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Zoledronic acid impairs oral cancer stem cells by reducing CCL3
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Abstract. Cancer stem-like cells (CSCs; also referred to as
tumor-initiating cells) play crucial roles in tumor progression
and aggressiveness. Recent studies have demonstrated the
antitumor activity of zoledronic acid (ZA), a third-generation
bisphosphonate, in various types of human cancer. However,
its effect on oral CSCs and the underlying mechanism remain
obscure. The present study demonstrated that ZA suppresses
the growth and stemness properties of oral/oropharyngeal squa-
mous cell carcinoma (OSCC) cells. ZA inhibited the malignant
characteristics of OSCC cells, such as anchorage-independent
growth and epithelial thickening in organotypic raft cultures.
Moreover, ZA treatment resulted in suppression of self-renewal
capacity, a key feature of CSCs. ZA also inhibited important
CSC properties, such as migration and chemo-radioresistance.
Mechanistically, ZA exposure significantly decreased chemo-
kine (C-C motif) ligand 3 (CCL3) expression in OSCC cells. It
was further demonstrated that CCL3 signaling via its receptor
is crucial for supporting the CSC phenotype in OSCC cells.
Moreover, an antagonist of the CCL3 receptor reversed the
effect of CCL3 on CSC properties, and exogenous CCL3
rescued the suppressaed CSC phenotype in ZA-treated OSCC
cells. These results demonstrated that ZA suppresses the
CSC phenotype in OSCC cells by reducing CCL3 expression,
suggesting that ZA may be an effective therapeutic agent for
oral cancer by targeting CSCs.

Introduction
Oral/oropharyngeal squamous cell carcinoma (OSCC) is a

common malignant tumor of the head and neck, and its overall
S5-year relative survival rate is ~50%, urgently requiring new
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directions in therapeutics (1). Cancer stem-like cells (CSCs;
also referred to as tumor-initiating cells) are small subpopu-
lations of tumor cells that have been isolated from various
primary tumors and cancer cell lines, including OSCC (2).
CSCs play a crucial role in tumorigenicity, metastasis and
recurrence and, thus, are considered as the origin of the
cancer (2). The stemness properties of CSCs are supported
by endogenous CSC signaling pathways, such as Notch,
Hedgehog, Wnt, Bmil, phosphatase and tensin homolog, bone
morphogenetic protein and transforming growth factor-f3,
which are frequently activated in human cancers (3). In addi-
tion, novel oral CSC molecular determinants, such as histone
demethylases (4), microRNA (5), human papilloma viruses (5)
and calcium signalling (6) were recently identified. Therefore,
advancing our understanding of the molecular properties and
signaling pathways unique to oral CSCs is crucial for devel-
oping a new generation of targeted and effective therapies for
OSCC.

Nitrogen-containing bisphosphonates (N-BPs) are
commonly used anti-resorptive agents in the treatment of
bone-related diseases, such as osteoporosis and metastatic
bone tumors. Zoledronic acid (ZA) is the most potent N-BP
available clinically, and its antitumor effects have been demon-
strated in a number of solid tumors, including OSCC (7,8). ZA
can inhibit cancer cell growth by inducing apoptosis, cell cycle
arrest, and by stimulating autophagy (7,9-12), which are crucial
for tumor growth and survival. Moreover, the antitumor effect
of ZA was also demonstrated in various cancer mouse models,
such as breast (13) and pancreas (14), indicating that ZA is an
effective agent for controlling human cancer. Indeed, clinical
trials of ZA as an adjuvant therapy have been conducted for
breast cancer (15,16). However, the effects of ZA on oral CSCs
and its underlying mechanism of action have not been fully
elucidated.

The aim of the present study was to demonstrate the inhibi-
tory effects of ZA on the CSC phenotype in OSCC cells, in
order to determine whether chemokine (C-C motif) ligand
3 (CCL3) signaling may be of value as a novel downstream
target of ZA-induced CSC suppression.

