
Bladder cancer is the ninth most common type of

cancer in the world and the most common urinary tract

malignancy in China. Of these, bladder urothelial carci-

noma accounted for almost 90% [1]. The incidence of

bladder cancer is on a rising trend in recent decades. It is

3-4-fold more common in males than in females. The

morbidity of bladder cancer increases with age and has a

peak between 50-70 years, especially 65 years. Bladder

cancer is responsible for over 130,000 annual deaths

worldwide each year. Moreover, bladder cancer has the

highest lifetime treatment cost in all cancers, which has

brought serious economic burden to patients. Bladder

cancer has become a public health problem across the

world.

The pathological type of bladder cancer generally

includes transitional cell carcinoma (TCC, also known as

urothelial cancer), squamous cell carcinoma, and adeno-

carcinoma. TCC constitutes more than 90% of these

bladder cancers [2, 3]. About 70-85% of TCCs are super-

ficial, including Ta, T1, and carcinoma in situ, which is

also termed non-muscle invasive bladder cancer

(NMIBC) [4, 5]. The remaining 15-30% of TCCs is mus-

cle invasive bladder cancer (T2-T4), which is less favor-

able for patients, and nearly 50% of patients will die with-

in five years of diagnosis [5].

In clinical practice, transurethral resection of bladder

tumor (TURBT) is the standard treatment for non-muscle

invasive bladder cancers. However, the recurrence of

tumors was approximately 50-80%, and 10-25% of recur-

rent tumors would progress to muscle-invasive bladder

cancers [6-8]. Recurrence and tumor progression after
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Abstract—In our study we examined the role of microRNA-294 (miR-294) in bladder cancer and related mechanisms. Real-

time polymerase chain reaction (RT-PCR) was performed to determine the expression level of miR-294. Western blot was

used to determine the expression of NRAS, mainly factors in the PI3K/AKT and JAK/STAT pathways. Cell counting kit-

8 assay, clonogenic assay, wound-healing assay, transwell and flow cytometry were used to explore, respectively, cell prolif-

eration, survival, migration, invasion, and apoptosis of bladder cancer cell line T24. The expressions of miR-294 in bladder

cancer cells including J82, HT1376, T24, and SW780 were significantly increased compared to those in human bladder

epithelium cells (both HCV29 and SV-HUC-1). The proliferation rate, surviving fraction, migration, and invasion of T24

cells in miR-294 mimetic transfected group were significantly increased, while they were significantly decreased by miR-

294 inhibitor transfection. Moreover, miR-294 suppression could increase the apoptotic rate of T24 cells. In addition, drug

resistance of T24 cells to cisplatin was increased in miR-294 mimetic-treated group, while it was decreased by miR-294

inhibitor compared to empty control. Overexpression of miR-294 could upregulate NRAS expression in T24 cells and acti-

vate PI3K/AKT and JAK/STAT pathways. We found that miR-294 expression was positively related with proliferation and

motility of T24 cells. Moreover, miR-294 suppression could promote the sensitivity of T24 cells to cisplatin. We also found

miR-294 could upregulate NRAS and activate the PI3K/AKT and JAK/STAT pathways in T24 cells.
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TURBT are the main causes of death in bladder cancer

patients. The mechanisms of carcinogenesis of bladder

cancer have not been fully investigated. Therefore, better

understanding of pathogenesis is essential for development

of novel, effective therapies for bladder cancer.

MicroRNAs (miRNAs) are a class of small noncod-

ing RNAs, widely present in eukaryotes, about 22

nucleotides in length, and usually regulate gene expres-

sion via translational repression and mRNA degradation

[9, 10]. Recent studies have shown that miRNAs are

important regulators that play a critical role in cancer,

and half of the miRNAs are located in cancer-associated

genomic regions as tumor suppressor or oncogenes

depending on their targets [11]. Until now, many human

miRNAs have been shown to be dysregulated in bladder

cancer, such as miR-19a [12], miR-34a [13], miR-129

[14], and miR-133a [15], which contribute to the devel-

opment and progression of bladder cancer.

