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Abstract: Tumor metastasis is the major cause of cancer mortality; therefore, it is imperative to discover effective 
therapeutic drugs for anti-metastasis therapy. In the current study, we investigated whether ivermectin (IVM), an 
FDA-approved antiparasitic drug, could prevent cancer metastasis. Colorectal and breast cancer cell lines and a 
cancer cell-derived xenograft tumor metastasis model were used to investigate the anti-metastasis effect of IVM. 
Our results showed that IVM significantly inhibited the motility of cancer cells in vitro and tumor metastasis in vivo. 
Mechanistically, IVM suppressed the expressions of the migration-related proteins via inhibiting the activation of 
Wnt/β-catenin/integrin β1/FAK and the downstream signaling cascades. Our findings indicated that IVM was ca-
pable of suppressing tumor metastasis, which provided the rationale on exploring the potential clinical application 
of IVM in the prevention and treatment of cancer metastasis.
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Introduction

Cancer cells are highly prone to metastasis dur-
ing the process of tumorigenesis and progres-
sion. They can break away from primary sites 
and colonize and propagate in other parts of 
the body, leading to the impaired function of 
essential organs and body system [1-3]. The 
process of tumor metastasis is complex, which 
is influenced by many factors, including epithe-
lial-mesenchymal transitions (EMT) which is 
the process of epithelial cells transforming  
into the mesenchymal cells with high migration 
and invasion ability [4, 5], tumor microenviron-
ment [6], intercellular communication [7], cells 
and extracellular matrix interaction [8-11], cell 
polarity, cytoskeleton plasticity [12, 13], and 
colonization of the cancer cells in the target  
tissues [14]. However, the effective clinical 
strategies to control tumor metastasis are still 
limited.

Several signaling pathways are involved in 
tumor metastasis by regulating one or more 
steps of the process [15-18]. For example, 
Wnt/β-catenin and integrin β1/FAK signaling 

pathways play crucial roles in tumor metastasis 
[19, 20] by regulating EMT [21], activating pa- 
xillin, and enhancing the expression of Rho 
GTPase family proteins [22]. Accordingly, some 
drugs or plant extracts have been reported to 
regulate metastasis through modulating their 
activity [23-27].

Ivermectin (IVM), a derivative of avermectin B1, 
belongs to the class of 16-membered macro-
lide compounds, and has been widely used to 
treat parasites, pest insects, and vectors of dis-
eases [28-31]. Importantly, two macrolide com-
pounds, abamectin and doramectin, have been 
reported to inhibit the expression of cytoskele-
tal proteins in mouse neuroblastoma N2a cells 
[32]. Furthermore, studies have shown that 
both IVM and selamectin, an avermectin mono-
saccharide analogue, inhibit the migration of 
breast cancer MDA-MB-231 cells in vitro, and 
selamectin inhibits the lung metastasis of 
mouse 4T1 breast cancer cells in vivo [33]. 
Based on these findings, we speculated that 
IVM might have inhibitory effect on the motility 
of cancer cells. 

http://www.ajcr.us
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In this study, we investigated the effect of IVM 
on cell migration and tumor metastasis. By 
using multiple tumor cell lines and xenograft 
tumor models [34, 35], we not only revealed 
the inhibition of IVM on tumor metastasis, but 
also identified novel molecular mechanisms 
mediating the inhibitory effect of IVM on the 
motility of cancer cells.

Materials and methods

Cell culture

The human colorectal cancer HCT-8 cell line 
and breast cancer MCF-7 cell line were obtained 
from Shanghai Huiying Biological Technology 
Co. Ltd (Shanghai, China). The human colorec-
tal cancer HCT-116 cell line and breast can- 
cer MDA-MB-231 cell line were from Nanjing 
KeyGen Biotech Inc. (Jiangsu, China). EGFR-
knockout HCT-116 cell line [36] was kindly  
provided by Dr. Ningzhi Xu at Chinese Academy 
of Medical Sciences (Beijing, China). All cells 
were cultured in RPMI-1640 medium (Sigma-
Aldrich), supplemented with 10% FBS at 37°C 
in a humidified atmosphere of 5% CO2. 

Chemicals and reagents

Ivermectin (purity > 95%) was purchased from 
Dalian Meilun Biological Technology Co. Ltd 
(Liaolin, China). Vincristine sulphate (purity ≥ 
96.7%) was purchased from Wuhan Yuancheng 
Gongchuang Technology Co. Ltd (Hubei, China). 
Adriamycin was purchased from KeyGen Bio- 
tech (Jiangsu, China). CK1 activator pyrvinium 
pamoate [6-(dimethylamino)-2-[2-(2,5-dimeth-
yl-1-phenylpyrrol-3-yl) ethenyl]-1-methyl-quino-
linium; PP] was purchased from Sigma-Aldrich 
(St Louis, MO, USA). Millicell hanging cell cul-
ture inserts were purchased from EMD Millipore 
Corporation (Billerica, MA, USA). Matrigel was 
purchased from Corning Incorporated (Bed- 
ford, MA, USA). Recombinant human Wnt3a 
protein were purchased from R&D Systems 
(Minneapolis, MN, USA). Antibodies against 
GSK3β (#9832), p-GSK3βser9 (#5558), β-caten- 
in (#8480), p-β-catenin (#9561), LRP6 (#2560), 
p-LRP6 (#2568), frizzled5 (#5266), Histone  
H3 (#4499), E-cadherin (#5296), Rac1/Cdc42 
(#4651), vimentin (#3932), FAK (#3285), p-FAK 
(#3283), Paxillin (#2542), p-Paxillin (#2541), 
and snail (#3879) were purchased from Cell 
Signaling Technology (Boston, MA, USA); anti-
bodies for TCF4 (ab217668), integrin β1 (ab- 

