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Abstract. Accumulating evidence has proved that potas-
sium channels (K+ channels) are involved in regulating cell 
proliferation, cell cycle progression and apoptosis of tumor 
cells. However, the precise cellular mechanisms are still 
unknown. In the present study, we investigated the effect and 
mechanisms of quinidine, a commonly used voltage‑gated K+ 
channel blocker, on cell proliferation and apoptosis of human 
glioma U87‑MG cells. We found that quinidine significantly 
inhibited the proliferation of U87‑MG cells and induced 
apoptosis in a dose‑dependent manner. The results of caspase 
colorimetric assay showed that the mitochondrial pathway was 
the main mode involved in the quinidine‑induced apoptotic 
process. Furthermore, the concentration range of quinidine, 
which inhibited voltage‑gated K+ channel currents in elec-
trophysiological assay, was consistent with that of quinidine 
inhibiting cell proliferation and inducing cell apoptosis. 
In U87‑MG cells treated with quinidine (100 µmol/l), 11 of 
2,042 human microRNAs (miRNAs) were upregulated and 
16 were downregulated as detected with the miRNA array 
analysis. The upregulation of miR‑149‑3p and downregulation 
of miR‑424‑5p by quinidine treatment were further veri-
fied by using quantitative real‑time PCR. In addition, using 
miRNA target prediction program, putative target genes 
related to cell proliferation and apoptosis for two differentially 
expressed miRNAs were predicted. Taken together, these 
data suggested that the anti‑proliferative and pro‑apoptosis 
effect of voltage‑gated K+ channel blocker quinidine in human 
glioma cells was mediated at least partly through regulating 
expression of miRNAs, and provided further support for the 

mechanisms of voltage‑gated K+ channels in mediating cell 
proliferation and apoptosis.

Introduction

Potassium channels (K+ channels) are the most diverse ion 
channels on the plasma membrane of mammalian cells (1). 
Accumulating evidence has proved that a variety of K+ 
channels, including voltage‑gated (2), calcium‑activated (3), 
two‑pore domain (4) and inward rectifier (5) K+ channels are 
overexpressed in tumorous tissues compared to their healthy 
counterparts. They control the membrane potential as well as 
electrical signaling and are known to be involved in the regu-
lation of proliferation, cell cycle progression and apoptosis of 
tumor cells (6).

Among all the K+ channels mentioned, most studies are 
directed at examining the impact of voltage‑gated K+ chan-
nels on the proliferation of tumor cells (1). Voltage‑gated K+ 
channel blockers, such as 4‑aminopyridine, and tetraethyl-
ammonium, have been shown to inhibit cell proliferation 
and growth of tumor via an arrest in the G0/G1 transition 
during the cell cycle (7). Quinidine, another commonly used 
voltage‑gated K+ channel blocker, can reduce the prolifera-
tion of tumor cells, such as human malignant mesothelioma 
cells and rat C6 glioma cells  (8,9). However, the precise 
cellular mechanisms by which voltage‑gated K+ channel 
activity contributes to cell proliferation and apoptosis are not 
clear yet.

MicroRNAs (miRNAs) are small non‑coding RNAs that 
regulate gene expression through degradation of mRNA or 
translational inhibition of target mRNA (10). miRNAs act as 
key mediators in the progression and transformation of tumor 
through their regulation of proliferation, differentiation, and 
apoptosis (11). While many aspects of miRNA‑induced protein 
regulation are known, there is a growing need to uncover the 
complex regulatory mechanisms governing the activation and 
suppression of miRNA expression (12). Interestingly, altera-
tions in expression and function of ion channels/transporters 
have been shown to result in changes in expression  of miRNAs 
(13). For example, some of the miRNAs, such as miR‑155, ‑21, 
‑27, ‑192 and ‑23, are regulated by cystic fibrosis transmem-
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brane conductance regulator, a cAMP‑activated anion channel 
conducting both Cl‑ and HCO3‑ (14). miR‑21 and ‑30a, both of 
which are implicated in cancer development (15,16), are regu-
lated by L‑type Ca2+ channels (17). However, there is scarce 
literature on the effect of voltage‑gated K+ channels on miRNA 
expression.

