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Abstract
Oesophageal squamous cell carcinoma (ESCC), the most common form of oesopha-
geal malignancies in the Asia-Pacific region, remains a major clinical challenge. In this 
study, we found that ivermectin, an effective antiparasitic drug that has been ap-
proved for patients to orally treat onchocerciasis for over 30 years, displayed potent 
antitumour activity against ESCC cells in vitro and in nude mice. We demonstrated 
that ivermectin significantly inhibited cell viability and colony formation, and induced 
apoptosis through a mitochondrial-dependent manner in ESCC cells. Ivermectin also 
abrogated ESCC cell migration, invasion, as well as the protein levels of MMP-2 and 
MMP-9. Mechanistically, ivermectin strongly inhibited the expression of PAK1; by 
further gain- and loss-of-function experiments, we confirmed that PAK1 played a cru-
cial role in ivermectin-mediated inhibitory effects on ESCC cells. In addition, the data 
indicated that ivermectin promoted PAK1 degradation through the proteasome-de-
pendent pathway. Additionally, ivermectin synergized with chemotherapeutic drugs 
including cisplatin and 5-fluorouracil to induce apoptosis of ESCC cells. Interestingly, 
the in vivo experiments also confirmed that ivermectin effectively suppressed tu-
mour growth and lung metastasis of ESCC. Collectively, these results indicate that 
ivermectin exerts a potent antitumour activity against ESCC and is a promising thera-
peutic candidate drug for ESCC patients, even those carrying metastasis.
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1  | INTRODUC TION

Oesophageal cancer, the eighth most frequent cancer, is the sixth 
leading cause of cancer-related mortalities in the world, with more 
than 455 thousand people newly diagnosed oesophageal cancer 
cases and over 400 thousand deaths occurred per year.1 The ma-
jority of oesophageal cancers can be split into oesophageal ade-
nocarcinoma (EAC) and oesophageal squamous cell carcinoma 
(ESCC) according to the histological subtypes.2 Worldwide, there 
are an estimated 398 000 new cases of ESCC (representing 87% of 
all oesophageal cancer) occurred in 2012.3 About 80% of the total 
global ESCC cases occur in the South-East and Central Asian re-
gion, especially in China where contribute 53% of the global cases.1 
Although the use of diverse strategies including surgical resection, 
in combination with chemotherapy (cisplatin and 5-fluorouracil), ra-
diotherapy and other modern techniques, the prognosis for ESCC 
patients is still poor, with a less 20% five-year overall survival rate,4 
mainly due to lacking clinical approaches for early diagnosis, high 
incidences of tumour metastasis and recurrence, as well as the re-
sistance of the cancer cells to radiotherapy and chemotherapy.5-7 
Thus, there is an urgent need to find or develop novel potential 
therapeutic agents.

Avermectin (AVM), a 16-membered macrocyclic lactone com-
pound, was initially discovered and purified from Streptomyces 
avermectinius by Ōmura and Campbell in 1967.8,9 Avermectin ex-
hibited remarkably profound antiparasitic bioactivity and earned 
the 2015 Nobel Prize for Physiology or Medicine. Ivermectin is a 
dihydro derivate of avermectin that displayed much more efficient 
against several kinds of parasitic diseases including to onchocer-
ciasis (also known as river blindness) and lymphatic filariasis.10,11 
Mechanistically, this compound can highly and selectively bind to 
glutamate-gated ion channels (Glu-Cl) or increase the activity of 
neurotransmitter-gated gamma-aminobutyric acid (GABA) only in 
a broadspectrum of parasites but not mammals.12,13 Ivermectin is 
a well-tolerated agent that has been approved for application in 
humans to treat onchocerciasis, strongyloidiasis, parasite infec-
tions and other worm infestations including ascariasis, enterobia-
sis and trichuriasis.14,15 In 2010, Sharmeen et al first reported that 
ivermectin exhibits strong pre-clinical activity against leukaemia 
cells and primary patient samples, and diminishes tumour growth 
in three different mouse models of leukaemia.15 Consistently, a re-
cent report showed that ivermectin induces chronic myeloid leu-
kaemia (CML) cell apoptosis, but not normal hematopoietic cells, 
through inducing oxidative stress and disrupting mitochondrial 
functions.16 Besides haematologic malignancies, mounting ev-
idence has demonstrated that ivermectin is a promising antineo-
plastic agent for a wide range of malignant solid tumours including 
breast cancer, epithelial ovarian cancer, melanoma, colon cancer 
and glioma.14,17-20 Up to date, whether ivermectin is active against 
ESCC remains underexplored.

In the current study, our goal was to explore the antitumour 
activity and its molecular mechanism of ivermectin against ESCC. 
The results showed that ivermectin effectively suppressed ESCC 

cell growth in vitro and in vivo, and induced apoptosis. Moreover, 
ivermectin diminished the abilities of migration and invasion, and 
the metastasis in nude mice. Mechanistically, we found that PAK1 
played a crucial role in ivermectin-mediated inhibitory effects on 
ESCC cell growth, migration and invasion. Furthermore, ivermectin 
enhanced the sensitivity of ESCC cells to cisplatin (CDDP) or 5-fluo-
rouracil (5-FU). Altogether, our studies provided the first pre-clinical 
evidence demonstrating that ivermectin is a promising therapeutic 
candidate drug for ESCC patients.