52971), and MMP9 (ab38898) were obtain- 
ed from Abcam (Cambridge, UK); antibodies 
against RhoA, Rac1, and Cdc42 were pur-
chased from Cytoskeleton (Denver, CO, USA); 
antibodies to detect ZO-1 (339100) and occlu-
din (331500) from Life Technologies Corpo- 
ration (Carlsbad, CA, USA); antibodies against 
Tubulin (sc20852) and GAPDH (CW0100) were 
purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA) and CoWin Biotechnology 
(Beijing, China), respectively.

Xenograft tumor models and IVM treatment

Four-week-old male non-obese diabetic/severe 
combined immune deficient (NOD/SCID) mice 
(Vital River) were used in our in vivo assay to 
test the effect of IVM on tumor progression and 
metastasis. Mice were fed with standard rodent 
chow and water ad libitum and were housed 5 
mice per cage on individually ventilated caging 
racks.

To establish the xenograft colorectal carcinoma 
model, 100 μl of 1 × 107 HCT-8 cells were sub-
cutaneously inoculated into the flank region of 
mice. Tumor growth was monitored, and when 
tumor size reached about 100 mm3, the mice 
were randomized into three groups (n = 3/
group). The IVM solution (in 0.9% NaCl) was 
injected intraperitoneally daily at the doses of 
0, 2, and 3 mg/kg/day, respectively, for 18 
days. Injection of 0.9% NaCl solution was used 
as vehicle control. Tumors sizes were measured 
every three days using calipers, and tumor vol-
ume was calculated as V = length × width2/2. 
At the end of the treatment, tumors were dis-
sected and weighed. 

To establish the colorectal carcinoma metasta-
sis model, intravenous tail vein injection of 100 
μl of 2 × 106 HCT-8 cells were performed, and 
the mice were randomized into four groups (n = 
6/group). For IVM treatment groups, the IVM 
solution was injected intraperitoneally daily at 
the doses of 0, 1, 2, and 3 mg/kg/day, respec-
tively, for 37 days. Injection of 0.9% NaCl solu-
tion was served as vehicle control. At the end of 
the treatment, tumor nodules were dissected 
and fixed in 4% paraformaldehyde for histologi-
cal examination.

All animal studies were performed in accor-
dance with the guidance of Chinese legislation, 
and the animal protocol was reviewed and 
approved by the Animal and Medical Ethics 
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Committee of the Institute of Zoology, Chinese 
Academy of Sciences.

RhoA/Rac1/Cdc42 activation assay

The cells at about 30% confluence were treated 
with IVM and/or VCR for 20 min and lysed to 
collect supernatants by centrifugation. The 
supernatants were then incubated with 30 μl of 
RhoA activation assay beads (Rhotekin-RBD)  
or 10 μl of Rac1 and Cdc42 activation assay 
beads (PAK-PBD) provided by Combo RhoA/
Rac1/Cdc42 activation assay Biochem Kit 
(Cytoskeleton, Denver, CO, USA) at 4°C in rota-
tion for 1 h. The binding complex was retrieved 
by centrifugation, washed once, and the pre-
cipitated beads were resuspended in 40 μl of  
2 × loading buffer for the Western blotting 
analysis.

Luciferase reporter assay

A 2,200 bp promoter fragment encompassing 
the TCF4 binding site and the annotated tran-
scription start site of integrin β1 gene [-2000 to 
+200 bp, chr10: 32958145-32960365 (hg38)] 
was cloned into a Gaussia luciferase (GLuc) 
reporter vector (pEZX-PG04, GeneCopoeia), 
which contains secreted embryonic alkaline 
phosphatase (SeAP) for transfection normali- 
zation. 

The cells in 24-well plates were co-transfected 
with the above reporter vector and pcDNA3.1(+)-
TCF4 or pcDNA3.1(+)-β-catenin expression vec-
tor using transfection reagent VigoFect. At 12 h 
after transfection, the cells were treated as 
indicated for 48 h. The activities of GLuc and 
SeAP were quantified with the Secrete-PairTM 
dual luminescence assay kit (GeneCopoeia).

