
Abstract. Background/Aim: Metronidazole (MNZ) is a
common antibiotic that exerts disulfiram-like effects when taken
together with alcohol. However, the relationship between MNZ
and aldehyde dehydrogenase (ALDH) activity remains unclear.
This study investigated whether MNZ reduces cancer stemness
by suppressing ALDH activity and accordingly reducing the
malignancy of cholangiocarcinoma (CCA). Materials and
Methods: We developed gemcitabine (GEM)-resistant TFK-1
cells and originally established CCA cell line from a patient
with GEM-resistant CCA. Using these cell lines, we analyzed
the impacts of MNZ for cancer stem cell markers, invasiveness,
and chemosensitivity. Results: MNZ reduced ALDH activity in
GEM-resistant CCA cells, leading to decreased invasiveness
and enhanced chemosensitivity. MNZ diminished the
invasiveness by inducing mesenchymal-epithelial transition and
enhancing chemosensitivity by increasing ENT1 (equilibrative
nucleoside transporter 1) and reducing RRM1 (ribonucleotide
reductase M1). Conclusion: MNZ reduced cancer stemness in
GEM-resistant CCA cells. Combined GEM and MNZ would be
a promising therapeutic strategy for cancer stem-like CAA.

Cholangiocarcinoma (CCA) is the most common biliary tract
malignancy and second most common primary hepatic
malignancy (1). The incidence of CCA is the highest in East

and South Asia and increasing worldwide (2). Curative
therapy for CCA is surgical resection, but 5-year survival
rates are 25-30%, even for patients who undergo aggressive
surgery (3). Unfortunately, non-surgical treatment options
such as chemotherapy and radiotherapy are limited and their
effects are unsatisfactory. Gemcitabine (GEM) is one of the
few drugs for CCA treatment, and resistance to GEM has
become a major problem. Therefore, novel therapeutic
approaches to enhance GEM sensitivity are greatly and
urgently needed.

Cancer stem cells (CSCs), that are critical for tumor
initiation, progression, and persistence, have been reported
to have increased resistance to treatments such as
chemotherapy and radiotherapy (4), and a mesenchymal
phenotype (5), leading to recurrence after treatment or
metastatic behavior. Therefore, many studies have been
carried out to isolate CSCs or reduce cancer stemness
features to eradicate CSCs. However, the mechanisms by
which chemoresistance and changes in the malignant
phenotype of CCA arise are still not elucidated.  

Aldehyde dehydrogenase (ALDH) oxidizes aldehydes to
carboxylic acids and has been identified as a CSC marker in
a number of solid malignancies (6). Additionally, ALDH has
been shown to be an indicator of relapse or prognosis in
certain cancers (7, 8). 

Metronidazole (MNZ) is a common oral antibiotic with a
high histological migration property and well-established safety.
In addition, MNZ exerts disulfiram-like effects when taken
together with alcohol (9). Disulfiram has been used for more
than six decades in alcohol aversion therapy because of its
inhibitory effect on ALDH. Recently, it has attracted significant
attention in relation to its anticancer efficacy (10). However, the
relationship between MNZ and ALDH remains unclear. 

This study tested the hypothesis that MNZ could decrease
cancer stemness by inhibiting ALDH activity and
accordingly suppressing malignant phenotypes. We derived
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GEM-resistant CCA cells from TFK-1 cells and an originally
established CCA cell line from a patient with GEM-resistant
CCA, TFK-1 GR and THK-1 cells, respectively. Then, the
effects of MNZ on the expression of CSC markers, ALDH
activity, and functions of cancer cells were assessed in these
cell lines. As a result, we demonstrated for the first time that
MNZ decreased the invasive potential and enhanced
chemosensitivity to GEM and suppressed ALDH activity in
CCA cells. Moreover, we revealed the mechanisms of the
changes in invasiveness and chemosensitivity. MNZ
diminished the invasive ability by inducing mesenchymal-
epithelial transition (MET) and enhancing chemosensitivity
via increasing equilibrative nucleoside transporter 1 (ENT1)
and reducing ribonucleotide reductase M1 (RRM1). These
findings provide a new insight into an anticancer strategy to
enhance the chemosensitivity of GEM-resistant CCA cells,
leading to a better CCA prognosis.

