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Abstract. Hinokitiol, alternatively known as β-thujaplicin, 
is a tropolone-associated natural compound with antimicro-
bial, anti‑inflammatory and antitumor activity. Breast cancer 
stem/progenitor cells (BCSCs) are a subpopulation of breast 
cancer cells associated with tumor initiation, chemoresistance 
and metastatic behavior, and may be enriched by mammosphere 
cultivation. Previous studies have demonstrated that BCSCs 
exhibit vasculogenic mimicry (VM) activity via the epidermal 
growth factor receptor (EGFR) signaling pathway. The 
present study investigated the anti‑VM activity of hinokitiol in 
BCSCs. At a concentration below the half maximal inhibitory 
concentration, hinokitiol inhibited VM formation of mammo-
sphere cells derived from two human breast cancer cell lines. 
Hinokitiol was additionally indicated to downregulate EGFR 
protein expression in mammosphere‑forming BCSCs without 
affecting the expression of messenger RNA. The protein 
stability of EGFR in BCSCs was also decreased by hinokitiol. 
The EGFR protein expression and VM formation capability of 

hinokitiol‑treated BCSCs were restored by co‑treatment with 
MG132, a proteasome inhibitor. In conclusion, the present 
study indicated that hinokitiol may inhibit the VM activity 
of BCSCs through stimulating proteasome‑mediated EGFR 
degradation. Hinokitiol may act as an anti‑VM agent, and may 
be useful for the development of novel breast cancer thera-
peutic agents.

Introduction

Cancer stem/progenitor cells (CSCs) are a subpopulation of 
cancer cells with the characteristics of tumor initiation (1), 
resistance to therapy (2) and metastasis (3). In breast cancer, 
breast CSCs (BCSCs) have been identified as cells with cluster 
of differentiation (CD)24-CD44+ surface markers (4) or with 
high intracellular aldehyde dehydrogenase activity (5). BCSCs 
may additionally be enriched by cultivation in a serum‑free, 
non-adherent environment, known as the mammosphere, 
which is a f loating clump composed of breast cancer 
cells (6,7). In addition to tumor initiation and chemoresistant 
properties, BCSCs have also been indicated to exhibit vascu-
logenic mimicry (VM) activity (8), defined as the formation 
of perfusable, matrix‑rich and vasculogenic‑like networks by 
tumor cells, without involvement of endothelial cells (9). A 
previous study demonstrated that the VM activity of BCSCs 
is regulated by epidermal growth factor receptor (EGFR) 
signaling (8).

Hinokitiol, alternatively known as β-thujaplicin, is a 
tropolone‑associated natural compound isolated from heart-
wood cupressaceous plants (10), and has been widely used as 
an antimicrobial agent in toothpastes, cosmetics and food (11). 
In addition to antimicrobial activity, hinokitiol has been 
reported to possess anti‑inflammatory (12,13) and antitumor 
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activity (14,15). Previously, in prostate carcinoma cell lines, 
hinokitiol was indicated to disrupt androgen receptor signaling 
and inhibit cell growth (14). Hinokitiol may induce G1 arrest 
in malignant melanoma cells through increased cyclin-depen-
dent kinase inhibitor 1B protein expression (15). Hinokitiol 
was also indicated to cause caspase‑dependent apoptosis (16) 
and differentiation (17) in teratocarcinoma F9 cells. A recent 
study indicated that hinokitiol induced autophagy in murine 
breast and colorectal cancer cells via downregulation of the 
v-akt murine thymoma viral oncogene homolog 1/mecha-
nistic target of rapamycin (serine/threonine kinase) signaling 
pathway, which led to cell death (18). Although the anti‑tumor 
activity of hinokitiol has been reported, its effect on CSCs 
remains to be elucidated.

The present study indicated that hinokitiol may inhibit the 
VM activity of BCSCs enriched by mammosphere cultivation 
at a concentration below the half maximal inhibitory concen-
tration (IC50). Hinokitiol was also indicated to decrease the 
protein expression of EGFR without affecting the expression 
of messenger (m)RNA. In addition, downregulation of EGFR 
protein by hinokitiol was mediated through proteasome 
degradation. Inhibited proteasome activity by MG132 abol-
ished the anti‑VM activity of hinokitiol. The results of the 
present study suggest that hinokitiol may act as an anti-VM 
agent, and may be useful for the development of novel breast 
cancer therapeutic agents

