International Journal of Biochemistry and Cell Biology 108 (2019) 98-110

Contents lists available at ScienceDirect

Cell Biology

International Journal of Biochemistry
and Cell Biology

journal homepage: www.elsevier.com/locate/biocel

Induction of phosphatase shatterproof 2 by evodiamine suppresses the
proliferation and invasion of human cholangiocarcinoma

Check for
updates

5

Bigiang Zhu™”, Lei Zhao”, Yang Liu®, Ye Jin®, Jing Feng”, Fuya Zhao®, Jiayu Sun®, Rui Geng®,
Yunwei Wei™*

2 Department of Oncological and Endoscopic Surgery, The First Affiliated Hospital of Harbin Medical University, No. 23 You Zheng Street, Harbin 150001, Heilongjiang,
China
Y Translational Medicine Research and Cooperation Center of Northern China, Harbin 150081, Heilongjiang, China

ARTICLE INFO ABSTRACT

Keywords: Cholangiocarcinoma (CCA) is one of the most common fatal carcinomas and is well known to be lack of effective
Evodiamine treatment. Thus, novel therapeutic strategies are greatly needed. Evodiamine, a quinozole alkaloid isolated from
Apoptosis evodia rutaecarpa Bentham, has been demonstrated to exhibit anti-tumor effects on many cancer cells. However,
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little is known in terms of the effects on cholangiocarcinoma. In this study, we studied whether this traditional
Chinese Medicine could serve as new potential therapeutic drugs to treat CCA. We discovered that evodiamine
inhibited CCA cell proliferation and induced apoptosis. Moreover, evodiamine inhibited CCA cell migration and
invasion. Mechanistically, our studies demonstrated that evodiamine inhibited the activation of IL-6 -induced
STAT3 signaling activation, and the inhibitory effect was likely due to the upregulation of phosphatase shat-
terproof 2 (SHP-2), a negative feedback regulator of IL-6/STAT3. Blockage of SHP-2 through small interference
RNA (siRNA) abolished the evodiamine -induced IL-6/STAT3 signaling inhibition. Moreover, in vivo experiment
showed evodiamine inhibited the tumor growth of nude mice bearing TFK-1 xenografts. In summary, our results
implied evodiamine as a promising anti-cancer agent in the treatment of CCA, and the mechanism is likely due to

the inhibition of IL-6/STAT3 signaling with upregulating the expression levels of SHP-2.

1. Introduction

In recent years, cholangiocarcinoma (CCA) becomes the second
most common primary hepatic malignancy in South America and Asia
(Rizvi and Gores, 2017). Surgical resection is the only potentially
curative treatment. However, the resectability rate remains low
(Razumilava et al., 2011; Rizvi et al., 2014). In addition, complete
surgical resection is often followed by local recurrence or metastasis,
and the 5-year survival rate was only 5-10% (Khuntikeo et al., 2014;
Zhimin et al., 2013). Therefore, novel strategies are urgently needed.

Signal transducer and activator of transcription 3 (STAT3) belongs
to the STAT family, is initiated and regulated by interleukin-6 (IL-6)
family cytokine receptor-associated Janus kinase (JAKs), which in-
tegrates signals from extracellular stimuli and regulates the transcrip-
tion of target genes (Vogt and Hart, 2011), participating in oncogenesis,
such as apoptosis inhibitors (Bcl-2, and Survivin), cell-cycle regulators
(cyclin D1) and EMT regulators (MMPs, vimentin) (Burdon et al., 2002;
Qin et al., 2012; Xiang et al., 2016). Recently, many studies have re-
ported that STAT3 plays an important role in metastasis and that its
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expression is negatively correlated with surgical outcome in CCA (Roy
et al., 2017; Tong et al., 2017; Yao et al., 2016). Tanjak et al.(2018)
discovered a significant increase in serum IL-6 concentrations in CCA
patients compared with controls, as well as an elevated positive cor-
relation between IL-6 and the size of the tumor (Mott and Gores, 2007).
Thus, STAT3 signaling is considered a potential therapeutic target in
CCA (Bartolowits et al., 2017; Shi et al., 2017b).

