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Purpose: Hepatocellular carcinoma (HCC), has a very high mortality rate and is the most common type of liver cancer. Clotrimazole,
a traditional antifungal drug, has garnered considerable attention as a therapeutic strategy for HCC. However, its effects against the
migration and invasion of HCC cells as well as the associated underlying mechanisms remain unclear. Therefore, in this study, we
investigated its effects on HCC and attempted to elucidate the underlying molecular mechanisms.

Methods: CCK-8 was used to investigate the inhibitory effect of clotrimazole on the proliferation of different types of HCC cells, and
wound healing and transwell assays were performed to investigate its inhibitory effect on the invasion and migration of the HCC cells.
Further, western blotting was employed to detect changes in the expression levels of epithelial mesenchymal transition (EMT)-related
proteins, extracellular-regulated protein kinases (ERK), p-ERK, p65, and p-p65. We also used ERK activators in combination with
clotrimazole to treat the HCC cell lines.

Results: Clotrimazole inhibited the invasion and migration of HCC cells, and mechanistically, it exerted these anti-tumor effects via
EMT by repressing ERK phosphorylation.

Conclusion: These findings suggest that clotrimazole inhibits HCC metastasis by repressing EMT in an ERK dephosphorylation-
dependent manner.
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Introduction

Liver cancer is the third leading cause of cancer-related deaths and the sixth most prevalent type of cancer worldwide.'
Particularly, hepatocellular carcinoma (HCC) is the most common type of liver cancer.” Even though surgical resection is
the first line of treatment for HCC, most patients with HCC are often diagnosed at an advanced stage of the disease; thus,
they are poor candidates for surgical resection,®* and their treatment options are very limited.’ Despite recent advances in
diagnostic and therapeutic strategies, such as the development of transcatheter arterial chemoembolization and the multi-
kinase inhibitor, sorafenib, HCC survival rates remain low owing to high recurrence rates and metastasis.®’ These
limitations necessitate the development of novel treatment strategies that offer the possibility to effectively reduce HCC
recurrence and metastasis to the end of prolonging the overall survival of patients with HCC.

In recent years, our understanding of the anti-tumor effects of antifungal drugs has advanced significantly.® '
Increasing evidence suggest that antifungals, such as ketoconazole (used alone or in combination with other drugs),
have strong anti-tumor effects.!' Specifically, the anti-tumor effects of antifungals were originally discovered in prostate
cancer; however, similar effects have been observed in other cancers, including breast, colon, and bladder cancers.'> 1°
As a broad-spectrum antifungal agent, clotrimazole exerts a strong inhibitory effect against several fungi, especially
Candida albicans.'® Additionally, it has attracted considerable attention as a cancer treatment option.'” Reportedly, it

inhibits the ability of breast cancer cells to proliferate and metastasise in vitro.*'> However, its effect on the invasion and
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metastasis of HCC is unclear, implying that studies are needed to determine whether it can be a potential treatment for
HCC. In this study, we demonstrate that clotrimazole can inhibit the migration and invasion of HCC cells by inhibiting
ERK/p65-mediated epithelial-mesenchymal transition (EMT). This finding may provide new ideas for the treatment
of HCC.

Materials and Methods

Reagents

Primary antibodies against E-cadherin, N-cadherin, and vimentin, as well as goat anti-rabbit and goat anti-mouse
secondary antibodies, were purchased from Proteintech Group (Wuhan, China). Primary antibodies that recognize NF-
kB-p65, phospho-NF-«kB p65 (Ser536), ERK1/2, and phospho-p44/42 MAPK (ERK1/2; Thr202/Tyr204) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Clotrimazole was purchased from Mecklin (Shanghai, China),
while honokiol was purchased from MedChemExpress (Shanghai, China).

Cell Culture

Human liver cancer cell lines [HuH7, SMCC-7721 (7721), MHCC 97H (97H), and Hep3B] were obtained from the
Chinese Academy of Sciences (Shanghai, China). The HuH7 and Hep3B cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 100 pg/mL penicillin/streptomycin and 10% fetal bovine serum (FBS). The cells
were cultured at 37 °C in a humidified atmosphere of 5% CO,.