Materials and methods

Cell culture and reagents. Six human OSCC cell lines, namely
SCC4, UMI17B, UMS5, UM2, BapT and SCCY9/TNF (17),
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were cultured in DMEM/Ham's F12 (Invitrogen; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Gemini
Bioproducts) and 0.4 yg/ml hydrocortisone (Sigma-Aldrich;
Merck KGaA). ZA (LKT Laboratories), human CCL3 (Cell
Signaling Technology, Inc.), etoposide (Sigma-Aldrich; Merck
KGaA), methotrexate (Sigma-Aldrich; Merck KGaA) and
Maraviroc (Sigma-Aldrich; Merck KGaA) were purchased
and used in the present study.

Anchorage-independent growth. Cells (10,000) were seeded
in 60-mm dishes in culture medium containing 0.3% agarose
over a base layer of serum-free medium containing 0.5%
agarose, as described in our prior studies (4-6,17). After
3 weeks of incubation with the indicated ZA concentrations,
the cell colonies were counted. The experiment was performed
in triplicates.

Organotypic raft cultures. The detailed protocol of this
assay was described in our previous publications (5,17). The
mean epithelial thickness was obtained from 10 randomly
selected epithelial layers formed by OSCC cells. The thick-
ness was measured by Aperio's ImageScope v.12.4 (Aperio
Technologies, Inc.).

Tumorsphere formation assay. Cells (3,000) were grown in
3 ml of tumorsphere medium in Ultra-Low Attachment 6-well
Plates (Corning, Inc.) for 6-10 days (4-6,17). The medium
contained serum-free DMEM/F12 supplemented with 1:50
B27 (Invitrogen; Thermo Fisher Scientific, Inc.), 20 ng/ml
EGF, 20 ng/ml, 10 pg/ml insulin, penicillin, streptomycin and
amphotericin B.

Side population analysis. Cells (1,000,000) were incubated in
culture medium containing Hoechst 33342 (5 pg/ml; Thermo
Fisher Scientific, Inc.) for 90 min at 37°C with or without
(1 or 2.5 uM ZA. The cells were then spun down, resus-
pended in ice-cold PBS containing 7-aminoactinomycin D
(2 ug/ml; Thermo Fisher Scientific, Inc.), and subjected to
fluorescence-activated cell sorting analysis. The Hoechst dye
was excited with the UV laser at 351 to 364 nm and its fluores-
cence measured with a 515-nm side population filter (Hoechst
blue) and a 608 EFLP optical filter (Hoechst red). The assay
was performed and analyzed by the UCLA Flow Cytometry
Core.

Migration assay. Cell migration was measured using 6.5-mm
Transwell chambers with 8.0-ym polycarbonate membranes
(cat. no. 3422; Corning, Inc.) as described in our previous
publications (4-6,17). Cells (20,000) were seeded with or
without 1 M ZA and incubated for 2 days.

Chemo-radiosensitivity assays. Chemosensitivity was deter-
mined by measuring cell viability using the tetrazolium salt
(MTT) cell proliferation assay kit (American Type Culture
Collection). The detailed protocol is described in our previous
studies (4,17). The cells were plated at a density of 2x10° cells
per well into 96-well plates and incubated in culture medium
containing 40 uM etoposide or 40 xM methotrexate, with or
without ZA, for 4 days. Absorbance at 570 nm was determined
using a microplate reader (Synergy H1; BioTek Instruments,
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Inc.). For the radiosensitivity assay, the cells were irradiated
with 5 Gy using Mark I-30 Cesium-137 irradiator (JL Shepherd
& Assoc.) with a delivery rate of 4.86 Gy/min, and cultured
in growth medium containing 0 or 1 uM ZA for 10 days.
Subsequently, surviving colonies were stained and counted.
The detailed protocol was as previously described (17).

Western blotting. Western blotting was performed as previously
described (4-6,17). The following primary antibodies were
used: Notch intracellular domain (NICD; cat. no. 2421; 1:500;
Vall744; Cell Signaling Technology, Inc.), f-catenin (1:500;
cat. no. 9562; Cell Signaling Technology, Inc.), and GAPDH
(1:1,000; cat. no. sc-25778; Santa Cruz Biotechnology, Inc.).
The secondary horseradish peroxidase-conjugated antibody
(cat. no. 7074; Cell Signaling Technology, Inc.) dilution range
was 1:2,000 or 1:4,000.

