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Emodin reverses resistance to gemcitabine in pancreatic
cancer by suppressing stemness through regulation
of the epithelial-mesenchymal transition
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Abstract. The present study aimed to explore the effects and
underlying mechanisms of emodin (Emo) on gemcitabine
(GEM)-resistant pancreatic cancer. GEM-resistant SW1990
cells (SW1990/GZ) were established by successively doubling
the concentration of GEM. Cell viability was measured using
the CCK-8 assay and flow cytometry was used to measure cell
apoptosis. Cell migration was assessed using a Transwell assay.
Sphere and colony-formation assays were used to evaluate cell
self-renewal. The expression levels of epithelial-mesenchymal
transition (EMT) and stem cell biomarkers were determined
using western blotting. Snail family transcriptional repressor 1
gene (Snail) was overexpressed by transfecting cells with
pcDNA3.1-Snail plasmids. A xenograft model was established
in nude mice by using SW1990/GZ and Snail-overexpressing
SW1990/GZ cells. Proliferation, migration, self-renewal and
EMT progression of GEM-treated SW1990/GZ cells were
significantly suppressed in vitro by Emo treatment, whereas
the overexpression of Snail abolished the aforementioned
effects. In in vivo, the antitumor activity of GEM and the
inhibitory effect of GEM against EMT progression and
stem-like characteristics were enhanced by treatment with
Emo, whilst overexpression of Snail reversed these effects. In
conclusion, Emo reversed GEM resistance in pancreatic cancer
by suppressing stemness and regulating EMT progression.

Introduction

Pancreatic cancer is a common malignant tumor with almost
equivalent morbidity and mortality rates (~15/100,000), and is
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third leading cause of cancer-related mortality (1). Gemcitabine
(GEM) is regarded as the first-line chemotherapy drug for
pancreatic cancer treatment (2). However, GEM-resistance
in pancreatic cancer significantly shortens progression-free
survival in patients treated with GEM (3.,4). Cancer stem cells
(CSCs) are closely related to GEM-resistance in pancreatic
cancer (5-7). CSCs are a subset of cancer cells capable of
self-renewal and are involved in the development, metastasis
and relapse of pancreatic cancer (8-10). CSCs are present in
GEM-resistant pancreatic tumor cells (11) and the process of
epithelial-mesenchymal transition (EMT) enhances the migra-
tion and invasion of CSCs (6,11). The progression of pancreatic
cancer is facilitated by the phenomenon of GEM-resistance
that is originating from both CSCs and EMT (7). Therefore,
exploring the relative mechanisms of GEM resistance induced
by CSCs and EMT is pivotal for the treatment of GEM-resistant
pancreatic cancer.

EMT is a necessary step for embryonic development
and is involved in multiple physiological and pathological
processes, such as injury repair, inflammation, fibrosis and
tumorigenesis (12). Cell migration, stem-like characteristics
and chemotherapy resistance can be induced by EMT, which
further contributes to immune, senescent and apoptotic
escape (13). An association between CSCs and EMT has been
widely reported. Mani et al (14) induced EMT progression in
human mammary epithelial cells using EMT transcription
factors such as the snail family transcriptional repressor 1
(Snail), the basic helix-loop-helix transcription factor (Twist)
or TGF-B1. Following EMT activation, upregulation of stem
cell biomarkers, formation of mammary stem cell spheres and
soft agar colonies and enhanced tumorigenesis are observed
and considered as an indication of CSCs (15). In addition, in
stem cells extracted from rodent and human breast epithelium
and tumor tissues, a high expression level of the EMT pheno-
type is observed (16). Therefore, EMT progression and the
associated formation of CSCs could be important targets for
the treatment of GEM-resistant pancreatic cancer.

Emodin (Emo; 1,3,8-trihydroxy-6-methylanthraquinone)
is an anthoquinone derivative extracted from the rhizome
of knotweed (Polygonum cuspidatum) and rhubarb
(Rheum officinale baill) and has multiple bioactivities,
such as anti-inflammatory, antibacterial, anti-oxidative and
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antitumor activities (17,18). Emo induces cell apoptosis in
paclitaxel-resistant A2780 cells by reducing the expression of
apoptotic molecules such as survivin and X-linked inhibitor
of apoptosis (19). In addition, Emo significantly inhibits EMT
progression in colorectal cancer, cervical cancer and head
and neck squamous cells (20-22). The present study aimed
to investigate the inhibitory effect of Emo on GEM-resistant
pancreatic cancer, as well as the underlying mechanism of
action, by exploring the impact of Emo on the growth of CSCs
and EMT progression.

Methods and materials

Pancreatic cancer cell lines. Human pancreatic cancer cell line
SW1990 was obtained from Combioer Biosciences Co., Ltd.
and cultured in DMEM (Procell Life Science & Technology
Co., Ltd.) supplemented with 10% fetal bovine serum (FBS;
Procell Life Science & Technology Co., Ltd.) at 37°C with 5%
CO,.

