrotic population 
using flow cytometer. The experiment was repeated for N=3 independent times. PKC, protein kinase C; SSC, side scattered light; FSC, forward scattered light.
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works in a reverse relationship with β‑catenin, a key molecule 
of the WNT/β‑catenin signaling pathway, to form an adherent 
junction which ultimately gives the rigid structure of healthy 
cells  (29,30). The results revealed that the atypical PKC 
inhibitor and rapamycin combination significantly increased 
the expression of E‑cadherin (P<0.0001; Fig.  6C  and  D). 
Additionally, the combination of atypical PKC inhibitor and 
rapamycin decreased the β‑catenin levels in treated meta-
static bladder cancer cells; however, this was not statistically 
significant (Fig. 6C and D). Furthermore, SHC is a substrate 
for receptor tyrosine kinase that has previously been identified 

to be involved in the dynamic regulation of cell adhesion and 
motility of cancer cells  (31,32). To determine whether the 
atypical PKC and mTOR serve any role in regulating the func-
tionality of SHC protein in metastatic bladder cancer cells, 
the level of SHC was examined. The data demonstrated that 
the combination can also impeded the migration of bladder 
cancer cells by reducing both phosphorylated and the total 
level of SHC by >30% (P<0.0001) in treated cancerous cells 
compared with control cells; however, the change in the ratio 
of phosphorylated to total SHC levels was not significant 
(Fig. 6E and F). These results suggested that the atypical PKC 

Figure 4. Combination of atypical PKC inhibitors and rapamycin decreases bladder cancer cell progression. (A) Proteins involved in cell cycle progression. 
Cells were grown in 100‑mm cell culture plates, followed by treatment with either ICA‑I (7.5 µM), ζ‑Stat (7.5 µM), rapamycin (100 nM) or a combination. The 
treated lysates were then subjected to western blot analysis to observe the expression of cell cycle regulatory proteins. (B) Western blotting bands of cyclin D1 
and CDK4 expression. (C) Expression levels of cyclin D1 and CDK4 presented as corresponding band intensity. (D) Western blotting bands of phospho and 
total p53 and MDM2, as well as p21 and p27 expression in TCCSUP cells following 3 days of treatment of ICA‑I, ζ‑Stat and rapamycin alone or in combination. 
(E) Densitometric analysis of the phospho and total p53, and MDM2, p21 and p27. on β‑actin was used as a loading control (different β‑actin loading controls 
represent the protein bands from different blots). All experiments were performed for at least three times. Data are presented as the mean ± SEM. *P<0.05, 
**P<0.02, ***P<0.01 and ****P<0.0001 vs. untreated control cells. MDM2, mouse double min 2 homolog; p, phosphorylated; PKC, protein kinase C.
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and mTOR mediated expression of E‑cadherin, β‑catenin and 
SHC control the migration of TCCSUP cells.

Combination treatment of ICA‑I and rapamycin or ζ‑Stat 
and rapamycin inhibits mTOR and atypical PKC signaling 
pathways in bladder cancer cells. To examine whether the 
concurrent administration of rapamycin and ICA‑I or ζ‑Stat 
could block the mTOR and atypical PKC signaling pathways 
in bladder cancer cells, the present study tested the changes 
in the functionality and expression of major components 
of mTOR and atypical PKC signaling pathways in treated 
TCCSUP cells. Our observed data indicated that the simul-
taneous inhibition of mTOR and atypical PKC reduced the 
level of both phosphorylated PKC‑ι at T555 (by >50%; P<0.01) 
and phosphorylated PKC‑ζ at T560 (by >30%; P<0.02; 
Fig. 7A and B). The ratio of phosphorylated to total PKC‑ι was 
decreased, whereas, the ratio of phosphorylated to total PKC‑ζ 

was increased (Fig. 7A and B). Additionally, the phosphoryla-
tion of the critical component of mTORC2, Rictor at T1135 
was also decreased by >50% (P<0.0001) in treated TCCSUP 
cells. Furthermore, the total expression levels of PKC‑ι, PKC‑ζ 
and Rictor (P<0.0001) were decreased following combination 
treatment compared with the control (Fig. 7A and B). The 
ratio of phosphorylated and total PKC‑ι and Rictor decreased 
(Fig. 7A and B); however, this was not statistically significant. 
Consistent with the aforementioned findings, the present 
study examined whether atypical PKC and mTOR signaling 
pathways occur downstream and upstream of each other by 
immunoprecipitating Rictor and checking for PKC‑ι and 
PKC‑ζ. It was observed that Rictor was associated with atypical 
PKC and the combination therapy of rapamycin and atypical 
PKC inhibitors minimized the association of Rictor with both 
PKC‑ι by >30% (P<0.05) and PKC‑ζ by >50% (P<0.0001) in 
atypical PKC inhibitors and rapamycin combination‑treated 