2  | MATERIAL S AND METHODS

2.1 | Reagents and antibodies

Ivermectin (#S1351) was obtained from Selleck Chemicals. MG132 
(#ab141003), CDDP (#P4394) and 5-FU (#V900394) were pur-
chased from Sigma-Aldrich. Cycloheximide (CHX, #A8244) was 
from APExBIO Technology LLC. Antibodies against PAK1 (#2602), 
Raf1 (#9422), MEK1 (#2352), PARP (#9532), phospho-MEK1 (S298, 
#9128), phospho-Raf1 (S338, #9427), Caspase-3 (#9665), MMP-9 
(#3852), MMP-2 (#4022), Cleaved Caspase-3 (#9664), Bax (#5023), 
Bcl-xL (#2762), Mcl-1 (#5453), XIAP (#2042), Survivin (#2808), 
Cytochrome c (#4272), AIF (#5318) and COX Ⅳ (#4850) were ob-
tained from Cell Signaling Technology. Anti-Ki67 (#ab15580) anti-
body was obtained from Abcam. Antibody against Actin (#4700) 
was obtained from Sigma-Aldrich. Peroxidase-conjugated secondary 
antibodies including Goat antimouse IgG (#ZB-2305) and Goat anti-
Rabbit IgG (#ZB-2301) were brought from ZSBG-Bio.

2.2 | Cell culture

Human ESCC cell lines (EC109, KYSE70, KYSE150 and KYSE30) and 
the immortalized human oesophageal epithelial cell line Het-1A were 
cultured as previously described.5 All cells were tested periodically 
for mycoplasma contamination and authenticated by using the short 
tandem repeat (STR) analysis.

2.3 | Quantitative real-time PCR (qRT-PCR)

ESCC cells pre-treated with increasing concentrations of ivermec-
tin, and then the total mRNAs were isolated by using the TRIzol 
reagent (Invitrogen) according to the manufacturer's instructions. 
Reverse transcription was conducted by using 1 mg of total RNA and 
PrimeScript RT Master Mix (TaKaRa). qRT-PCR was conducted on an 
ABI Prism 7, 900 Real-Time PCR System (Thermo Fisher Scientific) 
by using SYBR Premix Ex Taq II (TaKaRa). Fold enrichment was cal-
culated performed with the 2−ΔΔCt method. GAPDH served as an 
internal control. The sequences of primers used for qRT-PCR were 
as follows: GAPDH, 5′-GAAGGTGAAGGTCGGAGTC-3′ (forward) 
and 5′-GAAGATGGTGATGGGATTTC-3′ (reverse); PAK1, 5′-CGC 
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AGGCTGTTCTGGATGT-3′ (forward) and 5′-GTGGCACTGCAGGAG 
TCTCA-3′ (reverse).

2.4 | MTT assay

MTT assay was used to detect the cell viability of ESCC cells. In brief, 
two thousand cells per well were plated in 96-well plates (Corning) 
and incubated for 24 hours, and then escalating concentrations of 
the indicated chemicals were added and incubated for 72 hours. 
Four hours before the end of experiments, twenty μL of MTT rea-
gent (Sigma-Aldrich) was added. At last, one hundred μL of DMSO 
was used to dissolve the formazan. Absorbance was recorded by 
using a Synergy HT Microplate Reader (Bio Tek) at a wavelength of 
570 nm. IC50 values were assessed by using GraphPad Prism version 
7.0 (GraphPad software).

The synergism of ivermectin in combination with CDDP or 5-FU 
was assessed by the median-effect method of Chou and Talalay.21 
The combination indexes (CIs) were evaluated by using the CalcuSyn 
software version 2.0 (Biosoft). CI < 1 indicates that the combina-
tional effect between two drugs was synergistic.

2.5 | Soft agar assay

Soft agar assay was used to determine the anchorage-independent 
growth as described previously.22 Briefly, upon ivermectin treat-
ment, about 2000 cells per well were placed into 24-well plates 
(Corning). Cells were embedded into 0.4% bactoagar supple-
mented with 10% FBS and layered on top of a solidified 0.8% bac-
toagar base (Sigma) with 10% FBS. After incubation for 14 days, 
the colonies containing over fifty ESCC cells were counted with 
an inverted optical microscope and analysed with GraphPad Prism 
version 7.0.

2.6 | Measurement of cell apoptosis

For measuring apoptosis, ESCC cells were pre-treated with esca-
lating doses of ivermectin for forty-eight hours or fifteen μmol/L 
ivermectin for the indicated time periods. Cells were collected and 
stained by using an annexin V-FITC Apoptosis Detection Kit (Sigma-
Aldrich) following the manufacturer's instruction. Apoptosis was im-
mediately measured by using the BD FACSVerse flow cytometer and 
its software.

2.7 | Evaluation of mitochondrial membrane 
potential (MMP)

The MMP was measured as previously described.23 Briefly, ESCC 
cells were incubated with 5 μmol/L ivermectin for the indicated 
times. Cells were then collected and stained with Rh123 (20 μmol/L) 

at 37°C for 30 min. After washing thrice with 1 × PBS, the MMP of 
ESCC cells was detected by using the BD FACSVerse flow cytometer 
and its software.

