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Abstract: We investigated the current characteristics of large conductance voltage and Ca2+-activated K+ (BK) chan-
nels in human urine-derived stem cells (hUSCs) and the effect of BK channels on proliferation and differentiation 
of hUSCs. Fresh human urine (n=6) was collected from healthy donors to isolate hUSCs. Human KCNMA1 gene 
silencing U6 shRNA was used to down regulate the expression of BK in hUSCs. IBTX (BK channel antagonist) and 
NS1619 (BK channel agonist) were used to examine the effect of BK channels on hUSCs. Whole cell patch-clamping 
was employed to detect the current of BK channels. Flow cytometry, immunofluorescence, and western blotting 
were used to analyze the cell cycle and related protein levels. The results showed that the activities of BK channels 
were significantly decreased in P5, P7 and induced hUSCs (endothelial, urothelial and smooth muscle cells) com-
pared with P3 hUSCs when normalized to the cell capacitance. In addition, the average BK channel current density 
of hUSCs was significantly decreased upon silencing BK channel expression by hnRNA. Apoptosis rates of hUSCs 
in iberiotoxin (IBTX) and hnRNA treatment groups were significantly increased compared with the control group, 
whereas treatment with BK agonist NS1619 decreased apoptosis rates. Compared with the control group, hUSCs in 
S phase were significantly decreased in IBTX and hnRNA treatment groups. In conclusion, BK channels play an im-
portant role in maintaining the proliferation and differentiation of hUSCs. Overexpression of BK channels in hUSCs 
be provide a basis for future clinical application to an overactive bladder.
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Introduction

Overactive bladder (OAB) is a prevalent condi-
tion in both men and women. The EPIC study 
showed that the prevalences of OAB are 10.8% 
in men and 12.8% in women [1]. According to 
the International Continence Society (ICS) defi-
nition, OAB consists of urinary urgency with or 
without urge incontinence, often accompanied 
by frequency and nocturia. OAB seriously affe- 
cts the quality of life and social interactions of 
patients [2]. The mechanism of OAB is still 
unclear. Most researchers believe that the 
potential mechanism of OAB is thought to be 
neurogenic and/or myogenic, resulting from 
changes in detrusor innervation, cell-to-cell 
communication, and myocyte excitability [3-5]. 
The myogenic basis is associated with an 
increase in the excitability and spontaneous 

contractile activity of the detrusor overactivity 
myocytes [3, 6]. In recent years, large conduc-
tance voltage and Ca2+-activated K+ (BK) chan-
nels have been considered as a novel therapeu-
tic target for treatment of OAB because BK 
channels control excitability and contractility of 
bladder smooth muscle in normal and patho-
physiological conditions [6-9].

BK channels consist of four pore-forming α sub-
units, which are encoded by a single KCNMA1 
gene, and four optional accessory β subunits 
[10, 11]. The BK channel is the only K+ channel 
activated by increases in both intracellular Ca2+ 
and membrane depolarization. Therefore, it is 
uniquely suited to serve as a Ca2+/voltage sig-
nal integrator in the modulation of detrusor 
smooth muscle (DSM) cell membrane excitabil-
ity [9-13]. BK channels inhibit Ca2+ influx through 
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voltage-dependent calcium channels in smooth 
muscle cells to reduce their excitability and 
contractile activity [6, 9, 13]. The overall physi-
ological function of the BK channel is to reduce 
membrane excitability and oppose both myo-
genic and nerve-evoked DSM contractions. 
Recent data suggest that decreases in BK ch- 
annel expression, function, or regulation appear 
to be involved in some forms of OAB etiology 
and thought to be critical for the development 
of OAB [6-9, 13]. The high level of BK channel 
expression in urinary bladder smooth muscle 
cells (SMCs) and the lack of BK channel expres-
sion in the plasma membrane of cardiac cells, 
along with their unique properties that reduce 
membrane excitability and oppose both myo-
genic and nerve-evoked DSM contractions, 
have made BK channels very attractive inter-
vention targets for OAB [6-9, 12, 13].