Materials and Methods
Cell line. TFK-1 cells (11) were purchased from RIKEN BioResource
Center (RIKEN BRC, Ibaraki, Japan). The cells were cultured in
RPMI 1640 (Nacalai Tesque, Kyoto, Japan) supplemented with 10%
fetal bovine serum (FBS; Life Technologies, Carlsbad, CA, USA),
100 U/ml penicillin (Meiji Seika Pharma Co., Ltd., Tokyo, Japan),
and 100 μg/ml streptomycin (Meiji Seika Pharma Co., Ltd., Tokyo,
Japan). There was no mycoplasma contamination as tested by a
mycoplasma detection kit (Lonza, Basel, Switzerland). 

Establishment and characterization of a CCA cell line from a
patient with chemorefractory recurrent CAA. Peritoneal fluid was
obtained from a 62-year-old male patient with recurrent CCA, who
had undergone chemotherapy consisting of GEM and TS-1, and
whose disease then progressed to the formation malignant ascites
with chemoresistance. Cells in the peritoneal fluid were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Life
Technologies, Grand Island, NY, USA) supplemented with 10%
FBS. Written informed consent was obtained from the patient. This
study was approved by the Ethical Committee of the Fukuoka
General Cancer Clinic. 

Aldefluor assay. ALDH activity in viable cells was determined using
a fluorogenic dye-based Aldefluor assay (Stem Cell Technologies,
Grenoble, France), according to the manufacturer’s instructions. A
total of 1×106 cells/ml were suspended in Aldefluor assay buffer
containing ALDH substrate (bodipy-aminoacetaldehyde) and
incubated for 15 min at 37˚C. As a reference control, cells were
suspended in buffer containing bodipy-aminoacetaldehyde in the
presence of diethylaminobenzaldehyde (DEAB), a specific ALDH1
inhibitor. Brightly fluorescent ALDH-expressing cells (ALDH1high)
were detected in the green fluorescence channel (520-540 nm) of
the FC500 flow cytometer (Beckman Coulter, Brea, CA, USA). 

Cell proliferation assay. Cells were treated with various
concentrations of GEM or with MNZ. For proliferation assays, cells
were cultured in 96-well plates (Becton Dickinson, Franklin Lakes,
NJ, USA) at 5×104 cells/ml in 100 μl of medium. Assays were
performed over 48 h with a minimum of five replicates.

Proliferation assays were performed using a WST-8 cell
proliferation kit (Dojindo, Osaka, Japan), according to the
manufacturer’s instructions.

Sphere-forming assay. At 80% confluence, cells were detached
using 1× trypsin-EDTA. The cells were resuspended in serum-free
DMEM/F12 containing 20 ng/ml epidermal growth factor
(Invitrogen, Grand Island, NY, USA), and 20 ng/ml basic fibroblast
growth factor (Invitrogen, Seoul, Korea) [DMEG(+)GF], high
glucose DMEM with FBS [DMEM(+)FBS], or high glucose
DMEM without FBS [DMEM(−)FBS]. Cells were subsequently
cultured in ultra-low attachment 96-well plates (Corning, NY, USA)
at a density of 2,000 cells per well at 37˚C with 5% CO2. After 7
days of culture, sphere numbers were counted in each well.

Cell invasion assay. The invasiveness of TFK-1 and THK-1 cell
lines was assessed by a Matrigel invasion assay as described
previously (12). The upper surface of a filter (pore size: 8.0 μm; BD
Bioscience, Heidelberg, Germany) was coated with basement
membrane Matrigel (BD Bioscience, Heidelberg, Germany). Cells
(2×105 cells) were placed in the upper chamber with or without
MNZ and subsequently incubated for 24 h. The cells that migrated
to the lower side of the filter were fixed, stained with Diff-Quik
reagent (Sysmex, Kobe, Japan), and then counted under a light
microscope (Eclipse TE 300; Nikon, Tokyo, Japan).  