In this study, we investigated the effect of quinidine 
on cell proliferation, apoptosis and expression of miRNAs 
of human glioma cell line U87‑MG, and tried to find out 
whether quinidine affects cell proliferation and apoptosis by 
regulating miRNA expression. The results showed that the 
anti‑proliferative and pro‑apoptosis effect of quinidine in 
human glioma cells was mediated at least partly through regu-
lating expression of miRNAs and provided further support for 
the mechanisms of voltage‑gated K+ channels in mediating cell 
proliferation and apoptosis.

Materials and methods

Reagents. Quinidine, 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑di-
phenyltetrazolium bromide (MTT) and tetrodotoxin (TTX) 
were products of the Sigma‑Aldrich Corp. (St. Louis, MO, 
USA). RPMI‑1640 medium and fetal bovine serum (FBS) 
were obtained from Life Technologies  (Carlsbad, CA, 
USA). Annexin  V‑fuorescein isothiocyanate/propidium 
iodide  (Annexin  V‑FITC/PI) apoptosis detection kit was 
procured from Wuhan Antgene Biotechnology Co., Ltd. (Hubei, 
China). Caspase‑3, ‑8 and ‑9 activity assay kits were obtained 
from Beyotime Institute of Biotechnology (Jiangsu, China). 
All other chemicals were of standard analytical grade.

Cell culture. Human glioma U87‑MG cells were purchased 
from American Type Culture Collection (ATCC) (Manassas, 
VA, USA) and grown in RPMI‑1640 supplemented with 10% 
FBS and 100 U penicillin/streptomycin in 5% CO2 at 37˚C. 
Cells were passaged every three days and maintained at expo-
nential growth to ~80% confluence for later experiments.

MTT cell proliferation assay. Briefly, cells were seeded at 
5,000 cells/well into a 96‑well plate and incubated overnight. 
After exposure to different concentrations of quinidine for 
48 h, MTT solution (final concentration 0.5 mg/ml) was added 
to each well and the samples were incubated for another 4 h. 
Subsequently, the supernatant was removed and cells were 
dissolved in 150 µl DMSO. Finally, absorbance at 570 nm 
was measured by using a 96‑well microplate reader (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA).

Annexin V‑FITC/PI apoptosis assay. Cells were double‑stained 
by using an Annexin  V‑FITC/PI apoptosis detection kit. 
Briefly, cells were seeded at 5x106 cells per flask into cultured 
flasks and incubated overnight. After exposure to different 
concentrations of quinidine for 48 h, cells were harvested and 
washed with cold PBS twice, and resuspended in Annexin V 
binding buffer. Then 5 µl of FITC‑labeled Annexin V and 5 µl 
of PI were added. Cells were gently oscillated and incubated 
for 15 min at room temperature in the dark. After addition of 
200 µl binding buffer to each tube, cells were analyzed on a 
flow cytometer (Becton‑Dickinson, Franklin Lakes, NJ, USA) 
within 1 h.

Caspase activity assay. The activities of caspase‑3, ‑8 and ‑9 
were determined using the activity assay kits. To evaluate 
the activity of caspase, cell lysates were prepared after treat-
ment with different concentrations of quinidine. Assays were 
performed on 96‑well microtitre plates by incubating 10 µl 
protein of cell lysate per sample in 80 µl reaction buffer [1% 
NP‑40, 20 mmol/l Tris‑HCl (pH 7.5), 137 mmol/l Nad and 10% 
glycerol] containing 10 µl caspase substrate (Ac‑DEVD‑pNA 
for caspase‑3, Ac‑IETD‑pNA for caspase‑8, Ac‑LEHD‑pNA 
for caspase‑9) (2 mmol/l). Lysates were incubated at 37˚C 
for 4 h. Samples were measured with a microplate reader at 
an absorbance of 405 nm. The detail analysis procedure is 
described in the manufacturer's protocol.