Human urine-derived stem cells (hUSCs) were 
first found and described by Zhang et al [14]. 
Similar to other types of stem cells, they have 
two general properties: capable of dividing and 
renewing themselves for long periods [15]; 
unspecialized and give rise to specialized cell 
types [16-18]. Application of hUSCs in clinical 
treatment of urinary system diseases has 
advantages. First, they are collected by nonin-
vasive methods. Second, hUSCs can be used 
for autologous therapy, avoiding immune rejec-
tion after transplantation. Third, there are less 
ethical concerns because urine is self-provided 
[19-23]. Recent research including our own has 
shown that, compared with hUSC therapy 
alone, genetically modified hUSCs may offer 
more effective treatments for urinary system 
diseases [14-18].

Considering the advantages of hUSCs in clinical 
treatment of urinary system diseases, and that 
BK channels are considered as a novel thera-
peutic target for the treatment of OAB, we over-
expressed BK channels in hUSCs as a treat-
ment for OAB. First, we investigated the 
characteristics BK channel in hUSCs and the 
effect of BK channels on hUSCs. We also ana-
lyzed the current characteristics of BK chan-
nels in hUSCs and the effect of BK channels on 
the proliferation and differentiation of hUSCs.

Methods

Culture of hUSCs

As we reported previously, fresh human urine 
(n=6) was collected from healthy donors. After 

mid and last stream urine was collected, urine 
samples were immediately transferred to the 
laboratory for cell isolation and culture [24]. 
Briefly, urine samples were centrifuged at 500 
g for 5 min to collect cells. The cell pellet was 
gently resuspended in mixed medium, includ-
ing embryo fibroblast medium (EFM) and kerati-
nocyte serum-free medium (KSFM) (1:1 ratio), 
and seeded in 24-well plates [passage (P) 0]. 
Individual hUSCs appeared at 3-5 days after 
initial seeding and reached 70-80% confluence 
after another 3-4 days. The cells were trypsin-
ized and transferred to 6-well plates (P1). 
Finally, the cells were transferred to a 100-mm 
culture dish (P2) for expansion. P3 hUSCs were 
used for most experiments.

Lentivirus transduction

For lentivirus transduction, P3 hUSCs were 
seeded at 2000 cells/cm2 in a 6-well plate and 
then infected by a human KCNMA1 gene-
silencing U6 shRNA construct in a retroviral 
green fluorescent protein vector (Obio Tech- 
nology Co, Ltd, Shanghai, China) at a multiplici-
ty of infection of 40 with 5 mg/ml polybrene 
(Sigma-Aldrich, USA). The medium was changed 
after 12 h. The viruses were collected for fur-
ther experiments after 3 days by ultracentri- 
fugation.

Flow cytometry 

Cells seeded in 6-well plates (1000 cells/cm2) 
were treated with 3×10-6 mol/L NS1619 (Sig- 
ma-Aldrich), an agonist of BK, or 2×10-7 mol/L 
iberiotoxin (IBTX; Sigma-Aldrich) an antagoni- 
st of BK, for 48 h. Cells transduced with the 
human KCNMA1 gene-silencing lentivirus (KC- 
NMA1-/-) were incubated for 72 h. The cells were 
harvested by trypsin-EDTA treatment and 
washed with phosphate-buffered saline (PBS) 
twice. Then, the cells were incubated at room 
temperature in binding buffer (500 µL) contain-
ing Annexin V-FITC (2 µL) and propidium iodide 
for 15 min. Cells were analyzed for apoptosis in 
a MoFlo XDP flow cytometer (Beckman Coulter, 
USA). To analyze the cell cycle, cells were col-
lected by the same method and fixed in pre-
cooled 70% ethanol at 4°C overnight, centri-
fuged at 1000 rpm for 10 min, and then treated 
with propidium iodide and RNase. A total of 
1×104 gated cells were acquired in each sam-
ple and analyzed using Flowmax software 
(Beckman Coulter).
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Endothelial, urothelial, and smooth muscle dif-
ferentiation of hUSCs in vitro 