Monoclonal antibodies and flow cytometry. Surface markers of tumor
cells were labeled by direct or indirect immunofluorescence using the
following monoclonal antibodies: anti-CD44-PE (Immunotech
Beckman Coulter, Brea, CA, USA), anti-EpCAM-FITC (BioLegend,
San Diego, CA, USA), anti-CD133 (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany), and goat anti-mouse IgG-Alexa Fluor 488
(Molecular Probes, Eugene, OR, USA). To detect CSC-like markers,
detached cells were washed twice in cold phosphate-buffered saline
and stained with appropriate concentrations of labeled monoclonal
antibodies for 1 h at 4˚C. Fluorescence was detected using the FC500
flow cytometer (Beckman Coulter, Fullerton, CA, USA) and
expressed as the relative mean fluorescence intensity or percentage
of positive cells. 

Calcein-release cytotoxicity assay and cell imaging. Antibody-
mediated cellular cytotoxicity (ADCC) assays were performed by
calcein-AM release. Briefly, target cells were resuspended at 1×105
cells/ml in complete medium and allowed to adhere in a 96-well
plate overnight. Then, the cells were incubated at 37˚C for 48 h in
the presence or absence of MNZ or GEM at various concentrations.
After incubation, the cells were washed with medium, incubated
with calcein-AM for 30 min, and then washed again. The plate was
washed and the adherent cells were analyzed under a fluorescence
microscope (IX81; Olympus, Tokyo, Japan) by Lumina Vision
software (version 2.4.2; Mitani, Fukui, Japan). Images were
captured with a color CCD camera (DPI72; Olympus) and LUC
plan FLN objective lens (Olympus, Tokyo, Japan). All procedures
were performed at 20-25˚C. 

Western blot analysis. Western blotting was performed as described
previously (12). Whole protein extraction was performed with M-
PER Reagent (Pierce Biotechnology, Rockford, IK, USA),
according to the manufacturer’s instructions. Protein concentrations
were determined with the Bio-Rad Protein Assay (Bio-Rad,
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Hercules, CA, USA). The whole protein extract (50 μg) was
separated by electrophoresis on a polyacrylamide gel and transferred
to polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA,
USA). Membranes were incubated overnight at 4˚C with primary
antibodies against E-cadherin (1:200, sc-7870; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), vimentin (1:200, sc-6260;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), Slug (1:200, sc-
15391; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Twist
(1:200, sc-15393; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), ENT1 (1:200, sc-377283; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and RRM1 (1:10,000, ab137114; Abcam,
Cambridge, MA, USA). Peroxidase-linked secondary antibodies
(Amersham Biosciences, Piscataway, NJ, USA) were subsequently
added, and the membranes were further incubated for 1 h at room
temperature. An antibody against α-tubulin (1:1,000, Sigma-
Aldrich, St. Louis, MO, USA) was used for protein loading controls. 

Statistical analysis. All data are represented as the mean±standard
deviation (SD). The Student’s t-test was used for comparison of
mean values between two groups. A value of p<0.05 was considered
significant.  

Results
GEM-resistant TFK-1 (TFK-1 GR) cells exhibit higher CSC
marker expression and ALDH activity. One of the hallmarks
of CSCs is their resistance to conventional chemotherapeutic
agents. We hypothesized that cancer stemness features are
enhanced in GEM-resistant CCA cells. To test this hypothesis,
we first derived a stable CCA cell line that was chronically
resistant to GEM using TFK-1 cells. Specifically, TFK-1 cells
in the logarithmic growth phase were first exposed to 0.001
μg/ml GEM, which resulted in greater than 95% cell death.
Once surviving cells reached 80% confluence, they were
passaged twice in the same concentration of GEM. The
process was repeated with increasing doses of GEM until a
cell population was selected, which demonstrated resistance
to at least 0.2 μg/ml GEM. This cell line was designated as
TFK-1 GR. The GEM-resistant phenotype has been stable for
more than 6 months of passaging to date. Cancer stemness
features represented by cell surface markers or ALDH activity
were compared between parental TFK-1 and TFK-1 GR cells.