2.8 | Immunoblotting analysis

The indicated protein expression was detected by using immu-
noblotting analysis as previously described.24 In brief, the whole 
cell lysates were prepared in RIPA buffer containing 1 × protease 
inhibitor cocktail (Roche, Indianapolis, IN). Thirty μg of total pro-
teins was separated by using SDS-PAGE and transferred onto ni-
trocellulose membranes. After blocking with 5% non-fat milk, the 
membranes were incubated with the indicated primary antibodies 
at 4°C overnight and appropriate HRP-linked secondary antibodies. 
The protein bands were developed by using ECL detection reagent 
(Beyotime).

2.9 | Wound healing assay

KYSE150 and KYSE30 cells were placed into 6-well plates (Corning) 
to allow the formation of confluence cell monolayer, and then the 
wound healing assay was performed as previously described.25

2.10 | Cell migration and invasion assays

The migration and invasion of ESCC cells were carried out by using 
transwell chambers (8 μm, Corning) as our previously described.5

2.11 | Transfection of plasmids and short hairpin 
RNAs (shRNAs)

pCMV-Flag-His-puro-PAK1 and pCMV-Flag-His-puro (empty vec-
tor) plasmids were purchased from Transheep. For PAK1 over-
expression, two μg of the indicated plasmids was transduced 
into KYSE150 cells by using the Lipofectamine 2000 reagent 
(Invitrogen, Thermo Fisher Scientific, Inc) following the manufac-
turer's instructions.5 Cells were selected with 1.5 μg/mL puromy-
cin (Sigma-Aldrich). After selection for 4 weeks, stable colonies 
were picked up and further expanded.

Specific shRNAs targeting PAK1 and shNC (pLKO.1-puro-
No-target shRNA) were obtained from Sigma-Aldrich. The in-
dicated target sense sequences were as follows: shNC (No 
target shRNA), 5′-GCGATAGCGCTAATAATTT-3′; shPAK1#1, 
5′-ATTCGAACCAGGTCATTCA-3′; shPAK1#2, 5′-CTAAACCATGG 
TTCTAAAC-3′. Lentiviruses production and subsequently trans-
fection were carried out as described previously.5 The transduced 
cells were selected by 1.5 μg/mL puromycin (Sigma-Aldrich) treat-
ment for at least 2 weeks. Immunoblotting analysis was conducted 
to determine the efficiency of overexpression or knockdown.
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2.12 | Mouse models of tumorigenesis and 
lung metastasis

Male nude BALB/c mice (5 to 6 weeks of age), purchased from 
Beijing Vital River Laboratory Animal Technology Co (Beijing, China), 
were housed in barrier system with a lighting cycle of 12 hours light/
darkness, 40%—50% humidity and temperature (20 ± 2°C). All ex-
perimental procedures were approved by the Henan University 
Institutional Animal Care and Use Committee.

For tumour growth experiment, the nude mice were subcuta-
neously inoculated with KYSE150 cells (5 × 106 cells) into the left 
dorsal flank per mouse.22 Tumours were examined with calipers 
every 2 days to measure the length and width, and tumour vol-
ume = L × W2 × 0.5. Six days latter, when tumour volume was about 
100 mm3, the mice were randomly divided into two groups and in-
traperitoneally injected with ivermectin (5 mg/kg) or vehicle (10% 
ricinus oil), respectively.17 Fourteen days latter, the animals were 
killed, and tumours were weighed and kept at −80°C or fixed in 
formaldehyde.

For the lung metastasis model, the BALB/c nude mice were intra-
venously injected with 1 × 106 KYSE150 cells (100 μL PBS) via lateral 
tail vein26,27 and were randomly divided into two groups. Twenty-
four hours latter, the mice treated as the above described. All of the 
mice were killed 8 weeks after injection. Lungs were fixed in Bouin's 
solution for 24 hours, and then embedded in paraffin by using the 
routine method. The number of metastatic colonies in lung of each 
mouse was counted, and histological evidence of the tumour pheno-
type was examined by H&E staining.

2.13 | Immunohistochemistry (IHC) and 
H&E staining

After fixation in formalin for 24 hours, the tumour tissues were 
treated and embedded following the routine method. The IHC and 
H&E staining were performed as our previously described.5

2.14 | Statistical analysis

All quantitative results were obtained from experiments conducted 
at least three times and expressed as mean ± standard deviation 
(SD). GraphPad Prism version 7.0 (GraphPad software) was used to 
conduct the statistical analyses. Student's t test was employed to 
compare the differences between two groups; whereas multiples 

groups were compared by using one-way ANOVA with Tukey's post 
hoc test. P < .05 was considered statistically significant.

3  | RESULTS

3.1 | Ivermectin inhibits ESCC cell growth

To ascertain the anti-proliferative effect of ivermectin on ESCC cells, 
MTT assay was performed to measure the cell viability of four ESCC 
cell lines (EC109, KYSE30, KYSE70 and KYSE150) and one immor-
talized oesophageal epithelial cell line (Het-1A) following ivermectin 
treatment for 72 hours. As shown in Figure 1A, the cell viability of 
four ESCC cell lines (EC109, KYSE70, KYSE150 and KYSE30) was 
markedly inhibited by ivermectin, with IC50 values of 13.35, 13.86, 
8.49 and 8.56 μmol/L, respectively. While the IC50 value in Het-1A 
cells was much higher than those in ESCC cells, with IC50 values of 
31.21 μmol/L. Moreover, soft agar assay also showed that the clono-
genicity of ESCC cells was effectively suppressed in a concentration-
dependent manner upon ivermectin treatment (Figure 1B).

