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Abstract

Nigericin, an antibiotic derived from Streptomyces hygroscopi-
cus, which works by acting as an Hþ, Kþ, and Pb2þ ionophore,
has exhibited promising anticancer activity. The main purpose
of this study is to investigate its inhibitory effects on Wnt/
b-catenin signaling pathway in colorectal cancer cells and
clarify the underlying mechanism. We exposed two colorectal
cancer lines (SW620 and KM12) to increasing concentrations of
nigericin for different time periods and the 50% inhibiting
concentration (IC50) values were evaluated. Our data showed
that nigericin treatment significantly reduced tumor cell pro-
liferation in dose- and time-dependent manners in colorectal
cancer cells. The subsequent experiments in vitro and in vivo
implied that nigericin could significantly suppress the tumor
growth, migration, and invasion, and induce the apoptosis of
colorectal cancer cells. Our results of Western blot and immu-
nofluorescence assay showed that nigericin could suppress the

Wnt/b-catenin signaling pathway in colorectal cancer cells with
dose-dependent increased expressions of downstream effectors
and target proteins. To further elucidate the inhibitory effects of
nigericin via a b-catenin–dependent signaling mechanism, we
established the stably b-catenin overexpression colorectal can-
cer cells. Western blot, SuperTOPFlash luciferase reporter, and
immunoprecipitation assays all confirmed b-catenin as a crit-
ical intermediary and player in Wnt/b-catenin pathway, and
nigericin exerted anticancer effects on colorectal cancer cells by
directly targeting the b-catenin destruction complex. These
results suggested that Wnt/b-catenin signaling might have an
essential role in colorectal cancer progression. Nigericin target-
ing Wnt/b-catenin signaling might provide new insight into
the molecular mechanism of nigericin toward cancer cells,
and suggest possible clinical application in colorectal cancer.
Mol Cancer Ther; 17(5); 952–65. �2018 AACR.

Introduction
Colorectal cancer ranks the third most commonly diagnosed

cancer in men and the second most commonly diagnosed cancer
in women (1). Over 50% of patients are diagnosed with hepatic
metastases, either at the timeof initial presentationor as a result of
disease recurrence. There have been no major breakthroughs in
the treatment of metastatic colorectal cancer and the cure rate has
remained low for decades (2). There is a constant demand for new

therapies. Thus, additional new therapeutic agents or approaches
that target colorectal cancer are urgently needed (3).

Nigericin is an antibiotic derived from Streptomyces hygrosco-
picus that acts as an antiporter of Kþ/Hþ and raises the pH of
acidic compartments (4). As early as in 1972, the effects of
nigericin on intracellular pH, glycolysis, and Kþ concentration
of Ehrlich ascites tumor cells were studied (5). Thereafter,
reports from Rotin and Margolis had shown that nigericin
inhibited DNA synthesis of cancer cells by increasing intracel-
lular pH and causing acidification of cytoplasm (6, 7). Recently,
nigericin was found to be involved in various types of cancer
(8–11). For example, in 2010, the study of Mashima and
colleagues showed that nigericin-like compounds suppressed
androgen receptor expression at the mRNA level and could be
applied as new-type therapeutic agents in hormone-refractory
prostate cancer (12). Deng and colleagues found that nigericin
could selectively target cancer stem cells (CSC) and sensitize
CSCs in nasopharyngeal carcinoma to the widely used clinical
drug cisplatin both in vitro and in vivo (13). A recent research
from Yakisich had characterized the anticancer effects of niger-
icin in lung cancer cells, and demonstrated that nigericin
potently inhibited the viability of cells growing under routine
culture conditions, prolonged periods of serum starvation, and
lung tumorspheres (14). In colorectal cancer, only one study by
Zhou and colleagues reported that nigericin could partly reverse
the epithelial–mesenchymal transition (EMT) process during
cell invasion and metastasis, and suppress some of the CSC
phenotypes generated by EMT (15).
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The Wnt/b-catenin signaling pathway plays a pivotal role in
regulating cellular processes of development, differentiation, and
adult tissue homeostasis (16). Nowadays, it is well known that
aberrant Wnt/b-catenin signaling is widely implicated in numer-
ous malignancies and other disease states (17–19), including
cancers of the gastrointestinal tract (20, 21). The main purpose
of this study is to investigate the inhibitory effects of nigericin on
Wnt/b-catenin signaling pathway in colorectal cancer cells and
clarify the underlying mechanism.

Materials and Methods
Chemicals and cell culture

Nigericin was purchased from Sigma Aldrich. The stock solu-
tions (100 mmol/L) were prepared with DMSO and stored at
�20�C. Human colorectal cancer cell lines (SW620 and KM12)
were obtained from ATCC and cultured in RPMI1640 medium
(Invitrogen) with 10% FBS (Gibco, Invitrogen) in a humidified
atmosphere of 5% CO2 at 37�C. These two cell lines were
authenticated by short tandem repeat (STR) profiling, and the
latest verification was done in June 2016. Cells were tested
monthly for mycoplasma contamination using the MycoAlert
Plus Mycoplasma detection kit (Lonza), and were in the loga-
rithmic phase of growth for all experiments.