As shown in Figure 1A, TFK-1 GR cells were confirmed
to have acquired GEM resistance compared with parental
TFK-1 cells. CSC surface markers (CD44, CD133, and
EpCAM) and CSC functional marker ALDH were assessed
by flow cytometry. The mean fluorescence intensities of
CD44, CD133, and EpCAM were higher in TFK-1 GR cells
than parental TFK-1 cells (Figure 1B). Furthermore, the
mean frequencies and mean fluorescence intensities of
ALDH activity were enhanced in TFK-1 GR cells (Figure
1C). These results suggest that GEM-resistant CCA cells had
acquired cancer stemness features during GEM treatment.   

MNZ decreases ALDH activity in TFK-1 GR cells. Next, we
determined whether MNZ inhibited ALDH activity, a

commonly used CSC functional marker, in TFK-1 GR cells.
MNZ alone did not show any cytotoxicity in both cell lines
(Figure 1A). As shown in Figure 2A, treatment with MNZ
significantly decreased ALDH activity in TFK-1 GR cells.
Additionally, sphere-forming assays were conducted to
assess self-renewal capacity, another functional CSC
characteristic. An enhanced sphere-forming ability in TFK-
1 GR cells was abrogated by MNZ treatment in a dose
dependent manner (Figure 2B). These results suggest that
MNZ may be useful to suppress cancer stemness features of
CCA cells with GEM resistance.

MNZ decreases the invasiveness of GEM-resistant TFK-1
cells. A previous report has shown that silencing ALDH1A3,
an isoform of the ALDH superfamily, contributes to MET in
CCA (8). A characteristic of mesenchymal cells is an
increased invasive potential. This finding encouraged us to
hypothesize that MNZ could inhibit the invasive potential of
CCA cells by decreasing ALDH activity. To investigate the
effects of MNZ on the invasiveness of CCA cells, Matrigel
invasion assays were performed using parental TFK-1 and
TFK-1 GR cells. We first confirmed that TFK-1 GR cells
exhibited a higher invasive potential than parental TFK-1
cells (Figure 3A). Interestingly, MNZ treatment significantly
suppressed the invasive potential of TFK-1 GR cells in a
dose dependent manner (Figure 3B). 

These results suggest that MNZ inhibits invasiveness by
decreasing ALDH activity in GEM-resistant CCA cells. 

MNZ diminishes the invasive ability of TFK-1 GR cells by
inducing MET. We examined whether altering the expression
levels of ALDH by MNZ in TFK-1 GR cells affected their
epithelial-mesenchymal transition (EMT) phenotype. We first
observed morphological changes in phase contrast images.
We found that TFK-1 GR cells showed a scattered phenotype
compared with TFK-1 cells, suggesting that TFK-1 GR cells
lost cell-cell contacts and acquired motility, which is one of
the major characteristics of EMT. In contrast, TFK-1 GR
cells treated with MNZ showed a clustering phenotype,
suggesting that MNZ abrogated EMT (Figure 4A). Second,
to determine whether these morphological transformations
represented EMT, we analyzed the expression of E-cadherin,
vimentin, and EMT transcription factors (Slug and Twist) by
western blotting. As expected, MNZ exposure up-regulated
the expression of E-cadherin and decreased expression of
vimentin and EMT transcription factors (Figure 4B). 

Taken together, these results suggested that MNZ reduced
ALDH, leading to MET of TFK-1 GR cells and a diminished
invasive ability.