Electrophysiological assay. Membrane currents were recorded 
using a whole‑cell voltage clamp and borosilicate glass pipettes 
(outer diameter, 1.5 mm; direct current resistance, 3‑6 MΩ) 
constructed using a two‑step puller (P‑97; Sutter Instrument, 
Novato, CA, USA). To investigate the voltage‑gated K+ currents, 
the pipette solution consisted of 140 mmol/l KCl, 2.5 mmol/l 
MgCl2, 10 mmol/l HEPES, 11 mmol/l EGTA and 5 mmol/l ATP, 
and the pH was adjusted to 7.2 (18). The cells were bathed in an 
extracellular solution containing 135 mmol/l NaCl, 5.4 mmol/l 
KCl, 1.0 mmol/l MgCl2, 0.33 mmol/l NaH2PO4, 1.8 mmol/l 
CaCl2, 10  mmol/l HEPES and 10  mmol/l D‑glucose with 
1 µmol/l TTX. The osmolarity was adjusted to 330 mosmol/l 
with sucrose, and the pH was adjusted to 7.4. Whole‑cell 
patch clamp recordings were performed at room temperature 
using a patch clamp amplifier (Axon‑200B; Axon Instruments, 
Union City, CA, USA) (19). Adjustments of capacitance and 
series resistance compensation were performed before the 
membrane currents were recorded. The membrane currents 
were filtered at 10 kHz (‑3 dB), and the data were processed 
using Clampfit (Axon Instruments).

Microarray analysis of miRNAs gene expression. After treated 
with 100 µmol/l quinidine for 48 h, cells were harvested in 
PBS, collected by centrifugation, and total RNA extracted 
using the miRNeasy kit (Qiagen, Hilden, Germany) according 
to manufacturer's instructions. The experiment was repeated 
three times. Quantity and quality of RNA was determined by 
absorbance (260 and 280 nm). LC Sciences (Houston, TX, 
USA) performed microarray assay using 5 mg total RNA 
which was size fractioned using a YM‑100 Micron centrifugal 
filter (Millipore, Billerica, MA, USA) and the small RNAs 
(<300 nt) isolated were 3'‑extended with a poly(A) tail using 
poly(A) polymerase. Three biological samples of RNA were 
pooled and array was performed using quadruplicate internal 
repeats of pooled RNA as previously described (12). Data were 
analyzed by first subtracting the background and normalization 
of array was to statistical mean of all detectable transcripts. 
System related variation of data was corrected using LOWESS 
filter (locally‑weighted regression) method (12). Probes were 
single channel and detected signals greater than background 
plus thre times the standard deviation was derived.

Quantitative real‑time PCR for miRNA expression. To 
confirm the miRNA levels obtained from the microarray 
results, expression of miRNAs was assessed using quantitative 
real‑time PCR. Total cellular RNA was extracted from each of 
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the experimental groups using Qiagen miRNeasy RNA puri-
fication system according to the manufacturer's instructions. 
Quantity and quality of RNA was determined by absorbance 
(260 and 280 nm). Reverse transcription was performed using 
gene specific primers. The sequences of the primer pairs are 
shown in Table Ⅰ. RNU6B was taken as an internal control. 
Quantitative real‑time PCR was performed using Platinum 
SYBR‑Green qPCR SuperMix‑UDG  (Invitrogen Life 
Technologies Carlsbad, CA, USA). The reactions were carried 
out in a 96‑well optical plate at 95˚C for 10 min and then 
amplified for 15 sec at 90˚C, followed by 30 sec at 60˚C for 
40 cycles. The relative value of each miRNA was calculated 
using the 2‑ΔΔCt method, where Ct is the number of cycles at 
which the application reaches a threshold, as determined by 
SDS software v1.2 (Applied Biosystems, Inc., Foster City, CA, 
USA). Thermal denaturation was administered at the conclu-
sion of the qPCR to determine the number of the products that 
were present in the reaction. Each reverse transcription and 
qPCR assay was performed in triplicate.

Bioinformatic analysis of miRNAs. Changes in expression of 
miRNAs between the control and quinidine‑treated groups 
were selected and their putative cellular target genes were 
predicted using TargetScan (http://www.targetscan.org/). 
Using gene ontology (GO) (http://geneontology.org/) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis tool 
(http://www.genome.jp/kegg/), the target genes were categorized 
into the following two groups: apoptosis and cell proliferation.