Cell viability assay and IC50 values
A total of 3.5� 103 cells were harvested and plated with 100 mL

of culture medium in a 96-well plate. Then cells were exposed to
100 mL nigericin with increasing concentrations (final concentra-
tions were 0, 0.25, 0.5, 1, 2, 5, 10, or 20 mmol/L) for different time
periods (8, 24, or 48 hours), respectively. Twenty microliters Cell
Counting Kit-8 (CCK-8, Dojindo) was added into each of the 96
wells. After 4-hour incubation at 37�C, the optical density (OD)
values were detected at 450 nm using the scan reader (ELx800,
BioTek Instruments). Finally, cell growth–inhibiting rates were
described as the cell inhibiting curves and the 50% inhibiting
concentration (IC50) values were evaluated.

Colony formation assay and Hoechst33342 staining
For colony formation assay, 3 � 103 cells were trypsinized to

single-cell suspensions and plated in 6-well plates in complete
culture medium containing 0.3% agar on the top of 0.6% agar in
the same medium. After the plates were incubated at 37�C in 5%
CO2 for 14 days, the colonies were fixed and stainedwith 50 mL 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (5
mg/mL). Colonies containing at least 50 cells were scored. Data
are presented as the mean � SD of five randomly scored fields.

We used Hoechst33342 staining to evaluate the changes of cell
apoptosis. In brief, cells (2 � 105/mL) were harvested and incu-
bated with 10 mL of Hoechst33342 solution (Keygen Biotech) for
15 minutes at 37�C in the dark. Then, cells were centrifuged and
washed with precold 1� PBS for three times, followed by incu-
bating with 1 mL Buffer A solution (Keygen Biotech) at room
temperature. Finally, a total of 20mL cellular suspensionbufferwas
dropped on a glass slide and the image was observed under an
inverted phase-contrast fluorescencemicroscope IX71 (Olympus).

Migration and invasion assay
The migration and invasion assays were performed with trans-

well chambers (8-mm pore size, 24-well insert, Corning). Briefly,
cells were harvested and suspended in the serum-free medium.
Then, 1 � 104 cells in 200 mL serum-free medium were added to

the top chamber, and 600 mL culture medium with 10% FBS was
added to the bottom chamber as a chemoattractant. Cells were
incubated for 48 hours at 37�C, and the noninvading cells were
removed with cotton swabs. Finally, the insert membranes were
fixed in 3.7% methanol for 10 minutes and stained with 0.1%
crystal violet for 20 minutes. The permeating cells were counted
and photographed under the inverted light System Microscope
IX71 (Olympus). At least three randomly selected fields were
counted, and the average number of cells was calculated per field.
For cell invasion study, the inserts of the chamber were prepared
by coating the top surfaces with Matrigel (100 mL, 1: 6 dilution in
serum-free medium, BD Biosciences). Other procedures were the
same with the migration assay.

Western blot analysis
Cellswere seeded in6-well plateswith adensity of 4�105 cells/

well and treated with different concentrations of nigericin. Then
cells were harvested and lysed in RIPAbuffer [50mmol/L Tris-HCl
(pH 7.4), 150 mmol/L NaCl, 1% sodium deoxycholate, 0.1%
SDS, 1% NP-40, 1 mmol/L EDTA, and 1 mmol/L PMSF] supple-
mented with protease inhibitor cocktail and phosphatase inhib-
itor cocktail (Roche). Cell lysates including whole-cell extracts
(WCE), cytoplasmic extracts (CE), and nuclear extracts (NE) were
quantitated and denatured with 5� SDS-PAGE sample loading
buffer by boiling for 10 minutes. Then, the protein extracts were
fractionated on an SDS-PAGE gel and transferred onto nitrocel-
lulose membranes (Millipore). Blots were incubated sequentially
overnightwithprimary and secondary antibodies. Immunoreactive
signals were developed with ECL kit (Thermo Scientific). The
primary antibodies used in this study were raised against b-catenin
(#8480), p-b-catenin (#4176), Axin1 (#3323), GSK-3b (#9315),
and Survivin (#2808; Cell Signaling Technology); TCF-1
(#YT4577), Cyclin D1 (#YT1173), MMP-7 (#YT2663), and
MMP-9 (#YT1892; ImmunoWay); c-Myc (ab32072) and Axin2
(ab32197; Abcam); b-actin (AP53385; Abgent); Lamin A/C (sc-
20681; Santa Cruz Biotechnology). The band density was normal-
ized to b-actin or Lamin A/C, and quantified by ImageJ software.