To determine the inhibitory effect of ivermectin on ESCC cell 
growth in vivo, we employed an xenografted model by subcuta-
neously injecting KYSE150 cells into nu/nu BALB/c nude mice. As 
illustrated in Figure 1C, ivermectin-treated xenografts grew at a 
slower rate than those of the control group. Similarly, the size of 
ivermectin-treated tumours was much smaller than that of control 
group (Figure 1D). Consistently, tumour weight in mice treated with 
ivermectin was reduced compared with that of the vehicle-treated 
group (Figure 1D). To determine whether ivermectin can change the 
proliferation status of ESCC cells in vivo, xenografts were stained for 
the proliferative marker Ki67 by IHC analysis. The results showed 
that xenografts derived from ivermectin-treated mice displayed 
much weaker Ki67 staining and a smaller proportion of Ki67 positive 
cells than that of vehicle-treated mice (Figure 1E).

Overall, these results demonstrated that ivermectin effectively 
suppresses the growth of ESCC cells in vitro and in vivo.

3.2 | Ivermectin elicits ESCC cell apoptosis 
through the mitochondrial signalling pathway

To explore whether ivermectin induces ESCC cell apoptosis, KYSE150 
and KYSE30 cells were pre-treated with various doses of ivermec-
tin, cells were harvested, stained with PI and Annexin V-FITC, and 
then assessed by flow cytometry. As shown in Figure 2A, ivermectin 

F I G U R E  1   Ivermectin inhibits the growth of ESCC cells in vitro and in vivo. (A) Ivermectin inhibited ESCC cell viability. ESCC cells 
(KYSE70, EC109, KYSE150 and KYSE30) and one immortalized oesophageal epithelial cell line (Het-1A) were exposed to escalating 
concentrations of ivermectin for 72 h, and the cell viability was determined by MTT assay. (B) ESCC cells were seeded in drug-free soft agar 
culture and incubated for 14 days, colonies were counted. Clonogenicity was expressed by normalizing to the control group. (C-E) Nude mice 
bearing palpable KYSE150 xenografted tumours were treated with vehicle or ivermectin daily. The tumour volumes measured at indicated 
time-points versus time were plotted (C). Error bars, SD. n = 8 per group. Photograph of isolated tumours derived from vehicle or ivermectin-
treated mice (D, top). Tumour weights at time of sacrifice (D, bottom). (E) IHC analysis of Ki67 in xenograft tissues from mice. H&E-stained 
serial sections of the same xenografts are presented. Scale bar: 50 μm. *P < .05, **P < .01, ***P < .001, by Student's t test
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treatment led to remarkable apoptotic cell death in a dose- and time-
dependent manner in both KYSE150 and KYSE30 cells. Consistently, 
Western blotting analysis showed a concentration-dependent in-
crease of the cleavage of PARP and activation of Caspase-3, the 
expression of pro-Caspase-3 was constructively down-regulated, 
further confirming that ivermectin-triggered apoptosis in ESCC cells 
(Figure 2B).

In order to elucidate the underlying molecular mechanism of iv-
ermectin-induced apoptosis, immunoblotting analysis was employed 
to detect the effect of ivermectin on apoptosis-related proteins. As 
shown in Figure 2C, upon treatment with ivermectin, the expression 
of anti-apoptotic proteins including IAP family proteins (XIAP and 
Survivin) and Bcl-2 family members (Bcl-xL, Bcl-2 and Mcl-1) were 
greatly inhibited; Conversely, the pro-apoptotic protein Bax was 
remarkably up-regulated (Figure 2C). To further explore the under-
lying mechanism of ivermectin-mediated cell apoptosis, KYSE150 
and KYSE30 cells were incubated with 5 μmol/L ivermectin for dif-
ferent time periods, and then stained with rhodamine 123 (Rh123), 
the MMP was measured by flow cytometry analysis. As illustrated in 
Figure 2D, the MMP was significantly down-regulated in a time-de-
pendent fashion, which was in line with other apoptotic indices in-
cluding PARP cleavage and active Caspase-3 (Figure 2B). Next, we 
explored whether ivermectin triggers the release of Cytochrome 
c into the cytosol. Immunoblotting analysis showed that ivermec-
tin treatment led to a time-dependent up-regulation of AIF and 
Cytochrome c in cytoplasm (Figure 2E). Altogether, these findings 
indicate that ivermectin induces ESCC cell apoptosis via the mito-
chondrial signalling pathway.

3.3 | Ivermectin suppresses ESCC cell 
migration and invasion

We next explored whether ivermectin suppresses the migration 
and invasion, two important characteristic features involved in 
cancer metastasis including ESCC. In wound healing assay, upon 
treatment with 2.5 μmol/L ivermectin for 24 hours, the migration 
of KYSE150 and KYSE30 cells that was dramatically suppressed, 
the inhibition was further enhanced after incubation with ivermec-
tin for 48 hours (Figure 3A). Consistent with these results, tran-
swell migration assay revealed that the migrative ability was greatly 
attenuated by ivermectin at the concentration of 2.5 μmol/L in 

both tested ESCC cell lines (Figure 3B). We also explore whether 
ivermectin has a inhibitory effect on ESCC cell invasion by using 
transwell invasion assay. Interestingly, the data showed that iver-
mectin strongly diminished the invasion of KYSE150 and KYSE30 
cells, compared with corresponding control groups (Figure 3C). 
Consistently, the protein levels of MMP-9 and MMP-2, two im-
portant family members of matrix metalloproteinases (MMPs), 
were greatly down-regulated in a dose-dependent manner in both 
KYSE150 and KYSE30 cells (Figure 3D). Collectively, these data 
suggest that ivermectin effectively suppresses the migration and 
invasion of ESCC cells.