Establishment of gemcitabine-resistant pancreatic cancer
cell line (SWI1990/GZ). The human pancreatic cancer
SW1990 cell line was seeded in six-well plates at a density
of 1x10° cells/well and cultured in DMEM for 48 h at 37°C
followed by incubation for 7 days with different concentra-
tions of GEM at 37°C. Following incubation with GEM, the
cell viability was measured using the CCK-8 assay and the
GEM IC,, value was calculated and further used to incubate
SW1990 cells for 24 h. To establish the SW1990/GZ cell line,
SW1990 cells were incubated with GEM at 2-fold IC, for
24 h, followed by being replaced with the drug-free medium.
Subsequently, cells were incubated until 80% confluent,
followed by incubation with GEM at 4-fold ICy, for 24 h. The
aforementioned procedure was repeated and the incubation
concentration of GEM was increased by 2-fold each cycle
until the final concentration reached ~1,000 pg/ml, followed
by incubation in blank medium for 3 months. Finally, a CCK-8
assay was used to confirm GEM-resistance.

Transmission electron microscope (TEM). Cells were
collected following centrifugation at 300 x g at room
temperature for 10 min, washed twice with PBS buffer, fixed
overnight with 4.0% glutaraldehyde in PBS at 4°C and then
embedded in epoxy resin. Subsequently, ultrathin sections
(thickness, 50-70 nm) were cut and collected on copper grids,
followed by counterstaining with 3% aqueous uranyl acetate
for 1 h at room temperature. Sections were then incubated
with 2% phosphotungstic acid for 1 h at room temperature
and 1% Reynolds' lead citrate for 20 min at room tempera-
ture. Finally, a TEM (JEM-1400Flash; JEOL, Ltd.) was used
for examination.

CCK-8 assay. Cell viability was measured using a CCK-8 assay
kit (Nanjing Jiancheng Bioengineering Research Institute
Co., Ltd.). Cells were seeded in 96-well plates at a density of
1x10° cells/well and incubated at 37°C for 24 h. Subsequently,
10 pl CCK-8 reagent was added to each well and incubated
for 3 h at 37°C. The absorbance of each was at 450 nm was
measured using a microplate reader (PerkinElmer, Inc.)
and the IC;, value was calculated using GraphPad Prism 8

software (GraphPad Software, Inc.). Finally, the resistant
index (RI) was calculated according to the following formula:

RI:ICSO(SW199O/GZ)/ ICSO(SW199O)'

Sphere formation assay. Cells were centrifuged at 300 x g
for 5 min at room temperature, collected and resuspended
in PBS Subsequently, 1x10° cells were transferred into each
well of a six-well plate and then cultured with serum-free
DMEM-F12 medium (Procell Life Science & Technology Co.,
Ltd.). Following incubation at 37°C for 7 days, a transparent
tape with mesh was overlaid to the bottom of the wells and
an inverted microscope (Ts2; Nikon Corporation) was used to
count the stem cell spheres.

Colony-formation assay. Cells were seeded in a 6-well
plate at a 2x10? cells/well density and incubated for 10 days.
Subsequently, the cells were fixed and stained with 6% (w/v)
glutaraldehyde and 0.5% crystal violet (Sigma-Aldrich;
Merck KGaA) for 60 min at room temperature, followed by
washing and air drying at room temperature. Finally, images
were captured using an inverted microscope (Olympus,
Corporation).

Analysis of apoptosis. Apoptosis of cells was evaluated using
a flow cytometry assay. In brief, the cells were seeded in
6-well plates and incubated with 195 1 Annexin V-fluorescein
isothiocyanate (Wuhan Punosai Life Technology Co., Ltd.),
followed by the addition of 5 ul propidium iodide (BD
Biosciences) and incubation for 10 min at room temperature in
the dark. Finally, the samples were loaded onto a flow cytom-
eter (BD Bioscience) for apoptosis analysis.

Transwell assay. A total of 1.5x10° cells were plated in the
upper chambers of Transwell plates using serum-free DMEM
(Corning, Inc.). Complete DMEM supplemented with 20%
FBS was added into the lower chamber. Following incubation
at 37°C for 24 h, the migratory cells were stained with 0.1%
crystal violet at room temperature for 10 min. Finally, stained
cells were counted in 3 random fields using an optical micro-
scope (Ts2; Nikon Corporation).

Transfection. Snail-overexpressing SW1990/GZ cells were
established by transfecting the cells implanted in 6-well
plates at a density of 1x10° cells/well with pcDNA3.1-Snail
(Genscript) using 2 pg Lipofectamine® 2000 (Thermo Fisher
Scientific, Inc.). pcDNA3.1-NC (Genscript) was used as the
negative control. After incubation for 48 h at 37°C, transfec-
tion efficacy was measured through western blot analysis.