Immunofluorescence assay
Cells were cultured in RPMI1640 medium supplemented with

10% FBS on cover slides. After incubation overnight, cells were
fixed with 4% paraformaldehyde for 30minutes and followed by
permeabilization in 0.5% Triton X-100 for 15 minutes and an
additional 45 minutes for block in 5% BSA. Cells were sequen-
tially incubated with indicated primary antibodies overnight at
4�C. Primary antibodies were diluted as follows: b-catenin (pre-
diluted, ab15180, Abcam), c-Myc (1:200, ab32072, Abcam),
MMP-9 (1:300, #YT1892, Immunoway). Then, the sections were
incubated with Cy3-labeled anti-rabbit IgG (1:400, BS10007)
secondary antibody at room temperature for 1 hour. Finally, the
cells were stainedwith 4, 6-diamidino-2-phenylindole (DAPI) for
nuclear staining at room temperature for 5 minutes. The fluores-
cence images were captured and then merged using an inverted
phase-contrast fluorescence microscope IX71 (Olympus).

b-catenin overexpression in colorectal cancer cells
SW620 and KM12 cell lines were used for overexpression

studies. b-catenin overexpression vector was constructed on
the basis of thepMSCV-puro vector using primers 50-CCGCTCGA-
GATGGCTACTCAAGCTG-30 (F) and 50-CCGGAATTCTTACAG-
GTCAGTATCAAAC-30 (R). Lentivirus supernatants were used to
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infect the target cells. Puromycin (5 ng/mL) was used to select cells
stably overexpressing b-catenin and the empty vector cells for 6
weeks. The transfection efficiency was verified by the fluorescence
microscopy (Olympus X71).

Luciferase reporter assay
Luciferase reporter assays of Wnt/b-catenin signaling were per-

formed in 96-well plates with the TOP and FOP reporters (Upstate
Biotechnology) that contained wild-type and mutated TCF/LEF
DNA–binding sites, respectively. Cells were cultured in 96-well
plate overnight and transfectedwithplasmids using Lipofectamine
2000 (Invitrogen) according to the manufacturer's instructions.
The amount of plasmids transfected perwell were listed as follows:
Wnt/b-catenin signaling responsive Firefly luciferase reporter plas-
mid SuperTOPFlash or negative control SuperFOPflash reporter
plasmid, 100 ng; the overexpressing b-catenin plasmid or negative
control empty vector, 100 ng;Renilla reporter plasmid, 10 ng. After
6-hour incubation, cells were exposed to different concentrations
of nigericin for 24 hours, and then cells were lysed. Both the Firefly
and Renilla luciferase activities were measured using the Dual-
Luciferase Reporter Assay System (Promega).

Immunoprecipitation
Cells were pretreated with different concentration of nigericin

for 48hours, andharvested and lysedwith lysis buffer [50mmol/L
Tris-HCl (pH 7.5), 150 mmol/L NaCl, 0.5% sodium deoxycho-
late, 0.1% SDS, 1% NP-40, 1 mmol/L EDTA, 15 mmol/L MgCl2,
and 1mmol/L PMSF] supplemented with protease and phospha-
tase inhibitor cocktail for 30 minutes on ice. After centrifugation
for 10 minutes at 13,000 r/minute, the supernatant was collected
and transferred into a new tube for the subsequent immunopre-
cipitation assay. Total protein (500 mg) in cell lysates were
incubated with 2 mg anti-b-catenin antibody (#8480, Cell Signal-
ing Technology) at 4�C for 2hours, and themixturewas incubated
with 20 mL A/G PLUSAgarose beads (Santa Cruz Biotechnology)
at 4�C overnight. After incubation, the immunoprecipitated com-
plex was washed five times with precold PBS with 0.1% NP-40
buffer at 4�C. Proteins bound to the beads were eluted with 5�
SDS-loading buffer at 100�C for 10 minutes, followed by further
Western blot analyses with b-catenin (#8480), Axin1 (#3323),
and GSK-3b (#9315) antibodies (Cell Signaling Technology).

Tumor growth in nude mice
Four-week old male BALB/c-nude mice were purchased and

maintained in a sterile environment. Different treated SW620 cells
that stably expressedfirefly luciferasewere injected subcutaneously
into the flanks of nudemice in a total volume of 200 mL. Nigericin
(4 mg/kg) was injected intraperitoneally every 2 days as previous
studies described in vivo (13, 22). Tumor volume (TV) was mea-
sured weekly using a digital caliper, and was calculated as follows:
TV (mm3) ¼ length � width2 � 0.5. Bioluminescent imaging was
performed on day 28 after injection. At the end of the experiment,
mice were anaesthetized and given D-luciferin potassium salt (150
mg/kg in PBS, Sciencelight). Twenty minutes after injection, these
mice were anesthetized and the bioluminescence was imagedwith
a charge-coupled device camera (IVIS; Lumina II, PerkinElmer).
Signalwasdisplayedasphotons/s/cm2/sr. Allmicewere killedafter
the bioluminescent assay and the tumor mass were removed.
Tumor weights were calculated and the tumors were immediately
fixed in 10% neutralized formalin for Ki67 staining and terminal
deoxynucleotidyl transferase–dUTP nick end labeling (TUNEL)
analyses or stored at�80�C for qRT-PCRanalysis. TheAnimalCare

and Use Committee of the First Affiliated Hospital of Soochow
University approved the experiments using mice.