Statistical analysis. Data were expressed as mean ± standard 
error (mean ± SE). Statistical significance was assessed by 
using paired Student's t‑test. P<0.05 was considered to be 
statistically significant.

Results

Effect of quinidine on the proliferation of U87‑MG cells. 
To measure the effect of quinidine on the proliferation of 

U87‑MG cells, cells were treated with various concentrations 
of quinidine (12.5, 25, 50, 100, 200, 400 and 800 µmol/l) for 
48 h, and MTT assay was used to determine the number of 
the live cells remaining after the drug treatment. As shown 
in Fig. 1A, quinidine significantly inhibited the cell prolifera-
tion of U87‑MG cells in a dose‑dependent manner (P<0.01). 
The value of IC50 was calculated to be 58.96 µmol/l at 48 h.

Effect of quinidine on the apoptosis of U87‑MG cells. To 
determine whether the reduced cell viability by quinidine was 
related to apoptotic cell death, the effect of quinidine on apop-
tosis of U87‑MG cells was studied by Annexin V‑FITC/PI 
staining. As illustrated in Fig. 1B, quinidine increased the 
percentage of apoptotic cells in a concentration‑dependent 
manner, and the apoptotic rates of U87‑MG cells treated with 
25, 50 and 100 µmol/l quinidine were 9.9, 29.6 and 53.1%, 
respectively. However, the effect of quinidine on necrosis 
was slight. At 100 µmol/l, quinidine only induced necrosis in 
~2.5% of U87‑MG cells, indicating that quinidine could induce 
apoptosis of U87‑MG cells without causing obvious necrosis.

Apoptosis is always executed in a caspase‑8‑regulated 
plasma membrane extrinsic pathway and/or caspase‑9‑reg-
ulated mitochondrial intrinsic pathway (20). To determine 
whether caspases were activated by quinidine, we examined 
the activities of caspase‑3, ‑ 8  and ‑ 9 in quinidine‑treated 
U87‑MG cells. As shown in Fig. 1C, quinidine treatment (25, 
50  and 100  µmol/l) resulted in a dose‑dependent activa-
tion of the initiator caspases‑9, and the executor caspase‑3. 
Additionally, activation of caspase‑8 was also observed, but 
the activities of caspase‑8 in quinidine‑treated cells were not 
significantly different from that of control cells. These data 
implied that both mitochondrial and death receptor pathways 
were involved in the apoptotic process induced by quinidine in 
U87‑MG cells, and the mitochondrial pathway was the main 
mode.

Effect of quinidine on K+ currents in U87‑MG cells. To 
determine whether quinidine inhibited cell proliferation via 

Table Ⅰ. Sequences of the primer pairs used in quantitative real-time PCR.

miRNA	R everse transcription (5'→3')	F orward (5'→3')	R everse (5'→3')

miR-149-3p	CTATACCATAAGCGAGCAGTAGCGC	TTGACGAGGGAG	GCCATAAGCGAG  
	GATGGTATAGGCACAGCC	GGACGG	CAGTAGCG  
miR-25-3p	GTCGTATCCAGTGCAGGGTCCGAGG	CGCGGCATTGCAC	CAGTGCAGGGTCC  
	TATTCGCACTGGATACGACTCAGAC	TTGTCT	GAGGTATTC  
miR-100-5p	GTCGTATCCAGTGCAGGGTCCGAGG	GCGAACCCGTAG	CCAGTGCAGGGTC  
	TATTCGCACTGGATACGACCACAAG	ATCCGAA	CGAGG  
miR-424-5p	CTATACCATAAGCGAGCAGTAGCGC	CGGCGGCAGCAG	GCCATAAGCGAG  
	GATGGTATAGTTCAAAAC	CAAT	CAGTAGCG  
miR-365a-3p	GCGTGGTCCACACCACCTGAGCCGC	GCCGCCTAATGCC	TCCACACCACCTG  
	CACGACCACGCATAAGGAT	CCTAA	AGCCG  
RNU6B	GTCGTATCCAGTGCAGGGTCCGAGG	CAAATTCGTGAAG	AGTGCAGGGTCCG  
	TATTCGCACTGGATACGACAAAAAT	CGTTCCATA	AGGTATTC  