A single clone of P3 hUSCs was plated at a den-
sity of 1000 cells/cm2 was cultured in medium 
for 14 days to differentiate into three lineages: 
endothelial cells (ECs), SMCs, and urothelial 
cells (UCs). Endothelial Growth Medium-2 con-
taining 30 ng/mL vascular endothelial growth 
factor (VEGF) was used for EC differentiation. 
Equal volumes of Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine 
serum (FBS) and EFM containing 2.5 ng/mL 
transforming growth factor-β1, 5 ng/mL plate-
let-derived growth factor-BB, and 10% FBS 
were used for SMC differentiation. DMEM con-
taining 10% FBS was mixed with KSFM at a 1:4 
ratio and supplemented with 30 ng/mL epider-
mal growth factor for UC differentiation. The dif-
ferentiation medium was replaced every third 
day. All growth factors were purchased from 
R&D Systems (Minneapolis, MN).

Confocal microscopy 

As we reported previously [25], hUSCs grown 
on glass coverslips were fixed with 4% parafor-
maldehyde for 30 min and then washed. After 
permeabilization with cold acetone for 3 min, 
the fixed hUSCs were blocked with 1% bovine 
serum albumin at room temperature and then 
incubated with the primary antibodies including 
mouse anti-CD31, mouse anti-desmin, and 
mouse anti-AE1/AE3 at 4°C overnight. The next 
day, the hUSCs were washed with PBS for 10 
min three times and then incubated with anti-
mouse Alexa Fluor 488 (1:200; Beyotime, 
Shanghai, China) for 2 h at room temperature. 
After washing with PBS for 10 min three times, 
the hUSCs were counterstained with 4,6-dia- 
midino-2-phenylindole (Sigma-Aldrich, St. Lou- 
is, MO) for 10 min at room temperature. Then, 
the hUSCs were observed under a laser scan-
ning confocal microscope (Leica, Solms, Ger- 
many). 

Western blot analysis

Proteins of each sample were extracted accord-
ing to a standard protocol as reported previ-
ously [26]. Equal amounts of proteins (40 µg) 
from each sample were separated by 10% sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis and then transferred to polyvinylidene 
fluoride membranes (Immobilon-PSQ; Millipore, 

Billerica, MA, USA). The membranes were incu-
bated with blocking solution (5% bovine serum 
albumin) for 2 h at room temperature. Then, the 
membranes were incubated with primary anti-
bodies including rabbit anti-cyclin-dependent 
kinase 2, rabbit anti-cyclin D1, rabbit anti-BK-α, 
rabbit anti-BK-β, mouse anti-glyceraldehyde-
3-phosphate dehydrogenase, and mouse anti-
tubulin at 4°C overnight. The following day, the 
cells were washed with Tris-buffered saline 
containing 0.1% Tween 20 for 10 min three 
times and then incubated with the horseradish 
peroxidase-conjugated secondary antibody 
(1:5000, Beyotime) for 2 h at room tempera-
ture. Detection of immunoreactive bands was 
performed by enhanced chemiluminescence 
(Millipore) with the ChemiDoc XRS+Image 
System (Bio-Rad Laboratories, Bay Street, CA). 

Electrophysiology 

The electrophysiological properties of BK cur-
rents in cultured hUSCs were investigated in 
glass coverslip-adhered single cells by the 
whole cell patch-clamp technique. For whole 
cell recordings, the pipette solution consisted 
of 140 mM KCL, 1 mM MgCl2, 0.05 mM EGTA, 
and 10 mM Hepes with the pH adjusted to 7.2 
by sodium hydroxide. The bath solution consist-
ed of 134 mM NaCl, 6 mM KCL, 1 mM MgCl2, 2 
mM CaCl2, 10 mM glucose, and 10 mM Hepes 
with the pH adjusted to 7.4 by sodium hydrox-
ide. The pipette resistance varied between 4 
and 6 MΩ. BK currents were recorded using a 
HEKA EPC10 USB amplifier (HEKA Elektronik, 
Germany) and filtered at a threshold frequency 
of 2.9 KHz. The BK current was recorded in 
voltage-clamp mode by applying voltage steps 
in 10 mV increments from -40 to 80 mV for 200 
ms with a holding potential of -70 mV. Data 
were analyzed using FitMaster software (HEKA 
Elektronik). The density of BK currents was nor-
malized to the cell capacitance. 