IHC of Ki67 staining
Tumor tissue sections frommice (4mm)were incubated in adry

oven at 60�C for 1 hour, and then deparaffinized in xylene and
rehydrated with graded ethanol. Then, antigen retrieval was
performed by pretreatment of the slides in 0.01 mol/L citrate
buffer (pH 6.0) for 10 minutes using a microwave oven at high
power (1,200 W). Subsequently, 3% hydrogen peroxide (H2O2)
was applied to block endogenous peroxidase activity of the
sections for 30 minutes at room temperature. After blocking with
5%BSA (Boster Bioengineering), the sectionswere incubatedwith
the diluted Ki67 antibody (1: 400, #9449, Cell Signaling Tech-
nology) for 2 hours at room temperature. After rinsing, the
sections were incubated with the secondary anti-mouse peroxi-
dase–conjugated antibody (EnVision, DAKOA/S) for 45 minutes
at room temperature according to themanufacturer's instructions.
For each sample, the omission of primary antibody was used
as a negative control. Finally, the slides were visualized with 3, 3-
diaminobenzine (DAB, Vector Laboratories), and counterstained
with hematoxylin formicroscopic examination. The sectionswere
dehydrated, cleared, and mounted under the light microscope.

TUNEL assay
Formalin-fixed paraffin-embedded tumor tissues were evalu-

ated using the TUNEL assay with the In Situ Cell Death Detection
Kit (Roche Molecular Biochemicals) to identify cells undergoing
apoptosis. According to the manufacturer's instructions, paraffin
sections of the xenograft tumor tissues (5mm)were deparaffinized
in xylene and rehydrated in decreasing concentrations of ethanol.
Then sections were rinsed in distilled water and incubated in 3%
hydrogen peroxide (H2O2) in methanol for 5 minutes to block
endogenous peroxidase activity. Tissue sections were incubated in
20 mg/mL proteinase K (DAKO Corporation) for 15 minutes,
washed with 1� PBS, incubated in equilibration buffer and then
in TdT enzyme solution in a humidified chamber at 37�C for 60
minutes. The sections were subsequently rinsed in PBS, and then
incubated with streptavidin peroxidase (Vector Laboratories)
conjugate for 30 minutes. Peroxidase activity was detected by
application of DAB. Apoptotic activity was identified by an
observed dark brown nuclear staining under the lightmicroscope.

qRT-PCR
Tumor tissue sections from mice were homogenized and the

total RNAs were extracted using TRIzol solution (Invitrogen)
according to themanufacturer's instructions. Equivalent amounts
of RNA (2 mg) were reverse-transcribed using the M-MLV reverse
transcriptase with Oligo(dT). Triplicates were performed for all
reactions by using FastStart Universal SYBR Green Master (Roche
Diagnostics GmbH) on an Eppendorf Real-Time Detection
System according to the manufacturer's protocol. Primer
sequences were as follows: CTNNB1 (50-CATCTACACAGTTT-
GATGCTGCT-30 and 50-GCAGTTTTGTCAGTTCAGGGA-30),MYC
(50-GGCTCCTGGCAAAAGGTCA-30 and 50-CTGCGTAGTTGTG-
CTGATGT-30), BIRC5 (50-AGGACCACCGCATCTCTACAT-30 and
50-AAGTCTGGCTCGTTCTCAGTG-30), MMP-9 (50-GGGACGCA-
GACATCGTCATC-30 and 50-TCGTCATCGTCGAAATGGGC-30),
and GAPDH (50-GGCACCACCATGTACCCTGGCAT-30 and 50-
TCCTGCTTGCTGATCCACATCTGCT-30). The PCR conditions
involved preliminary denaturation at 95�C for 10 minutes to
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active Taq polymerase, and 40 cycles of 94�C for 15 seconds, 58�C
for 30 seconds, and 72�C for 30 seconds, followed by a final
elongation step at 60�C for 10 minutes. GAPDH was used as
internal reference. All samples were processed in replicate and the
gene expressions were quantified as 1,000 � 2�DC

t.

Tumor metastasis in nude mice
Four-week-old male BALB/c-nude mice were used for the mice

colorectal cancer peritoneal disseminatedmodel. In brief, 5� 106

SW620 cells stably expressing firefly luciferase (b-catenin stably
overexpressing or with empty vectors) were resuspended in 200-
mL PBS and injected intraperitoneally into the nude mice. Then,
nigericin (4mg/kg) was injected intraperitoneally every two days.
After onemonth, the peritonealmetastasis of SW620 cells inmice
were observed by the bioluminescent assays as described. Finally,
the abdominal metastasis nodules on the mesentery were dis-
sected and calculated.

Statistical analysis
Statistical analysis was performed using SPSS 19.0 software

(SPSS Inc.). The data were presented as mean � SD from experi-
ments in replicate. Statistically significant differences were esti-

mated using one-way ANOVA followed by Tukey test. Probability
values (P) <0.05 were considered to indicate a statistically signif-
icant difference.

Results
Sensitivity of human colorectal cancer cells to nigericin

SW620 and KM12 cells were exposed to increasing concentra-
tions of nigericin (0, 0.25, 0.5, 1, 2, 5, 10, and 20 mmol/L)
for different time periods (8, 24, or 48 hours). As demonstrated
inFig. 1AandB,nigericin treatment significantly reduced tumor cell
proliferation in a concentration-dependent manner in SW620 and
KM12cells.Meanwhile,we compared the IC50valuesofnigericin in
these two cell lines at different time (8, 24, or 48hours). Our results
manifested that nigericin also inhibited the cancer cell viability time
dependently (15.90�2.08,4.72�0.46,and1.39�0.21mmol/L in
SW620 cells; 22.31� 3.25, 8.48� 0.58, and 5.69� 1.30mmol/L in
KM12 cells) at 8, 24, and 48 hours (Fig. 1C and D).