It has been reported that the miR-290 family was

highly expressed in undifferentiated mouse embryonic

stem (ES) cells and was rapidly downregulated upon dif-

ferentiation [16, 17]. Recent research showed that these

ES cell-specific miRNAs, including miR-291a-3p, miR-

294, and miR-295, could promote ES cell proliferation or

at least partly promoted the transition of cells from G1 to

S phase [18]. In the present study, we sought to evaluate

the role of miR-294 in bladder cancer, as well as its mech-

anism, and hoped to provide theoretical basis and novel

method for bladder cancer treatment.

MATERIALS AND METHODS

Cell culture. Human bladder cancer cell lines (T24,

HT1376, J82, and SW780) and immortalized human

bladder epithelium cell lines (HCV29 and SV-HUC-1)

were obtained from the American Type Culture

Collection (ATCC, Manassas, VA, USA). Cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM;

Invitrogen, Thermo Fisher Scientific, USA) supplement-

ed with 10% fetal bovine serum (FBS; Gibco, USA) in a

humidified atmosphere incubator with 5% CO2 at 37°C.

Generation of stably engineered cell lines. For

miRNA transfection, cells were transfected with miR-294

mimetic, miR-294 inhibitor, or scramble control. Stably

transfected cells were treated with 1.5 µg/ml puromycin

for 10 days beginning 48 h after infection. The expression

level of stably engineered cell lines was detected by real-

time PCR. Cell transfections were performed using

Lipofectamine 3000 reagent (Invitrogen) according to the

manufacturer’s protocol. The miR-294 mimetic, miR-

294 inhibitor, and scramble control were synthesized by

GenePharma (China). After 48 h of transfection, cells

were collected for further investigation.

RNA extraction, cDNA synthesis, and quantitative

real-time PCR (qPCR) assays. Total cellular RNA was

extracted using Trizol reagent (Invitrogen) according to

the manufacturer’s instructions. RNA was quantified and

cDNA with a stem-loop RT primer was synthesized using

2 µg of total RNA and M-MLV reverse transcriptase

(Invitrogen). The qPCR was performed in CFX96 real-

time PCR system (Bio-Rad, USA) using TaqMan probes

(Applied Biosystems, USA) according to the manufactur-

er’s instructions. The PCR reaction consisted of an initial

denaturation step (95°C for 30 s), then 40 cycles (95°C for

5 s and 60°C for 34 s). The data were normalized using the

endogenous U6 snRNA as control and calculated accord-

ing to the 2–∆∆CT method.

Cisplatin treatment. The T24 cells were seeded in 96-

well plates at 1·104 per well. Cells were transfected with

miR-294 mimic or inhibitor and cultured for 36 h. Then

200 µl cisplatin was added into each well with concentra-

tions of 5-50 µg/ml. The cells were cultured and selected

for the cell viability assay.

Cell counting kit-8 assay. Cell viability was assessed

using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular

Technologies, USA). Briefly, after transfection and stim-

ulation, CCK-8 solution was added to the culture medi-

um, and then cells were incubated for 1 h at 37°C in a

humidified 5% CO2 atmosphere. Absorbance was meas-

ured at 450 nm using a microplate reader (Bio-Rad).

Clonogenic assay. T24 cells were trypsinized and dilut-

ed to a density of 1·103 cells/ml, then the cells were plated

in 60-mm dishes. After 2-3 weeks of culture, cell clones

were fixed with 4% paraformaldehyde solution and stained

with 0.1% crystal violet. Stained cell clones on plates after

different treatments were captured using a ChemiDoc

XRS+ imaging system (Bio-Rad). The surviving fraction

(SF) was calculated as a ratio of the number of colonies to

the number of cells plated (plating efficiency) divided by

the same ratio calculated for the nontreated group.

Wound healing assay. T24 cells were plated in 60-mm

dishes and incubated until confluence. After 3 h of pre-

treatment with 50 µM mitomycin c, wounds were created

by scratching the cell sheets with a sterile 200 µl pipette tip.

Pictures of a specific position on the scratched areas were

taken using an inverted microscope (Leica, Germany)

every 24 h. The wound widths were measured, and the rel-

ative wound widths were calculated. Data are shown as

mean ± SD from three independent experiments.