Immunofluorescence analysis

Cells were fixed in 4% paraformaldehyde for 15 
min at room temperature (RT), permeabilized 
with 0.5% Triton X-100 for 10 min at RT, and 
blocked in TBST containing 3% BSA for 1 h at 
37°C before incubation with antibodies against 
β-catenin, E-cadherin, ZO-1, and occludin at 
37°C for 1.5 h. The staining signal was visual-
ized using FITC-labeled secondary antibody for 
1 h at 37°C and examined under fluorescent 
microscope. All images were acquired using a 
Carl Zeiss LSM710 laser scanning confocal 
microscope (Oberkochen, Germany).

Histochemistry staining

Hematoxylin and eosin staining was carried  
out following the standard protocol. Briefly, tis-
sue sections were deparaffinized, rehydrated 
through decreasing concentration of alcohol, 
stained in hematoxylin for 15 min, differentiat-
ed, and then stained with eosin for 3 min fol-
lowed by dehydration in alcohol and xylene. The 
sections were mounted and examined under 
Olympus IX71 inverted microscope (Tokyo, 
Japan).

Plasmids construction and cell transfection

DNA sequences encoding human full length 
β-catenin (X87838.1), TCF4 (NM_0010839- 
62.1), integrin β1 (ITGB1 A) (NM_002211.3), 
and FAK (L13616.1) were cloned into mam- 
malian expression vector pcDNA3.1(+) vector 
(GENEWIZ). HCT-8 cells were transfected using 
the transfection reagent VigoFect (Vigorous 
Biotech, Beijing, China).

Wound healing assay

HCT-8 cells and MCF-7 cells were grown in 
24-well plates to 90% confluence. A 20 μl-sterile 
tip was used for wound scratching. The cells 
were washed with PBS for three times and  
then treated as indicated in RPMI-1640 medi-
um (containing 1% FBS). The reduction of the 
wound area after 24 h was visualized under the 
inverted microscope, quantified by CellSens 
standard software and compared with the 
same area at time 0. Percent of wound closure 
was the ratio between wound area at 24 h and 
at time 0.

Transwell assay

Transwell migration assays was conducted in 
24-well chamber with 8.0 µm pore polycarbon-
ate membrane insert. Briefly, cells that were 
starved for 24 h were seeded in the upper 
chamber in 200 μl of serum-free medium with 
or without drug treatment, while the lower 
chamber was filled with 20% FBS complete 
medium. After incubation for 48 h, the top side 
of upper chamber was gently swabbed with 
cotton-tipped applicators and the underside 
was fixed and stained with 0.1% crystal violet. 
The number of penetrating cells was deter-
mined under the inverted microscope and 
quantified by using ImageJ software.
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Figure 1. IVM inhibited the migration of cancer cells in vitro. Wound healing assay and transwell migration assay of the breast cancer MCF-7 cells (A) and MDA-
MB-231 cells (B), and colorectal cancer HCT-8 cells (C) and HCT-116 cells (D). Measurement: 0, 24, and 48 h after IVM treatment, respectively. Concentrations of 
IVM was as indicated. Top panel: quantitation of wound closure: ([distance of the wound at 0 h - distance of the wound at 24 h]/distance of the wound at 0 h × 
100%). Left bottom panel: quantitation of transwell migration assay. Scale bar = 250 μm. Cells treated with vehicle served as control. Data in the histograms were 
presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, compared with their respective controls.
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Western blotting analysis

Briefly, cells were lysed in RIPA buffer (contain-
ing 50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton 
X-100, 1 mM EDTA, 1% sodium deoxycholate, 1 
mM PMSF and 1% protease inhibitors), and the 
cells lysates were cleared by centrifugation at 
5,000 g for 15 min at 4°C. The supernatants 
were collected, quantified, and the protein 
lysates were separated by SDS-PAGE. Proteins 
were transferred onto Millipore PVDF mem-
branes (Darmstadt, Germany). Membranes 
were blocked with 5% non-fat milk or BSA in 
TBST buffer for 2 h at RT and then incubated 
with primary antibody overnight at 4°C. After 

extensive washing with TBST, membranes were 
incubated with appropriate secondary antibody 
for 3 h at RT. The signal was developed by ECL 
reagents (Beyotime Biotechnology, Shanghai, 
China) and detected by DNR MicroChemi4.2 
system (Bio-Imaging Systems Ltd, Israel). The 
Western blotting images were analyzed by 
Quantity One software.

Cytoplasmic and nuclear protein extracts

Cells were homogenized with cytoplasmic ex- 
traction buffer (20 mM HEPES, pH 7.2, 210 mM 
sucrose, 70 mM mannitol, 10 mM KCl, 1 mM 
DTT, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF and 