Western blot assay. Total protein from cells was extracted
using RIPA Lysis Buffer (Sigma-Aldrich; Merck KGaA)
and quantified using a BCA kit (Sigma-Adrich; Merck
KGaA). Total protein (~30 pug/lane) was separated utilizing
SDS-PAGE on a 12% gel and subsequently transferred onto a
PVDF membrane. The membrane was blocked with 5% BSA
(Beyotime Institute of Biotechnology) at room temperature
for 2 h to remove non-specific binding proteins, followed by
incubation with primary antibodies against CD44 (1:800;
cat. no. DF6392; Affinity Biosciences, Ltd.), Aldehyde dehy-
drogenase 1 (ALDHI1; 1:1,000; cat. no. DF6625; Affinity
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Biosciences, Ltd.), Nanog (1:1,000; cat. no. AF5388; Affinity
Biosciences, Ltd.), E-cadherin (1:800; cat. no. AF0131; Affinity
Biosciences, Ltd.), vimentin (1:1,000; cat. no. AF7013; Affinity
Biosciences, Ltd.), Snail (1:1,000; cat. no. AF6032; Affinity
Biosciences, Ltd.) and GAPDH (1:5,000; cat. no. AF7021;
Affinity Biosciences, Ltd.) at 4°C for 12 h. The membrane
was then washed and incubated with the anti-rabbit IgG
HRP-linked secondary antibody (1:3,000, cat. no. 7074, CST
Biological Reagents Co., Ltd.) at room temperature for 1.5 h.
Finally, the membrane was incubated with ECL solution
(Beyotime Institute of Biotechnology) and exposed to a Tanon
5200-multi (Tanon Science and Technology Co., Ltd.). The
relative expression levels of the target proteins were quantified
using ImageJ 1.8.0.172 software (National Institutes of Health)
with GAPDH as the loading control.

Xenograft experiments. A total of 18 5-6-week-old male
SPF BABL/c nude mice weighing 16-20 g were purchased
from Shanghai Lingchang Biological Technology Co., Ltd.
Animals were housed in individually ventilated cages (Suzhou
Suhang Technology Equipment Co., Ltd.) at 20-24°C, 40-60%
humidity, minimum air change rate of 15/h, minimum pres-
sure gradient of 10 Pa, ammonia concentration <14 mg/m?,
noise <60 db, 12-h light/dark cycle and with ad libitum access
to food and water.

For the in vivo experiment, six groups were used: GEM +
Snail OE + EmoControl, Snail OE, GEM, GEM + Snail OE,
GEM + Emo, and GEM + Snail OE + Emo. For the general
procedure of xenograft model establishment, 1x107 cells were
subcutaneously injected into the axilla of each mouse. Animals
in the control group were xenografted with SW1990/GZ
cells, followed by intraperitoneal injection with an equal
volume of normal saline. In the Snail OE group, animals were
xenografted with Snail-overexpressing SW1990/GZ cells,
followed by intraperitoneal injection with an equal volume
of normal saline. The animals in the GEM and GEM + Snail
OE groups, nude mice were injected with SW1990/GZ cells
and Snail-overexpressing SW1990/GZ cells, respectively,
followed by intraperitoneal injection with 60 mg/kg GEM at a
volume of 10 ml/kg. Animals in the GEM + Emo and GEM +
Snail OE + Emo groups were xenografted with SW1990/GZ
cells and Snail-overexpressing SW1990/GZ cells, respectively,
followed by intraperitoneal injection of 60 mg/kg GEM
and subcutaneous injection of 1 mg/kg Emo at a volume of
10 ml/kg (23). A total of three mice were used for each group.
All administrations were initiated when the tumor volume
reached 100 mm?®. GEM was administered on days 1, 4, 7,
10, 14 and 16, whereas Emo was administered daily. Tumor
volume was measured and calculated using the following
formula: V=LxW?/2, where V represents volume in mm?, L
represents the greatest diameter in mm and W represents the
lowest diameter in mm. The animals were euthanized using the
method of CO, euthanasia and then the tumors were explanted,
weighed and images captured.

H&E staining. The tumor tissues were collected, washed
with sterile water for 2 h and dehydrated with 70, 80 and
90% ethanol series. Subsequently, the tissues were incubated
with equal quality ethanol and xylene for 15 min, and then
incubated with xylene of equal quality for another 15 min.

This incubation procedure was repeated until the tissues
were cleared. Finally, the tissues were embedded in paraffin,
sectioned at a 5-mm thickness and stained with H&E. Finally,
tissues were observed in five randomly-selected fields under
an inverted microscope (Olympus Corporation), with images
captured.