Invasion assay. T24 bladder cancer cells in serum-

free medium were seeded on the upper compartment of

an insert with 8-mm pores in 24-well tissue culture plates

(Corning Costar, USA) with Matrigel (BD Bioscience,

USA). Modified RPMI 1640 medium containing 10%

FBS in the lower chamber was used as a chemoattractant.

After 12 h of incubation at 37°C, non-transfected cells

were carefully removed from the upper surface of the fil-

ter using a cotton swab. Cells adhering to the lower mem-

brane were fixed with 20% methanol, stained with 0.1%

crystal violet, and then counted under an IX71 inverted

microscope (Olympus, Japan).
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Apoptosis assay. Apoptosis analysis was performed to

identify and quantify apoptotic cells using an Annexin V-

FITC/PI apoptosis detection kit (Beijing Biosea

Biotechnology, China). The cells (1·104 cells/well) were

seeded in 6-well plates. After being treated, the cells were

washed twice with cold PBS and resuspended in binding

buffer containing 10 µl Annexin V-FITC and 5 µl of PI

(propidium iodide). Adherent and floating cells were

combined and treated according to the manufacturer’s

instruction and measured with flow cytometer (Beckman

Coulter, USA) to differentiate apoptotic cells (Annexin

V-positive and PI-negative) from necrotic cells (Annexin

V- and PI-positive).

Western blot. The protein of the treated cells used for

Western blotting was extracted by RIPA lysis buffer

(Beyotime Biotechnology, China) supplemented with

protease inhibitors (Roche, China). Then the proteins

were quantified using the BCA™ Protein Assay Kit

(Pierce, USA). The Western blot system was established

using a Bio-Rad Bis-Tris Gel system according to the

manufacturer’s instructions. Equal amounts of protein

were separated by 10% SDS-PAGE and transferred to

polyvinylidene fluoride (PVDF) membranes. Primary

antibodies were prepared in 5% blocking buffer at a dilu-

tion of 1 : 1000 and incubated with the membranes at 4°C

overnight, followed by washing and incubation with sec-

ondary antibody labeled with horseradish peroxidase for

1 h at room temperature. After rinsing, the membrane-

carried blots and antibodies were transferred into the Bio-

Rad ChemiDoc™ XRS system, and then 200 µl of

Immobilon Western Chemiluminescent HRP Substrate

(Millipore, USA) was added to cover the membrane sur-

face. Signals were captured, and the intensity of the bands

was quantified using Image Lab™ Software (Bio-Rad,

China).

Statistical analysis. All experiments were repeated

three times. The data of multiple experiments are pre-

sented as mean ± SD. Statistical analyses were performed

using GraphPad statistical software. The p values were

calculated by one-way analysis of variance (ANOVA). A p

value of <0.05 was considered to indicate a statistically

significant result.

RESULTS

High expression of miR-294 in bladder cancer cells.

As shown in Fig. 1, the expression of miR-294 in bladder

cancer cells including J82, HT1376, T24, and SW780 cell

lines, was significantly increased compared with that in

HCV29 and SV-HUC-1 cell lines (p < 0.05). The expres-

sion of miR-294 was upregulated in bladder cancer cell.

Correlation of miR-294 expression with T24 cell

activity. As shown in Fig. 2a, the miR-294 expression of

miR-294 mimic transfected T24 cells was significantly

increased compared with that of the scramble control

group (p < 0.05). However, the miR-294 expression level

of miR-294 inhibitor transfected cells was significantly

decreased (p < 0.05). Therefore, the miR-294 was effec-

tively overexpressed by miR-294 mimic, and was inhibit-

ed by miR-294 inhibitor in T24 cells.

In this study, we found that T24 cell viability and rate

of T24 colony forming had the same trend as the expres-

sion of miR-294 (p < 0.05 or p < 0.01; Fig. 2, b and c). In

addition, we found miR-294 inhibitor could increase the

rate of T24 apoptosis compared with control, but there

was no significant difference between them (p < 0.05)

(Fig. 2d). This suggested that overexpression of miR-294

enhanced cell viability and survival, while inhibition of

miR-294 expression promoted apoptosis in T24 cells.