Many anti-tumor strategies have been performed via STAT3 singling
pathway inhibition, such as AZD1480 (Xin et al., 2011), S31-201
(Siddiquee et al., 2007), peptides (Chin et al., 2017; Ma et al., 2014),
specific small interfering RNAs (Liu et al., 2017b) and natural products
(Jin et al., 2017). Recently, we screened evodiamine, a quinozole al-
kaloid isolated from the dried, unripe fruit of evodia rutaecarpa Ben-
tham as a potent and specific STAT3 pathway inhibitor. Previous stu-
dies showed evodiamine has effects on cardiovascular diseases, nervous
system diseases, hepatitis and diabetes (Jiang et al., 2017; Wang et al.,
2013; Wu et al., 2017a; Zhu et al., 2016). Recently, increasing attention
has focused on the anti-cancer effects of evodiamine including hepa-
tocellular carcinoma (HCC), glioblastoma, human urothelial cell
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carcinoma, breast cancer, prostate cancer and lung cancer (Fang et al.,
2014; Hu et al., 2017a; Kan et al., 2007; Shi et al., 2017a; Wang et al.,
2014; Wu et al., 2017b). Importantly, evodiamine have been shown to
exhibit anti-tumor effects via mediating STAT3 signaling pathway
(Yang et al., 2013; Zhao et al., 2015a). Thus, we performed experiments
to find whether evodiamine can be used as a new STAT3 inhibitor ex-
hibiting potential effects on CCA.

In this study, we investigated the effects of evodiamine on CCA cell
growth, apoptosis and metastasis in vitro and in vivo and the molecular
mechanisms responsible for these effects. We report for the first time
that evodiamine induces cell death and suppresses metastasis by in-
fluencing IL-6/STAT3-mediated signaling in CCA, and further study
demonstrated this blockage was mediated by a negative feedback reg-
ulator, SHP-2. In conclusion, we provide experimental evidence for the
potential application of evodiamine as a novel, natural, anti-tumor
treatment for CCA through blocking IL-6-induced STAT3 signaling.

2. Materials and methods
2.1. Cells and culture

Two human CCA cell lines were used, HuCCT-1 and TFK-1. Cells
were incubated in RPMI 1640 medium containing 10% fetal bovine
serum (BI) supplemented with 1% penicillin-streptomycin solution
(Gibco) at 37 °C in a humidified atmosphere of 5% CO,.

2.2. Chemicals and reagents

Evodiamine (purity > 99%) was purchased from Sellevk Chemicals
(USA) and dissolved in dimethyl sulfoxide (DMSO) at 100 mmol/L. The
final concentration of DMSO in the culture medium was maintained at
0.1%, which showed no cytotoxicity to the CCA cells. Sodium perva-
nadate and recombinant human IL-6 were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.3. Cell viability assay

Cells in the logarithmic phase of growth were collected, and 2000
cells were seeded into each well of a 96-well plate and cultured for 24 h
in the medium described above. The indicated concentrations of evo-
diamine were added and incubated with the cells for 24, 48 or 72h.
Finally, cell viability was measured by CCK-8 assay, according to the
manufacturer’s instructions (Dojindo, Japan).

2.4. Colony formation assay

700 cells per 35-mm dish were plated before being treated. Then,
1ml of medium with indicated concentrations of evodiamine was
added to each dish. After 14 days, the cells were fixed using 70%
ethanol and stained using crystal violet (Sigma, USA). Colonies, defined
as a minimum of 50 cells in a group, were counted.

2.5. Hoechst 33258 staining

TFK-1 cells were placed at a final concentration of 5 X 105 cells per
well in a six-well plate, which was pretreated with 0, 20, or 40 uM
evodiamine for 24 h. The cells were subsequently fixed, washed three
times with phosphate buffered saline (PBS), and stained with Hoechst
33258 (Sigma-Aldrich) according to the manufacturer’s protocol.
Apoptotic features were assessed by analyzing chromatin condensation
and by staining the fragments under an inverted fluorescent microscope
(Olympus, Center Valley, PA, United States).