3.4 | Ivermectin diminishes ESCC metastasis in 
nude mice

Given that ivermectin could obviously attenuate the migration and 
invasive abilities of ESCC cells in vitro, we then investigated whether 
ivermectin inhibits the tumour metastasis in vivo. A lung metastasis 
mouse model was performed by intravenously injecting KYSE150 
cells into nude mice via lateral tail veins and given ivermectin treat-
ment for 14 days. As illustrated in Figure 3E, ivermectin substantially 
decreased the ability of lung metastasis, as indicated by diminished 
number of lung metastases in the lung of each animal, compared to 
the control group. Moreover, the results from H&E staining revealed 
an obviously reduced in the number of metastatic nudes and tumour 
size in the lungs of ivermectin-treated mice, compared to that of the 
control group (Figure 3E). Altogether, these in vivo results indicate 
that ivermectin effectively diminishes the tumour metastasis of 
ESCC.

3.5 | Ivermectin inhibits ESCC cell growth, 
migration and invasion via down-regulation of PAK1

Increasing evidence has demonstrated that high expression of 
PAK1 was observed in various cancers including ESCC, and PAK1 
played an crucial role in regulating tumour growth and metastasis.5 
Therefore, we determine whether PAK1 is inhibited in ivermectin-
treated ESCC cells. KYSE150 and KYSE30 cells were pre-treated 
with escalating concentrations of ivermectin; cells were harvested 
and underwent Western blotting analysis of PAK1. As illustrated in 

F I G U R E  2   Ivermectin induces apoptosis via mitochondrial pathway in ESCC cells. (A) KYSE150 and KYSE30 cells were exposed to 
increasing concentrations of ivermectin for 48 h, or to 15 μmol/L ivermectin for different time periods, and the apoptotic cells were 
assessed by flow cytometry after dual-staining with Annexin V-FITC and PI Top, Representative flow cytometry dot plots are shown; Bottom, 
Quantitative analysis of dead cells from three independent experiments. Dead cells were the sum of cells with single- or dual-stained by 
Annexin V or PI. *P < .05, **P < .01, ***P < .001, one-way ANOVA with post hoc intergroup comparison by the Tukey's test. (B, C) KYSE150 
and KYSE30 cells were exposed to various concentrations of ivermectin for 48 h, immunoblotting analysis was performed to detect 
the apoptotic proteins. Actin served as loading control. (D) KYSE150 and KYSE30 cells treated with or without 5 μmol/L ivermectin for 
increasing durations, and then the mitochondrial membrane potential was assessed by flow cytometry after Rh123 staining. Right: Results 
from five independent experiments. *P < .05, **P < .01, ***P < .001, one-way ANOVA with post hoc intergroup comparison by the Tukey's 
test. (E) Ivermectin induced the release of Cytochrome c and AIF into cytosol in ESCC cells. Levels of Cytochrome c and AIF in the cytosolic 
extracts prepared with digitonin buffer were examined by western blotting analysis. COX Ⅳ served as a mitochondrial indicator to rule out 
contamination of cytosolic fractions from mitochondria. α-Tubulin served as internal control
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Figure 4A, ivermectin greatly inhibited the expression of PAK1 in a 
dose-dependent manner. Interestingly, the phosphorylation of Raf1 
(S338) and MEK1 (S298), two validated downstream substrates of 
PAK1,28,29 was also obviously suppressed by ivermectin (Figure 4B). 
Consistently, the protein levels of PAK1, p-Raf1 (S338) and p-MEK1 
(S298) were greatly diminished in the tumour xenografts derived 
from ivermectin-treated mice, compared to the vehicle-treated con-
trols (Figure 4B).

In order to further explore whether PAK1 is involved in iver-
mectin-mediated inhibitory effect on ESCC cells. KYSE150 cells 
were stably overexpressed PAK1, followed by treatment without 
or with ivermectin for forty-eight hours, and then subjected to 
soft agar, transwell migration and invasion experiments. The re-
sults showed that PAK1 expression was much higher in KYSE150-
PAK1 cells than those cells transfected with empty vector 
(Figure 4C, left panel). In soft agar assay, ectopic overexpression 
of PAK1 not only increased the colony-forming abilities, but also 
significantly attenuated the inhibition of colony formation in-
duced by ivermectin (Figure 4D, left panel). Additionally, overex-
pression of PAK1 nearly completely rescued the inhibitory effects 
of ivermectin on the migration (Figure 4E) and invasion (Figure 4F) 
in KYSE150 cells. Vice versa, knockdown of PAK1 by lentiviral 
shRNA (Figure 4C, right panel) significantly suppressed the col-
ony formation (Figure 4D, right panel), migration (Figure 4E) and 
invasion (Figure 4F), similar to the results mediated by ivermectin. 
More importantly, silencing PAK1 enhanced the abrogation of col-
ony formation (Figure 4D, right panel), migration (Figure 4E) and 
invasion (Figure 4F) induced by ivermectin. These data confirmed 
that PAK1 is involved in ivermectin-mediated inhibitory effects 
on ESCC cells.