Figure 2. IVM alone or in combination with anticancer drug inhibited the migration of cancer cells in vitro. Breast 
cancer MCF-7 cells (A) and MDA-MB-231 cells (B), and colorectal cancer HCT-8 cells (C) and HCT-116 cells (D) were 
treated with IVM in the presence or absence of the anticancer drug adriamycin (ADR) (A and B) or vincristine (VCR) 
(C and D). Wound healing assay was performed at 0 and 24 h, respectively, after the treatment of IVM alone or in 
combination with ADR or VCR. Quantitation of wound closure was performed as described in Figure 1. Scale bar = 
250 μm. Cells treated with vehicle served as control. Data in the histograms were presented as the mean ± SD (n = 
3). **P < 0.01, compared with their respective controls.
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1% protease inhibitors) in a glass homogenizer 
on ice, and then was incubated for 30 min. The 
cells homogenates were lysed to collect super-
natants as cytoplasmic extract by centrifuga-
tion at 600 g for 15 min at 4°C. Cell pellets 
were resuspended in the nuclear extraction 
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% 

sonicated and then immunoprecipitated with 
TCF4, anti-RNA polymerase II (positive control), 
or normal rabbit IgG (negative control), respec-
tively. The immunoprecipitated DNA fragments 
were detected by qPCR analysis using a TaKaRa 
SYBR Premix Ex Taq TM (Tli RNaseH Plus) PCR 
kit (Dalian, China). The primers for the integrin 

Figure 3. IVM inhibited the metastasis of HCT-8 cells-derived tumor in vivo. The NOD/SCID mice were injected 
through tail vein with 2 × 106 HCT-8 cells. The mice were then treated with different doses of IVM (0, 1, 2, or 3 mg/
kg, i.p.) daily for 37 days. A. The mouse tissues that contained tumor nodules. White arrows indicated the metastatic 
tumor nodules. B. The histochemicl examination of the tumor mass found in muscle tissue with hematoxylin and 
eosin staining. Scale bars = 150 μm. N, non-tumor tissues; T, tumor tissues. C. The comparison of the body weight 
of the HCT-8 cells-inoculated mice after IVM treatment. The numbers 0, 1, 2, and 3 in the figure keys represented 
the IVM doses 0, 1, 2, and 3 mg/kg, respectively. Data were presented as the mean ± SD (n = 6). *P < 0.05, **P < 
0.01, compared with the vehicle controls.

Table 1. IVM inhibited the metastasis of HCT-8 cells-derived 
tumor in vivo

Doses of (mg/kg)
0.0 1.0 2.0 3.0

Formation of metastasis tumors (%) 100 50 33.3 16.7
Volume of the tumor nodules (mm3) 2410.6 730.5 249.5 125.0
Numbers of the tumor nodules 16 8 2 1
Thoracic cavity 1 0 0 0
Kidneys 1 0 0 0
Lungs 0 2 0 0
Duodenum 1 0 0 0
Mesentery 3 0 0 0
Eyes 0 1 0 0
Muscle 10 5 2 1

Triton X-100, 1 mM EDTA, 1% sodi-
um deoxycholate, 1 mM PMSF and 
1% protease inhibitors), sonicated 
for 30 s and incubated on ice for 
30 min and then centrifuged at 
12,000 g for 15 min at 4°C. The 
supernatant was collected as nu- 
clear extract.

Chromatin immunoprecipitation 
assay

Chromatin immunoprecipitation 
(ChIP) was conducted using the EZ 
ChIP kit (EMD Millipore). Briefly, 
HCT-8 cells treated with IVM for 48 
h were collected and cross-linked 
with formaldehyde. Chromatin was 
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β1 promoter (-317 to -661 bp) were 5’-TGT- 
TCCCCATAAAGGTACCTC-3’ (sense) and 5’-TTC- 
GACCCTCGCTCCCGTTTG-3’ (antisense). Quan- 
titative PCR assay was carried out with an 
Axygen MX3000P real-time thermocycler (Cali- 
fornia, USA).

Statistical analysis

All experiments were repeated at least three 
times except that some WB experiments were 
repeated twice. For statistical analysis, a one-
way analysis of variance (ANOVA) followed by 
Dunnett’s test was used for multiple compari-
sons. Values of P < 0.05 were considered sta-
tistically significant, and values of P < 0.01 
were considered extremely significant. All data 
were presented as mean ± SD unless other-
wise indicated.

Results

IVM inhibited the motility of multiple cancer 
cells in vitro 

We first assessed the effect of IVM on the 
migration of MCF-7 and MDA-MB-231 cells by 
wound-healing assay. We found that IVM at  
the concentrations of 1.5-8.0 μM markedly 
inhibited cell migration (Figure 1A, 1B) in a 
dose-dependent manner. Furthermore, the cell 
migration was also inhibited by IVM in combina-
tion with adriamycin (ADR), a commonly used 
anticancer drug, although ADR alone had mini-
mal effect on cell migration (Figure 2A, 2B). 

Consistently, IVM inhibited the migration of 
human colorectal cancer cell HCT-8 and HCT-

116 cells. IVM either alone or in combination 
with vincristine (VCR), a commonly used anti-
cancer drug, inhibited the migration of HCT-8 
cells, while VCR alone had no significant effect 
(Figures 1C and 2C). Likewise, IVM inhibited the 
migration of HCT-116 cells at the concentra-
tions of 1.25-5.00 μM in a dose-dependent 
manner (Figure 1D). However, different from 
HCT-8 cells, VCR alone could inhibit the migra-
tion of HCT-116 cells, combination of VCR and 
IVM further inhibited the migration of HCT-116 
cells (Figure 2D).