Immunohistochemical assay. Tissue sections were deparaf-
finized by rinsing with xylene for 10 min, followed by hydration
using a 2-min incubation with absolute ethyl alcohol, 95% ethyl
alcohol, 85% ethyl alcohol and 75% ethyl alcohol, successively.
Sections were rinsed with PBS and incubated with endogenous
peroxidase blocking solution (PO100A; Beyotime Institute of
Biotechnology) at room temperature for 10 min, followed
by incubation with 10% goat serum (Gibco; Thermo Fisher
Scientific, Inc.) blocking solution at room temperature for
2 h. Specimens were then incubated with primary antibodies
against E-cadherin (1:10; cat. no. ab231303; Abcam), vimentin
(1:50; cat. no. ab20346; Abcam), Snail (1:50; cat. no. AF6032;
Affinity Biosciences, Ltd.), Nanog (1:100; cat. no. 14295-1-AP;
Proteintech Group, Inc.; Wuhan Sanying Biotechnology), CD44
(1:100, 15675-1-AP, Proteintech Group, Inc.; Wuhan Sanying
Biotechnology), or ALDHI1 (1:100, 15910-1-AP, Proteintech
Group, Inc.; Wuhan Sanying Biotechnology) at 4°C for 24 h,
followed by washing with PBS. Following primary antibody
incubation, the tissues were incubated with the goat anti-rabbit
IgG H&L (HRP) preadsorbed secondary antibody (1:100; cat.
no. ab97080; Abcam) was added and incubated at 4°C for 24 h,
followed by rinsing and staining with 3,3'-diaminobenzidine
dye (MilliporeSigma). Finally, images were captured using an
inverted light microscope (Eclipse E100; Nikon Corporation).

Ethics statements. All animal experiments performed in this
study were authorized by the ethical committee of Zhejiang
Cancer Hospital (approval no. 2019-07-006) and conducted
according to the guidelines for care and use of laboratory
animals and the principles of laboratory animal care and
protection.

Statistical analysis. Statistical analysis was performed using
SPSS (version 25.0; IBM Corp.). The Kruskal-Wallis test was
used for unequal distribution of tumor weights and single
comparisons were performed using the Mann-Whitney test.
For analysis on other data, one-way ANOVA followed by
Tukey's post hoc test was applied. P<0.05 was considered to
indicate a statistically significant difference.

Results

GEM-resistant SWI1990 (SW1990/GZ) cell line is successfully
established. SW1990/GZ cell line was successfully established
by treating SW1990 cells with increasing concentrations of
GEM as confirmed using the CCK-8 assay. Compared with
that of SW1990 cells, IC5, of GEM changed from 0.04 to
115.6 ug/ml, with a ~3,000-fold increase (Fig. 1).

Emo significantly enhances the inhibitory effect of GEM on
the self-renewal of SW1990/GZ cells. A total of 6 groups were
used to explore the in vitro antitumor effects of Emo: SW1990
(naive SW1990 cells treated with blank medium), SW1990/GZ
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Figure 1. Establishment of gemcitabine-resistant SW1990 cells. CCK-8 cell
viability assay and ICs, values.

(SW1990/GZ cells incubated with blank medium), GEM +
SW1990/GZ (SW1990/GZ cells incubated with 0.04 pug/ml
GEM), 20 uM Emo + GEM + SW1990/GZ (SW1990/GZ cells
incubated with 0.04 pg/ml GEM and 20 M Emo), 40 uM
Emo + GEM + SW1990/GZ (SW1990/GZ cells incubated with
0.04 ug/ml GEM and 40 uM Emo) and 80 xuM Emo + GEM +
SW1990/GZ (SW1990/GZ cells incubated with 0.04 ug/ml
GEM and 80 M Emo). The cellular morphology of each
group is shown in Fig. 2A. Compared with the SW1990 cells
(Fig. 2B), atypical nuclei, large nucleoli and organelle hyper-
trophy were observed in the SW1990/GZ, GEM + SW1990/GZ
and 20 M Emo + GEM + SW1990/GZ groups, which were
dramatically ameliorated by the introduction of 40 and 80 yM
Emo, indicating that the malignancy of SW1990/GZ cells
was significantly inhibited by GEM in the presence of 40 and
80 yM Emo.

The self-renewal of SW1990/GZ cells was further investi-
gated by using sphere formation and colony-formation assays.
Compared with the SW1990 group, the cell sphere-forming
rate increased from 31.9 to 38.2% in the SW1990/GZ group,
which further declined to 32.1% after treatment with GEM,
with no significant difference (P<0.05 vs. SW1990; Fig. 2C).
Compared with the GEM + SW1990/GZ group, the cell
sphere-forming rate was suppressed to 30.2, 15.4 and 7.5%
by co-treatment with 20, 40 and 80 uM Emo, respectively
(P<0.01 vs. GEM + SW1990/GZ; Fig. 2C). In addition, the
number of spheres was significantly greater in the SW1990/GZ
group than that in the SW1990 group (P<0.05 vs. SW1990;
Fig. 2D). After the introduction of 40 M and 80 yM Emo,
the number of spheres decreased significantly (P<0.01 vs.
GEM + SW1990/GZ; Fig. 2D). The expression levels of stem
cell biomarkers were determined through western blot anal-
ysis. Compared with SW1990 cells, the expression levels of
CD44, ALDHI, Nanog and Snail were significantly increased
in SW1990/GZ cells (P<0.05 vs. SW1990; Fig. 2E). After the
introduction of 20, 40 and 80 M Emo, the expression levels of
CD44, ALDHI, Nanog and Snail were decreased (P<0.05 vs.
and P<0.01 vs. GEM + SW1990/GZ; Fig. 2E).