Correlation of miR-294 expression with cell migration

and invasion. Wound healing assay was used to determine

the migration ability of T24 cells after being treated (Fig.

3a). The results showed that the ability of migration was

significantly increased in the miR-294 mimetic-treated

group compared with that in the mimetic-control group

(p < 0.05). However, miR-294 inhibitor could significant-

ly inhibit the T24 cell migration compared with inhibitor

control (p < 0.05). The rate of invasion showed the same

trend as the cell migration of T24 cells (Fig. 3b). There-

fore, the expression of miR-294 was positively related

with cell migration and invasion.

Correlation of miR-294 expression with inhibition

effect of cisplatin on T24 cell viability. With increasing cis-

platin concentration, the viability of T24 was decreased,

while the drug resistance of T24 to cisplatin was increased

in miR-294 mimetic-treated group compared with the

control group (Fig. 4a). However, inhibition of miR-294

Fig. 1. miR-294 was significantly upregulated in bladder cancer

cell lines. Expression level of miR-294 in two immortalized

human bladder epithelium cells (HCV29 and SV-HUC-1) and

four bladder cancer cell lines (T24, HT1376, J82, and SW780)

were detected by qRT-PCR. Error bars indicate mean ± SD and

symbol (*) indicates significant difference compared with normal

human bladder epithelium cells (p < 0.05).
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decreased the resistance of T24 to cisplatin compared

with the inhibition-control group (Fig. 4b). We inferred

that overexpression of miR-294 could efficiently increase

the resistance of T24 cells.

miR-294 regulated expression of NRAS in T24 cells.

As shown in Fig. 5a, the expression of NRAS was

increased in miR-294 mimic-transfected group com-

pared with scramble-control group. However, the expres-

sion of NRAS was decreased in miR-294 inhibitor-treat-

ed group, especially at 40 nM (Fig. 5b). Besides, Fig. 5b

illustrated that the expression of NRAS progressively

decreased with time after suppression of miR-294.

miR-294 regulated the expressions of factors in

PI3K/AKT and JAK/STAT signal pathway. We found that

the expression level of NRAS was decreased in NRAS

siRNA-treated group compared to negative-control

group, as well as p-PI3K and p-AKT expression (Fig. 6, a

and b). The expression of p53 and p21 was increased in

the NRAS siRNA-treated group compared to the nega-

tive-control group (Fig. 6, a and b). In addition, the

expression of those factors in only miR-294 mimic-trans-

fected group showed the reverse trend with NRAS

siRNA-treated group, while the expression of those fac-

tors was decreased after cotransfection of miR-294 mimic

and NRAS siRNA as same trend with only NRAS siRNA

treated group. The expression level of p-JAK1, p-STAT1,

and NRAS was decreased in NRAS siRNA-treated group

compared with negative-control group (Fig. 6, c and d).

In addition, the expression of those factors in miR-294

mimic-transfected group showed the reverse trend with

the NRAS siRNA-treated group, while the expression of

those factors was decreased as same as NRAS siRNA-

treated group after cotransfection with NRAS siRNA and

miR-294 mimic. These results indicated that miR-294

could activate the PI3K/AKT and JAK/STAT pathways

via upregulation of NRAS.
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DISCUSSION

Bladder cancer is the most common tumor of the

urinary system with a great threat to the survival of

patients in China [19]. There are many factors that could

lead to bladder cancer, including associated mutations,

oncogene expression or overexpression, the surrounding

matrix, systemic factors, outside carcinogens, etc. [1].

Carcinogens stimulate normal bladder cells by DNA

damage, in which up- or downregulated activation of

oncogenes or anti-oncogenes play an important role [20].

Tumor suppressor is an important regulating factor in the

process of differentiation and proliferation. Once the

tumor suppressor is mutated or inactivated, cell cycle reg-

ulation equilibrium will be broken and tend to abnormal

proliferation of cells leading to tumorigenesis [21-23].