Taken together, these cell line-based studies 
indicated that IVM could inhibit the migration of 
multiple types of cancer cells even when used 
in combination with anti-cancer drug.

Ivermectin inhibited the metastasis of xeno-
graft tumor in vivo

To verify the in vitro inhibitory effect of IVM on 
cell metastasis, we investigated whether IVM 
could suppress the metastasis of cancer cells 
in vivo by using xenograft tumor model via tail 
vein injection of HCT-8 cells. To rule out the 
directly inhibitory effect of IVM on tumor growth, 
we also generated HCT-8 cells-derived subcu-
taneous tumor, and the mice received the same 
IVM treatment. The results showed that tail 
vein injection of HCT-8 cells lead to tumor 
metastasis in various tissues including muscle, 
thoracic cavity, kidneys, lungs, eyes, duode-
num, and mesentery (Figure 3A and Table 1). 
However, IVM treatment by intraperitoneal 
injection significantly decrease the incidence of 
metastases, the volumes, and the numbers of 
tumor nodules, indicating that IVM could inhibit 

Figure 4. Effect of IVM on the growth of HCT-8 xenograft tumor in vivo. The NOD/SCID mice were injected subcutane-
ously with 1 × 107 HCT-8 cells. When the tumor reached to about 100 mm3, the mice were treated with IVM (2 or 3 
mg/kg) by intraperitoneal injection daily for 18 days. (A) Tumor volumes from day 0 to day 18. (B and C) The weights 
(B) and images (C) of the tumors at the last day of IVM treatment. Mice treated with vehicle served as control. Data 
in (A and B) were presented as the mean ± SD (n = 3). *P < 0.05, compared with the vehicle controls. 
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tumor metastasis in a dose-dependent manner 
(Table 1). The H&E staining of the extracted 
samples confirmed the presence of tumor 
mass (Figure 3B). In contrast, IVM had no obvi-
ous inhibitory effect on the growth of HCT-8 
cells-derived primary subcutaneous tumor at 
the concentration of 2 mg/kg, while only a 

slight inhibition was seen with high-dose (3 
mg/kg) IVM treatment (Figure 4A-C), suggest-
ing that IVM at the tested concentrations could 
inhibit the cell migration, but not the cell growth. 
In addition, a significant decrease in body 
weight was found in the vehicle-treated mice 
21 days after the HCT-8 cell inoculation, while 

Figure 5. IVM inhibited the expressions of metastasis-related proteins in HCT-8 cells. (A and B) The expression of 
proteins in the cells treated with different concentrations of IVM for 48 h (A) or with 6 μM IVM for different times (B) 
were determined by Western blotting analysis. GAPDH was used as internal control. (C) The expression of β-catenin 
and epithelial cell markers ZO-1, occluding, and E-cadherin were detected in the cells by immunofluorescence analy-
sis. Scale bars = 10 μm. Cells treated with vehicle served as control. The blots shown in (A and B) were representa-
tive of two independent experiments.
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only a slight decrease in the low-dose (1 mg/
kg) IVM -treated mice, and almost no change in 
the middle- and high-dose IVM-treated mice 
(Figure 3C), suggesting that IVM treatment 
improved the overall physical condition of 
tumor-bearing mice. Together, we demonstrat-
ed that IVM could inhibit the tumor metastases 
in vivo.

IVM inhibited Wnt/β-catenin and integrin β1/
FAK signaling pathways

Having decided the inhibitory effect of IVM on 
tumor metastasis, we further sought to reveal 
the underlying molecular mechanisms mediat-
ing IVM’s activity. It has been reported that  
the proteins involve in intercellular junctions, 
cell-extracellular matrix adhesions (integrins or 
focal adhesions), and epithelial-mesenchymal 
transition (EMT) were important factors that 
influence cell migration [7, 8, 12, 13]. Therefore, 

we first examined the effect of IVM on the 
expression of cell migration-related proteins in 
HCT-8 cells and found that IVM not only inhibit-
ed the expressions of paxillin, Rho GTPase fam-
ily proteins (RhoA, Rac1, and Cdc42), mesen-
chymal cell markers such as vimentin and snail, 
and matrix metalloproteinase 9 (MMP9), but 
also increased the expression of epithelial cell 
markers such as E-cadherin, ZO-1, and occlu-
din in a dose- and time-dependent manner 
(Figure 5A, 5B). Immunofluorescence staining 
also showed that IVM enhanced the expres- 
sion of the epithelial cell markers (Figure 5C). 
Collectively, these results suggested that IVM 
might inhibit tumor cell migration by regulating 
the expressions of migration-associated pro- 
teins.