miRNA, microRNA.
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blockage of voltage‑gated K+ currents (21), we next studied 
the dose‑dependent effects of quinidine on voltage‑gated 
K+ currents in U87‑MG cells. The voltage‑gated K+ currents 
consisted of two components (transient and sustained K+ 
currents) in U87‑MG cells, and representative recordings of the 
voltage‑gated K+ currents were evoked with a step‑up depolar-
ization protocol (Fig. 2). Briefly, the membrane potential was 

pre‑hyperpolarized from -50 to -110 mV for 100 msec, depolar-
ized from -50 to +60 mV (10 mV increment per step, duration 
200 msec), and subsequently restored to the original depolar-
izing potential of -50 mV (Fig. 2A). Depolarizing the voltage 
from -110 to -50 mV and maintaining the level of -50 mV for 
100 msec inactivated transient K+ currents, and a further depo-
larization voltage step from -50 to +60 mV evoked sustained 

Figure 2. Effect of quinidine on K+ currents in U87‑MG cells. (A) Representative traces of total voltage‑gated K+ currents (bottom) evoked by voltage depolar-
izing step voltage protocol shown on the top. (B) The slow sustained K+ currents (bottom) recorded from the same cell evoked by depolarization protocol 
shown on the top. (C) The fast transient K+ currents were obtained by subtracting the sustained currents from the total voltage‑gated K+ currents. (D) Quinidine 
suppressed current‑voltage curve of sustained K+ currents. (E) Quinidine also suppressed current‑voltage curve of transient K+ currents, and higher concentra-
tion of quinidine was required to have similar effect on transient K+ currents.

Figure 1. Effect of quinidine on cell proliferation and apoptosis in U87‑MG cells. U87‑MG cells were treated with the indicated concentrations of quinidine for 
48 h. (A) Cell proliferation was suppressed in a dose‑dependent manner. The suppression was significant in the range of 50‑800 µmol/l of quinidine in U87‑MG 
cells. (B) Quinidine‑treated cells were labeled with both Annexin V‑FITC and PI and subsequently assessed by flow cytometry. The results showed that 
quinidine could induce apoptosis in U87‑MG cells in a dose‑dependent manner, without causing obvious necrosis. (C) Caspase activity was determined with 
substrates appropriate for each caspase (caspase‑3, Ac‑DEVD‑pNA; caspase‑8, Ac‑IETD‑pNA; caspase‑9, Ac‑LEHD‑pNA). The values represent mean ± SD. 
*P<0.05 and **P<0.01, compared to the group treated with a solvent control.
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K+ currents (Fig. 2B). The transient component (Fig. 2C) was 
then visualized in isolation using point‑by‑point subtraction 
of the sustained component (Fig. 2B) from the total outward 
current (Fig. 2A). As illustrated in Fig. 2D and E, quinidine 
shifted the current‑voltage curves of transient and sustained 
K+ currents downward at different depolarization potentials 
in a dose‑dependent manner. Quinidine was more potent in 
suppressing sustained than transient K+ currents. For instance, 
at the depolarizing voltage of +60 mV, the percentage inhibition 
by 100 µmol/l quinidine of transient and sustained K+ currents 
were ~46.64 and 82.04%, respectively (Fig. 2D and E).

Effect of quinidine on miRNA expression in U87‑MG cells. To 
examine the miRNAs involved in quinidine‑induced cytotoxi
city, total RNA was extracted from U87‑MG cells treated with 
100 µmol/l quinidine for 48 h. The µParaflo® miRNA micro-
array containing 2,042 mature human miRNA probes was used 
to identify the cellular miRNA expression profiles. We found 
that the expression of specifc miRNAs in quinidine‑treated 

U87‑MG cells was signifcantly altered when compared to that 
in untreated (control) cells. The results of quinidine‑regulated 
miRNAs and their chromosomal locations are summarized 
in Table Ⅱ. Of the 2,042 human miRNAs tested, 11 miRNAs 
were upregulated and 16 miRNAs were downregulated in our 
experiment.

