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Berberine inhibits the proliferation of pancreatic cancer cells by
targeting pancreatic cancer stem cells through regulating EMT

signaling pathway
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is universally acknowledged as the cancer with the highest mortality

rate. Berberine has high medicinal value and has been used as an anti-cancer agent. Hence the purpose of this study was to

investigate the anti-cancer effect of berberine in PDAC. Berberine was shown to have a selective anti-cancer effect on

PDAC by MTT assay in vitro. Pancreatic cancer stem cells (PCSCs), regulated by epithelial-mesenchymal transition

(EMT), could promote the proliferation of PDAC cells. However, berberine suppressed the proliferation and stemness

of PCSCs through immunofluorescence staining, stem cell sphere assays and so forth in vitro. In vivo, berberine

reduced tumor size and decreased the expression levels of Ki67, a marker of cellular proliferation, in orthotopic

pancreatic tumors. In addition, berberine inhibited the EMT signaling pathway by RT-PCR and Western blotting

methods both in vitro and in vivo. Our study indicates that berberine inhibits the proliferation of PDAC cells both in

vivo and in vitro. The mechanism of the anti-cancer effect of berberine likely involves the inhibition of EMT.

Therefore, berberine may be a novel antineoplastic drug with clinical efficacy in PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC), is universally
acknowledged to have one of the highest mortality rates of all
cancer types (Cronin ef al, 2018; Nimmakayala et al, 2018;
Olivares et al., 2017; Takahashi et al., 2021). Although there
have been advances in therapeutic methods and treatment
technologies for PDAC, surgery combined with chemotherapy
is the classical clinical treatment (Gao ef al, 2019; He ef al,
2018). Cancer stem cells (CSCs) play a critical role in cancer
due to their self-renewal potential. It is now widely accepted
that pancreatic CSCs (PCSCs) facilitate the proliferation,
invasion, and metastasis of PDAC (Nimmakayala ef al., 2018;
Subramaniam et al, 2018; Wang et al, 2019a). PCSCs may
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survive after gemcitabine treatment, leading to the failure of
chemotherapy (de Jesus-Acosta et al, 2020; Kaushik et al,
2021). Overall, drug resistance and other side effects may be
induced by long-term chemotherapy (Gout et al, 2021).
Therefore, there is an urgent need to develop new therapies
targeting PCSCs with improved safety.

Epithelial-mesenchymal transition (EMT) is characterized
by a morphological change from an epithelial to a
mesenchymal phenotype. When the EMT process is activated,
E-cadherin is replaced by vimentin and N-cadherin.
Noteworthy, the first molecular alteration for inducing EMT is
reducing E-cadherin levels (Ashrafizadeh et al, 2021). The
disappearance of E-cadherin is accompanied by Snail and Twist
(Sun et al, 2019a). It is now widely accepted that the EMT
process is activated in a variety of cancer types, such as breast
carcinoma, glioblastoma, colorectal cancer and pancreatic
cancer. In addition, the activaion of EMT diminishes
intercellular adhesion and enhances migration of cells that are
necessary for carcinogenesis (Mirzaei et al, 2021). EMT is
associated with the proliferation and stemness of CSCs
(Nomura ef al, 2015). For instance, Luo et al. (2017) showed
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that NR5A2 inhibits CSCs by negatively modulating EMT.
Consequently, targeting EMT inhibits the PCSCs that
are associated with chemotherapy resistance in PDAC
(Zhou et al., 2017).

Berberine (Zhao et al, 2021) is a naturally occurring
quaternary ammonium alkaloid that has effective anti-cancer
activity. Our previous study showed that berberine enhances
the chemosensitivity of breast cancer (Pan et al, 2017a). In
2016, Naveen et al. (2016) demonstrated that berberine
inhibits the stemness of CSCs. Coincidentally, Lin ef al. (2017)
also reported an anti-CSC effect of berberine in oral cancer.
Furthermore, Kim et al. (2018) reported that berberine
inhibits CSCs by downregulating the expression levels of EMT
signaling pathway components in breast cancer. These data
imply that berberine may be a candidate for cancer therapy by
targeting CSCs. Nevertheless, the effectiveness of berberine
against PDAC and PCSCs is unknown.