MNZ enhances GEM sensitivity of TFK-1 GR cells by reducing
RRM1 and increasing ENT1. Previous studies have reported that
ALDHhigh cells or mesenchymal cells exhibit chemoresistance.
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We then analyzed whether MNZ-induced ALDH suppression
affects GEM sensitivity in TFK-1 GR cells. As shown in Figure
5A, MNZ exposure did not result in a significant difference in
the proliferative potential. However, MNZ treatment enhanced
chemosensitivity to GEM in TFK-1 GR cells in a dose

dependent manner, but not in TFK-1 cells (Figure 5B). We
assumed that MNZ treatment had no effect on GEM sensitivity
in TFK-1 cells because TFK-1 cells had a smaller ALDH-
positive population than TFK-1 GR cells. To investigate the
mechanism of changes in chemosensitivity, we analyzed the
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Figure 1. GEM-resistant CCA cells exhibit enhanced CSC surface markers and ALDH activity. (A) Growth inhibitory effects on TFK-1 and TFK-1
GR cells. Cells were treated with GEM or MNZ at 0-100 μg/ml for 48 h, and growth inhibition was quantified by the WST-8 assay. (a) Representative
data of growth inhibitory effects of GEM. (b) Representative data of growth inhibitory effects of MNZ. (B) CSC surface marker expression was
analyzed by flow cytometry in TFK-1 and TFK-1 GR cells. Representative histograms show CD44/CD133/EpCAM expression (black profiles) relative
to the IgG isotype control (white profiles). (C) ALDH activity in TFK-1 and TFK-1 GR cells. The percentages of ALDH+ cells were assessed using
the Aldefluor assay. Cells in the trapezoid region were considered to express ALDH. MFI: Mean fluorescence intensity.



expression of RRM1 and ENT1. MNZ treatment decreased the
expression of RRM1 and increased ENT1 expression in TFK-1
GR cells treated with MNZ, which might explain the increased
sensitivity of TFK-1 GR cells to GEM (Figure 4B). These results
suggested that MNZ-induced down-regulation of ALDH
decreased RRM1 and increased ENT1, resulting in enhanced
chemosensitivity to GEM in TFK-1 GR cells. 

MNZ decreases ALDH activity and enhances GEM sensitivity
of the CCA cell line established from a patient with GEM-
resistant CCA. To confirm our results in vitro, we established
a CCA cell line from a patient with GEM-resistant CCA, that
was named THK-1. Specifically, the patient received GEM-
based chemotherapy for postoperative recurrence and then
became resistant to treatment with ascites. THK-1 cells were
established from these ascites. CSC surface markers (CD44,

CD133, and EpCAM), ALDH activity, and chemosensitivity to
GEM are shown in Figure 6A. MNZ did not significantly
affect the viability of THK-1 cells (Figure 6B). Consistent with
the aforementioned in vitro results, MNZ treatment decreased
ALDH activity (Figure 6C) and enhanced chemosensitivity to
GEM in THK-1 cells in a dose-dependent manner (Figure 6D).

Taken together, these results suggest more strongly that
MNZ reduces cancer stemness by reducing ALDH activity,
resulting in reduction of malignant phenotypes in patients
with GEM-resistant CCA.

Discussion

CSCs, which are critical for tumor initiation, progression and
persistence, are considered to be resistant to conventional
chemotherapy (13, 14). Additionally, many studies have shown
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Figure 2. MNZ decreases ALDH activity in TFK-1 GR cells. (A) ALDH activity in TFK-1 GR cells with or without MNZ (0.1 μg/ml) treatment for
48 h. The percentages of ALDH+ cells were assessed using the Aldefluor assay. MFI: Mean fluorescence intensity. (B) Sphere-forming assay of
TFK-1 and TFK-1 GR cells. TFK-1 GR cells were treated with 0-10 μg/ml MNZ for 7 days, and then spheres were counted in each well.
Representative images are shown. Original magnification: ×100. *p<0.05. Error bars represent SD.



that CSCs possess characteristics of mesenchymal cells,
contributing to tumor metastasis (15). Therefore, eradication of
CSCs is essential to inhibit tumor recurrence and metastasis. 