Figure 5. Prolonged exposure of atypical PKC inhibitors and rapamycin combination induces senescence in bladder cancer cells. Bladder cancer cells were 
treated with ICA‑I, ζ‑Stat, and rapamycin alone or in combination for 7 consecutive days. (A) Cells were stained with β‑Galactosidase (blue) for the evaluation 
of senescence. Magnification, x10. (B) Expression levels of senescence markers, such as Lamin B1 and β‑Galactosidase, were also observed. (C) Bar charts 
representing the corresponding band intensities. β‑actin was used as a loading control. All the experiments were performed for at least three times. Data are 
presented as the mean ± SEM. All the data were compared with untreated control cells where *P<0.05, **P<0.02 and ***P<0.01 vs. untreated control cells. PKC, 
protein kinase C.
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cells compared with the control (Fig. 7C and D). Finally, the 
expression of both total and phosphorylated P70S6K, a down-
stream molecule of mTOR responsible for triggering cell cycle 
progression (33), also declined as a function of combination 
treatment compared with control. Contrarily, the reduction 
in the ratio of phospho P70S6K and P70S6K was found to 
be statistically insignificant (Fig. 7E and F). These findings 

suggest that the concomitant inhibition of atypical PKC and 
mTOR can be used effectively to target both atypical PKC and 
mTOR signaling to treat bladder cancer cells when atypical 
PKC and mTOR are overexpressed.

Combination of atypical PKC inhibitors and rapamycin 
reduces the expression of AKT1 in metastatic TCCSUP 

Figure 6. Combination of atypical PKC inhibitors and rapamycin blocks migration of bladder cancer cells. (A) Microscopic images of metastatic TCCSUP cells 
which were grown to ~90% confluency and subjected to a wound healing assay by making a scratch using a sterile 100‑µl pipette tip, followed by concurrent 
inhibition of atypical PKC and mTOR. Original magnification, x10. (B) Bar charts presenting the rate of wound closure after treating the cells for 3 consecutive 
days. In addition, TCCSUP cells were grown in 100‑mm cell culture plates followed by treatment with either ICA‑I (7.5 µM) or ζ‑Stat (7.5 µM) or rapamycin 
(100 nM) or combination for 3 days. (C) Western blot analysis for the effect of ICA‑I, ζ‑Stat and rapamycin alone or in combination on E‑cadherin and 
β‑catenin expression. (D) Densitometric analysis of E‑cadherin and β‑catenin levels. In addition, the levels of phospho and total SHC in TCCSUP cells were 
assessed. (E) Bands and (F) their intensities (in percent). β‑actin was used as a loading control. All experiments were performed at least three times. All data 
are presented as the mean ± SEM. *P<0.05, **P<0.02, ***P<0.01 and ****P<0.0001 vs. untreated control cells. p, phosphorylated; PKC, protein kinase C; SHC, 
Src homology 2 domain cotaining transforming protein.
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cells. AKT1 serves an interesting role in mediating mTOR 
complexes driven pathways; it acts as an upstream regulator 
of mTORC1 and downstream molecule of mTORC2 (34). 
The present study examined the expression levels of AKT1 
to observe whether the inhibition of atypical PKCs and 
mTOR affects its functionality. The results demonstrated 
that compared with the control, the combination therapy 

significantly reduced the phosphorylation of AKT1 at S473 
position by >45% (P<0.0001; Fig. 8) which is a phosphory-
lation site for mTORC2. However, there was no significant 
change in the ratio of phosphorylated to total AKT1 (Fig. 8). 
These findings suggested that the combination of atypical 
PKC inhibitor and rapamycin affects the activation of AKT1 
in bladder cancer cells.