Reverse transcription-quantitative PCR (RT-gPCR). cDNA
was synthesized from 2.5 ug total RNA using the SuperScript
First-Strand Synthesis system (Invitrogen; Thermo Fisher
Scientific, Inc.). Subsequently, qPCR was performed
using SYBR Green I Master mix (Roche Diagnostics) and
LightCycler 480 II (Roche Diagnostics) as described in our
previous studies (4-6,17). All primer sequences were obtained
from the Universal Probe Library (Roche Diagnostics), and
may be made available upon request. The second derivative
Cq value determination method (Roche Diagnostics GmbH)
was used to compare fold-differences according to the manu-
facturer's instructions.

Statistical analysis. The statistical analyses were performed
using GraphPad Prism 5 (GraphPad Software, Inc.). The data
are expressed as mean + standard deviation. Data among
multiple groups were compared using one-way ANOVA with
Newman-Keuls test, while data between two groups were
compared using t-tests. P<0.05 was considered to indicate
statistically significant differences.

Results

ZA suppresses the malignant growth properties of OSCC
cells. To investigate the effect of ZA on OSCC growth, 6
OSCC cell lines were exposed to increasing concentrations of
ZA (0-20 uM) for 4 days, and their growth was determined
using the MTT assay. ZA decreased the growth of 6 OSCC
cell lines in a dose-dependent manner; however, there was a
significant difference in the response to ZA among the tested
OSCC cell lines (Fig. S1). To examine the effect of ZA on
malignant growth properties, its effect on anchorage-inde-
pendent growth ability of OSCC cells was investigated. Soft
agar assay revealed that OSCC cells exposed to ZA exhibited a
significant reduction in colony formation at minimal cytotoxic
doses of ZA (1-5 uM; Fig. 1A). A 3D organotypic cell culture
system was also employed, whereby squamous epithelium
was reconstituted (17,18). As shown in Fig. 1B, OSCC cells
exposed to ZA exhibited significantly reduced epithelial
thickness compared with the unexposed control cells. Indeed,
previous studies have demonstrated successful inhibition of
tumor growth by ZA in vivo (9,11). These findings collectively
suggest that ZA suppresses malignant growth of OSCC cells.
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Figure 1. ZA suppresses malignant growth properties and the CSC population in OSCC. (A) The effect of ZA on anchorage-independent growth ability of
6 OSCC cell lines was determined by soft agar assay. Data are presented as means =+ standard deviation of triplicate experiments. (B) The effect of ZA on
epithelial thickening was determined by ex vivo three-dimensional organotypic raft cultures. Organotypic raft cultures were established with UM17B cells
exposed to different ZA concentrations (0, 1 and 2.5 yM), and their mean epithelial thickness was obtained from 10 randomly selected epithelial layers. A
representative image of the squamous epithelium formed is shown on the right (magnification, x40). (C) Effect of ZA on the self-renewal capacity of 6 OSCC
cell lines was determined by tumorsphere formation assay. "P<0.05 and “P<0.01 vs. the untreated control in one-way ANOVA. (D) Effect of ZA on SP cells
in SCC4 cells was determined by Hoechst 33342 FACS analysis. The assay was independently repeated twice (Exp.1 and Exp. 2). ZA, zoledronic acid; CSC,
cancer stem-like cells; OSCC, oral/oropharyngeal squamous cell carcinoma; SP, side population.