Based on previous published reports (22,23), we selected 
the following five miRNAs: the upregulated miR‑149‑3p, the 
downregulated miR‑25‑3p, miR‑100‑5p, miR‑424‑5p and 
miR‑365a‑3p and measured their expression levels by quan-
titative real‑time PCR. After individual miRNA level in each 
sample was quantified and normalized to U6 expression, quan-
titative PCR data confirmed that the expressions of miR‑149‑3p 
and miR‑424‑5p were up‑ and downregulated significantly in 
the quinidine‑treated U87‑MG cells, respectively (P<0.05). 
Although the expressions of miR‑25‑3p, miR‑100‑5p and 
miR‑365a‑3p were downregulated in microarray analysis, 
there were no statistically significant differences by real‑time 
PCR analysis (Fig. 3).

Table Ⅱ. Microarray analysis of miRNA expression in U87-MG cells treated with quinidine.

				U    p-, down-
miRNA	F old	 P‑value	 Localization	 regulation

hsa-miR-1234-5p	 1.36±0.06	 0.004	 chr8: 145625476-145625559 (-)	U p
hsa-miR-4497	 2.64±0.21	 0.013	 chr12: 110271153-110271241 (+)	U p
hsa-miR-4707-5p	 1.65±0.26	 0.022	 chr14: 23426159-23426238 (-)	U p
hsa-miR-149-3p	 2.00±0.15	 0.023	 chr2: 241395418-241395506 (+)	U p
hsa-miR-3196	 1.64±0.06	 0.008	 chr20: 61870131-61870194 (+)	U p
hsa-miR-762	 1.47±0.06	 0.035	 chr16: 30905224-30905306 (+)	U p
hsa-miR-4655-5p	 3.22±0.42	 0.037	 chr7: 883816-1883889 (-)	U p
hsa-miR-4530	 1.81±0.36	 0.046	 chr19: 39900263-39900318 (-)	U p
hsa-miR-2392	 2.14±0.60	 0.047	 chr14: 101280828-101280911 (+)	U p
hsa-miR-4646-5p	 2.01±0.19	 0.049	 chr6: 31668806-31668868 (-)	U p
hsa-miR-204-3p	 2.28±0.57	 0.049	 chr9: 73424891-73425000 (-)	U p
hsa-let-7a-5p	 0.79±0.02	 0.012	 chr9: 96938239-96938318 (+)	 Down
hsa-miR-25-3p	 0.58±0.02	 0.014	 chr7: 99691183-99691266 (-)	 Down
hsa-let-7i-5p	 0.76±0.03	 0.016	 chr12: 62997466-62997549 (+)	 Down
hsa-let-7d-5p	 0.75±0.03	 0.020	 chr9: 96941116-96941202 (+)	 Down
hsa-miR-100-5p	 0.60±0.05	 0.037	 chr11: 122022937-122023016 (-)	 Down
hsa-miR-10b-5p	 0.63±0.12	 0.032	 chr2: 177015031-177015140 (+)	 Down
hsa-miR-9-5p	 0.80±0.07	 0.036	 chr1: 156390133-156390221 (-)	 Down
hsa-miR-5100	 0.68±0.01	 0.038	 chr10: 43493011-43493129 (+)	 Down
hsa-miR-27a-3p	 0.81±0.04	 0.038	 chr19: 13947254-13947331 (-)	 Down
hsa-miR-29b-3p	 0.76±0.09	 0.048	 chr7: 130562218-130562298 (-)	 Down
hsa-let-7b-5p	 0.68±0.06	 0.048	 chr22: 46509566-46509648 (+)	 Down
hsa-miR-424-5p	 0.51±0.02	 0.002	 chrX: 133680644-133680741 (-)	 Down
hsa-miR-365a-3p	 0.55±0.06	 0.024	 chr16: 14403142-14403228 (+)	 Down
hsa-miR-450a-5p	 0.69±0.06	 0.025	 chrX: 133674371-133674461 (-)	 Down
hsa-let-7d-3p	 0.73±0.04	 0.029	 chr9: 96941116-96941202 (+)	 Down
hsa-miR-495-5p	 0.16±0.06	 0.031	 chr14: 101500092-101500173 (+)	 Down