3.6 | Ivermectin promotes degradation of PAK1 
through the proteasome-dependent pathway

In order to elucidate the underlying molecular mechanism by 
which ivermectin down-regulated the protein level of PAK1, qRT-
PCR analysis was conducted to quantify PAK1 mRNA expression. 
However, there was no obvious difference between ivermec-
tin-treated ESCC cells and control groups in regulation of PAK1 
mRNA level (Figure 5A), suggesting that ivermectin-mediated 
down-regulation of PAK1 might not be at the transcription level. 

We next investigated whether the degradation of PAK1 induced 
by ivermectin is at the post-translational level by using cyclohex-
imide (CHX), a protein synthesis inhibitor. KYSE150 and KYSE30 
cells were pre-treated with 2.5 μmol/L ivermectin for 36 hours, 
followed by additional treatment without or with CHX (50 μg/mL) 
for 0-12 hours. Immunoblotting results showed that an impaired 
turnover rate in PAK1 protein in ivermectin-treated KYSE150 cells 
was observed (Figure 5B). Similarly, time chase experiments also 
showed that increased degradation of PAK1 level in ivermectin-
treated KYSE30 cells, compared to the controls (Figure 5C). We 
next explored whether the degradation of PAK1 induced by iver-
mectin was through the proteasome-dependent signalling path-
way. Interestingly, upon exposure to MG132 (a specific proteasome 
inhibitor), the expression of PAK1 protein was drastically rescued 
compared with ivermectin alone treated groups in both tested cell 
lines of ESCC (Figure 5D), suggesting ivermectin-triggered degrada-
tion of PAK1 is via the proteasome-dependent signalling pathway 
in ESCC cells.

3.7 | Ivermectin synergizes with CDDP and 5-FU to 
induce apoptosis of ESCC cells

Mounting evidence has demonstrated that novel therapeutic 
agents in combination with conventional chemotherapeutic drugs 
are more effective than each kind of agents alone to improve the 
life quality of patients with ESCC.30,31 CDDP and 5-FU are two 
front-line chemotherapeutic drugs in use for ESCC.30 We there-
fore examined the efficiency of ivermectin combined with CDDP 
or 5-FU in KYSE150 and KYSE30 cells. Cells were treated with 
ivermectin alone, or in combination with the indicated chemo-
therapeutic agent, three days latter, cell viability was performed 
by MTT assay and the combined effect was assessed according 
to the combination index (CI). As shown in Figure 6A, there was 
a synergistic effect between ivermectin and CDDP or 5-FU in re-
ducing cell viability of the two tested ESCC cells. With another 
experiment, ESCC cells were exposed to 2.5 μmol/L ivermectin 
with combination of 12.5 μmol/L CDDP or 5-FU (200 μmol/L) 
for 48 hours, the percentage of dead cancer cells was detected 
by using trypan blue exclusion assay. The results showed that 
ivermectin alone displayed no obvious toxicity to KYSE150 and 
KYSE30 cells, and either CDDP or 5-FU just triggered minimal 

F I G U R E  3   Ivermectin suppresses migration, invasion and metastasis of ESCC cells. (A) KYSE150 and KYSE30 cells treated with or 
without 2.5 μmol/L ivermectin were subjected to wound healing assay. Top: Representative images were recorded at 0 h, 24 h, 48 h 
time-point. Bottom: Quantitative analysis of the relative breadth of the wound from five independent experiments. The wound breadth 
was normalized to the initial time-point (0 h). Columns and error bars represent mean ± SD (n = 5 per group). (B, C) KYSE150 and KYSE30 
cells were pre-treated with 2.5 μmol/L ivermectin for 48 h, and then subjected to transwell migration (B) and invasion (C) assays. Left: 
Representative images; Right: Quantitative analysis of five independent experiments. Scale bar: 100 μm. Mean; error bar, SD. (D) Western 
blotting analysis of whole cell lysates of KYSE150 and KYSE30 cells that were pre-treated with different concentrations of ivermectin for 
48 h. *P < .05, **P < .01, ***P < .001, by Student's t test. (E) KYSE150 cells were intravenously injected into nude mice via the lateral tail 
vein. Left: Representative images of lungs (upper panel) and lung sections stained with H&E (lower panel) harvested 8 weeks post-injection 
(arrows indicate the metastatic tumours). Right: Surface metastatic nodules in the lungs were counted. Data represent mean ± SD (n = 8 per 
group). Scale bar, 200 μm. ***P < .001 by Student's t test
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cell death. However, the combination of ivermectin and CDDP 
or 5-FU led to a remarkable increase in the ratio of cell death 
(Figure 6B,D). Consistently, immunoblotting analysis also con-
firmed that ivermectin enhanced the apoptosis-induced by CDDP, 
as demonstrated by Caspase-3 activation and cleavage of PARP in 
KYSE150 and KYSE30 cells (Figure 6C). Similar results were ob-
served when ivermectin combined with 5-FU (Figure 6D). These 
findings suggest that the combinational regimen of ivermectin 
and CDDP or 5-FU provides a novel therapeutic approach for pa-
tients with ESCC.