ZA suppresses the CSC phenotype. Self-renewal capacity is a
key feature of CSCs and is considered to be pivotal for tumori-
genic potential (2). Thus, the effect of ZA on the self-renewal
capacity of OSCC cells was investigated by performing
tumorsphere formation assay. OSCC cells exposed to minimal
doses of ZA demonstrated a significant reduction in tumor-
sphere formation (Fig. 1C), indicating that ZA suppresses the
self-renewal capacity of OSCC cells. The effect of ZA on side
population (SP) cells, which are considered as a stem-like cell
population among a heterogeneous OSCC cell population,
was further investigated (19,20). ZA diminished the number
of SP cells (Fig. 1D). We further examined the effect of ZA on
other CSC properties, i.e., migration and sensitivity to chemo-
radiotherapy (2). As demonstrated by a Transwell migration
assay (Fig. 2A), ZA strongly inhibited the motility in OSCC
cells. ZA sensitized OSCC cells to radiation (Fig. 2B) and
to chemotherapeutic drugs, i.e., etoposide and methotrexate
(Fig. 2C). As expected, 1.0 uM ZA alone did not inhibit OSCC
cell growth. ZA slightly potentiated the cytotoxic effect of
chemotherapeutic drugs and radiation on OSCC cells. Taken

together, these findings indicate that ZA suppresses the CSC
phenotype in OSCC cells.

The CSC phenotype can be maintained by several endog-
enous signaling pathways, including Notch and Wnt (2). Thus,
we sought to test whether ZA suppresses the CSC phenotype
through targeting these signaling pathways. The effect of ZA
on Notch signaling was examined by measuring the expression
of proteolytic release of NICD, indicative of Notch activation,
in the control and ZA-treated cells. The expression of NICD
was not altered by ZA in SCC4 and UMI17B cells (Fig. 2D).
The effect of ZA on Wnt signaling was also determined by
measuring the expression of (3-catenin, the key transcription
factor in Wnt signaling. ZA exerted no effect on the expression
of B-catenin (Fig. 2D) and its downstream targets (data not
shown). Taken together, these results suggest the involvement
of other CSC-related signaling pathways in the ZA-mediated
CSC inhibition.

ZA reduces the CCL3 expression required to support the
CSC phenotype in OSCC cells. The role of cytokines in the
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Figure 2. ZA inhibits CSC properties in OSCC cells. (A) The effect of ZA on the migration ability of OSCC cell lines (SCC4 and UM17B) was determined
using Transwell chambers. Migration ability was described as the number of migrated cells per field, with data presented as mean + standard deviation for 3
randomly selected fields. “P<0.01 vs. the untreated control (CTL) by t-test. Representative images of the migration assay are shown on the right. (B) The effect
of ZA on the radiosensitivity of SCC4 cells was determined by clonogenic survival assay. The cells were irradiated (IR) with 5 Gy and cultured in the growth
medium containing O (-) or 1 uM ZA (+) for 10 days, and the surviving colonies were stained and counted. (C) The effect of ZA on the chemosensitivity of
SCC4 cells was determined by MTT assay. The cells were incubated in culture medium containing 40 #M etoposide (Eto) or 40 uM of methotrexate (Met),
with or without ZA, for 4 days. Relative cell survival was expressed and normalized to untreated control. (D) The effect of ZA on CSC signaling pathways
(Notch and Wnt) was determined by western blot analysis using NICD and f3-catenin antibody. GAPDH antibody was used as loading control. Cells were
treated with the indicated concentrations of ZA for 2 days and harvested for the assay. ZA, zoledronic acid; CSC, cancer stem-like cells; OSCC, oral/oropha-

ryngeal squamous cell carcinoma; NICD, Notch intracellular domain.

CSC phenotype has been demonstrated in various cancers,
including OSCC (4,17). Therefore, to determine whether there
is a possible functional association between cytokines and the
Z A-mediated inhibition of the CSC phenotype, we first profiled
the expression of 19 cytokines in control and ZA-treated SCC4
cells (Fig. S2). qPCR analysis demonstrated that IL7, IL8,
IL36RN, CCL3, CCL5 and VEGF were markedly reduced by
ZA (Figs. S2 and 3A). Among those, the inhibitory effect of ZA
on the expression of IL36RN and CCL3 was further confirmed
in other OSCC cell lines (Fig. 3A). The present study focused on
CCL3, as its role in CSC was demonstrated in human cancer (21).