2.6. Apoptosis assay

Cells (2 x 10°/well) in 6-well plates were treated with the indicated
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drug concentrations for 24 h and were then collected and washed twice
in ice-cold PBS. Apoptosis was assessed using an Annexin V-FITC kit
(BD Pharmingen, USA), according to the manufacturer’s instructions,
with a BD Accuri” C6 flow cytometer (Becton-Dickinson, USA).

2.7. Wound-healing assay

TFK-1 cells were seeded into 6-well plates and scraped with the end
of 200ul pipette tips. After the plates were washed with PBS to remove
detached cells, the remaining cells were then incubated in complete
growth medium containing 0, 2, 4 or 8 uM evodiamine solution for
24 h. Cell migration was observed under a phase-contrast microscope at
40 x magnification after 0 and 24 h. TFK-1 cells that had migrated into
the scraped area in six random fields of view were quantified by com-
puter-assisted microscopy.

2.8. Transwell migration assay

Transwell membranes were pre-coated with 50 pl of a 1:1 mixture of
Matrigel and RPMI medium. TFK-1 cells were treated with 0, 4 or 8 uM
evodiamine for 24 h and then harvested. Subsequently, RPMI with 10%
FBS was added to the bottom chamber, and cells treated as indicated
were allowed to incubate for 48 h. Cells that migrated to the bottoms of
the filters were stained with 0.1% crystal violet. Finally, six random
fields of view of each transwell membrane were analyzed and averaged.

2.9. Immunofluorescence assay

TFK-1 cells were seeded into confocal dishes (1 x 10*/well). We
fixed the cells in 4% paraformaldehyde and incubated in 10% goat
serum and 1% Triton to increase cell membrane permeability after the
morphology had returned to normal. We then incubated the cells with
rabbit anti-human anti-p-STAT3 (Tyr705) antibody overnight at 4 °C,
followed by incubation with a red fluorescence-labeled goat anti-rabbit
secondary antibody for 30 min in the dark. Finally, nucleus was stained
using DAPI for 15 min in the dark, and the green and blue fluorescence
intensities were observed by fluorescence microscopy. Each immuno-
fluorescence assay was repeated 3 times.

2.10. siRNA and plasmid transfection

For RNA interference, siRNA negative control (NC) and SHP-2
siRNA were purchased from GenePharma (Suzhou, Zhejiang, China),
The sequences targeting SHP-2 were as follows: 5’- GGAGAACGGUUU
GAUUCUUTT-3’ (siRNA-1) and 5- AAGAAUCAAACCGUUCUCCTC-3’
(siRNA -2). For plasmid overexpression, STAT3C was obtained from
Liaoning Baihao Biological Technology Co. Ltd. (Shen yang, Liaoning,
China). These plasmids or siRNAs were subsequently transfected into
cells using Lipofectamine 2000 reagent (Invitrogen, CA).

2.11. Nucleus protein isolation and western blot

We extracted nucleus protein according to the manufacturer's in-
structions via a nucleus and cytoplasmic protein extraction kit
(Beyotime). Aliquots containing 30 ug of lysed protein were separated
by 10% SDS-PAGE, and the proteins were then transferred onto PVDF
membranes (Millipore, USA). After blocking, the membranes were in-
cubated with specific primary and secondary antibodies. The targeted
protein band was visualized via enhanced chemiluminescence. The
intensity was measured using ImageJ software after normalization to
the corresponding loading control. Primary antibodies were used:
cleaved caspase 3, cleaved caspase 9, Bcl-2, Bax, E-cadherin, vimentin,
MMP-2, MMP-9, p-STAT3 (Tyr705), p-STAT3 (Ser727), STAT3, SHP-1,
SHP-2, TC-PTP, Histone H3 and p-actin (Cell Signaling Technology).
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2.12. Animal studies