It has been well known that Wnt/β-catenin and 
integrin β1/FAK signaling pathways regulate 
EMT, cell-cell junctions, and cell-extracellular 

Figure 6. IVM inhibited the integrin β1/FAK and Wnt/β-catenin signaling pathways in HCT-8 cells. (A) The activation 
of Wnt/β-catenin pathway and the expression of the EMT-related proteins and matrix metalloproteinase-9 (MMP9) 
in HCT-8 cells treated with 6 μM IVM and/or 25 nM vincristine (VCR) for 48 h were determined by Western blotting 
analysis using GAPDH as internal control. Histone H3 and β-tubulin were used as the nuclear and cytoplasmic frac-
tion marker, respectively. Cells treated with vehicle served as the control. (B-E) The activation of integrin β1/FAK 
pathway and the activities of p-Paxillin, RhoA, Rac1 and Cdc42 in HCT-8 cells (B and C) and HCT-116 cells (D and E) 
treated with IVM and/or VCR for 48 h (B and D) or 20 min (C and E) were determined by Western blotting analysis 
(B and D) and pull-down assay (C and E), respectively. Abbreviations: Lysate, whole cell lysate; Nuc, nuclear lysate; 
Cyt, cytosolic lysate. The blots shown were representative of two independent experiments.
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matrix adhesions [21, 22]. Since immunofluo-
rescence staining showed that IVM enhanced 
the localization of β-catenin on the cell mem-
brane to maintain cell polarity (Figure 5C), we 
further examine the effect of IVM on Wnt/β-
catenin signaling molecules in HCT-8 cells. Our 
results showed that IVM not only down-regulat-
ed the level of phosphorylated LPR6 (p-LRP6), 
an essential co-receptor for Wnt/β-catenin sig-
nal transduction, regardless IVM treatment 
alone or in combination with an anticancer 
drug, but also inhibited the expression of tran-
scription factor complex β-catenin/transcrip-
tion factor 4 (β-catenin/TCF4), which plays a 
central role in Wnt signaling pathway (Figure 
6A). Morefore, IVM inhibited the activation of 

integrin β1/FAK signaling and the expressions 
of downstream signaling molecules p-Paxillin, 
RhoA, Rac1 and Cdc42 (Figure 6B). Importantly, 
IVM also inhibited the activation of Rho GTPase 
family proteins, as the levels of activated Rho, 
Rac and Cdc42 were lower in IVM-treated cells 
than in vehicle-treated cells (Figure 6C). Similar 
results were also observed in HCT-116 cells 
(Figures 6D, 6E and 7A) and MCF-7 cells (Figure 
7B, 7C), suggesting the general inhibitory effect 
of IVM in Wnt/β-catenin and integrin β1/FAK 
signaling pathways in multiple cancer types.

To explore the relationship between Wnt/β-
catenin and integrin β1/FAK signals during 
IVM-inhibited cell migration, we treated HCT-8 

Figure 7. IVM inhibited the activation of Wnt/β-catenin and integrin β1/FAK pathways. (A) The expression of EMT-
related proteins and MMP9 in HCT-116 cells treated with IVM and/or VCR for 48 h was determined by Western blot-
ting analysis using GAPDH as internal control. (B and C) The activation of integrin β1/FAK (B) and Wnt/β-catenin (C) 
pathway and the expression of their downstream signaling molecules in MCF-7 cells treated with IVM and/or ADR 
for 48 h were determined by Western blotting analysis using GAPDH as whole cell lysate internal control. Histone 
H3 and β-tubulin were used as the nuclear and cytoplasmic fraction marker, respectively. Cells treated with vehicle 
served as the control. The blots shown were representative of two independent experiments.
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cells with β-catenin inhibitor pyrvinium pa- 
moate. The results showed that pyrvinium 
pamoate treatment decreased the expression 
of β-catenin, MMP9, and EMT-related proteins, 
suggesting that those proteins were the down-
stream molecules of Wnt/β-catenin signaling. 
Interestingly, pyrvinium pamoate treatment 
also inhibited integrin β1/FAK signaling (Figure 
8A), suggesting a crosstalk between Wnt/β-
catenin signaling and integrin β1/FAK signal-
ing, which has not been previously reported.

To determine whether the downregulation of 
integrin β1 by IVM was directly mediated by 

Wnt/β-catenin signaling transcriptional activity, 
we analyzed the activity of integrin β1 promoter 
by co-transfecting HCT-8 cells with the reporter 
vector for integrin β1 promoter and the expres-
sion vectors for β-catenin and TCF4. The lucifer-
ase reporter assay showed that the transcrip-
tion factors β-catenin/TCF4 could regulate inte-
grin β1 activity and that the IVM-induced 
decrease of integrin β1 promoter activity was 
restored when β-catenin and TCF4 were overex-
pressed in the cells (Figure 8B). Furthermore, 
we performed chromatin immunoprecipitation 
(ChIP) assay to determine whether TCF4 bound 
to the promoter of integrin β1. The result 