Figure 7. Combination of atypical PKC inhibitors and rapamycin reduces the functionality of mTOR complexes and atypical PKC in bladder cancer cells. 
(A) Western blot analysis for the effect of ICA‑I, ζ‑Stat and rapamycin alone or in combination on phospho and total PKC‑ι, PKC‑ζ and Rictor in TCCSUP 
cells following 3 days of treatment. β‑actin was used as a loading control (different β‑actin loading controls represent the protein bands from different blots). 
(B) Densitometric analysis of phospho and total PKC‑ι, PKC‑ζ and Rictor bands. (C) Rictor, key component of mTORC2, was used in IP (3 µg) separately from 
whole cell extracts (300 µg) of both treated (72 h) and untreated metastatic TCCSUP cells using Rictor antibody, and evaluated for atypical PKC molecules. 
The IP samples were separated by SDS‑PAGE and subjected to western blot analysis. Data are presented as the mean ± SEM of three independent experiment. 
*P<0.05, **P<0.02, ***P<0.01 and ****P<0.0001 vs. untreated control cells.
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Discussion

Recent advances in life sciences have shifted the therapeutic 
approach of bladder cancer and are currently focusing on 
segregating bladder cancer based on the genetic profile. The 
activation of the PI3K/mTOR signaling pathway is crucial in 
bladder cancer and is associated with resistance to chemothera-
peutic agents (35). The genetic profile of a patient with bladder 
cancer seems to be promising in designing targeted therapy, 
since the genomic analysis of patients with bladder cancer who 
responded well to everolimus (rapamycin‑containing drug) 
indicated that they have high expression levels of tuberous 
sclerosis 1, TSC1 (36). One of the main challenges in using 
mTOR inhibitor is that it can cause reactivation of oncogenic 
AKT1 signaling resulting from the attenuation of the nega-
tive regulatory loop from mTOR which can ultimately lead 
to disease recurrence (36). Therefore, the present study aimed 
to establish a novel therapeutic regimen that can cause dual 
inhibition of cancer‑causing pathways, namely atypical PKCs 
and mTOR signaling in bladder cancer.

In our previous studies, it was observed that atypical PKCs 
are overexpressed in prostate cancer, colon cancer, melanoma, 
breast cancer, glioma and neuroblastoma cells (8,19,23,37,38). 
Similarly, hyperactivation of mTOR is associated with different 

types of cancer, such as bladder and breast cancer (11,39). 
Notably, combination regimen, such as rapamycin and resvera-
trol, have been identified to be effective in treating breast and 
bladder cancer by inducing autophagy and preventing reactiva-
tion of AKT1 in vitro and in a mouse xenograft model (40,41). 
Keeping the hypothesis in mind that both atypical PKC and 
mTOR serve crucial carcinogenic roles in bladder cancer 
cells, the present study aimed to inhibit both atypical PKC and 
mTOR in bladder cancer cells. Another reason for trying this 
combination is that in a recent study, a combination of atypical 
PKC inhibitor and a widely used clinical agent, known as 
5‑flouorouracil, was trialed in CRC cells, and it was observed 
that the combination can reduce the growth and proliferation 
of CRC cells by blocking the DNA repair mechanism of the 
cancer cells (42). First, the present study investigated the effi-
cacy of the inhibitors in bladder cancer cells compared with 
healthy bladder cells. The cell viability investigation revealed 
that the simultaneous inhibition of atypical PKC and mTOR 
using the combination of either ICA‑I or Stat and rapamycin for 
3 days reduced the viability of TCCSUP bladder cancer cells 
markedly (>50%; P<0.0001) compared with control untreated 
bladder cancer cells. However, the combination therapy did not 
induce any significant changes in the MC‑SV‑HUCT2 healthy 
bladder cell viability. It is interesting to note that the flow 