In this study, we investigated whether berberine could
inhibit the proliferation of PDAC cells in vivo and in vitro.
We then determined the mechanism whereby berberine
regulates PCSCs and EMT. Data from this study indicate
that berberine may be a candidate for clinical PDAC therapy.

Materials and Methods

Materials and reagents

Berberine hemisulfate salt was purchased from Sigma-Aldrich
(Cat. #B3412; St Louis, MO, USA). The anti-mouse Twist
antibody (Cat. #ab5088) and anti-rabbit Ki67 (Cat. #ab15580)
were purchased from Abcam (Cambridge, UK). The anti-
rabbit OCT-4 (Cat. #2750), anti-rabbit Nanog (Cat. #8822),
anti-rabbit SOX2 (Cat. #3579), anti-rabbit CD133 (Cat. #64326),
anti-rabbit Snail (Cat. #3879), anti-rabbit vimentin
(Cat. #5741), anti-rabbit N-cadherin (Cat. #13116), anti-
rabbit E-cadherin (Cat. #14472), anti-rabbit B-actin
(Cat. #4970), anti-mouse CD44 (Cat. #3570), anti-rabbit IgG
(Cat. #7074), and anti-mouse IgG (Cat. #7076) antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA).

Cell culture and MTT assay

Human pancreatic cancer cell lines (PANC-1, BXPC-3,
ASPC-1, SW1990), mouse pancreatic cancer cell line PANC-
02 and human normal pancreatic cell line H6C7 were
purchased from the Peking Union Medical College Cell
Bank (Beijing, China). All these cells were treated with
berberine at final concentrations of 0, 1.25, 2.5, 5, 10, 20, 40,
80 and 160 puM for 48 or 72 h. MTT assays were performed
as previously described (Pan et al., 2017b).

Sphere formation assay

Sphere forming capacity of bulk tumor cells were determined by
seeding 5 x 10° PANC-1 or PANC 02 cells/well in ultra-low
attachment 6-well plate with stem cell growth media containing
DMEM-F12 medium, 04% BSA, EGF 20 ng/mL, insulin
5 pg/mL, 2% B27, penicillin 100 U/mL and streptomycin
100 pg/mL. Meanwhile, 10 uM berberine were added in
berberine group. Then cells were incubated for a week. After
treatment, number of spheres were counted and their size was
measured by taking images using a light microscope (Olympus
DP?73; Tokyo, Japan) inverted microscope.
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Wound-healing assay

Wound-healing assay was performed as previously described
(Sun et al, 2019a). PANC-1 and PANC-02 cells were
treated with 10 uM berberine for 24 h. Firstly, PANC-1 and
PANC-02 cells were seeded into a 6-well plate and was
allowed to grow to 80%-90% confluence. Subsequently, the
cell was wounded by a 20 pL pipette tip and washed three
times with 1 x phosphate buffer saline (PBS) to remove the
to clear cell debris and suspension cells. Cells were then
incubated in DMEM with 10 uM berberine for 24 h.
Eventually, cell migration was observed by an inverted
microscopy (BioTeK; Vermont, USA) and the migration
distance was calculated by the change in wound size during the
24 h period using adobe Photoshop c¢S6 software (Adobe
Systems, Inc., headquartered in San Jose, California, USA). The
experiment was performed in triplicate. The specific statistic
method is as followed. g = 0 h wigth—24 h wige, The wound
healing = /A\iam in BBR group //A\yiam in CON group x 100%.
The results were analyzed using Image] (National Institutes of
Health, Bethesda, MD, USA).