Cell Growth Assay

The effect of clotrimazole on the proliferation of HCC cells was determined using the Cell Counting Kit-8 (CCK-8)
(Beyotime; Shanghai, China). Briefly, HCC cells (1x10* cells/well) were cultured in 96-well plates and treated with
different concentrations of clotrimazole (10, 20, 30, 40, 50, 60, 80, and 100 uM) dissolved in DMSO (0.1% v/v) or with
DMEM only (0.1% v/v DMSO) as the control treatment. After 24 and 48 h, 10 puL of the CCK-8 reagent was added to
each well, and after incubation for 1 h at 37 °C, absorbance measurements were performed at 450 nm using a micro-plate
reader (Model 3550; Bio-Rad; Hercules, CA, USA). The relative proliferation ratio of the cells was calculated as follows:
(experimental absorbance value/control absorbance value) x 100%. At least three independent tests, each involving six
wells, were performed.

Wound Healing/Scratch Assay

HCC cell migration was examined by performing a wound healing assay. Briefly, HCC cells were seeded in 6-well plates.
Thereafter, a long, vertical wound was inflicted on the monolayer using a 10 uL pipette tip. Following wound induction,
the cells were treated with different concentrations of clotrimazole, honokiol, or DMEM only (0.1% v/v DMSO) as the
control treatment for 48 h. After the cells reached confluence, they were observed microscopically (200%), and the wound

closure ratio was calculated as follows: (0 h wound width - 48 h wound width)/0 h wound width.

Transwell Assay

Transwell assays were performed using 8-pm polycarbonate transwell filters (Coring; Cambridge, MA, USA). In brief,
Matrigel (BD Biosciences; Bedford, MA, USA) was dissolved overnight at 4 °C. The next day, 150 puL of the Matrigel
solution was added to the wells of a 24-well plate reader. Thereafter, the plates were incubated at 37 °C for 30 min
followed by clotrimazole treatment for 24 h, HCC cells were added to the inner chamber and DMEM medium,
containing 10% FBS, was added to the lower chamber. This was followed by incubation for 24 h, after which the
non-invading cells were wiped off, while the invading cells were fixed in paraformaldehyde for 15 min, stained with

crystal violet for 15 min, and counted (five randomly selected fields) at 200x magnification using a microscope.
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Western Blot Analysis

Proteins were separated on a 12% SDS-polyacrylamide gel and thereafter transferred onto PVDF membranes (Merck
Millipore; Carrigtwohill, Ireland), which were then blocked in skimmed milk at 37 °C for 1 h and thereafter incubated
with different primary antibodies (E-cadherin, N-cadherin, vimentin, NF-kB- p65, p-p65, Erk1/2, and p-Erk1/2). In the
next step, the membranes were washed three times with 0.1% TBST and further incubated in goat anti-rabbit or goat anti-
mouse secondary antibodies for 2 h. Proteins of interest were then visualized using an enhanced chemiluminescence kit
(Millipore; Billerica, MA, USA) and via autoradiography. Densitometric analysis was performed using Image J software
(GE Healthcare; Buckinghamshire, UK).

Statistical Analysis

SPSS software v17.0 (IBM Inc., Chicago, IL, USA) was used for statistical analysis. All the data were expressed as mean
+ standard deviation. Differences between two groups were assessed by performing Student’s #-tests, while one-way
ANOVA was performed to compare multiple groups. Statistical significance was set at P < 0.05.

Results
Clotrimazole Inhibits the Proliferation of HCC Cells

Several HCC cell lines were treated with different concentrations of clotrimazole for 24 h and 48 h to explore the effect
of the drug on the proliferation of the cell lines. Thus, Cell Counting Kit-8 (CCK-8) assays demonstrated that the
treatment of HCC cells with clotrimazole for 24 and 48 h inhibited their proliferation in a dose-dependent manner
(Figure 1). The viabilities of 97H, 7721, Hep3B, and HuH7 cells treated for 48 h were lower than those of their
counterparts that were treated for 24 h (Figure 1A-D). These findings suggested that clotrimazole inhibits the prolifera-
tion of HCC cells.

Clotrimazole Suppresses the Migration and Invasion of HCC Cells

We next employed wound healing assays to examine the effect of clotrimazole on the invasion of HCC cells (Hep3B and
HuH7 cell lines). Specifically, HCC cells were wounded, followed by clotrimazole (20 uM) treatment for 48 h and
microscopic analysis. Compared with the control group, the scratches were wider in HCC cells after clotrimazole
treatment (Figure 2A and B). Additionally, the assessment of the invasion and migration capacities of the HCC cells
via Transwell assays showed that with or without the addition of Matrigel, fewer HCC cells crossed the membrane after
48 h of clotrimazole treatment compared with the control group (Figure 2C and D). These results demonstrated that
clotrimazole inhibits the invasion and migration capacities of HCC cells.