The expression level of CCL3 was first compared between
CSC-enriched and corresponding non-CSC populations. CCL3
was found to be highly enriched in self-renewing CSC popula-
tions, i.e., tumorspheres compared with their corresponding
non-CSC populations, i.e., adherent monolayer cells derived
from SCC4 cells (Fig. 3B). The activity of aldehyde dehydro-
genase 1 (ALDHI) has been used as a CSC marker for human
cancers, including OSCC (2). ALDH1"" cancer cells display
enhanced CSC properties compared with ALDH1™" cells (2).
We observed that sorted ALDH1"ie" SCC4 cells expressed

higher CCLL3 mRNA levels compared with sorted ALDH1“"
SCC4 cells (Fig. 3B). The CSC population can be enriched
after treatment with chemotherapeutic drugs (2). Thus, the
CCL3 expression was also measured in cisplatin-resistant
SCC4 cells that were isolated from SCC4 cells treated with
25 uM cisplatin for 2 days. CCL3 mRNA was highly expressed
in cisplatin-resistant SCC4 cells compared with their parental
control SCC4 cells (Fig. 3B). Moreover, the functional role
of CCL3 in CSC properties was investigated. Tumorsphere
formation assay revealed that CCL3 promoted self-renewal
capacity in multiple OSCC cell lines (Fig. 3C). CCL3 also
significantly increased the migration of OSCC cells (Fig. 3D).
Collectively, these findings indicate that CCL3 is an important
regulator of CSCs in OSCC.

To further confirm the importance of CCL3-mediated
signaling for the CSC phenotype, the role of CCL3 receptor,
CCRS, in the CCL3-mediated CSC regulation was examined.
CCRS5 binds to CCL3 with a high affinity (22). We exam-
ined the effect of the CCRS5 antagonist maraviroc on the
CCL3-induced CSC phenotype, and found that maraviroc
attenuated the promoting effect of CCL3 on CSC properties,
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Figure 3. ZA reduces CCL3 expression required to support the CSC phenotype in OSCC. (A) The effect of ZA on CCL3 expression in OSCC was determined
by quantitative PCR. Decreased expression of CCL3 was confirmed in 3 OSCC cell lines (SCC4, UM17B and BapT). The cells were treated with the indicated
ZA concentrations for 2 days. "P<0.05 and “P<0.01 vs. control (CTL) in one-way ANOVA. (B) The level of CCL3 expression was determined in CSC-enriched
population and non-CSC population derived from SCC4 cells. Monolayer adherent cells (Mono., non-CSC population) vs. spheres (Sph., CSC-enriched
population); ALDH" (non-CSC population) vs. ALDH"" (CSC-enriched population); parental cells (Pa., non-CSC population) vs. cisplatin-resistant cells
(CispR., CSC-enriched population). "P<0.01 vs. corresponding non-CSC populations by t-test. (C) The effect of CCL3 on self-renewal capacity was assessed
in multiple OSCC cell lines by tumorsphere formation assay. Tumorsphere formation assay was performed without CCL3 (CTL) or with 10 ng/ml CCL3
(CCL3). "P<0.01 and “P<0.05 compared to CTL by t-test. (D) The effect of CCL3 on the migration ability of OSCC cells was determined by Transwell assay.
“P<0.01 and "P<0.05 compared to CTL by t-test. (E) The effect of maraviroc (MVC) on CCL3-induced self-renewal capacity of SCC4 cells was assessed by
tumorsphere formation assay. The assay was performed in medium containing no treatment (-), 10 ng/ml CCL3 (+), or 100 uM MVC (+) for 7 days. “P<0.05
in one-way ANOVA. (F) The effect of MVC on CCL3-induced migration in SCC4 cells was assessed by Transwell assay. The assay was performed with
no treatment (-), 10 ng/ml CCL3 (+), or 100 uM MVC (+) for 48 h. ""P<0.05 in one-way ANOVA. ZA, zoledronic acid; CSC, cancer stem-like cells; OSCC,
oral/oropharyngeal squamous cell carcinoma; CCL3, chemokine (C-C motif) ligand 3; ALDH, aldehyde dehydrogenase; IL, interleukin; VEGF, vascular
endothelial growth factor.

such as self-renewal capacity (Fig. 3E) and migration ability of
OSCC cells (Fig. 3F). Maraviroc at 100 uM was used, as this
concentration exerts no cytotoxic effects on OSCC cells for
7 days (data not shown). Taken together, these findings indicate
that the CCL3/CCRS5 axis plays an important role in regulating
CSCs, further suggesting a functional involvement of CCL3 in
ZA-mediated CSC inhibition.