Transwell assay

Transwell assay was performed as previously described (Sun ef al.,
2019a). PANC-1 and PANC-02 cells were treated with 10 uM
berberine for 24 h. A 8 um pore-size of Transwell chamber
(Corning Costar; Cambridge, USA) was obtained and coated
with a thin layer of 0.25 mg/ml Matrigel Basement Membrane
Matrix (BD Biosciences) at 37°C for 30 min. Briefly, PANC-1
and PANC-02 cells were incubated in 100 pl of serum-free
medium and berberine (Cells: 10 M) for 24 h respectively.
Complete medium (600 pl) containing 10% FBS was added to
the lower chamber. Triplicate wells were used for each group.
The cells were allowed to migrate through the filters for 24 h in
a humidified incubator at 37°C with 5% CO,. Cells attached
to the lower surface of the membrane were fixed in 4%
paraformaldehyde for 30 min and stained with 0.1% crystal
violet for 20 min at room temperature. A cotton swab was
used for wiping off the cells on the upper surface of the
filters. The number of stained cells on the lower surface of the
filters was counted under a fluorescence microscope at
20 x magnification. A total of five fields of view were counted
for each Transwell filter. The results were analyzed using
Image] (National Institutes of Health, Bethesda, MD, USA).

RNA isolation and quantitative reverse transcription PCR

PANC-1 and PANC-02 cells were treated with 10 uM berberine
for 48 h. Cells were washed and resuspended in ice-cold Trizol
LS Reagent (Invitrogen; Carlsbad, USA) and then total mRNA
was extracted by an RNA Easy Kit (Invitrogen) according to the
manufacturer’s instructions and prepared for subsequent
experiments. Total mRNA was extracted from orthotopic
pancreatic tumors from C57BL/6 mice treated with berberine.
The concentration of mRNA was measured by a
microspectrophotometer, with the ratio of OD260/0D280 >
1.8. Furthermore, reverse transcription was performed using
the Prime Script TM RT Reagent Kit (TaKaRa; Dalian,
China) and all reverse-transcription of total RNA into cDNA
was performed using the SYBR® Premix Ex TaqTM (Roche
Diagnostics, Basel, Switzerland) system on a Light Cycler 480
IT machine (Roche; Basel, Switzerland). Specific forward and
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reverse PCR primers were designed using a PRIMER5/NCBI
system. B-actin served as an internal control in all reactions.
Quantitative reverse transcription PCR was then performed
as previously described (Sun et al., 2019b).

Western blotting

PANC-1 and PANC-02 cells were treated with 10 uM
berberine for 48 h. Total protein was extracted and prepared
for subsequent experiments. Total protein was extracted
from orthotopic pancreatic tumors from C57BL/6 mice
treated with berberine. Western blotting was then
performed as previously described (Domenichini et al., 2019).

Animal

Twenty C57BL/6 male mice were purchased from Liaoning
Changsheng Bioteconology Co., Ltd. (Benxi, China). All
experiments were performed in accordance with the China
Public Health Service Guide for the Care and Use of
Laboratory Animals. Experiments involving mice and study
protocols were approved by Dalian University of Technology.
To generate the PANC-02 orthotopic pancreatic cancer
mouse model, 2 x 10° PANC-02 cells were injected into the
pancreas tissue of male C57BL/6 mice. The animals were
divided into two groups: control group (CON) and berberine
group. Mice in the control group were treated with saline
daily by intragastric (i.g.) administration, whereas mice in the
berberine group were treated with berberine (200 mgkg™")
daily by i.g. administration. Body weight was measured every
2 days. The mice were administered the drugs for 28 days,
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after which they were sacrificed and pancreas tumors were
collected for mechanism research.

Histochemical staining

The collected pancreas tumors were dipped in 4%
paraformaldehyde, embedded in paraffin and cut into small
pieces. Then, according to the manufacturer’s instructions,
sections were performed with hemayoxylin-eosin (H&E)
staining. Besides, to implement immunohistochemical (IHC)
assay, pancreatic sections were also probed with primary
antibody against Ki67. Simple images were derived by using
a light microscope with 200 x magnification (Tao et al,
2020). The THC images were quantified by Image].

Statistical analysis

Data were analyzed using Prism 8.0 statistical analysis software
(GraphPad, San Diego, CA, USA). All the fluorescence and the
flow cytometry were quantified by Image]. Data are expressed
as the mean * standard deviation (SD) of at least three
independent experiments. Differences between two groups
were performed by using an unpaired Student’s t-test,
and the comparisons among multi-groups were detected
through using the one-way analysis of variance (ANOVA).
P values < 0.05 were deemed statistically significant.