Figure 8. The Wnt/β-catenin pathway regulated integrin β1/FAK in HCT-8 cells. (A) The activation of Wnt/β-catenin 
and integrin β1/FAK and the expression of their downstream signaling molecules in the cells treated with differ-
ent concentrations of pyrvinium pamoate (PP), an inhibitor of Wnt/β-catenin for 48 h were determined by Western 
blotting analysis using GAPDH as internal control. (B) The relative integrin β1 promoter activity of the cells co-trans-
fected with integrin β1 reporter plasmid, pcDNA3.1(+)-TCF4 and pcDNA3.1(+)-β-catenin plasmid and treated with 6 
μM IVM for 48 h was determined by Gaussia luciferase activity normalized to the activity of SeAP. (C) Chromatin IP 
was carried out with IgG (negative control) and anti-TCF4 antibody. Q-PCR result for integrin β1 promoter region was 
shown as the percentage of input DNA. HCT-8 cells treated with vehicle or with empty vector pcDNA3.1(+) (mock) 
served as controls. Abbreviations: CTL, control. The blots shown in (A) were representative of two independent 
experiments. Data in the histograms were presented as the mean ± SD (n = 3). **P < 0.01, compared with their 
respective controls; ##P < 0.01.
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showed that TCF4 antibody not only immuno-
precipitated TCF4 proteins but also could pull 
down the integrin β1 promoter region, and IVM 
treatment decreased the binding of TCF4 to  
the integrin β1 promoter region (Figure 8C). 
Taken together, these data indicated that Wnt/
β-catenin signaling pathway regulated integrin 
β1/FAK signaling, and the inhibition of integrin 
β1 expression by IVM was mediated by the 
direct regulation of integrin β1 transcription.

To directly determine whether the inhibitory 
effect of IVM on cancer cell migration was 
mediated by the attenuated activation Wnt/β-
catenin/integrin β1/FAK signaling pathway,  
we treated HCT cells with Wnt3a, the frizzled 
receptor ligand that activates β-catenin-
dependent signaling pathway. The results 
showed that IVM inhibited cell migration and 
reduced the expression of phosphorylated 
GSK-3β, β-catenin, integrin β1, and FAK (Figure 
9); however, this decrease could be recovered 
by co-treatment with Wnt3a (Figure 9). In addi-
tion, the overexpression of β-catenin, integrin 

β1, or FAK could not only restore the migration 
inhibited by IVM (Figure 10A-D), but also res-
cue the activation of Wnt/β-catenin/integrin 
β1/FAK signaling as well as the expression of 
the downstream molecules inhibited by IVM 
treatment alone or in combination with the anti-
cancer drug VCR (Figure 11A-C). In sum, these 
results indicated that the inhibition of cell motil-
ity by IVM was mediated by suppressing the 
expressions of metastasis-related proteins 
through inhibition of Wnt/β-catenin/integrin 
β1/FAK signaling pathway.

Discussion

In this study, we found that IVM, an FDA-
approved anti-parasitic drug, had no obvious 
toxic effect on tumor cells at relative low con-
centrations, but inhibited the migration of mul-
tiple types of cancer cells in vitro and the 
metastasis of HCT-8 cells-derived tumor in vivo. 
This effect could be observed when IVM was 
used alone or in combination with antitumor 
drugs. Many studies have demonstrated that 

Figure 9. IVM inhibited HCT-8 cells migration through suppressing Wnt/β-catenin/integrin β1/FAK signaling path-
way. A. Wound healing assay was carried out at 0 h and 24 h, respectively, after the cells were treated with or 
without 6 μM IVM in the presence or absence of 200 ng/ml Wnt3a. Scale bar = 250 μm. B. Quantitation of scratch 
assay as described in Figure 1. C. The activation of Wnt/β-catenin/integrin β1/FAK pathway and the expression of 
their downstream signaling molecules in the cells treated with 6 μM IVM and/or 25 nM VCR in the presence or ab-
sence of 200 ng/ml Wnt3a for 48 h. Data in the histograms were presented as the mean ± SD (n = 3). **P < 0.01, 
compared with their respective controls; #P < 0.05, ##P < 0.01, compared with the corresponding columns with the 
same color.
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Figure 10. Overexpression of integrin β1, FAK and β-catenin increased cell migration. (A and B) HCT-8 cell were transfected with pcDNA3.1(+)-FAK, pcDNA3.1(+)-
integrin β1, or pcDNA3.1(+)-β-catenin, and wound healing (A) and transwell migration assay (B) were assessed at 0 h and 24 h or 48 h, respectively, after treated 
with 6 μM IVM and/or 25 nM VCR. Scale bar = 250 μm. (C) Quantitation of scratch assay as described in Figure 1. (D) Quantitation of transwell migration assay. 
Cells transfected with empty vector pcDNA3.1(+) (mock) served as control. Data in the histograms were presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, 
compared with their respective controls; #P < 0.05, ##P < 0.01, compared with the corresponding columns with the same color.
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IVM caused cell death in cancer cell lines 
through modulating signaling pathways, includ-
ing Hippo and Akt/mTOR pathways [37, 38]. It 
can also inhibit the growth and proliferation of 
cancer cells by functioning as an RNA helicase 
[39], or the inducer of mitochondrial dysfunc-
tion and oxidative stress [40, 41]. However, in 
our current study, we did not observe the IVM-
inhibited cell viability and IVM-induced cell 
death. This discrepancy could be due to the dif-
ferent concentrations of IVM used in our experi-
ments. The published studies used much high-
er concentrations (> 10 μM) of IVM to observe 
the effect of growth inhibition and cell death 
induction. Additionally, the sensitivity of differ-
ent cancer cell lines to IVM could be different. 
Nevertheless, we were the first to show that 
IVM inhibited cell motility and tumor metastasis 
at the concentration that had no effect on cell 
growth. Significantly, the high dose of IVM (3 
mg/kg body weight) we used in the mice was 
equivalent to the dose used in human as 

anthelmintic agent [42, 43], suggesting that 
the effective dose was also safe if used in clini-
cal treatment. 