Inhibitory effect of GEM on the proliferation, metastasis and
EMT progression of SW1990/GZ cells is enhanced by Emo.
The apoptotic rate in the SW1990, SW1990/GZ and GEM +

SW1990/GZ groups was 10.48, 10.49 and 10.46%, respec-
tively (Fig. 3A). Compared with the GEM + SW1990/GZ
group, the apoptotic rate increased to 11.37, 16.61 and 22.45%
after co-treatment with 20, 40 and 80 M Emo, respectively
(P<0.01 vs. GEM + SW1990/GZ). In addition, no significant
difference in the number of migrated cells was observed
among the SW1990, SW1990/GZ, GEM + SW1990/GZ and
20 uM Emo + GEM + SW1990/GZ groups. Compared with
the GEM + SW1990/GZ group, the number of migrated cells
decreased with the co-introduction of 40 and 80 yM Emo
(P<0.01 vs. GEM + SW1990/GZ). No significant differ-
ences in cell viability were observed among the SW1990,
SW1990/GZ, GEM + SW1990/GZ and 20 yM Emo +
GEM + SW1990/GZ groups (Fig. 3C). After treatment with
40 and 80 M Emo, cell viability was significantly reduced
(P<0.01 vs. GEM + SW1990/GZ). Finally, expression levels
of the EMT biomarkers were measured. Compared with the
SW1990 group, E-cadherin was significantly downregulated
and vimentin was significantly upregulated in the SW1990/GZ
group (Fig. 3D). Compared with the GEM + SW1990/GZ
group, E-cadherin expression was upregulated, while vimentin
was downregulated by co-treatment with 20, 40 and 80 yM
Emo, respectively (P<0.05 vs. SW1990; P<0.05 vs. GEM +
SW1990/GZ; P<0.01 vs. GEM + SW1990/GZ).

Emo represses self-renewal and EMT progression of
SW1990/GZ cells. Compared with SW1990/GZ cells, signifi-
cantly decreased cell sphere-forming rate and number of
spheres were observed in 80 M Emo-treated SW1990/GZ cells
(Fig. S1A and B). Furthermore, compared with the SW1990/GZ
cells, significantly lower expression of CD44, ALDHI1, Nanog
and Snail was observed with 80 uM Emo-treated SW1990/GZ
cells (P<0.05 vs. SW1990/GZ; Fig. S1C). However, no signifi-
cant changes were observed in the apoptotic rate (Fig. S1D)
and the number of migrated cells (Fig. SIE) after treatment
with 80 #uM Emo. Compared with SW1990/GZ cells, upregu-
lated E-cadherin and downregulated vimentin (Fig. SIF) were
observed in 80 uM Emo-treated SW1990/GZ cells (P<0.05
and P<0.01 vs. SW1990/GZ).