Materials and methods

Cell culture and reagents. The MDA‑MB‑231 human breast 
cancer cell line was obtained from American Type Culture 
Collection (ATCC; Manassas, VA, USA) and maintained 
according to ATCC's recommendations. The AS‑B244 human 
breast cancer cell line was established from the tissue of 
a female patient (Academia Sinica, Taipei, Taiwan) with 
triple negative breast cancer and maintained as previously 
described (19). Hinokitiol was purchased from Sigma‑Aldrich 
(St. Louis, MO, USA), dissolved in ethanol (EtOH; Avantor 
Performance Materials, Center Valley, PA, USA) as a 100 mM 
stock solution and stored at ‑20˚C. MG132 was purchased 
from Tocris Bioscience (Bristol, United Kingdom), dissolved 
in dimethyl sulfoxide (Sigma‑Aldrich) as a 100 mM stock 
solution and stored at ‑20˚C.

Enrichment of BCSCs by mammosphere cultivation. 
Cells were resuspended in Dulbecco's Modified Eagle's 
Medium: Nutrient Mixture F‑12 (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) containing 1% methyl cellulose 
(Sigma‑Aldrich) to avoid cell aggregation, fibroblast growth 
factor‑basic (20 ng/ml; PeproTech, Inc., Rocky Hill, NJ, USA), 
human epidermal growth factor (20 ng/ml; PeproTech, Inc.,), 
insulin (5 µg/ml; Sigma‑Aldrich) and B27 supplement (dilu-
tion, 1:50; Gibco®; Thermo Fisher Scientific, Inc.). Cells were 
seeded at 104 cells per dish into ultralow-attachment 10 cm 
dishes (Corning Life Sciences BV, Amsterdam, Netherlands). 
Following 7 days of incubation, the mammospheres were 
collected using a 100 mm cell strainer (BD Biosciences, 
San Jose, CA, USA) and dissociated by HyQTase (Hyclone; 
GE Healthcare, Logan, UT, USA) to achieve a single cell 
suspension for additional experiments.

Cytotoxicity analysis. For the cytotoxicity assay, 1x104 mammo-
sphere cells/well were seeded in 96‑well plates (Corning Life 
Sciences BV) and cultured for 48 h with or without hinokitiol 
or 0.1% EtOH. Cell viability was determined by WST‑1 reagent 
(BioVision, Inc., Milpitas, CA, USA) using a microplate reader 
(SpectraMax Plus 384; Molecular Devices, LLC, Sunnyvale, 
CA, USA), according to the manufacturer's protocol. The IC50 
value was calculated by GraFit version 7 software (Erithacus 
Software Ltd., East Grinstead, UK).

In vitro VM activity assay. Wells of µ‑microslide (ibidi GmbH, 
Martinsried, Germany) were coated with 10 µl of Matrigel 
(BD Biosciences) at a concentration of 8 mg/ml, and incubated 
at 37˚C overnight. Mammosphere cells were suspended at 
2x104 cells/50 µl in M200 medium (Gibco; Thermo Fisher 
Scientific, Inc.) containing 1X low serum growth supplement 
(Gibco; Thermo Fisher Scientific, Inc.) and loaded into one 
Matrigel‑coated well. The slide was then incubated at 37˚C in 
a 5% CO2 incubator and the VM structures were recorded by 
inverted microscopy (AE30; Motic Electric Group Co., Ltd., 
Xiamen, China) at 6 h post‑seeding. Images of the wells were 
analyzed with the Tubeness function on Image J version 1.50e 
software (National Institutes of Health, Bethesda, MA, USA), 
and VM scores were calculated according to a formula 
described by Aranda et al (20) as follows: VM = [(no.spouting 
cells x 1) + (no. connected cells x 2) + (no. polygons x 3)] / total 
no. cells.