Our previous studies have shown that IVM 
could directly interact with EGFR and inhibit 
EGFR signaling to suppress the growth of 
human cancer cells [44]. To determine whether 
the inhibitory effect on cell migration by IVM 
was also mediated by EGFR and EGFR signal-
ing, we treated the EGFR-knockout HCT-116 
cells (EGFR-KO) with IVM (Figure 12). We found 
that IVM also inhibited the migration of the 
EGFR-KO cells (Figure 12A-D), similar to that 
observed in wildtype HCT-116 cells (Figure 1D). 
IVM inhibited the activation of Wnt/β-catenin/
integrin β1/FAK signaling pathways and the 
expression of the downstream signaling mole-
cules in both EGFR-KO cells and the wildtype 
cells (Figure 12E), suggesting that the EGFR 
was not required for IVM inhibition of cell motil-
ity. Wnt/β-catenin and integrin β1/FAK signal-

Figure 11. Overexpression of β-catenin, integrin β1, and FAK enhanced Wnt/β-catenin and integrin β1/FAK signaling 
pathways. The activation of integrin β1/FAK and Wnt/β-catenin pathways, and the expression of their downstream 
signaling molecules in HCT-8 cells transfected with the plasmid pcDNA3.1(+)-β-catenin (A) or pcDNA3.1(+)-integrin 
β1 (B), or pcDNA3.1(+)-FAK (C), and then treated with 6 μM IVM and/or 25 nM VCR for 48 h were determined by 
Western blotting analysis using GAPDH as the internal control of whole cell lysate, and histone H3 and β-tubulin 
as the internal controls for nuclear and cytoplasmic fractions, respectively. Cells transfected with empty vector 
pcDNA3.1(+) (mock) served as control. The blots shown were representative of two independent experiments.
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ing pathways have been known to play critical 
roles in regulating tumor metastasis [19, 20]. In 
our experiments, by using the inhibitors of Wnt/
β-catenin and integrin β1/FAK signaling as well 
as overexpression of key signaling molecules in 
the cells, we demonstrated that IVM inhibited 
the cell migration by regulating the expression 
of the tumor metastasis-related proteins th- 

rough inhibiting Wnt/β-catenin/integrin β1/
FAK signaling. 

Importantly, we found that the Wnt/β-catenin 
signaling regulated the activation of integrin 
β1/FAK, although it has been reported that 
integrin β1/FAK signaling can regulate β-ca- 
tenin expression and EMT [45, 46], while Wnt/

Figure 12. IVM inhibited the migration of EGFR-knockout HCT-116 cells (EGFR-KO). (A and C) Wound healing assay 
(A) and transwell migration assays (C) were assessed at 0 h and 24 h or 48 h, respectively, after HCT-116 EGFR-
KO cells were treated with different concentrations of IVM. Scale bar = 250 μm. (B) Quantitation of scratch assay 
as described in Figure 1. (D) Quantitation of transwell migration assay. (E) The activation of integrin β1/FAK and 
Wnt/β-catenin pathway, and the expression of their downstream signaling molecules in HCT-116 (WT) and HCT-116 
EGFR-KO cells treated with 5 μM IVM for 48 h was determined by Western blotting analysis using GAPDH as inter-
nal control. The numbers in the figure keys represented the concentrations (μM) of IVM. Cells treated with vehicle 
served as control. Data in the histograms were presented as the mean ± SD (n = 3). The blots shown in (E) were 
representative of two independent experiments. *P < 0.05, **P < 0.01, compared with their respective controls.
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β-catenin signaling also regulates the activa-
tion status of integrin β1/FAK signaling, which 
was consistent with our results. In addition, 
transcription factor complex β-catenin/TCF4 
could directly regulate the transcription and 
expression of integrin β1. All these results sug-
gested the potential mechanism of IVM inhibi-
tion on cancer cell migration.

In summary, our study demonstrated that IVM 
could inhibit the migration of multiple types of 
cancer cells in vitro and the metastasis of 
HCT-8 cells-derived tumor in vivo. Mechani- 
stically, IVM suppressed the expressions of 
metastasis-related proteins through inhibiting 
the Wnt/β-catenin/integrin β1/FAK signaling 
pathway. Our findings suggested that IVM could 
be a potential therapeutic agent for the preven-
tion and treatment of tumor metastasis used 
alone or in combination with chemotherapeutic 
drugs.
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