Exogenous CCL3 rescues CSC properties in ZA-treated
OSCC cells. We hypothesized that ZA suppresses the CSC
phenotype via reduction of CCL3 expression. To test this
hypothesis, we investigated whether CCL3 can rescue the
CSC properties suppressed by ZA. Tumorsphere formation
assays revealed that addition of recombinant human CCL3
rescued self-renewal capacity in the ZA-treated OSCC cells

(Fig. 4A). Similarly, CCL3 also rescued migration ability in
the ZA-treated OSCC cells (Fig. 4B). These findings indicate
that addition of recombinant human CCL3 can rescue the CSC
properties suppressed by ZA. Finally, we examined whether
CCL3 upregulates CSC-promoting factors, and observed no
significant changes in their expression by CCL3 (Fig. 4C).
Collectively, these data indicate that decreased CCL3 expres-
sion is likely a major cause of the ZA-mediated inhibition of
the CSC phenotype, suggesting a novel CSC inhibitory mecha-
nism by ZA.

Discussion

The present study demonstrated the antitumor effects of ZA
on OSCC. ZA inhibited the malignant growth properties of
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Figure 4. CCL3 rescues CSC properties in ZA-treated OSCC cells. (A) The rescue effect of CCL3 on self-renewal capacity was determined in SCC4 cells
treated with 0, 1 or 2.5 uM ZA by tumorsphere formation assay. CCL3 was added at 0 or 10 ng/ml in the sphere medium. “P<0.05 in one-way ANOVA. (B) The
rescue effect of CCL3 on migration ability was determined in the ZA-treated SCC4 cells by Transwell assay. ‘P<0.05 in one-way ANOVA. (C) The effect of
CCL3 on CSC-related gene expression was evaluated by quantitative (qQ)PCR. SCC4 cells were treated with CCL3 for 24 h and subjected to qPCR analysis. ZA,
zoledronic acid; CSC, cancer stem-like cells; OSCC, oral/oropharyngeal squamous cell carcinoma; CCL3, chemokine (C-C motif) ligand 3.

OSCC cells, such as anchorage-independent growth and
squamous epithelium formation in organotypic raft cultures.
Moreover, ZA treatment led to suppression of self-renewal
capacity, which is considered as a key feature of CSCs. ZA
also inhibited important CSC properties, including migration
and chemo-radioresistance. Interestingly, CCL3, a regulator
of the CSC phenotype, was inhibited by ZA and successfully
rescued the suppressed CSC properties in ZA-treated OSCC
cells. Therefore, ZA may be an effective therapeutic agent for
oral cancer via suppressing cancer cell stemness.

CSCs have been identified in a broad spectrum of solid
tumors, including OSCC. Similar to normal stem cells, CSCs
retain their self-renewal capacity, and are thus responsible
for tumorigenicity (2,3). They are also considered as key
contributors to manifestations of tumor aggressiveness, such
as metastasis and drug resistance. Therefore, targeting CSCs
appears to be an effective therapeutic intervention. The
present study suggested that ZA inhibits tumor aggressiveness
by suppressing CSCs. ZA suppressed not only the number
of CSCs, but also important CSC properties. Treatment of
OSCC cells with ZA resulted in decreased self-renewing
CSCs and SP cells. SP cells comprise a stem-like cell popu-
lation and have been identified in different types of cancer,
including OSCC (19,20). SP cancer cells display a high
self-renewal potential (19,20). It was clearly demonstrated that
ZA suppressed self-renewal capacity in multiple OSCC cell