Clotrimazole Regulates EMT and Represses ERK Phosphorylation

To further explore the mechanisms by which clotrimazole possibly inhibits the migration and invasion of HCC cells, we
examined the molecules associated with EMT via western blot analysis. Thus, we observed that clotrimazole significantly
inhibited the expression of vimentin and N-cadherin in HCC cells, while significantly enhancing the expression of
E-cadherin (Figure 3A). Further, in clotrimazole-treated HCC cells (HuH7 and Hep3B), the expression of ERK and p65
did not change significantly. However, phosphorylated ERK and p65 were both significantly downregulated (Figure 3B).
These findings suggested that clotrimazole regulates EMT and represses ERK phosphorylation.

Clotrimazole Inhibits the Migration and Invasion of HCC Cells via the ERK Pathway
To verify whether clotrimazole inhibits HCC metastasis via the ERK pathway, we utilized the ERK activator honokiol.
Treating wounded HCC cells with a combination of honokiol and clotrimazole resulted in narrower wounds than was the
case with cells treated with clotrimazole only (Figure 4A-D). Additionally, transwell assays revealed that more HCC
cells crossed the membrane after the honokiol-clotrimazole combined treatment compared with the observations made
after the clotrimazole-only treatment (Figure 4E—H). These findings indicated that the activation of the ERK pathway can
partially reverse the inhibitory effect of clotrimazole on HCC metastasis.
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Figure | Clotrimazole inhibits the proliferation of HCC cells. (A-D) The proliferation of 97H (A), 7721 (B), Hep3B (C), and HuH7 (D) cell lines with the different
concentration of clotrimazole treatment assayed by CCK8. Absorbances were measured at 24 h and 48 h after treatment with clotrimazole.

Clotrimazole Regulates EMT Through the ERK Pathway

The expression levels of vimentin, N-cadherin, and E-cadherin proteins (Figure SA and B), as well as those of p-p65 and
p-ERK (Figure 5C and D) were significantly upregulated in HCC cells treated with a combination of honokiol and
clotrimazole compared with clotrimazole-only treated HCC cells treated. However, both treatments did not alter the
expression levels of total p65 and ERK (Figure 5C and D). These findings suggested that honokiol reverses the effect of
clotrimazole on EMT in HCC cells, indicating its involvement in the regulation of HCC cell-associated EMT through the
regulation of the ERK pathway.

Discussion

HCC is an aggressive form of cancer that is highly malignant.'® In this study, we investigated the effect of clotrimazole
on HCC metastasis as well as the mechanisms underlying these effects. Specifically, clotrimazole is a broad-spectrum
antifungal agent with strong inhibitory effects against a variety of fungi, especially C. albicans. Reportedly, it inhibits the
development of malignant melanoma and breast cancer through its impacts on tumor proliferation and metastasis, which
are mediated by the inhibition of PI3K and glycolysis.'*** However, studies regarding its effects on HCC metastasis are
limited.

Given that it has been previously reported that clotrimazole suppresses the invasion of human breast cancer cells,*"’
in this study, we investigated whether it could inhibit the migration and invasion of HCC cells. Thus, we observed that it
inhibits the proliferation of a variety of HCC cell lines; this is consistent with its inhibitory effects on human breast
cancer. Specifically, it preferentially inhibits human breast cancer cell proliferation, viability, and glycolysis.'” Our
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Figure 2 Clotrimazole inhibits migration and invasion of HCC cells. (A and B) The effect of clotrimazole (20uM) on the migration of HuH7 (A) and Hep3B (B) cell lines
detected by wound healing assay. (C and D) The effect of clotrimazole on the migration and invasion of HuH7 (C) and Hep3B (D) cell lines detected by transwell assay. The
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findings also indicated that clotrimazole-treated HCC cells heal more slowly and based on transwell assays, show
reduced cell migration, suggesting that clotrimazole inhibits the metastasis and invasion of HCC cells.