Therefore, exogenous expression of wild-type tumor sup-

pressor gene to repair the defect and restore the function

of tumor suppressor genes is one method of bladder can-

cer treatment [24].

In recent years, the abnormal expression of miRNAs

in bladder cancer has being gradually clarified, and this

indicated that miRNAs have an important effect on

oncogene or tumor suppressor genes in the development
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of bladder cancer. Many scholars believe that changes in

expression of miRNAs play a key role in the development

of human tumors, and someone even proposed that the

abnormal expression of miRNAs is the most important

reason for tumor occurrence and development. It was

reported that the abnormal expression of miRNAs was

related with many tumors, including lung cancer, breast

cancer, urinary tract cancer, leukemia, and lymphoma

[25]. In the present study, we found miR-294 was highly

expressed in several bladder cancer cell lines. It has also

been reported that miR-200b and miR-429 were upregu-

lated in bladder cancer tissue [26]. However, some

miRNAs were lowly expressed in bladder cancer cell

lines, such as miR-143 [27], miR-145 [28], miR-582-

3p/5p, etc. [29].

The miRNAs change the development of bladder can-

cer primarily through regulating the proliferation, migra-

tion, and apoptosis of cells. miR-409-3p has been reported

to be downregulated in bladder cancer, and overexpression

of miR-409-3p inhibited cell migration and invasion [30].

miR-23b was reported to act as a tumor-suppressive factor

that inhibited cancer cell proliferation and colony forma-

tion [31]. Moreover, miR-135a was found to be upregulat-

ed in bladder cancer and promoted cell proliferation [32].

Our study revealed that miR-294 could promote the prolif-

eration and migration of cells, and also decrease the apop-

tosis of T24 cells. These results indicated that miR-294 was

positively correlated with the development of bladder can-

cer and acted as an oncogenic miRNA in T24 cells.

To further analyze the mechanism by which miR-

294 functioned as an oncogenic miRNA in bladder can-

cer, we analyzed the relationship of miR-294 and NRAS

in bladder cancer and found that the regulatory function

of miR-294 in bladder cancer cells was dependent on reg-

ulating NRAS expression. NRAS is a member of the RAS

family, which codes for a small GTP-binding protein

[33]. NRAS mutation leads to excess activation of carci-

noma cells and make cells abnormally proliferate and

migrate. NRAS gene mutation was found in several

human tumors, including adrenocortical carcinomas

[34], cutaneous melanomas [33], colorectal cancer [35],

multiple myeloma [36], etc. After binding with GTP, RAS

transmitted signals through a variety of effectors in down-

stream pathways, such as the PI3K/AKT and JAK/STAT

cascades [37]. In the present study, we found that miR-

294 could promote PI3K/AKT and JAK/STAT phospho-

rylation by upregulating NRAS.

PI3K is recruited and activated by cell surface recep-

tors of peptide growth factors and cytokines and then

makes exogenous peptide growth factors directly activate

intracellular survival-related pathways. It was reported

that abnormal PI3K/AKT activity was linked to the for-

mation and metastasis of tumors [38-41]. JAK (Janus

kinase)/STAT (signal transducer and activator of tran-

scription) is a critical signal transduction pathway of

cytokines. It was initially found in cell proliferation, and
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then this pathway was found to play important roles in

cell proliferation, immune function, and apoptosis.

Once activated, the JAK/STAT signal transduction

pathway can pass signals from cell membrane to cyto-

plasm and cell nucleus, then induce some biological

effects involved in physiological and pathological reac-

tions in humans. Abnormally activated STAT can pro-

mote the proliferation and differentiation of cells and

suppress the apoptosis of cells, which leads to occur-

rence of some diseases [42-44]. Our study showed that

abnormally activated PI3K/AKT and JAK/STAT signal-

ing pathways could promote T24 cell proliferation,

migration, and invasion.

In conclusion, we explored the functions of miR-294

as an oncogenic miRNA in bladder cancer by regulating

NRAS expression and activating the PI3K/AKT and

JAK/STAT signaling pathways, and thus improving the

survival ability of T24 cells. These results might provide

novel insights for approaches to bladder cancer diagnosis

and therapy.
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