Nigericin inhibited the tumorigenic behavior of colorectal
cancer cells in vitro

As calculated above, we chose 1 and 4 mmol/L as the proper
treated concentrations of nigericin on SW620 and KM12 cells,

Figure 1.

Sensitivity of human colorectal cancer (CRC) cells to nigericin. A and B, SW620 and KM12 cells were exposed to increasing concentrations of nigericin for
different time periods (8, 24, or 48 hours). The drug significantly reduced tumor cell proliferation in a concentration-dependent manner in SW620 and KM12 cells for
8, 24, or 48 hours. C and D, The IC50 values of nigericin in SW620 and KM12 cells at different time (8, 24, or 48 hours) were calculated. Nigericin inhibited the
cancer cell viability time dependently (� , P < 0.05).
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respectively (less than the IC50 values for 48 hours) for our subse-
quent experiments in vitro. The effects of nigericin on the tumor-
igenic behavior of colorectal cancer cells were measured after
treatment with respective concentrations of nigericin for 48 hours.
Our results of the colony formation assay and Hoechst33342
staining demonstrated that nigericin could inhibit the cell prolif-
eration and increased tumor apoptosis both in SW620 and KM12
cells (Fig. 2A–D). To detect the effect of nigericin on the cell
metastatic capacity, transwell migration and invasion assays were
performed. As shown in Fig. 2E and F, the number ofmigrated cells
in the nigericin treatment SW620 or KM12 cells was significantly
decreased, compared with the nondrug-treated cells. Similarly,
colorectal cancer cell invasion through an artificial extracellular

matrix usingMatrigel-coatedmembranes was likewise significantly
impaired in response to nigericin exposure (Fig. 2G and H). Taken
together, these data implied that nigericin could obviously atten-
uate the tumorigenic potential of colorectal cancer cells in vitro.

Nigericin suppressed Wnt/b-catenin signaling pathway in
colorectal cancer cells

To examine the effects of nigericin on the Wnt/b-catenin
pathway, the expressions of downstream effectors of the pathway
were assessed. As the Western blot results showed, decreased
protein expressions of b-catenin (including total, cytosolic and
nuclear b-catenin) and TCF-1 were observed both in SW620 and
KM12 cells. Whereas, the dose-dependent increased expressions

Figure 2.

Nigericin inhibited the tumorigenic behavior of colorectal cancer (CRC) cells in vitro. A and B, The ability of colony formation was significantly suppressed by
nigericin in SW620 or KM12 cells.C andD,Hoechst33342 staining showed nigericin increased tumor apoptosis in SW620 or KM12 cells. E and F, The ability ofmigration
was inhibited by nigericin in SW620 or KM12 cells. G and H, The ability of invasion was impaired by nigericin in SW620 or KM12 cells (� , P < 0.05).
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of p-b-catenin, Axin1 andGSK-3b proteins were also seen in these
two cell lines after nigericin treatments at 48 hours (Fig. 3A–D).
Using the immunofluorescence assay, we found that b-catenin in
the cytoplasm was preferentially reduced in the nigericin-treated
group compared with the control group (nonnigericin treatment)
both in SW620 and KM12 cells (Fig. 3E and F).

Nigericin downregulated the expressions of Wnt/b-catenin
target genes in colorectal cancer cells

Regarding the inhibiting effects of Wnt/b-catenin pathway–
related proteins by nigericin, we also evaluated the changes of
some Wnt target genes such as CyclinD1, c-Myc, Survivin, Axin2,
MMP-7, and MMP-9 both in SW620 and KM12 cells. Consistent

Figure 3.

Nigericin suppressed Wnt/b-catenin signaling pathway in colorectal cancer (CRC) cells. A and B, The inhibiting effects of Wnt/b-catenin pathway-related
proteins by nigericin in SW620 or KM12 cells were observed using Western blot analysis. C and D, The gray levels of different Wnt/b-catenin pathway–related
proteins. E and F, The immunofluorescence assay demonstrated that b-catenin in the cytoplasm was preferentially reduced by nigericin, compared with the
control group (nonnigericin treatment; � , P < 0.05).
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Figure 4.

Nigericin downregulated the expressions of Wnt/b-catenin target genes in colorectal cancer (CRC) cells. A and B, The Western blot analysis showed that
Wnt target proteins such as CyclinD1, c-Myc, Survivin, Axin2, MMP-7, and MMP-9 were suppressed by nigericin in SW620 or KM12 cells. C and D, The gray levels of
different Wnt target proteins. E–H, The immunofluorescence assay demonstrated that the protein expressions of c-Myc and MMP-9 were significantly
reduced by nigericin, compared with the control group (nonnigericin treatment; � , P < 0.05).
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with our expectation, our data of Western blot analysis showed
that the protein expression levels of CyclinD1, c-Myc, Survivin,
Axin2, MMP-7, and MMP-9 were downregulated after nigericin
treatment in a concentration-dependent manner (Fig. 4A–D).
Similarly, we also performed the immunofluorescence assay to
observe the influence of nigericin on Wnt-related target proteins
(c-Myc and MMP-9). As predicted, the drug significantly reduced
the c-Myc and MMP-9 levels both in SW620 and KM12 cells
(Fig. 4E–H).