Statistical analysis

All statistical analyses were conducted using R 
(http://www.R-project.org/). Data are present-
ed as the mean ± standard deviation. Chi 
square, analysis of variance, and a t-test with 
Bonferroni correction were used for analysis of 
contingency tables depending on the sample 
sizes. A value of P<0.05 was considered as sig-
nificantly different.
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Results

Changes of BK channel currents in different 
passages of hUSCs

BK channel currents in different passages of 
cultured hUSCs were recorded using the volt-
age-clamp protocol. Average hUSC capacitanc-
es were 33.45, 38.76, and 42.16 pF in P3, P5, 
and P7 cultured hUSCs, respectively (Figure 
1A). hUSCs responded with a gradual increase 
of current when evoked using -40-80 mV in 10 
mV increments with a 100 ms duration. 
Western blotting showed that the level of BK-α 
protein decreased gradually (P<0.01, n=4) 
from P3 to P7, but no change was observed in 
BK β-subunits (P>0.05, n=6, Figure 1B and 
1C). The average current density of BK chan-

nels in hUSCs was significantly decreased at P5 
and P7 compared with P3 cultured cells when 
normalized to the cell capacitance (P<0.001, 
Figure 1D and 1E).

Silencing of BK channels in hUSCs induces 
apoptosis

We examined the activities of hUSCs under dif-
ferent conditions of the BK channel. The aver-
age current density of BK channels in hUSCs 
was significantly decreased upon silencing of 
BK channels by hnRNA (P<0.01, Figure 2A). 
The apoptosis rates of hUSCs in IBTX and 
hnRNA treatment groups were significantly 
increased compared with control groups 
(P<0.01, n=6, Figure 2B and 2C), whereas the 
BK agonist NS1619 decreased the apoptosis 
rate (P<0.05, n=6, Figure 2B and 2C). 

Figure 1. Altered BK channel currents in different passages of hUSCs. Patch clamping showed that the current of 
BK channels gradually decreased from P3 to P7 in hUSCs (A, D and E). Western blotting showed that BK α subunits 
gradually decreased from P3 to P7 in hUSCs (B and C). P, passage; hUSCs, human urine-derived stem cells. 
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Changes of the cell cycle in the four treat-
ments of BK channels

Flow cytometry was employed to detect chang-
es in the cell cycle of hUSCs in IBTX, NS1619, 
KCNMA1 knockdown and control groups 
(Figure 3A). Compared with the control group, 
hUSCs in S phase were significantly decreased 
by IBTX and hnRNA treatments (P<0.01, Figure 

3B). Therefore, loss-of-function of the BK chan-
nel may act on G1/S phase and inhibit cell 
growth.

Differentiation of hUSCs into ECs, UCs, and 
SMCs

hUSCs were successfully induced into ECs, 
UCs, and SMCs. The three types of induced 

Figure 2. Silencing BK channels in hUSCs and altered apoptosis under different treatments. BK channel currents in 
control and BK knockdown hUSCs (A and D). Flow cytometric analysis showing decreased apoptosis rates of hUSCs 
in IBTX and KCNMA1 knockdown groups compared with the control group. However, it was increased in the IBTX 
group (B and C). *P<0.05; **P<0.01.
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cells were identified by morphology (Figure 4A), 
immunofluorescence staining of markers (Fi- 
gure 4B), and western blot analysis (P<0.05, 
n=6, Figure 4C). The average current density of 
BK channels was significantly decreased in the 
three types of induced cells compared with P3 
cultured hUSCs when normalized to the cell 
capacitance (P<0.001, Figure 5). 

Discussion

This study provides evidence regarding the 
importance of BK channels for the proliferation 

and differentiation of hUSCs. BK channels are 
necessary for maintenance and differentiation 
of hUSCs and the lack of BK channels can 
induce apoptosis of hUSCs. In addition, the cur-
rent density of BK channels was significantly 
decreased at P5 and P7 compared with P3 cul-
tured cells and significantly decreased after 
directed differentiation of hUSCs to ECs, UCs, 
or SMCs. 