Invasion and metastasis, features that are characteristic malignant tumors, involve complex multi-step processes that
are regulated by a variety of genes that are involved in tumor cell adhesion, stromal degradation, and tumor

angiogenesis.”>** Although numerous genes involved in tumor invasion and metastasis have been identified, the specific
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Figure 4 Clotrimazole inhibits migration and invasion of HCC cells through the ERK pathway. (A and B) The effect of clotrimazole (20uM) alone or combinate with
honokiol (101uM) on HuH7 cells migration detected by wound healing assay. (C and D) The effect of clotrimazole (20ptM) alone or combinate with honokiol (10uM) on
Hep3B cells migration detected by wound healing assay. (E and F) The effect of clotrimazole alone or combinate with honokiol (10M) on HuH7 cells migration and invasion
detected by transwell assay. (G and H) The effect of clotrimazole alone or combinate with honokiol (10uM) on Hep3B cells migration and invasion detected by transwell
assay. The results of quantification are expressed as the mean * SD (n=3), *P<0.05, **P< 0.01, ***P<0.001 vs the control group (without clotrimazole and honokiol group),
#P<0.05 vs clotrimazole treated group.

mechanisms underlying their function remain largely uncharacterized. Further, EMT is known to promote the invasion

and metastasis of HCC cells,>

and E-cadherin, an important component of intercellular adhesion junctions, is an
important marker of EMT.*® Our results suggested that clotrimazole inhibits the expression of EMT markers,
N-cadherin and vimentin, while promoting that of E-cadherin, suggesting that clotrimazole may modulate HCC invasion
and metastasis by inhibiting the EMT.

There is evidence suggesting that the ERK pathway is involved in EMT in HCC, and thus, also influence HCC
invasion and metastasis.”’*® An active ERK pathway promotes aggressiveness in HCC; however, inhibiting the ERK
pathway can suppress HCC aggressiveness.””® Our results indicated that clotrimazole inhibits the phosphorylation of
ERK and p65. To further confirm that clotrimazole inhibits HCC metastasis by inhibiting ERK, the ERK activator
honokiol was used to activate ERK in clotrimazole-treated HCC cells, in which ERK activity is repressed.>’ Thus, we
observed that honokiol reversed the inhibitory effect of clotrimazole on HCC cell invasion and migration, suggesting that
clotrimazole acts on HCC via the ERK pathway.
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Figure 5 Clotrimazole regulates EMT through the ERK pathway. (A and B) The Vimentin, N-cadherin, and E-cadherin levels in HCC cells treated with clotrimazole (20uM)
alone or combinate with honokiol (10uM). (C and D) The ERK, p-ERK, p65 and p-p65 levels in HCC cells treated with clotrimazole alone or combinate with honokiol
(10pM). The results of quantification are expressed as the mean + SD (n=3), *P<0.05, **P< 0.01, ***P<0.001 vs the control group (without clotrimazole and honokiol group),
#P<0.05 vs clotrimazole treated group.

Several factors may be involved in the response of HCC to clotrimazole treatment. Our results showed that the effects
of clotrimazole on different HCC cell lines are somewhat different, suggesting that different HCC cell types respond
differently to clotrimazole treatment. In terms of clinical application, although clotrimazole has been used clinically as an
antifungal agent, further studies are still needed to validate the possibility of its clinical application in the treatment of
HCC. Further, our findings initially confirmed the role of EMT and ERK in mediating the inhibition of HCC migration
and invasion by clotrimazole. However, the mechanism of the direct action of clotrimazole still needs to be further
explored. Furthermore, gene mutations and genetic variants play a very important role in the development of HCC. For
example, the role of mutations in CTNNBI and TP53 in HCC has been extensively studied.’*>* Whether these mutations
play a role in the application of clotrimazole in the treatment of HCC requires further exploration.

Additionally, the experiments performed in this study were limited to cellular assays, implying that further studies are
needed to determine whether clotrimazole has anti-HCC effects in humans. The more direct mechanism of action of

clotrimazole in inhibiting HCC metastasis also needs to be supported by further studies.

Conclusion

In summary, the results of this study indicated that clotrimazole can inhibit the proliferation, migration, and invasion of
HCC via the suppression of EMT by modulating the ERK signaling pathway. To the best of our knowledge, this is the
first study in which the mechanisms underlying clotrimazole-mediated HCC inhibition are characterized with a focus on
the role of ERK in EMT. Our study provides novel avenues for the development of HCC therapeutics.

Abbreviations

HCC, hepatocellular carcinoma; TACE, transcatheter arterial chemoembolization; EMT, epithelial mesenchymal transi-
tion; DMSO, dimethyl sulfoxide; CCK-8, cell counting kit-8; DMEM, Dulbecco’s Modified Eagle’s Medium; FBS, fetal
bovine serum.
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