In the past few years, isolation and characterization of stem
cells have been attempted for several human tumors. Markers

of CSCs can be classified into surface markers (e.g. CD24,
CD44, CD133, and EpCAM) and functional markers (e.g.
ALDH and SP). CD24, CD44, and EpCAM individually or in
combination are markers for CSCs in breast (16), pancreas
(17), and colorectal cancers (18). Additionally, CSC surface
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Figure 4. MNZ diminishes the invasive ability of TFK-1 GR cells by inducing MET. (A) Representative cellular morphological images of TFK-1,
TFK-1 GR, and TFK-1 GR cells treated with MNZ (100 μg/ml). Original magnifications: ×40 (left) and ×100 (right). Scale bar: 100 μm. (B)
Western blot analysis of E-cadherin, vimentin, and EMT-related transcription factors (Slug and Twist) in TFK-1 GR cells with or without MNZ
treatment. Western blot analysis of RRM1 and ENT1 in TFK-1 GR cells with or without MNZ (100 μg/ml) treatment. 

Figure 3. MNZ decreases invasiveness of GEM-resistant TFK-1 cells. (A) Invasion assay of TFK-1 and TFK-1 GR cells. Cells were added to the
upper surface of a transmembrane coated with Matrigel. After 24 h of incubation, total cells that had migrated to the lower surface of the
transmembrane were counted. Representative images are shown. Original magnification: ×40. *p<0.05. Error bars represent SD. (B) Invasion
assay of TFK-1 GR cells. Cells were added to the upper surface of a transmembrane coated with Matrigel and treated with 0–10 μg/ml MNZ. After
24 h of incubation, total cells that had migrated to the lower surface of the transmembrane were counted. Representative images are shown. Original
magnification: ×40. *p<0.05. Error bars represent SD.



markers have been found to be independent prognostic factors
for various cancers (19, 20). The first study reporting the
identification of CCA cells with CSC properties examined the
expression of CD24, CD44, and EpCAM (21). A recent study
has demonstrated that high expression of CD133 is
significantly correlated with poor prognoses of CCA patients
(19). Based on these previous studies, we examined the
expression of the markers CD44, CD133, and EpCAM. 

In humans, the ALDH superfamily of enzymes is
responsible for converting both exogenous and endogeneous
aldehydes to carboxylic acids (22). Elevated ALDH activity
is observed in a variety of cancers, although which type of
ALDH isoform regulates ALDH activity differs depending
on the type of cancer. ALDH1 serves as a marker of CSCs

in a wide range of solid tumors such as head and neck (23),
pancreas (17), lung (24), bladder (25), ovary (26), breast
(27), and colon (28). ALDH1A3 has been reported to affect
prognosis and GEM resistance of CCA (8). 

Disulfiram has been shown to be effective against diverse
cancer types in preclinical studies. Inhibition of ALDH by
disulfiram is supposed to be one of the mechanisms of its
anticancer effects exerted by disulfiram (29) No reports have
investigated the relationships between MNZ and the
inhibitory effect on ALDH or anticancer effects. We
hypothesized that MNZ, which has disulfiram-like effects
when taken together with alcohol, could enhance
chemosensitivity by inhibiting ALDH activity and
consequently reducing recurrence after treatment.
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Figure 5. MNZ enhances GEM sensitivity of TFK-1 GR cells by reducing RRM1 and increasing ENT1. (A) Proliferation assay of TFK-1 and TFK-
1 GR cells treated with or without MNZ for 24, 48, or 72 h. Cell proliferation was assessed by absorbance. *p<0.05. Error bars represent SD. (B)
Synergistic effect of GEM (0.01-1 μg/ml) and MNZ (0-0.1 μg/ml) used in combination against TFK-1 or TFK-1 GR cells. Cytotoxic effects of GEM
were assessed by calcein fluorescence intensity at 72 h post-labeling (top). Cell cultures were loaded with calcein-AM, and fluorescence microscopy
(×10) was used to detect changes in intracellular calcein fluorescence over time (bottom). Original magnification: ×200. *p<0.05. Error bars
represent SD.
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Figure 6. MNZ decreases ALDH activity and enhances GEM sensitivity of the CCA cell line established from a patient with GEM-resistant CCA.
(A) CSC surface marker expression and ALDH activity profiles in THK-1 cells. Representative histograms of CD44/CD133/EpCAM expression
(black profiles) relative to the IgG isotype control (white profiles) are shown. The percentages of ALDH+ cells were assessed using the Aldefluor
assay. MFI: Mean fluorescence intensity. (B) Growth inhibitory effects on THK-1 cells. Cells were treated with GEM or MNZ at 0-100 μg/ml for
48 h, and growth inhibition was quantified by the WST-8 assay. Left panel: Representative data of growth inhibitory effects of GEM. Right panel:
Representative data of growth inhibitory effects of MNZ. (C) ALDH activity in THK-1 cells treated with or without MNZ (0.1 μg/ml). The percentages
of ALDH+ cells were assessed using the Aldefluor assay. Cells in the trapezoid region were considered to express ALDH. (D) Synergistic effect of
GEM (0.01-1 μg/ml) and MNZ (0-10 μg/ml) used in combination against THK-1 cells. Cytotoxic effects were assessed by calcein fluorescence
intensity at 72 h post-labeling (top). Cell cultures were loaded with calcein-AM, and fluorescence microscopy (×10) was used to detect changes in
intracellular calcein fluorescence over time (bottom). Original magnification: ×200. *p<0.05. Error bars represent SD.