Results

Berberine inhibits the viability of PDAC cells
Berberine is a naturally occurring compound that has anti-
tumor effects against a variety of tumor types, such as
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FIGURE 1. Effect of berberine on PDAC and normal pancreatic cells. (A-B) Viability of PANC-1, ASPC-1, SW1990, BXPC-3, and PANC-02
cells treated with berberine. (C-D) Viability of BXPC-3 and H6C7 cells treated with berberine. Data are expressed as the mean + SD. (A-B)
Statistical differences were analyzed using the one-way analysis. *P < 0.05, *P < 0.05, ¥P < 0.05, *P < 0.05, and *P < 0.05 vs. control cells; (C-D)
Statistical differences were analyzed using the unpaired Student’s ¢-test. ***P < 0.001 vs. H6C7 cells.
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hepatoma, breast cancer, and colon cancer. To investigate the
effect of berberine on PDAC, the PDAC cell lines PANC-1,
ASPC-1, SW1990, BXPC-3, and PANC-02 were treated with
various concentrations of berberine (0.125-160 pM) for 48
and 72 h. Cell viability was then measured by MTT assay. As
shown in Figs. 1A and 1B, berberine markedly reduced cell
viability in a time- and dose-dependent manner. We then
tested the normal pancreatic cell line H6C7. As shown in
Figs. 1C and 1D, the viability of H6C7 cells was significantly
higher than that of the PDAC cells BXPC-3 after treatment
with the same concentration of berberine. These results
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showed that berberine inhibited PDAC cell viability and had
a selective killing effect on PDAC cells.

Berberine inhibits PCSCs in PDAC

The acquisition of stem-like characteristics by PDAC cells serves as
a critical driver of cancer proliferation. Sphere-formation ability is
one of the main characteristics of PCSCs. Compared with its effect
on control cells, the BBR group which berberine was treated with
10 uM or 40 uM for one week decreased the sphere-formation
ability of PANC-1 and PANC-02 cells in a dose-dependent
manner (Figs. 2A and 2B). We then evaluated the PCSC
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FIGURE 2. Effect of berberine on PCSCs. (A-
B) Sphere-formation ability of PANC-1 and
PANC-02 cells after berberine treatment.
(C-D)  Proportion of CDI133"CD44"
PANC-1 and PANC-02 cells determined by
flow cytometry after treatment with 10 pM
berberine for 48 h. (E-F) CD44 and CD133
expression in PANC-1 and PANC-02 cells
determined by immunofluorescence after
treatment with 10 uM berberine for 48 h.
(G-H) PCSC-related gene expression levels
in PANC-1 and PANC-02 cells after
treatment with 10 uM berberine for 48 h.
Data are expressed as the mean + SD.
Statistical differences were analyzed using the
unpaired Student’s t-test. **P < 0.001 vs.
control cells.
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markers CD44 and CD133 by flow cytometry and found that the
proportion of CD44"CD133" cells treated with 10 uM berberine
for 48 h was decreased (Figs. 2C and 2D). Furthermore,
immunofluorescence analysis confirmed that the proportion of
CD44"CD133" cells incubated with 10 pM berberine for 48 h
was decreased similarly (Figs. 2E and 2F). To further investigate
the inhibitory effect of berberine on PCSCs, we measured the
expression levels of the PCSC-related genes encoding OCT4,
Nanog, SOX2, CD44, and CD133. As shown in Figs. 2G and
2H, berberine suppressed the mRNA and protein expression
levels of these genes. In conclusion, these findings confirmed that
berberine inhibits PCSCs proliferation in vitro.

Berberine inactivates the EMT signaling pathway
Migration ability is involved in the stemness of PCSCs. We
assessed the migration capacity of PANC-1 and PANC-02 cells
using wound-healing assays. The results showed that compared
with cells in the control group, PANC-1 cells and PANC-02
cells in the berberine group spread slower to the wound area
after 24 h of incubation (Figs. 3A and 3B). In addition,
transwell migration assay results demonstrated that berberine
decreased the number of PANC-1 and PANC-02 cells passing
through the polyester fiber membrane (Figs. 3C and 3D).
Activation of the EMT signaling pathway is a characteristic
of CSCs. Snail, Twist, vimentin, N-cadherin, and E-cadherin are
the main biomarkers of EMT. We measured the mRNA and
protein levels of genes involved in the EMT of PANC-1 and