Western blot analysis. Cells were harvested using trypsin 
(Gibco; Thermo Fisher Scientific, Inc.), lysed in mammalian 
protein extraction reagent (Pierce; Thermo Fisher Scientific 
Inc.) and the protein concentration was determined by bicin-
choninic acid reagent (Pierce; Thermo Fisher Scientific Inc.). 
In total, 25 µg of extracted protein was separated by 10% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
and transferred to a polyvinylidene difluoride membrane 
(Immobilon‑P; Merck Millipore, Darmstadt, Germany). 
The membranes were then blocked with 5% skimmed milk 
(Sigma‑Aldrich), dissolved in Tris‑buffered saline with 0.05% 
Tween‑20 (TBST; Sigma‑Aldrich) at room temperature for 
1 h, followed by incubation with primary antibodies [mouse 
anti‑human EGFR monoclonal antibody was purchased from 
Santa Cruz Biotechnology Inc. (Dallas, TX, USA; catalog no. 
sc‑377229); mouse anti‑human tubulin monoclonal antibody 
was purchased from Novus Biologicals, LLC (Littleton, CO, 
USA; catalog no. NB100‑690)] at 4˚C overnight. Hydrogen 
peroxidase-conjugated anti-rabbit or anti-mouse immunoglob-
ulin G polyclonal antibody (catalog no 7076; Cell Signaling 
Technology, Inc., Danvers, MA, USA) were used as secondary 
antibodies. The membranes were washed 3 times for 5 min 
each time with TBST following blocking, primary antibody 
incubation and secondary antibody incubation. Developed 
chemiluminescence signals from catalyzed ECL substrate 
(PerkinElmer Inc., Waltham, MA, USA) were detected by a 
Luminescence‑Image Analyzer (ImageQuant LAS 4000 mini; 
GE Healthcare Bio‑sciences, Pittsburgh, PA, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from AS‑B244 and 
MDA‑MB‑231 cells and purified using an RNA extraction 
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kit (Quick‑RNA™ MiniPrep kit; Zymo Research Corpora-
tion, Irvine, CA, USA) and complementary DNA (cDNA) 
was synthesized with a first strand cDNA synthesis kit 
(RevertAid First Strand cDNA Synthesis kit; Fermentas; 
Thermo Fisher Scientific, Inc.). The expression of genes was 
detected with specific primers and the KAPA SYBR™ fast 
qPCR kit (Kapa Biosystems, Inc., Wilmington, MA, USA) 
with the ABI StepOne™ Real‑Time PCR System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The primer 
sequences used in the present study were synthesized by Inte-
grated DNA Technologies Pte., Ltd. (Singapore, China) and 
were as follows: EGFR, forward 5'‑CAG CGC TAC CTT GTC 
ATTCA‑3' and reverse 5'‑TGC ACT CAG AGA GCT CAGGA‑3'; 
mitochondrial ribosomal protein L19, forward 5'‑GGG ATT 
TGC ATT CAG AGA TCAG‑3' and reverse 5'‑GGA AGG GCA 
TCT CGT AAG‑3'. The cycling conditions were as follows: 
50˚C for 2 min, 95˚C for 10 min, followed by 40 cycles of 95˚C 
for 10 sec and 60˚C for 1 min. The end‑point used in quan-
tification was calculated by the StepOne™ software (v2.2.2; 
Applied Biosystems; Thermo Fisher Scientific, Inc.), and the 
quantification cycle number (Cq value) for each analyzed 
sample was calculated. EGFR expression was normalized to 
MRPL19, which has been reported as one of the most stable 
internal control genes (21‑23), to derive the change in Cq value 
(∆Cq). The primer sequence for MRPL19 was as follows: 
Forward, 5'‑GGGATTTGCATTCAGAGATCAG‑3'; and 
reverse, 5'‑GGAAGGGCATCTCGTAAG‑3'. The relative gene 
expression differences between groups was calculated using 
2-∆∆Cq (24). The PCR experiments were repeated three times.

Protein stability assay. Cells were seeded into a 12-well plate 
(Corning Life Sciences BV) at a density of 1x105 cells/well 
and incubated with 50 µg/ml cycloheximide (Sigma‑Aldrich) 
for 1, 3, 6, 9 or 12 h with 0.1% EtOH or 10 µM hinokitiol. Cells 
were harvested with trypsin at 1, 3, 6, 9 or 12 h post-seeding 
and the protein expression was detected by western blot 
analysis.

Statistical analysis. Quantitative data are presented as the 
mean ± standard deviation. Comparisons between two groups 
were analyzed with the Student's t‑test. Comparisons among 
multiple groups (>3) were analyzed with one-way analysis 
of variance, and post‑hoc tests were performed with Tukey 
Multiple Comparison analysis. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Hinokitiol dose‑dependently inhibits VM activity of 
mammosphere cells derived from human breast cancer cell 
lines. Hinokitiol, alternatively known as β-thujaplicin, is a 
tropolone-associated natural compound with antimicrobial, 
anti‑inflammatory and antitumor activity. The present study 
initially examined the cytotoxic effect of hinokitiol on mammo-
sphere cells derived from AS‑B244 or MDA‑MB‑231 human 
breast cancer cells. The results revealed that the IC50 values 
of hinokitiol for AS‑B244 or MDA‑MB‑231 cells were 
33.6±8.8 and 46.6±7.5 µM, respectively (Fig. 1A and B). 
Furthermore, the present study determined whether hinokitiol 