Nigericin suppressedWnt/b-catenin pathway thatwas activated
by b-catenin overexpression in vitro

To further confirm the inhibitory effects of nigericin via aWnt//
b-catenin–dependent signaling mechanism in colorectal cancer,
we established the stably b-catenin overexpression colorectal
cancer cells and discussed the suppressing effects of nigericin by
the TOPFlash cell reporter system. As demonstrated in Fig. 5A and
B, the transcriptional activities of b-catenin/TCF/LEF affected by
nigericin were evaluated. Our data implied that the relative TOP/
FOP ratios of b-catenin overexpressing cells were increased 3.58
and 4.42-fold changes in SW620 and KM12, respectively, com-
pared with the control cells. When treated with nigericin, the
relative TOP/FOP ratios were significantly downregulated in a
dose-dependent manner, compared with the b-catenin overex-
pressing SW620 or KM12 cells. This was the preliminary evidence
that nigericin could also suppress theWnt/b-catenin pathway that
was activated by b-catenin overexpression in vitro.

Our subsequent experiments redetected the expressions of
Wnt//b-catenin downstream effectors and target proteins, and
the results (Fig. 6A–D) showed that upregulation of b-catenin
could significantly increase the levels of TCF-1, CyclinD1, c-Myc,
Survivin, Axin2, MMP-7, and MMP-9, while Axin1 and GSK-3b
protein expressions were decreased in b-catenin overexpressing
cells. The results strongly confirmed b-catenin as a critical inter-
mediary and player in Wnt/b-catenin pathway. Moreover, our
data also found that nigericin exhibited obvious inhibitory effects
of Wnt//b-catenin downstream proteins between nonnigericin
and nigericin-treated b-catenin overexpressing cells. To better
understand the nigericin effects on Wnt signaling, we next
assessed the changes of TOP/FOP ratios when b-catenin over-
expressing cells were exposed to much high concentrations of
drug (1 and 4 mmol/L in SW620 and KM12, respectively). The
results (Fig. 6E and F) showed that overexpression of b-catenin
could activate the Wnt-induced signaling pathway with relative
high TOP/FOP ratios both in SW620 and KM12 cells. However,
when treatedwithnigericin, the TOP/FOP ratioswere significantly
downregulated comparedwith the b-catenin-overexpressing cells.
These were evidence that nigericin could effectively inhibit Wnt/

b-catenin signaling pathway, and that the activated pathway
induced by b-catenin overexpression could also be partly reversed
by nigericin in vitro.

Nigericin antagonized b-catenin through inducing
phosphorylation and subsequent proteasomal degradation of
b-catenin

b-catenin destruction complex GSK-3b/Axin1/b-catenin
played an important role in the stabilization of b-catenin, and
induced its phosphorylation and subsequent proteasomal
degradation. To further elucidate the role of GSK-3b and Axin1
in nigericin-induced downregulation of b-catenin, the lysates
were immunoprecipitated with b-catenin and then Western
blotted for b-catenin, GSK3b, and Axin. Our data in Fig. 7A–D
showed that nigericin treatment for 48 hours significantly
decreased the expression of b-catenin and enhanced the
expression of GSK3b and Axin1 both in SW620 and KM12
cells. Thus, these results suggested that GSK3b and Axin1
might be involved in the nigericin-induced degradation of
b-catenin in colorectal cancer cells.

Nigericin inhibited the tumor growth and metastasis of
colorectal cancer cells in vivo

Given the observed effects of nigericin on colorectal cancer cell
growth and metastasis in vitro, we subsequently determined
whether nigericin suppressed tumorigenicity in vivo. As demon-
strated in Fig. 8A and B, subcutaneous injection of mice with
b-catenin–overexpressing SW620 cells resulted in larger tumors
than injection of control SW620 cells, whereas nigericin could
significantly reduce the tumormass of SW620-b-catenin cells.Our
results of tumor weights at 4 week also confirmed the inhibitory
effects of nigericin in the tumor formation in vivo (Fig. 8C). Next,
we obtained the tissue sections from the mice xenograft tumors,
and used IHC and TUNEL assay to detect the expressions
of Ki67 and cell apoptosis, respectively. Our results showed
that b-catenin overexpression could increase the percentage
of Ki67-positive staining and decrease the cell apoptotic rate
(Fig. 8D–F), while nigericin treatment could antagonize the
prompting effects of tumor growth induced by b-catenin.
Furthermore, the mRNA expressions of CTNNB1, MYC, BIRC5,
and MMP-9 were obviously upregulated by b-catenin in vivo
that were in accordance to our previous reports in vitro, and
nigericin could significantly inactivate the expressions of these
Wnt-related genes (Fig. 8G–J).

Besides, we built themice tumormetastasismodel and injected
different treated cells into the peritoneal cavity. As shown in Fig.
9A, we could see that b-catenin significantly increased the peri-
toneal spreading of SW620 cells at day 35. Nigericin in SW620

Figure 5.