The results presented fold change of signal ratio of 100 µmol/l quinidine‑treated cells to untreated control cells. The raw data were normal-
ized and analyzed with software of MatLab version 7.4, which produced an average value of the three spot replications of each miRNA. 
Chromosome localization of miRNAs as refered in miRBase sequences (http://microrna.sanger.ac.uk). miRNA, microRNA.
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Prediction of potential targets for verified miRNAs. Since 
the cellular functions of miRNAs are directly mediated by 
controlling their target gene expression, we further analyzed 
the putative target genes of the miRNAs and the functional 
relationship between the gene and anticancer properties 
using bioinformatic tools. First, the miRBase target database 
tool, MicroCosm, revealed that 3,803 genes were potentially 
targeted by quinidine‑specific miRNAs. Moreover, since 
quinidine promotes the death of cancer cells through its 
anti‑proliferative and pro‑apoptotic activities, we selected 
genes with functions related to cell proliferation and apoptosis 
by using the GO and KEGG analysis tool. Consistent with the 
previous finding, the GO and KEGG analysis results showed 
that several target genes of the quinidine‑responsive miRNAs 
were functionally involved in anticancer pathways. These sets 
of genes are shown in Fig. 4.

Discussion

Since the pioneering study in lymphocytes by DeCoursey et al 
in 1984 (24), accumulating evidence has indicated that K+ 
channels are relevant players in controlling cell proliferation 
and apoptosis of various tumor cells. Of all K+ channels, most 
studies are devoted to the impact of voltage‑gated K+ channels 
on proliferation and apoptosis of tumor cells (6,25). Gliomas 
are the most common malignant brain tumors (26), the levels 
of expression of Kv1.5 and 1.3 channel subtypes discrimi-
nated between various glioma groups, and a clear differential 
expression of Kv1.5 was observed according to malignancy 
grade (27). We have shown previously that voltage‑gated K+ 
channels play roles in controlling cell proliferation and apop-
tosis of glioma cells (7). However, the underlying mechanisms 
remain poorly understood.

It was reported that voltage‑gated K+ channel blocker 
quinidine can inhibit the proliferation of human malignant 
mesothelioma cells and rat C6 glioma cells (8,9). However, 
the effects of quinidine on cell proliferation of human glioma 
cells and apoptosis of tumor cells have not been studied yet. 
In the present investigation, we found that quinidine could 
inhibit cell proliferation of human glioma U87‑MG cells in 
a dose‑dependent manner. The increased apoptosis rate was 
also observed after incubation of the cells with certain concen-
tration of quinidine, and the cells displayed typical apoptotic 
features, including chromatin condensation, indicating that 
quinidine could induce apoptosis in U87‑MG cells without 
causing conspicuous necrosis.

Apoptosis was determined as activation of crucial caspases, 
such as initiator caspase‑9 of intrinsic apoptosis pathway, 
initiator caspase‑8 of extrinsic death receptor pathway and 
executioner caspase‑3 (28). We investigated whether one or 
both the caspase cascades were activated in quinidine‑induced 
cell apoptosis, and found that caspase‑9 activation was remark-
ably triggered in 100 µmol/l quinidine‑treated cells through 
the mitochondria initiated caspase activation cascade.

Previous reports showed that pharmacological blockades 
of voltage‑gated K+ channels lead to cell proliferation inhi-
bition (29). Fraser et al have reported that the IC50 value of 
4‑aminopyridine in blocking voltage‑gated K+ channel currents 
of rat prostate cancer AT‑2 cells was 4±2 mmol/l (30), which 
was close to the IC50 value of 4‑aminopyridine in inhibiting 
cell proliferation of human glioma U87‑MG cells (7). Our 

Figure 3. Validation of microRNAs (miRNAs) expression by quantitative 
real‑time PCR. The cells were treated with 100 µmol/l quinidine for 48 h. 
The expressions of upregulated miR‑149‑3p, as well as the downregulated 
miR‑25‑3p, miR‑100‑5p, miR‑424‑5p and miR‑365a‑3p in U87‑MG cells 
were verified. The results of quantitative real‑time PCR presented fold 
change of miRNA expression in 100 µmol/l quinidine‑treated cells to 
untreated control cells. The results for the five selected miRNAs were 
consistent with the miRNA array results, and the expression of miR‑149‑3p 
and miR‑424‑5p were up‑ and downregulated significantly in the quini-
dine‑treated U87‑MG cells, respectively (P<0.05). Fold change of miRNA 
expression is presented in 2‑ΔΔCt. *P<0.05, compared to the group treated 
with a solvent control.