It has been 8 years since the discovery of 
hUSCs. hUSCs have already been applied to 
directed differentiation [17-19, 24], tissue engi-

Figure 3. Changes in the cell 
cycle under the four treatments 
of BK channels. Altered cell 
cycles were obviously observed 
by flow cytometry (A). Cells in 
S phase were significantly de-
creased in IBTX and KCNMA1 
knockdown groups. However, 
they were increased in the 
NS1619 group (B). **P<0.01.
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neering [19, 27, 28] and genetic modification 
[29]. For the treatment of urinary system dis-
eases, hUSCs have some advantages. First, 

collection methods are simple, safe, low cost, 
and non-invasive. Second, hUSCs can be used 
for autologous therapy avoiding immune rejec-

Figure 4. Differentiation of hUSCs into ECs, UCs, and SMCs. Morphology of non-induced hUSCs and induced ECs, 
UCs, and SMCs (A). Immunofluorescence staining of EC marker CD31, UC markers AE1/AE3, and SMC marker des-
min (B). Western blotting of the cell markers (C).
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tion after transplantation. Third, they have less 
ethical concerns because urine is self-provided 
[19-23]. Considering the advantages of hUSCs 
in clinical treatment of urinary system diseas-
es, and that BK channels are considered as a 
novel therapeutic target for the treatment of 
OAB, we explored overexpression of BK chan-
nels in hUSCs as a treatment for OAB. First, we 
elucidated the current characteristics of BK 
channels in hUSCs and the effect of BK chan-
nels on proliferation and differentiation of 
hUSCs. We found BK channels are important 

for proliferation and differentiation of hUSCs 
based on the following observations: (1) higher 
passages of hUSCs had lower current densities 
of the BK channel; (2) Silencing the BK channel 
in hUSCs increased cells in S phase of the cell 
cycle and induced apoptosis; (3) Different kinds 
of directed differentiation of hUSCs led to lower 
activities of BK channels. 

Recent studies including our own have shown 
that, compared with hUSCs and gene therapy 
alone, genetically modified hUSCs may offer 

Figure 5. Altered BK channel currents in the three 
types of induced hUSCs. Patch clamping showed 
decreases of BK channel currents in the three 
types of induced hUSCs compared with control 
hUSCs (A and B). 
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more effective treatments for urinary system 
diseases [14-18]. Genetically modified stem 
cell therapy have several advantages: 1) in vitro 
genetic modification of stem cells can be used 
to optimize the type of gene, levels of transgene 
delivery and expression efficacies; 2) in vitro 
gene modification is simpler and more efficient 
than in vivo experiments, and 3) it offers the 
opportunity to regulate the expression levels of 
the transgene within stem cells for tissue repair 
[19]. In animal studies, hUSCs genetically mo- 
dified with fibroblast growth factor-2 have 
improved erectile dysfunction in a type 2 dia-
betic rat model [29]. Moreover, VEGF-expressing 
hUSCs can be potentially used for cell therapy 
in the treatment of stress urinary incontinence 
[30]. However, genetically modified hUSC thera-
py has not been reported for OAB. In the cur-
rent study, we revealed the physiological effects 
of BK channels in hUSCs, which might provide 
the basis for BK genetically modified hUSC 
treatment of OAB. Compared with P5 and P7 
cultured hUSCs, we found that P3 hUSCs had a 
strong advantage in maintaining the current 
and stability of hUSCs. This result suggests 
that P3 hUSCs could be used as key effector 
cells in future research of OAB. In fact, BK chan-
nel gene therapy has gained attention recently 
for the treatment of OAB. Recombinant BK 
channel α subunits can be directly and locally 
expressed in the human bladder to exert long 
lasting, DSM tissue-specific effects without sig-
nificant side effects [6-9, 13]. Similarly, hUSC-
based BK overexpression might provide in- 
sights into treatment of OAB because of their 
ability to self-renew without immune rejection. 
This novel approach can also avoid short trans-
fer effectors such as “naked” DNA. In future 
studies, we want to investigate the effects BK 
channel overexpression in hUSCs for the treat-
ment of OAB in animal models.

In conclusion, we examined the effect of BK 
channels on the proliferation and differentia-
tion of hUSCs. The results indicate that BK 
channels are necessary for hUSC maintenance, 
which provides a basis for future clinical 
application.
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