Snail overexpression abolishes the effects of Emo on
self-renewal of GEM-treated SWI1990/GZ cells. SW1990/GZ
cells overexpression Snail were constructed to explore the
potential mechanism underlying the effects of Emo. Firstly,
the successfully establishment of Snail-overexpressed
SW1990/GZ cells was verified by Western blotting assay,
which was shown in Fig. S2. Six groups were compared:
Control (SW1990/GZ cells cultured in blank medium), Snail
OE (Snail-overexpressed SW1990/GZ cells cultured in blank
medium), GEM (SW1990/GZ cells treated with 0.04 pg/ml
GEM), GEM + Snail OE (Snail-overexpressed SW1990/GZ
cells treated with 0.04 pg/ml GEM), GEM + Emo (SW1990/GZ
cells treated with 0.04 pg/ml GEM and 80 M Emo) and
GEM + Snail OE + Emo (Snail-overexpressed SW1990/GZ
cells treated with 0.04 yg/ml GEM and 80 yM Emo).
Compared with the control, Snail was significantly
upregulated in the Snail OE group, indicating the successful
establishment of Snail-overexpressing SW1990/GZ cells
(P<0.05 vs. control; Fig. 4A). Compared with the GEM group,
Snail was significantly upregulated in the GEM + Snail OE
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Figure 2. Emo enhances inhibitory effects of GEM on self-renewal of SW1990/GZ cells. (A) Morphology of cells observed under an inverted light microscope
(scale bar, 100 pm). (B) The ultrastructure of cells observed under a transmission electron microscope (x10,000 magnification). (C) Cell sphere-forming rate
evaluated using the sphere formation assay (x100 magnification). (D) Number of spheres measured using the colony-formation assay (x200 magnification).
(E) Expression levels of CD44, ALDH1, Nanog and Snail determined using western blotting assays. “P<0.05 vs. SW1990. #P<0.05 vs. GEM + SW1990/GZ.
#P<0.01 vs. GEM + SW1990/GZ. Emo, emodin; GEM, gemcitabine; SW1990/GZ, GEM-resistant SW1990 cells; ALDH1, Aldehyde dehydrogenase 1; Snail,
Snail family transcriptional repressor 1 gene.
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Figure 3. Emo enhances inhibitory effects of GEM on cell proliferation, migration and EMT progression of SW1990/GZ cells. (A) Flow cytometry assay for
the analysis of cell apoptosis. (B) Cell migration measured via Transwell assay (scale bar, 50 ym). (C) CCK-8 cell viability assay. (D) Western blotting assay
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Figure 4. Effects of emodin on the self-renewal of GEM-treated SW1990/GZ cells is abolished by Snail overexpression. (A) Expression level of Snail deter-
mined via western blotting assay. (B) Cell sphere-forming rate evaluated using the sphere formation assay (x100 magnification). (C) Number of spheres
measured using the colony-formation assay (x200 magnification). (D) Expression levels of CD44, ALDH1 and Nanog measured using western blotting assay.
"P<0.05 vs. control. *P<0.05 vs. GEM. #P<0.01 vs. GEM. #¢P<0.01 vs. Emo + GEM. GEM, gemcitabine; SW1990/GZ, GEM-resistant SW1990 cells; ALDHI,
Aldehyde dehydrogenase 1; Snail, Snail family transcriptional repressor 1 gene; Snail OE, Snail overexpression.

group and downregulated in the Emo + GEM group, while
Snail was significantly upregulated in the GEM + Snail OE +
Emo group compared with the Emo + GEM group (P<0.05
and P<0.01 vs. GEM group; P<0.01 vs. Emo + GEM).
Compared with the control, the cell sphere-forming rate was
significantly elevated from 36.5 to 44.6% in the Snail OE
group (P<0.05; Fig. 4B). Compared with the GEM group, the
cell sphere-forming rate was increased from 29.3 to 37.5%
in the GEM + Snail OE group and decreased from 29.3 to
7.01% in the Emo + GEM group, while was further increased

to 21.20% in the Emo + Snail OE + GEM group (P<0.05 vs.
control; P<0.05 vs. GEM; P<0.01 vs. GEM; P<0.01 vs. Emo +
GEM: Fig. 4B). In addition, compared with the control, the
number of spheres dramatically increased in the Snail OE
group (P<0.05; Fig. 4C). Compared with the GEM group, the
number of spheres was increased in the GEM + Snail OE group
and decreased in the Emo + GEM group, which was further
increased in the GEM + Snail OE + Emo group compared with
the Emo + GEM group (P<0.05 vs. GEM; P<0.01 vs. GEM;
P<0.01 vs. Emo + GEM: Fig. 4C).
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Finally, the expression levels of the stem cell biomarkers
were determined. Compared with the control, CD44, ALDH1
and Nanog were significantly upregulated in the Snail OE
group (P<0.05; Fig. 4D). Compared with the GEM group,
CD44, ALDHI and Nanog were significantly upregulated in
the GEM + Snail OE group, downregulated in the Emo + GEM
group, while was further upregulated in the Emo + Snail OE +
GEM group compared with the Emo + GEM group (P<0.05
vs. GEM; P<0.01 vs. GEM; P<0.01 vs. Emo + GEM; Fig. 4D).