Figure 1. Hinokitiol inhibits VM activity of breast cancer stem/progenitor cells. Mammosphere cells derived from (A) AS‑B244 or (B) MDA‑MB‑231 human 
breast cancer cells were treated with various concentrations of hinokitiol for 48 h, and cell viability was determined by WST‑1 reagent. IC50 value was 
calculated with GraFit software. Mammosphere cells derived from (C) AS‑B244 or (D) MDA‑MB‑231 cells were treated with 0.1% ethanol or hinokitiol (1 or 
10 µM) for 24 h and then seeded into Matrigel‑coated microwells for the VM activity assay. Images were captured at 4 h and used for analyzing VM scores.
VM, vasculogenic mimicry; IC50, half maximal inhibitory concentration.
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exhibited an inhibitory effect on the VM activity of BCSCs at 
concentrations below the IC50. The mammosphere cells derived 
from AS‑B244 or MDA‑MB‑231 cells were treated with 1 or 
10 µM hinokitiol for 24 h and seeded into Matrigel‑coated 
microwells for the analysis of in vitro VM activity in the pres-
ence of hinokitiol. Treatment with hinokitiol dose‑dependently 
inhibited the VM activity of AS‑B244 (Fig. 1C; 1 µM, P=0.041; 
10 µM, P=1.18x10-9) or MDA‑MB‑231 (Fig. 1D; 1 µM, P=0.0102; 
10 µM, P=1.30x10‑8) mammosphere cells. These results indicate 
that hinokitiol may inhibit VM activity of BCSCs.

Hinokitiol inhibits EGFR expression without changing 
mRNA expression. A previous study demonstrated that 

the VM activity of BCSCs is mediated by the activation of 
EGF/EGFR (8). The present study examined the effect of 
hinokitiol on EGFR expression. In the western blot analysis, the 
protein level of EGFR in AS‑B244 or MDA‑MB‑231 mammo-
sphere cells was downregulated in a dose-dependent manner 
by hinokitiol (Fig. 2A). The present study examined whether 
hinokitiol affected the mRNA expression of EGFR. In the 
RT‑qPCR analysis, the mRNA level of EGFR in AS‑B244 or 
MDA‑MB‑231 mammosphere cells did not change with hinok-
itiol treatment (Fig. 2B; AS‑B244, P=0.1088; MDA‑MB‑231, 
P=0.0502). Previous studies have reported that surface EGFR 
expression may be regulated by the proteasomal protein 
degradation pathway (25,26). The present study examined the 

Figure 3. Hinokitiol decreases EGFR protein stability in AS‑B244 mammosphere cells. AS‑B244 mammosphere cells were treated with (A) 0.1% ethanol or 
(B) 10 µM hinokitiol in the presence of 100 µg/ml cyclohexamide, and total cell lysates were collected at various time points. The expression of EGFR protein 
was determined by western blot analysis and the data were presented as the fold change from the starting point (0 h). EGFR, epidermal growth factor receptor.

Figure 2. Hinokitiol suppresses the expression of EGFR protein in breast cancer stem/progenitor cells without affecting the mRNA. AS‑B244 or MDA‑MB231 
mammosphere cells were treated with various concentrations of hinokitiol (0 and 10 µM) for 24 h. (A) The expression of EGFR or tubulin protein was detected 
by western blot analysis. The number on the image is the relative expression level compared with 0.1% ethanol control. (B) The expression of EGFR mRNA 
was determined by reverse transcription‑quantitative polymerase chain reaction. EGFR, epidermal growth factor receptor; mRNA, messenger RNA.
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protein stability of EGFR following hinokitiol treatment, and 
the results indicated that hinokitiol decreased EGFR protein 
stability in AS‑B244 mammosphere cells (Fig. 3).

Hinokitiol inhibits EGFR expression via proteasome‑mediated 
degradation. The present study determined whether the down-
regulation of EGFR protein expression by hinokitiol in BCSCs 
was mediated by the proteasomal degradation pathway. Following 
co-treatment in combination with MG132, a proteasome inhibitor, 
hinokitiol lost the ability to inhibit EGFR protein expression in 
AS‑B244 or MDA‑MB‑231 mammosphere cells (Fig. 4A). The 
VM inhibition activity of hinokitiol in AS‑B244 mammosphere 
cells was additionally reversed by MG132 treatment (Fig. 4B; 
P=2.64x10-4). These results suggest that the VM inhibition 
activity of hinokitiol in breast cancer stem/progenitor cells may 
be mediated by proteasomal degradation of EGFR.