Figure 7. Continued. Combination of atypical PKC inhibitors and rapamycin reduces the functionality of mTOR complexes and atypical PKC in bladder 
cancer cells. (D) Effect of atypical PKC inhibitors on total and phospho PKC‑ι and PKC‑ζ were quantified using densitometry. (E) Effect of the combination 
on a mTORC1 downstream protein, P70S6K and its phosphorylated form. (F) Densitometric analysis of phospho and total P70S6K. Data are presented as 
the mean ± SEM of three independent experiment. *P<0.05, **P<0.02, ***P<0.01 and ****P<0.0001 vs. untreated control cells. IP, immunoprecipitation; p, 
phosphorylated; PKC, protein kinase C.
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cytometry based apoptosis assay did not detect any significant 
apoptotic population even after treating the cells for 5 days. 
The subsequent western blot analysis of cell cycle proteins 
following treatment of TCCSUP cells with atypical PKC and 

mTOR inhibitors revealed that there was an upregulation of 
p27 and p21, which are two important tumor suppressors that 
work by inhibiting cyclin E and CDK2, respectively, of the 
cyclin E‑CDK2 cell cycle regulatory complex (25,43). The 

Figure 9. mTOR and atypical PKC triggers bladder cancer cell progression. mTOR can exist in two distinct complexes, mTORC1 and mTORC2. The main 
structural difference between these two complexes is their key components, namely Rictor (mTORC1) and Raptor (mTORC2). mTORC1 regulates cell cycle 
progression via p70S6K, whereas mTORC2 facilitates the metastatic phenotype of cancer cells via atypical PKC. Additionally, atypical PKC may serve a vital 
role in regulating the cell cycle. Hence, the combination of rapamycin, an mTOR complex inhibitor, and atypical PKC inhibitor may reduce bladder cancer cell 
progression. PKC, protein kinase C.

Figure 8. Combination of atypical PKC inhibitors and rapamycin affects the activation of AKT1 in bladder cancer cells. (A) Expression of phospho (both at 
S473 and T308 positions) and total AKT1 following 3 days of treatment with atypical PKC inhibitor and rapamycin combinations. (B) Bar chart indicating 
the corresponding band intensities. β‑actin was used as a loading control. All experiments were performed at least three times. Data are presented as the 
mean ± SEM. *P<0.05, **P<0.02, ***P<0.01 and ****P<0.0001 vs. untreated control cells. p, phosphorylated; PKC, protein kinase C.
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activation of p21 depends on another critical tumor suppressor 
protein known as p53, which in turn, is negatively regulated by 
MDM2 (43). The further investigation revealed that the combi-
nation of atypical PKC inhibitor and rapamycin increased 
the functionality of tumor suppressing p53 while retarding 
MDM2 expression. However, the combination treatment did 
not induce any significant changes in other upstream cell cycle 
regulatory molecules, such as cyclin D1and CDK4.

Interestingly, treatment was continued for 7 consecutive 
days to examine the fate of cells following cell cycle arrest, 
and it was observed that prolonged treatment made the cells 
undergo irreversible growth arrest or senescence. Two of 
the crucial factors that are indicative of cellular senescence 
are: i) Downregulation of Lamin B1, a nuclear membrane 
component important in maintaining normal cellular func-
tion; and ii) increased SA β‑Gal activity (27). Based on this 
observation, it was speculated that the prolonged inhibition 
of atypical PKC and mTOR induced senescence as evident 
by reduced Lamin B1 expression and increased SA β‑Gal 
activity. Considering the fact that mTOR and atypical PKCs 
may stimulate bladder cancer cell progression, the present 
study also examined the metastatic profile of bladder cancer 
cells as a function of combination treatment. Similar to our 
previous study  (20), combined inhibition of atypical PKC 
and mTOR using ICA‑I and rapamycin prolonged the rate 
of wound closure in TCCSUP cells, as demonstrated by the 
scratch wound healing assay. Although serum has a significant 
impact on the proliferation of cells, the scratch wound healing 
assay was performed using media containing 10% FBS to 
maintain consistency across all experimental protocols, since 
changes in serum concentration could affect the phosphoryla-
tion of proteins that have a critical role in the cell signaling 
pathway (44). One of the first metastatic events that takes 
place inside the cell is the loss of E‑cadherin, a cell adhesion 
molecule. Loss of E‑cadherin causes loose junction between 
cells and induces the cells to acquire a motile phenotype (29). 
Additionally, increased activity of WNT/β‑catenin signaling 
is another hallmark of cancer cell metastasis (30). The present 
study revealed that the combination treatment induced an 
increased expression of E‑cadherin and decreased expression 
of β‑catenin. Furthermore, the expression of SHC, another 
dynamic regulator of adhesion and migration has been impli-
cated in metastasis of cancerous cells (31,32). Interestingly, the 
combination of atypical PKC inhibitors and rapamycin notably 
reduced the expression of SHC in bladder cancer cells.