4  | DISCUSSION

In this study, we found that ivermectin was effective in suppress-
ing ESCC cell growth, migration and invasion. More importantly, 
our data also showed that ivermectin had a high antitumour activ-
ity against tumour growth and metastasis in nude mouse models. 
Additionally, ivermectin-induced apoptosis and enhanced the cell 
growth inhibition induced by CDDP or 5-FU. To our knowledge, this 
is the first study to investigate the antitumour activity of ivermectin 
against ESCC in vitro and in vivo.

F I G U R E  4   Ivermectin suppresses cell growth, migration and invasion through down-regulation of PAK1 in ESCC cells. (A) KYSE150 and 
KYSE30 cells were treated with the indicated concentrations of ivermectin for 48 h, and then the expression of PAK1 and its downstream 
targets was analysed by Western blotting. (B) Western blotting analysis of the whole lysates derived from xenografted tumour tissues of 
vehicle- or ivermectin-treated mice. (C-F) KYSE150 cells stably transduced with either PAK1 plasmids or lentivirus PAK1-shRNA constructs 
were treated with or without ivermectin for 48 h. The whole cell lysates were used to measure the expression of PAK1 by immunoblotting 
(C). ESCC cells were harvested and subjected to soft agar (D), transwell migration (E) and invasion (F) assays. ns: no significant difference; 
*P < .05, **P < .01, ***P < .001, one-way ANOVA with post hoc intergroup comparison by the Tukey's test

F I G U R E  5   Ivermectin promotes 
ubiquitin degradation of PAK1. (A) 
KYSE150 and KYSE30 cells were treated 
with the indicated concentrations 
of ivermectin for 48 h, and then the 
PAK1 mRNA expression was evaluated 
by qRT-PCR. (B, C) KYSE150 (B) and 
KYSE30 (C) cells were treated with 
2.5 μmol/L ivermectin for 36 h, followed 
by treatment with cycloheximide 
(CHX, 50 μmol/L) for another 0-12 h. 
The whole cell lysates were extracted 
for Western blotting with anti-PAK1 
antibody (left). Triplicate experiments 
were performed for statistical analysis 
(right). (D) Immunoblotting analysis of 
PAK1 expression in ESCC cells pre-treated 
with MG132 (5 μmol/L) for 2 h, and then 
with or without 2.5 μmol/L ivermectin 
treatment for 48 h. *P < .05, **P < .01, 
***P < .001, by Student's t test
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Disclosing new uses for old drugs is often much more economical 
and faster than developing new drugs from scratch.32,33 In this study, 
we discovered that ivermectin which has been approved to treat 
human diseases in the USA and other countries for over 30 years, 
showed potent antitumour activity against ESCC both in vitro and 
in nude mouse models. In line with our results, a few studies have 
demonstrated that ivermectin displayed an potent antitumour ac-
tivity against diverse malignant tumours such as glioma, breast can-
cer, non-small cell lung cancer and colon cancer in vitro and in nude 
mice.14,17,20

In this study, we also noted that ivermectin drastically induced 
apoptosis in both tested ESCC cells based on the following facts: (a) 

Ivermectin treatment resulted in increased proportions of annexin 
V binding cells in a concentration- and time-dependent fashion; (b) 
Specific activation of Caspase-3 and PAPP were observed upon iv-
ermectin treatment; (c) The levels of pro-survival proteins includ-
ing XIAP, Survivin, Bcl-2, Bcl-xL and Mcl-1 were down-regulated, 
while the pro-apoptotic protein Bax was up-regulated in ivermec-
tin-treated ESCC cells. (d) Ivermectin treatment led to a time-depen-
dent down-regulation of the mitochondrial transmembrane potential 
and release of AIF and Cytochrome c from mitochondrial into the cy-
tosol. Consistent with our findings, Melotti A and colleagues found 
that ivermectin treatment led to a sevenfold increase in the number 
of activated Caspase-3 positive cells in both primary and cell lines of 

F I G U R E  6   Ivermectin is synergistic with CDDP and 5-FU. (A) KYSE150 and KYSE30 cells were exposed to a serially diluted mixture 
at a fixed ratio of ivermectin and CDDP or 5-FU for 72 h, cell viability was measured by MTT assay. The median-effect method of Chou 
and Talalay was used to assess the synergistic effect. The combination index (CI) was the ratio of the combination dose to the sum of the 
single-agent doses at an isoeffective level. CI < 1 indicates synergy and CI = 1 indicates additive. (B) and (D) KYSE150 and KYSE30 cells 
were exposed to ivermectin (2.5 μmol/L) with combination of CDDP (12.5 μmol/L) or 5-FU (200 μmol/L) for 48 h, and then examined with a 
haemocytometer by trypan blue exclusion assay (n = 6 per group). Column, mean; Error bar, SD. ***, P < .001, one-way ANOVA with post hoc 
intergroup comparison with Tukey's test. (C) and (E) Western blotting analysis of the cleaved PARP and Caspase-3. – indicates the absence 
and + indicates the presence of the drugs
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colon cancer.14 In addition, ivermectin also induced epithelial ovar-
ian cancer (EOC) cell apoptosis and promoted the protein levels of 
cleaved PARP, Bax, p27 and p21.18 Whereas, Dou et al reported that 
ivermectin did not induce cell apoptosis, but significantly stimulated 
cytostatic autophagy in breast cancer cells.17 Taken together, these 
findings suggest that whether ivermectin induces cell apoptosis may 
depend on the tumour context.