PANC-1
(A)
CON BBR
0h
24 h 1s
©
CON BBR

120

5

£ 8 &

Migration percentage (%)
8

B)

00 - coN CON BBR

£ ooser  E-ead = | 120k0a

é 0 N-cad . ——. | 105kDa

{Egmn Vimentin | .~ o | 55kDa

_;‘:: & Snail | 26KkDa

2 Twist | @@= - | 29kDa
0 i 5 o e,_o"' ’vp“ p-actin [ | 42kDa

<& o S

2261

PANC-02 cells. The results showed that berberine
downregulated the levels of N-cadherin, vimentin, Snail, and
Twist and upregulated the levels of E-cadherin expression at
both the mRNA and protein levels (Figs. 3E and 3F).

Thus, our results showed that berberine decreased the
stemness of PCSCs by regulating the EMT signaling pathway.

Berberine inhibits PDAC proliferation and PCSCs proliferation
in vivo

The above experiments showed that berberine inhibited
PDAC proliferation in vitro. To determine the effect of
berberine on PDAC cell proliferation in vivo, we established
a PANC-02 orthotopic pancreatic cancer model in C57BL/6
mice. As shown in Fig. 4A, berberine reduced the size of
orthotopic pancreatic tumors. Hematoxylin and eosin
(H&E) staining showed that the mucus surrounding the
PDAC lesions clearly decreased after berberine treatment
(Fig. 4B). Ki67 marker was then assessed to evaluate cell
proliferation. The expression levels of Ki67 decreased
significantly after treatment with berberine (Fig. 4C). Thus,
these results indicated that berberine markedly inhibited the
proliferation of PDAC cells in vivo. Consistent with these
results, CD133 and CD44 immunofluorescence showed that
berberine decreased the number of PCSCs (CD44"CD133%)
in vivo (Fig. 4D). As shown in Fig. 4E, berberine
significantly reduced the expression levels of OCT4, Nanog,
SOX2, CD44, and CDI133. In addition, berberine clearly
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FIGURE 3. Effect of berberine on the stemness of PCSCs and EMT. (A-B) Migration ability of PANC-1 and PANC-02 cells in wound-healing
assays after treatment with 10 pM berberine for 24 h. (C-D) Invasion ability of PANC-1 and PANC-02 cells in transwell assays after treatment
with 10 uM berberine for 24 h. (E-F) EMT-related gene expression levels in PANC-1 and PANC-02 cells after treatment with 10 uM berberine for
48 h. Data are expressed as the mean + SD. Statistical differences were analyzed using the unpaired Student’s ¢-test. ***P < 0.001 vs. control cells.
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inhibited EMT, which was consistent with the in vitro data
(Fig. 4F). In agreement with the in vitro results, these data
further confirmed that berberine inhibited PCSCs and the
EMT signaling pathway in PDAC in vivo.

Discussion

PCSCs are associated with PDAC proliferation, metastasis,
and apoptosis (Domenichini et al, 2019; Subramaniam et
al., 2018; Zheng et al., 2015). Previous studies have shown
that PCSCs are important mediators of therapy resistance

t-test. P < 0.001 vs. controls.

and cancer relapse in PDAC (Domenichini et al., 2019; He
et al., 2018; Stoica et al, 2020). Our results demonstrated
that berberine inhibited the proliferation and stemness of
PCSCs (Figs. 1 and 2). Furthermore, we showed that
berberine decreased the number of PCSCs by inhibiting
EMT. In addition to its effect on EMT, berberine inhibits
CSC stemness by downregulating the PI3K/Akt and Ras-
Raf-ERK signaling pathways in neuroblastoma (Naveen et
al., 2016). In addition, berberine reduces the stemness of
CSCs through the SDF-1/CXCR4 signaling pathway in acute
myeloid leukemia (Li et al, 2008). These results indicate



BERBERINE INHIBITS PCSCS THROUGH EMT PATHWAY

that berberine may be a candidate for PDAC therapy by
targeting PCSCs.