The inhibitory effects of nigericin via a
Wnt//b-catenin-dependent signaling
mechanism in colorectal cancer (CRC)
cells were confirmed by the TOPFlash
cell reporter system. A, SW620 cells.
B, KM12 cells; (� , P < 0.05).
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control cells had the opposite effect, suppressing tumorigenicity
and peritoneal spreading. More importantly, we found that
nigericin also had strong inhibitory effects on b-catenin stably
expressing cells. Meanwhile, the abdominal metastasis nodules

on the mesentery were dissected. We calculated the number of
abdominal metastasis nodules on the mesentery among different
groups, and the results supported our observed bioluminescent
imaging of tumors in vivo (Fig. 9B and C).

Figure 6.

Nigericin could effectively inhibit Wnt/b-catenin signaling pathway, and the activated pathway by b-catenin overexpression could also be partly reversed by
nigericin in vitro. A and B, The inhibiting effects of Wnt/b-catenin pathway-related and target proteins by nigericin in SW620 or KM12 cells were observed
using Western blot analysis. Meanwhile, our data also implied b-catenin as a critical intermediary in Wnt/b-catenin pathway, and nigericin also exhibited obvious
inhibitory effects of Wnt//b-catenin downstream proteins between nonnigericin and nigericin-treated b-catenin–overexpressing cells. C and D, The gray
levels of different Wnt/b-catenin downstream proteins. E and F, The changes of TOP/FOP ratios also confirmed the inhibiting effects of nigericin in b-catenin
overexpressing SW620 or KM12 cells (� , P < 0.05).
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Discussion
Nigericin is a monocarboxylic polyether antibiotic potassium

ionophore that is widely used as a coccidiostatic agent in
chickens. It tends to lower the intracellular pH (pHi) by allow-
ing exchange of intracellular Kþ for extracellular Hþ, which
probably leads to cell death in an acidic environment. As
revealed by previous studies, nigericin was reported to inhibit
cancer cells, and the underlying biochemical mechanisms for its
anticancer effects had been comprehensive studied. Nigericin at
relatively high concentration might trigger apoptosis or necrosis
by depletion of intracellular potassium due to its ability to
increase Kþ efflux (8, 23, 24). It was also shown to overcome
multidrug resistance of cancer cells and to target CSCs (13, 25–
27). Besides, nigericin inhibited cellular processes associated
with increased stemness such as metastasis and epithelial–
mesenchymal transition (EMT) in colorectal cancer, breast
cancer, and ovarian cancer cells (15, 28, 29). More interestingly,
nigericin might be exploited to enhance drug sensitivity when
used in combination with other drugs, such as adriamycin,
amiloride, a-Sarcin, and melphalan (8, 24, 30, 31).

Colorectal cancer is regarded as a heterogeneous and multi-
pathway disease, the development of which is mainly associ-
ated with genetic background and environmental factors,
including diet, lifestyle, and medication use (32, 33). Apart
from these surrogate risk factors, activation of the Wnt pathway
and its effects on in vitro and in vivo tumorigenesis offer the
most compelling evidence of its importance in colorectal cancer
progression (21, 34, 35). The Wnt pathway is commonly
divided into b-catenin dependent (canonical) and independent
(noncanonical) signaling (36). In canonical Wnt signaling,
absence of Wnt ligands (Wnt signaling inactive state) leads to
phosphorylation of b-catenin by the destruction complex,
which contains the scaffold protein Axin, APC, and the kinases

GSK3b and casein kinase (CK1a). In this state, b-catenin is
phosphorylated by GSK3b, and targeted for proteasomal deg-
radation. Absence of nuclear b-catenin, a repressive complex
containing TCF/LEF and transducing-like enhancer protein
(TLE/Groucho), recruits HDACs to repress target genes. Once
the Wnt pathway activated, b-catenin is stabilizated, accumu-
lated, and translocated into the nucleus, which finally amplifies
the expressions of downstream target genes such as Cyclin D1,
c-Myc, Survivin, Axin2, MMP-7, and MMP-9, and leads to a
change of multiple cellular processes (17, 37).

In this study, we firstly exposed colorectal cancer cell lines
to increasing concentrations of nigericin for different time
periods and the IC50 values were evaluated. The data showed
that nigericin significantly reduced colorectal cancer cell pro-
liferation both in dose- and time-dependent manners. The
results were partly similar to the study of Zhou and colleagues
in 2013, in which nigericin showed more toxicity for the two
colorectal cancer cell lines (HT29 and SW1116), compared
with oxaliplatin (15). Next, the effects of nigericin on the
tumorigenic behaviors of colorectal cancer cells including the
abilities of colony formation, apoptosis, migration, and inva-
sion after respective concentrations of nigericin for 48 hours
were applied. Our results implied that nigericin could signif-
icantly attenuate the tumorigenic potential of colorectal can-
cer cells in vitro, and downregulate the expressions of Wnt-
related and target proteins in colorectal cancer cells. Nigericin
was found to downregulate the Wnt signaling pathway not
only in noncancer cells, such as human foreskin fibroblast
(38) and human embryonic kidney cells (39), but also in
cancers. In 2011, Lu and colleagues identified salinomycin
and nigericin as potent inhibitors of the Wnt signaling cascade
by interfering with LPR6 phosphorylation in chronic lympho-
cytic leukemia cells (39). Similarly, nigericin was also reported
to inhibit cytomegalovirus replication by targets Wnt

Figure 7.