Tumour metastasis is one of the major causes that lead to 
treatment failure in ESCC patients. Multistep processes including 
cancer cell adhesion, migration and invasion into adjacent vascula-
ture or tissues are involved in tumour metastasis. In this report, by 
using scratch and transwell migration assays, ivermectin displayed 
highly inhibitory activity against the migration of ESCC cells. 
Moreover, we also found that ivermectin effectively suppressed 
ESCC cell invasion. MMP-9 and MMP-2 are two key family mem-
bers of MMPs that are able to degrade the basement membranes 
and extracellular matrix, and thus facilitate invasion and metas-
tasis of malignant tumour cells into other organs or tissues.34 
Intriguingly, the protein levels of MMP-2 and MMP-9 were obvi-
ously suppressed by ivermectin. More importantly, we also found 
ivermectin greatly suppressed the lung metastasis in nude mice 
models. Consistently, Kwon et al reported that ivermectin treat-
ment suppressed cell invasion and up-regulated E-cadherin ex-
pression in triple-negative breast cancer (TNBC) cells.35 Similarly, 
upon treatment with ivermectin, the invasive ability of glioma cells 
was also potentially inhibited.20 Altogether, our data suggest that 
ivermectin is a promising therapeutic agent for malignant cancer 
patients with metastasis.

PAK1, a member of P21-activated kinases (PAKs), is an important 
serine/threonine-protein kinase that can be activated by the small 
Rho family of GTPases (Rac1 and Cdc42).36 Accumulating evidence 
indicates that PAK1 is overexpression in diverse malignant tumours 
such as non-small cell lung cancer, breast cancer, hepatocellular car-
cinoma and pancreatic cancer, and high expression of PAK1 is posi-
tively associated with high risk of tumour recurrence and metastasis, 
and poor survival.37-40 Consistently, we recently found that PAK1 is 
highly expressed in ESCC, and targeting PAK1 by genetic or phar-
macological inhibition drastically suppressed cell growth, migration, 
invasion and metastasis.5 All these findings indicate PAK1 is a po-
tential therapeutic target for diverse cancers including ESCC. In the 
present study, we demonstrated that ivermectin suppressed ESCC 
cell growth, migration and invasion through inducing PAK1 degra-
dation via the proteasome-dependent signalling pathway, and the 
conclusion is based on the following effects: (a) Ivermectin greatly 
inhibited the expression of PAK1 protein in both tested ESCC cell 
lines and tumour xenografts, but had no obvious effect on PAK1 
mRNA level, indicating that ivermectin-mediated down-regulation 
of PAK1 might not be at the transcription level. (b) Silencing PAK1 
obviously enhanced the inhibitory effects of ivermectin on colony 
formation, migration and invasion; conversely, enforced expression 
of PAK1 resulted in a completely opposing phenomenon; (c) Time 
chase experiments in the presence of CHX showed that an increased 
degradation rate of PAK1 level was noted in ivermectin-treated 

ESCC cells, compared to that of the controls, suggesting ivermec-
tin down-regulated PAK1 at the post-translational level; (d) The 
down-regulation of PAK1 induced by ivermectin could be remark-
ably restored by the specific proteasome inhibitor MG132 in both 
tested cell lines of ESCC. In line with our findings, Dou et al reported 
that ivermectin could induce breast cancer cell autophagy by pro-
moting PAK1 degradation via the ubiquitination pathway.17

The traditional chemotherapeutic agents CDDP and 5-FU are 
commonly used chemotherapeutic agents for patients with locally 
advanced ESCC.41 However, the side effects and survival rates were 
remained unsatisfactory, with 25% grade 3 late toxicities, 42% acute 
toxicities, and the overall five-year survival rate was only 26%.41,42 
In this study, the data showed that there was a synergistic inhibitory 
effect between ivermectin and CDDP or 5-FU in reducing ESCC cell 
viability. Additionally, we demonstrated that ivermectin improved 
the sensitivity of ESCC cells to these cytotoxic drugs partially by 
inducing cell apoptosis, as demonstrated by specific activation of 
PARP and Caspase-3. Thus, our findings suggest that ivermectin 
treatment might decrease the effective dose of chemotherapeutic 
agents as well as improve the anti-cancer effects of these agents. 
Consistently, Sharmeen S et al found that ivermectin could synergize 
with daunorubicin and cytarabine to trigger cell death in leukaemia 
cells.15 In addition, Kodama et al reported that ivermectin in combi-
nation with paclitaxel displayed a stronger antitumour effect on epi-
thelial ovarian cancer (EOC) than either drug alone both in vitro and 
in vivo.18 Altogether, these findings from us and others suggest that 
combination of ivermectin with the standard treatment drugs is a 
potential therapeutic strategy for cancer patients. Thus, future work 
needs to further investigate the efficiency of ivermectin in combina-
tion with traditional chemotherapeutic agents in mouse models and 
clinical trials of ESCC.

In summary, our study demonstrated that ivermectin effectively 
suppressed ESCC cell growth, migration and invasion through block-
ing the PAK1 signalling. We also found that ivermectin displayed 
significant antitumour effects on tumorigenesis and lung metastasis 
in xenografted mouse models, and improved the sensitivity to the 
first-line chemotherapeutic drugs including CDDP or 5-FU. Given 
that ivermectin has been approved by FDA for treatment of human 
diseases, our data warrant a clinical trial of ivermectin for treatment 
of ESCC patients, even those with metastasis or chemotherapeutic 
resistance.
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