Mounting evidence has indicated many features that
overlap between CSCs and mesenchymal cells generated by
EMT (5). Specifically, recent studies have shown that
signaling pathways such as TGF-β1, Hedgehog, and Notch
not only increase the metastatic potential by EMT, but also
contribute to recurrence and drug resistance through the
acquisition of stemness under certain conditions (30-32). Our
data showing that MNZ reduced ALDH activity and inhibited
invasiveness and chemoresistance further support a close
relationship between CSCs and mesenchymal cells generated
by EMT. CSCs are slow-growing cells that are generally
quiescent and therefore resistant to drugs that target fast
growing cancer cells (33). Despite our expectations, MNZ
exposure did not result in a significant difference in
proliferative activity in our experiments. Activities of ENT1
and RRM1 are considered to be key determinants of GEM
cytotoxicity (34). ENT1 is a membrane transporter protein
that controls efficient permeation of GEM into cells (35).
RRM1 is a multimeric enzyme that converts ribonucleotides
to deoxyribonucleosides, which is a crucial step for DNA
polymerization and repair (36). Previous studies have
suggested that ENT, dCK, and RRM1 levels can predict the
efficacy of GEM and the prognosis of pancreatic cancer
patients (34). To our surprise, MNZ exposure enhanced GEM
sensitivity by increasing ENT1 and reducing RRM1 without
causing any significant difference in their proliferative
activity. 

Considering the high costs and long periods of
developing new medications, using drugs that are approved
for the treatment of diverse diseases as candidate anti-cancer
therapeutics is ideal because they benefit from suitable
clinically available formulations and evidence of tolerability
in patients. MNZ is a common antibiotic with well-
established pharmacokinetics, safety and tolerance.
Importantly, it should be noted that the drug concentration
used in this study is much lower than that for treatment of
infectious diseases. Additionally, potential advantages of
MNZ include its effects on a broad spectrum of
malignancies because ALDH activity is a hallmark of CSCs
in various cancers. Based on these viewpoints, clinical trials
are strongly desired.  

There are some limitations in our study such as un-
assessed ALDH isoforms, only two cell lines were used, and
only in vitro experiments were performed. 

Collectively, we demonstrated, for the first time, that
MNZ reduces cancer stemness by reducing ALDH activity
in CCA cells, leading to a decreased invasive potential and
enhanced GEM sensitivity. Additionally, we revealed the
mechanisms of the changes in invasiveness and GEM
sensitivity. We believe that such a unique combinatorial
therapy is quite feasible and may contribute to eradication of
GEM-resistant CCA cells and therefore has the potential to
improve the prognosis of CCA patients. 
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