Immunoprecipitation assay
demonstrated that nigericin could
inhibit the Wnt/b-catenin signaling
by directly targeting the b-catenin
destruction complex GSK-3b/Axin1/
b-catenin in SW620 or KM12 cells.
A and B, A decreased expression of
b-catenin and increased levels of
GSK-3b and Axin1 were observed in
b-catenin immunoprecipitated
lysates. C and D, The gray levels of
b-catenin, GSK-3b, and Axin1
proteins (� , P < 0.05).
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signaling (38). A recent study by Yakisich demonstrated that
nigericin decreased the viability of multidrug-resistant cancer
cells and lung tumorspheres in lung cancer (13). In their
study, nigericin at micromolar concentration decreased intra-
cellular (Kþ) concentration by its ability to increase Kþ efflux
and at nanomolar concentrations inhibited the expression of
key proteins of the Wnt signaling pathway and promoted
translocation of b-catenin into the nucleus. The results
obtained in this study contribute to the previously proposed
mechanism of action of nigericin as a Wnt inhibitor in cancer
cells.

In the absence of activated Wnt/b-catenin signaling, cytosolic
b-catenin is rapidly phosphorylated by a complex of proteins
collectively termed the "destruction complex," comprised of

the core proteins AXIN, APC (adenomatous polyposis coli),
GSK3 (glycogen synthase kinase) and CK1 (casein kinase1).
The destruction complex phosphorylates the N-terminus of
b-catenin targeting the protein for proteasomal degradation
and thereby maintaining low baseline cytosolic levels (40, 41).
Therefore, stabilization of cellular b-catenin has been supposed
as an important step in many human cancers (17, 42, 43).
To further elucidate the inhibitory effects of nigericin via a
Wnt//b-catenin–dependent signaling mechanism in colorectal
cancer, we established the stably b-catenin overexpression
colorectal cancer cells and discussed the antagonizing effects
of nigericin on b-catenin. Our data confirmed that nigericin
also had anticancer effects on b-catenin overexpressing cells
by effectively inhibiting Wnt/b-catenin signaling pathway.

Figure 8.

Nigericin inhibited the tumor growth of colorectal cancer (CRC) cells in vivo. A, Cells were subcutaneously injected into mice and the tumor mass at 4 week
were observed by bioluminescent assays. B, The inhibitory effects of nigericin on the tumor growth in mice were compared in different groups. C, The tumor
weights were compared in different groups. D and E, The tissue sections from the mice were obtained and the IHC method was used to detect the Ki67
staining. F, Cell apoptosis in vivo were detected by the TUNEL assay. G–J, The mRNA expressions of CTNNB1, MYC, BIRC5, and MMP9 were determined by
qRT-PCR. (� , P < 0.05).
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Moreover, the immunoprecipitation assay demonstrated that
nigericin could inhibit the Wnt signaling by directly targeting
the b-catenin destruction complex GSK-3b/Axin1/b-catenin,
which accompanied with a decreased expression of pull-
downed b-catenin and increased levels of GSK-3b and Axin1.
Taken together, these results strongly confirmed b-catenin as a
critical intermediary and player in Wnt/b-catenin pathway, and
nigericin exerted anticancer effects on colorectal cancer cells by
directly targeting the b-catenin destruction complex. As we
know, using subcutaneous tumor model can help researchers
observe the tumor growth in mice directly. But it cannot
accurately reflect the actual environment of tumor growth and
metastasis in animals. The mice tumor metastasis model by
injecting cells intraperitoneally into animals may simulate the
tumor metastatic process in the peritoneal cavity. Given the
observed effects of nigericin on colorectal cancer cell growth
and metastasis in vitro, we simultaneously built the colorectal
cancer subcutaneous and metastasis models to determine
whether nigericin suppressed tumorigenicity in vivo. Fortunate-
ly, our experiments in vivo identified nigericin's anticancer

effects on colorectal cancer cells with the decreased mRNA
expressions of Wnt-related genes such as CTNNB1, MYC,
BIRC5, and MMP9, and more peritoneal spreading.

Taken together, we had shown that nigericin reduced
the tumor cell proliferation in a dose- and time-dependent
manner in colorectal cancer cells. In vitro and vivo, nigericin
significantly suppressed the tumor growth and metastasis by
inhibiting Wnt/b-catenin signaling pathway and directly tar-
geting the b-catenin destruction complex. These results sug-
gested that Wnt/b-catenin signaling might have an essential
role in colorectal cancer progression, and nigericin acted as an
effective inhibitor of Wnt/b-catenin signaling. To the best of
our knowledge, there are no studies discussing the existing or
potential use of nigericin in the clinic. Our data provided new
insight into the molecular mechanism of nigericin toward
cancer cells, and suggested possible clinical application in
colorectal cancer.
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Figure 9.

Nigericin inhibited the tumor metastasis of colorectal cancer (CRC) cells in vivo. A, The mice tumor metastasis models were built and different treated cells
were injected into the peritoneal cavity. The peritoneal spreading was observed by bioluminescent assays. B and C, The abdominal metastasis nodules on the
mesentery were dissected and calculated (� , P < 0.05).
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