One of the purposes of the present study was to establish a 
link between atypical PKCs and mTOR complexes in bladder 
cancer cells. It was considered that atypical PKCs may serve a 
role as a downstream molecule of the mTOR signaling pathway, 
since PKCs, in general, are found as a downstream protein of 
mTORC2 that facilitates cancer cell migration and invasion 
by cytoskeleton remodeling  (11). The results demonstrated 
that the combination of atypical PKC inhibitor and rapamycin 
induced a pronounced inhibition in the expression of phos-
phorylated atypical PKC which may occur because of the role 
of mTOR in mediating the phosphorylation of protein kinases 
at their turn and hydrophobic region (14‑16). Rapamycin is 
the most commonly used extremely selective drug to target 
mTOR, which is already in clinical use. It is well established 
that mTOR complexes, specifically mTORC1, are sensitive 

towards rapamycin but mTORC2 is somewhat insensitive to 
rapamycin (45); hence, the goal of the present study was to 
examine the effect of rapamycin and atypical PKC inhibitor 
combination on mTORC2. It was demonstrated that the combi-
nation induced an inactivation and downregulation of the most 
crucial mTORC2 component, Rictor. Additionally, atypical 
PKCs were associated with Rictor and the combination treat-
ment reduced the association in the treated bladder cancer cells. 
Furthermore, there was a marked decrease in the expression 
of phosphorylated P70S6K, a mTORC1 downstream protein 
responsible for the cell cycle progression, following treatment 
with the combination (33). This finding was consistent with 
the cell cycle protein analysis, which could result from the 
direct inhibition of both mTORC1 and atypical PKC, or there 
may be some links between these two proteins. Furthermore, 
AKT1 serves a role in mTOR pathways; it acts as an upstream 
molecule of mTORC1 where AKT1 acts by inhibiting tuberous 
sclerosis 2 (TSC2) required for mTORC1 activation and is a 
downstream protein of mTORC2, whereas mTORC2 phos-
phorylates AKT1 at Serine 473 (34). The results demonstrated 
that the combination of both ICA‑I and rapamycin, and ζ‑Stat 
and rapamycin therapy reduced the phosphorylation of AKT1 
at Serine 473; which may be due to the inactivation of upstream 
mTORC2 or indirect inhibition of mTORC2 due to decreased 
activation of atypical PKCs. However, more investigations need 
to be performed to validate this statement.

The present study has some limitations; only in vitro study 
is not adequate to justify the efficacy of the proposed combina-
tion treatment in bladder cancer; hence, future in vivo studies 
would increase the credibility of the proposed statement. 
Furthermore, in this investigation, even though a significant 
change in the phosphorylated and total levels of intended 
proteins was observed following treatment with the combina-
tion of atypical PKC inhibitors and rapamycin compared with 
the control, the change in the ratio between the phosphorylated 
and total protein levels appeared to be statistically insignificant 
in most cases. One possible reason for not achieving statistical 
significance is that in some cases the combination treatment 
reduced the phosphorylated form of the protein without 
affecting total protein levels, or there was fluctuating change 
between the reduction of phosphorylated and total levels of 
protein, or in some cases the phosphorylated and total proteins 
changed at the same rate. Therefore, further studies need to be 
performed to understand the change in effect between phos-
phorylated and total protein and their ratios. Furthermore, the 
present study used only one aggressive bladder cancer cell line 
that represents grade IV transitional cell carcinoma; thus, the 
proposed combination should be evaluated in another bladder 
cancer cell line.

In conclusion, atypical PKC and mTOR serve a crucial 
role in the carcinogenesis of bladder cancer cells (Fig. 9). 
Additionally, mTOR can enhance the activity of atypical 
PKC. Hence, the combination of atypical PKC inhibitors and 
rapamycin can be used as a novel therapeutic regimen for 
individualized therapy.
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