Discussion

Malignant tissues remain small in size (a few millimeters) 
when there is a lack of novel vasculature (27). One of the 
mechanisms of metastasis is the shedding of tumor cells 
into newly synthesized vessels (28). In breast cancer, the 
overexpression of vascular endothelial growth factor (VEGF), 
which is a key molecule for regulating angiogenesis (29), is 

associated with disease progression (30). Targeting VEGF 
signaling by antibodies or tyrosine kinase receptor inhibi-
tors has been developed as a therapeutic strategy for several 
types of cancer (31). The monoclonal anti‑VEGF antibody, 
bevacizumab, was approved for the treatment of certain types 
of colon, lung, kidney and brain cancer, but was subsequently 
announced to be unsafe and ineffective in breast cancer patients 
by the Food and Drug Administration of the USA in 2011 (32). 
One of the potential mechanisms for the poor effectiveness of 
bevacizumab in breast cancer was hypothesized to be due to 
VM (33). The development of novel agents that target VM may 
be important in the future of breast cancer therapy.

CSCs have been reported to be important in tumor vascu-
latures (34). CD44+ type I epithelial ovarian cancer cells have 
been demonstrated to form vascular structures when cultured 
in Matrigel conditions in vitro and to transdifferentiate into 
CD34+ endothelial progenitor cells (35). The progeny of 
glioma CSCs cultured in endothelial conditions have previ-
ously exhibited features of functional endothelial cells (36). 
In another study, blocking VEGF signaling suppressed the 
maturation of tumor endothelial progenitors into endothelium, 
and the inhibition of Notch signaling abolished the transition 
of glioma CSCs into endothelial progenitors (37). These 
previous studies suggest that CSCs may support tumor vascu-
larization via direct transdifferentiation into endothelial cells 

Figure 4. Hinokitiol inhibits EGFR expression in breast cancer stem/progenitor cells through proteasomal degradation. (A) AS‑B244 or MDA‑MB231 mam-
mosphere cells were treated with 10 µM hinokitiol or 10 µM hinokitiol in the presence of 2 µM MG132 for 24 h. The expression of EGFR or tubulin protein 
was detected by western blot analysis. The number on the image is the relative expression level compared with the 0.1% ethanol control. (B) AS‑B244 mam-
mosphere cells were treated with 10 µM hinokitiol or 10 µM hinokitiol in the presence of 2 µM MG132 for 24 h and cells were then harvested to determine 
the VM activity by seeding into Matrigel‑coated microwells. Images were captured at 4 h post‑seeding and VM scores were calculated with Image J software. 
EGFR, epidermal growth factor receptor; VM, vasculogenic mimicry.
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or progenitors. A recent study indicated that BCSCs display 
VM activity in vivo and in vitro (8). Other studies have also 
demonstrated that the VM activity in mammosphere cells is 
derived from melanoma cells (38) or CD133+ glioblastoma 
stem‑like cells (39). These studies indicated that CSC‑derived 
VM structures may be an important blood supply system 
in cancer. The present study demonstrated that hinokitiol, a 
tropolone-associated natural compound, may suppress the 
VM activity of BCSCs via the proteasomal degradation of 
EGFR. Previous studies have suggested that enhancing the 
degradation of EGFR may provide a promising approach in 
cancer treatment (25). It has additionally been demonstrated 
that hinokitiol is able to cause death of breast cancer cells 
via induction of autophagy (18). Huang et al (40) demon-
strated that hinokitiol may inhibit the expression of matrix 
metalloprotease‑1 through the reduction of nuclear factor‑κB 
(NF‑κB) activation, resulting in the suppression of metastasis 
in a mouse melanoma model. Zhang et al (41) demonstrated 
that the anti‑VM activity of thalidomide in melanoma was 
associated with the NF‑κB signaling pathway. The anti‑VM 
activity of hinokitiol may also be mediated through an NF‑κB 
associated signaling pathway, which requires additional inves-
tigation. The study conducted by Itzhaki et al (42) indicated 
that the simultaneous anti-cell growth and anti-VM activity 
of nicotinamide resulted in efficient anti‑neoplastic effects 
in aggressive melanomas. Therefore, similar agents with 
anti-cell growth and anti-VM activity may act as potential 
anticancer compounds in the future development of breast 
cancer therapy.

In conclusion, the present study demonstrates that hinoki-
tiol exhibits an inhibitory effect in VM activity of BCSCs 
through proteasomal degradation of EGFR. The anti‑CSC 
activity of hinokitiol and the underling molecular mechanisms 
will be worthy of investigation in the future.
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