Abnormal energy metabolism is one of the main features
of tumors. It causes the proliferation of CSCs, which is a
critical factor in oncogenesis and tumor progression (Kim,
2019). AMP-activated protein kinase (AMPK), a sensor of
cellular energy, is involved in cancer development by
regulating energy metabolism (Pan et al, 2017b). Cheng et
al. (2016) showed that methylisoindigo preferentially
reduces the number of PCSCs by activating AMPK in
PDAC. Furthermore, Wang et al. (2019b) showed that the
activation of AMPK decreases CSC stemness in prostate
cancer. Moreover, our previous study showed that AMPK is
one of the main targets of berberine. Berberine enhances the
chemosensitivity of breast cancer to doxorubicin in vivo and
in vitro by regulating the AMPK-HIF-la-P-gp pathway
(Pan et al.,, 2017a). Furthermore, Xu et al. (2017) reported
that AMPK activation inhibits EMT in cervical cancer.
Importantly, in PDAC, EMT can also be negatively
regulated via the activation of AMPK (Sun et al., 2019a).
Hence, we speculated that AMPK may be one of the targets
of berberine in the regulation of EMT in PDAC.

As a naturally occurring compound, berberine has fewer
side effects and better safety than some chemotherapy drugs.
Our results also showed that berberine did not affect
safety-related serological indicators or animal body weight
(Supplemental Fig. 1) (Pan et al, 2017b; Wu et al., 2021).
Furthermore, berberine did not show toxicity or side effects
after long-term treatment (Supplemental Fig. 1). In addition
to its anti-cancer effects, Gu ef al. (2021) demonstrated that
berberine suppresses bone loss and inflammation in ligature-
induced periodontitis. Moreover, recent study have declared
the pharmacokinetics and pharmacological activities of
berberine in diabetes mellitus treatment (Han et al, 2021).
Similarly, berberine has excellent therapeutic effect on
cardiovascular disease (Feng et al., 2019), obesity (Ilyas et al,
2020), and neurodegenerative disorders (Fan et al, 2019).
Therefore, berberine, as a classical ingredient of Chinese
medicine, has therapeutic effects on a variety of diseases.

Berberine was shown to have selective anti-cancer effects
on PDAC cell lines (Fig. 1). This study also showed that
berberine inhibited the PCSC phenotype and downregulated
the EMT signaling pathway in vitro (Figs. 2 and 3). We
compared tumor weight and other indicators between CON
group and BBR group and the results implied significantly
berberine has an effective treatment (Fig. 4). The limitations
of this study were that, recent study have declared berberine
has amazing therapeutic effects on cancer cells invasion and
metastasis on other tumors like breast cancer. In addition,
berberine has the ability to increase the sensitivity of miR-34a
curing pancreatic cancer. Therefore, we will probe the effect
of berberine in pancreatic cancer drug resistant, invasion and
metastasis in the future. Furthermore, bererine affects other
tumors through AMPK pathway and the AMPK is the
upstream of EMT signal pathway. Therefore, AMPK may be
the key target of berberine influencing PCSCs and we will
further explore relative questions in the next research.

In conclusion, our study demonstrates that berberine is a
novel antineoplastic agent that targets PCSCs by inhibiting
EMT signaling in PDAC. These findings indicate that
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berberine is a potential candidate for PDAC therapy and are
expected to promote the further application of berberine.

Conclusion

Our study demonstrates that berberine inhibits the
proliferation of PDAC cells both in vivo and in vitro. The
mechanism of the anti-cancer effect of berberine likely
involves the suppression of PCSCs through the inhibition of
EMT. Therefore, berberine may be a novel antineoplastic
drug for the treatment of PDAC.
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SUPPLEMENTAL FIGURE 1. Safety evaluation of berberine in PDAC. (A) Body weight of mice treated with berberine. (B) Serum alanine
transaminase levels after treatment with berberine. (C) Serum aspartate aminotransferase levels after treatment with berberine. (D) Blood urea
nitrogen levels after treatment with berberine. (E) H&E staining treated with berberine in heart, liver, spleen, lung, kidney tissues. Data are
expressed as the mean + SD. Statistical differences were analyzed using the unpaired Student’s t-test. No significant difference when
compared with controls.
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