Snail overexpression abolishes the effect of Emo on prolif-
eration, metastasis and EMT progression in GEM-treated
SWI1990/GZ cells. The apoptotic rate significantly decreased
from 11.65 to 6.26% in the Snail OE group (P<0.05; Fig. 5A),
while it was increased to 13.74% in GEM group (Fig. 5A).
Compared with the GEM group, no significant difference was
observed in the apoptotic rate in the GEM + Snail OE group
and the apoptotic rate was significantly increased to 22.66%
in the Emo + GEM group, while it was further decreased to
16.29% in the Emo + Snail OE + GEM group compared with
the Emo + GEM group (P<0.01 vs. GEM; P<0.01 vs. Emo +
GEM). In addition, compared with the control, the number
of migrated cells was significantly increased in the Snail OE
group (P<0.05 vs. control; Fig. 5B). Compared with the GEM
group, the number of migrated cells was slightly increased
in the GEM + Snail OE group and decreased in the Emo +
GEM group, while it was significantly elevated in the GEM +
Snail OE + Emo group compared with the Emo + GEM group
(P<0.01 vs. GEM; P<0.01 vs. Emo + GEM). No significant
difference in cell viability was observed among the control,
Snail OE, GEM and GEM + Snail OE groups. Compared
with the GEM group, cell viability was significantly reduced
in the Emo + GEM group, which while it was significantly
increased in the Emo + Snail OE + GEM group compared
with the Emo + GEM group (P<0.01 vs. GEM; P<0.01 vs.
Emo + GEM; Fig. 5C). Finally, the expression levels of the
EMT biomarkers were evaluated. Compared with the control,
E-cadherin was significantly downregulated and vimentin
was significantly upregulated in the Snail OE group (P<0.05;
Fig. 5D). Compared with the GEM group, the expression
level of E-cadherin was significantly decreased and that of
vimentin was significantly increased in the GEM + Snail OE
group. Compared with the GEM group, the expression levels
of E-cadherin and vimentin were significantly increased
and decreased, respectively, while the expression levels of
E-cadherin and vimentin were significantly decreased and
increased, respectively, in the Emo + Snail OE + GEM group
compared with the Emo + GEM group (P<0.05 and P<0.01
vs. GEM; P<0.01 vs. Emo + GEM).

Snail overexpression abolishes the enhancement of Emo on
the anti-tumor efficacy of GEM on SWI1990/GZ xenograft
model. To verify the effects of Emo on the anti-tumor
efficacy of GEM against GEM-resistant pancreatic cancer,
a xenograft model in nude mice with SW1990/GZ cells or
Snail-overexpressing SW1990/GZ cells was established.
After 16 days of treatments, tumor volume and weight were
significantly increased in the Snail OE group compared with
control (Fig. 6A-C). Compared with the GEM group, tumor
volume and weight were significantly increased in the GEM

+ Snail OE group and decreased in the Emo + GEM group,
which were significantly reversed in the Emo + Snail OE +
GEM group. Furthermore, H&E staining (Fig. 6D) was used
to evaluate the pathological state of the tumor tissues. No
significant differences were observed between the control
and Snail OE groups. However, compared with the GEM
group, the H&E score was greatly reduced in the GEM +
Snail OE group and elevated in the Emo + GEM group,
which was dramatically rescued in the Emo + Snail OE +
GEM group. (P<0.05 vs. control; P<0.01 vs. control; P<0.05
vs. GEM; P<0.01 vs. GEM; P<0.05 vs. Emo + GEM; P<0.01
vs. Emo + GEM).

Snail overexpression abolishes the inhibitory effect of
Emo against stem cell growth and EMT progression in
SWI1990/GZ xenograft model. Tumor tissues were homog-
enized for western blotting analysis and tissue sections were
utilized for immunohistochemical assays. Compared with
the control, the expression levels of CD44, ALDHI1, Nanog
and Snail were significantly elevated in the Snail OE group
(P<0.05 vs. control; Fig. 7A and B). Compared with the GEM
group, CD44, ALDHI1, Nanog and Snail were significantly
upregulated in the GEM + Snail OE group and downregu-
lated in the Emo + GEM group, which was reversed in the
Emo + Snail OE + GEM group (P<0.05 and P<0.01 vs. GEM;
P<0.05 vs. Emo + GEM; P<0.01 vs. Emo + GEM). These data
indicate that the stem-like symptoms in SW1990/GZ tumors
were significantly alleviated by Emo by inactivating Snail. In
addition, compared with the control, the expression level of
E-cadherin was decreased and that of vimentin was increased
in the Snail OE group (P<0.05; Fig. 7C and D). Compared
with the GEM group, E-cadherin was downregulated and
vimentin was upregulated in the GEM + Snail OE group and
E-cadherin was upregulated and vimentin was downregulated
in the Emo + GEM group, while it was significantly reversed
in the Emo + Snail OE + GEM group compared to the Emo +
GEM group (P<0.05 and P<0.01 vs. GEM; P<0.05 and P<0.01
vs. Emo + GEM).

Discussion

Resistance to chemotherapy is an important barrier in the
clinical treatment of pancreatic cancer (24). CSC-like char-
acteristics in pancreatic tumor cells, which contribute to
chemotherapy resistance, tumorigenesis, tumor relapse and
metastasis have been shown in multiple reports (25-27). In
addition, similar biofunctions are observed between CSCs and
tumor cells with EMT phenotypes, which are reported to be
involved in the development and progression of chemotherapy
resistance, tumor relapse and metastasis (7). In the present
study, GEM-resistant pancreatic tumor cells were established
in SW1990 cells by successively doubling the concentration
of GEM, which was verified by the increased ICs, against
GEM in a 3,000-fold manner. In addition, the resistance of
SW1990/GZ cells to GEM was accompanied by enhanced
self-renewal and EMT progression, which was consistent with
a previous report (28).