lines. Moreover, ZA also inhibited important CSC properties,
such as migration and chemo-radioresistance. The finding
of the present study are consistent with previous reports
showing the inhibitory effect of ZA on the migration ability
of breast cancer cells (23). In the present study, ZA reversed
epithelial-to-mesenchymal transition (EMT), the key cellular
process in metastasis, by inactivating nuclear factor-xB (23).
Furthermore, a recent study demonstrated that ZA reduced the
motility of CSCs isolated from breast cancer cells (24). Thus,
the effect of ZA on EMT and EMT-related gene expression
in OSCC should be further investigated. It was also reported
that ZA sensitized OSCC cells to cisplatin and radiation. This
observation is consistent with previous reports (25,26). Since
CSCs play a key role in tumor growth and aggressiveness, the
findings of the present study are of paramount importance for
the development of more effective oral cancer therapies by
using ZA. However, the underlying mechanism through which
ZA suppresses OSCC CSC phenotype has not been fully
elucidated.

CCL3 has been shown to play an important role in carci-
nogenesis. Elevated CCL3 expression was found not only
in OSCC cells (27), but also in a carcinogen-induced animal
model of oral carcinogenesis (28). CCL3 overexpression
has also been associated with poor survival rates of OSCC
patients (27). CCL3 can promote cancer cell growth and migra-
tion (28-30), whereas inhibition of CCL3 suppressed tumor
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growth and angiogenesis (30) and increased cellular sensitivity
to therapeutic drugs (31), suggesting the important role of
CCL3 in CSC properties. Indeed, CCL3 was found to be highly
expressed in CSC-enriched OSCC cell populations compared
with non-CSC populations, and promoted CSC properties,
including self-renewal capacity, migration and chemoresistance.
Interestingly, our study demonstrated that ZA treatment resulted
in decreased CCL3 expression in OSCC cells, suggesting that
ZA inhibits OSCC cell CSC phenotype by reducing CCL3. It is
well known that CCL3 exerts its biological effects by activating
downstream signaling cascades after binding to its receptors,
i.e., CCRS5 (32). Ectopic CCRS5 expression can increase CSC
population and phenotype in breast cancer (33). Conversely,
inhibition of CCRS5 by its antagonist, maraviroc, reduced tumor
growth (34) and CSC properties (35), such as metastasis and
chemoresistance. Indeed, the CCL3/CCRS5 axis has demon-
strated pro-tumorigenic activity in oral carcinogenesis (28).
Similarly, it was observed that the CCRS5 antagonist attenuated
CCL3-induced self-renewal capacity and migration of OSCC
cells, suggesting a novel role of the CCL3/CCRS5 axis in the
regulation of CSC properties. However, the CSC-promoting
downstream signaling pathway activated by the CCL3/CCRS5
axis remains elusive. Interestingly, a recent study demonstrated
that CCL3 treatment resulted in activation of the mitogen-acti-
vated protein kinase (MAPK) signaling pathway in cancer
cells (30). The MAPK signaling pathway, including extracel-
lular signal-regulated kinase (ERK), plays an important role in
malignant tumor growth. Maehara e al demonstrated that an
activated ERK signaling pathway is crucial for the maintenance
of the CSC numbers and properties in esophageal squamous cell
carcinoma (36). Thus, future studies should investigate whether
Z A suppresses the CSC phenotype by inhibiting the CCL3/ERK
signaling axis. Of note, ZA also inhibited IL36RN expression in
multiple OSCC cell lines (Fig. 3A). Since IL36RN expression
on cancer cells and its role in CSCs remain unknown, further
investigation is required to elucidate the role of IL36RN in
OSCC.

In summary, the present study demonstrated the inhibi-
tory effect of ZA on the CSC phenotype in OSCC cells.
Identification of CCL3 signaling as a novel downstream
target of ZA-induced CSC suppression provides new insight
into the mechanism through which ZA exerts its antitumor
effects. Since CSCs are considered as key to tumor aggressive-
ness, targeting CSCs by ZA may be an effective therapeutic
approach to the treatment of oral cancer.
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