Figure 4. Network of differentially expressed microRNAs (miRNAs) and 
their putative targets. In the network, miRNAs are represented by rect-
angle shapes and targets are represented by oval shapes. Solid lines show 
target‑target interactions, and dashed lines show miRNA‑target interactions.
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electrophysiological and pharmacological results proved that 
quinidine inhibited cell proliferation and apoptosis in the 
concentration range required to block voltage‑gated K+ channel 
currents, indicating that quinidine potentially inhibited cell 
proliferation and induced apoptosis by blocking voltage‑gated 
K+ channel activities. These data provided further support 
for the roles of voltage‑gated K+ channels in mediating cell 
proliferation and apoptosis.

Many miRNAs have been reported to have an oncogenic or 
a tumor suppressor function and to be involved in tumor cell 
proliferation and apoptosis. However, little is known about the 
relationship between miRNA expression and voltage‑gated 
K+ channels of tumor cells. The present study demonstrated 
that quinidine significantly altered expression of miRNAs in 
U87‑MG cells, including 11 upregulated and 16 downregulated 
miRNAs. Among the miRNAs regulated by quinidine, some 
have been reported to be tumor suppressors. For instance, 
miR‑149 and ‑204 function as tumor suppressors and trigger 
growth inhibition in human glioma cells (23,31). In addition, 
some miRNAs have been reported to be oncogenic. For instance, 
knockdown or reduction of miR‑10b led to glioma cell apoptosis, 
cell growth inhibition, and suppressed tumorigenicity (32).

miR‑149 is considered to be a potential tumor suppressor. 
Suppression of miR‑149 has been demonstrated in various 
human cancers, such as colorectal cancer  (33) and HeLa 
cells (34). A recent miRNA microarray study has shown that 
miR‑149 was downregulated significantly in grade Ⅰ‑Ⅳ astro-
cytomas, and overexpression of miR‑149 inhibited glioblastoma 
cell proliferation and migration (35). miR‑424 is considered to 
be a potential oncogenic miRNA. It is significantly upregu-
lated and involved in proliferation, migration and invasion, 
and chemoresistant in different human cancers  (23,36,37). 
Noteworthy, there are no reports regarding the role of 
miR‑424 in glioma cells. In the current study, we verified that 
miR‑149‑3p was upregulated in 100 µmol/l quinidine‑treated 
cells by quantitative real‑time PCR, whereas miR‑424‑5p 
was downregulated. This is the first report to indicate that the 
blockade of voltage‑gated K+ channels could affect the expres-
sion of miR‑149‑3p/miR‑424‑5p in tumor cells. The GO and 
KEGG analysis results showed that the predicted target genes 
of miR‑149‑3p and miR‑424‑5p were functionally involved 
in cell proliferation and apoptosis process. Future studies are 
needed to investigate the molecular mechanism of miR‑149‑3p 
and miR‑424‑5p in quinidine‑induced anticancer effect.

In conclusion, the present study shows that voltage‑gated 
K+ channel blocker quinidine inhibits proliferation and 
induces apoptosis of U87‑MG glioma cells in a dose‑depen-
dent manner. A subset of human miRNAs reveals significant 
changes in expression in response to quinidine in the U87‑MG 
cell line. These results suggest that the antitumor effect of 
voltage‑gated K+ channel blocker quinidine in human glioma 
cells was mediated at least partly through regulating miRNA 
expression, and provide new insight into the understanding of 
the molecular mechanisms of voltage‑gated K+ channels in 
mediating cell proliferation and apoptosis.
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