Pancreatic circulating tumor cells enter the circulatory
system to achieve EMT phenotypes and their migration is
significantly enhanced. Rhim ez al (29) report that in pancreatic
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Figure 5. Effects of Emo on the proliferation, metastasis and EMT progression in GEM-treated SW1990/GZ cells is abolished by Snail overexpression. (A) Flow
cytometry assay for the analysis of cell apoptosis. (B) Cell migration via Transwell assay (scale bar, 50 gm). (C) CCK-8 cell viability assay. (D) Expression level
of vimentin and E-cadherin via western blotting. “P<0.05 vs. control. “P<0.05 vs. GEM. 7P<0.01 vs. GEM. ¥¥P<0.01 vs. Emo + GEM. Emo, emodin; GEM,
gemcitabine; SW1990/GZ, GEM-resistant SW1990 cells; Snail, Snail family transcriptional repressor 1 gene; EMT, epithelial-mesenchymal transition; Snail

OE, Snail overexpression.

circulating tumor cells, the number of CD24*CD44* cells is
~100-fold higher compared with that in pancreatic tumor
tissues, indicating that stem-like characteristics are observed
in tumor cells with EMT phenotypes. It has been reported

that in isolated CD24*CD44"* pancreatic tumor cells, signifi-
cant resistance against GEM is observed, accompanied by
upregulation of EMT phenotypes (25). Voon et al (30) induced
EMT phenotypes in GIF-14 rodent gastric epithelial cells
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using TGF-B1 by activating the EGFR/RAS pathway and  was significantly elevated, accompanied by enhanced sphere
found that the expression level of the stem cell biomarker and colony-formation. In the present study, Emo treatment
leucine-rich repeat-containing G-protein coupled receptor 5  significantly enhanced the inhibitory effect of GEM against the
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proliferation and migration of SW1990/GZ cells, accompanied
by suppressed stem-like and EMT phenotypes, indicating
that Emo might reverse the GEM resistance of SW1990/GZ
cells by inhibiting the formation of CSCs and the progres-
sion of EMT. In vivo experiments further confirmed the role
of Emo as enhancer of the anti-tumor effect of GEM against
GEM-resistant SW1990/GZ xenografts, accompanied by the
inhibition of stem-like and EMT phenotypes in tumor tissues,
which was consistent with the results observed in the in vitro
assays.

In the progression of EMT, the expression of biomarkers
is regulated by several transcriptional factors, such as
Snail, Twist and Zeb, among which Snail is an important
transcriptional factor originally discovered in Drosophila
melanogaster and proved to be the basis for mesoderm
formation (31). By directly binding to the E-box sequence
on the promoter of E-cadherin, Snail suppresses EMT
progression by inhibiting E-cadherin transcription (32).
Xiong et al (33) claimed a significant role in regulating
EMT progression in pancreatic CSCs (33). In the present
study, Snail-overexpressing SW1990/GZ cells were
established. These cells showed enhanced proliferation,
migration, self-renewal and EMT progression, in agree-
ment with previous results (34,35). By comparing the
results of Emo-treated SW1990/GZ cells and Emo-treated
Snail-overexpressing SW1990/GZ cells it was found that
the reverse effects of Emo against GEM-resistant pancreatic
cancer were significantly abolished by the overexpression
of Snail in vitro and in vivo, indicating that Emo enhanced
the anti-tumor efficacy of GEM against GEM-resistant
pancreatic cancer by downregulating Snail. However, some
findings in the present study require further investigation.
For example, compared with the control, the cell prolif-
eration and migration were significantly enhanced in the
Snail-overexpressing group. However, no significant differ-
ences were observed between the GEM and GEM + Snail OE
groups. Moreover, the establishment of Snail-overexpressed
cells was not as successful as expected. The relatively low
transfection efficiency of the transfection reagent might be
accountable for this. In future studies, a more successful

establishment of Snail-overexpressed cells will be explored
to verify the data achieved in the present study. In addition,
further investigation need to be performed to explore the
underlying molecular mechanism of the regulatory effect
of Emo on the expression level of Snail, such as screening
differentially expressed miRNAs by using gene chips.

In the present study, promising effects of Emo against
GEM-resistance in pancreatic cancer were observed. However,
in developing Emo as a drug, its limitations should be
considered, including poor oral bioavailability (36) and rapid
elimination (37). In further research, developing formulation
methods to improve the oral bioavailability of Emo, such as
introducing a solubility enhancer or crystallization inhibitor,
is necessary. Furthermore, hepatotoxicity, nephrotoxicity and
reproductive toxicity of Emo have been reported (38), which
significantly limits the its further development as therapeutic
drug. Further research is needed to investigate structure-func-
tion relationships to explore the potential of optimizing the
structure of Emo to reduce off-target toxicity and maintain
on-target activity.

The data from the present study revealed that Emo may
reverse GEM-resistance in pancreatic cancer by suppressing
stemness through the regulation of EMT progression (Fig. 8).
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