Exponentially growing TFK-1 cells were suspended in serum-free
culture medium (at a density of 1 x 107 cells in 0.2mL) and injected
subcutaneously into the right axilla of recipient mice. After 1 week of
implantation, tumor-bearing mice were randomly divided into two
groups (control and 20 mg/kg), with six animals in each group.
Evodiamine was administered to the mice in the treatment group by
intraperitoneal injection every 2 days at 20 mg/kg. Control animals
received intraperitoneal injections of vehicle (10% DMSO and 90%
PBS). Tumor volume was measured using calipers and estimated ac-
cording to the following formula: tumor volume (mm?®) (L x W?)/2,
where L and W represent the length and width of the tumor, respec-
tively. After 4 weeks of treatment, all mice were killed, and tumor tissue
were generated for further analysis.

2.13. Immunohistochemistry

Formalin-fixed, paraffin-embedded sections (4 pM) were depar-
affinized in xylene, rehydrated in graded alcohol, and rinsed in phos-
phate-buffered saline (PBS). Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide in methanol for 20 min. Epitope
retrieval was performed in citrate buffer for 5 min at 100 °C. Slides were
incubated with mouse primary antibodies at 4°C overnight. After
washing three times with fresh PBS, the sections were subsequently
incubated with secondary antibody at room temperature for 30 min. For
visualization of the reaction, the diaminobenzidine-tetrahydrochloride
was stained, then counterstained with hematoxylin, dehydrated and
cover slipped. Two observers without knowledge of the studies’ data
performed evaluation of the staining.

2.14. Statistical analysis

+

All data were expressed as mean * SD of three independent ex-
periments. Statistical significance was determined using Student’s t-test
or ANOVA. A P value of less than 0.05 was considered statistically
significant. Detailed description of Methods can be found in the online
Supporting Information.

3. Results
3.1. Evodiamine inhibits CCA cell proliferation

The chemical structure of evodiamine is shown in Fig. 1A (Fang
et al., 2014). To explore the effect of evodiamine on the growth of CCA
cells, two CCA cell lines, HuCCT-1 and TFK-1, were treated with evo-
diamine at different concentrations (0, 5, 10, 20 or 40 uM) for different
time periods (24, 48 or 72 h), and analyzed by CCK 8 assay. The results
showed that the viability of HuCCT-1 and TFK-1 cells was inhibited by
evodiamine in a time- and dose-dependent manner (Fig. 1B and C). To
determine the long-term growth inhibitory effect of evodiamine, we
pre-incubated HuCCT-1 and TFK-1 cells with evodiamine (0, 20 or
40 uM) for 24 h, washed the cells, and cultured them for 14 additional
days in complete growth medium. As shown in Fig. 1D and E, CCA cell
colony formation was significantly reduced by evodiamine in a dose-
dependent manner. These results suggest that evodiamine inhibits the
proliferation of CCA cells.

3.2. Evodiamine induces apoptosis in human CCA cells

To determine if the inhibitory effect of evodiamine on CCA cells was
associated with apoptosis, TFK cells were stained with Ho-chest33258
and observed under a fluorescence microscope (Fig. 2A). After being
treated with 0, 20 or 40 uM evodiamine for 24 h, nuclear chromatin
condensation and fragmented punctuate blue nuclear fluorescence were
observed in TFK-1 cells, while the control cells were normal and intact
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nuclei. The result suggested that evodiamine might induce CCA cancer
cell apoptosis.

To further verified the pro-apoptosis effect of evodiamine, TFK-1
cells were exposed to the indicated concentrations of evodiamine (0, 20
and 40 pM) for 24 h followed by flow cytometry. As the data showed,
evodiamine significantly increased apoptotic cell populations, and de-
creased the viable cell population compared to the vehicle control
group, in a dose- dependent manner (Fig. 2B). In addition, the activa-
tion of caspase 3 and caspase 9, key molecules of the apoptosis pathway
(Galluzzi et al., 2016), was evaluated by western blot. As expected,
evodiamine induced the cleavage of caspase 3 and caspase 9 in a dose-
dependent manner (Fig. 2C). Furthermore, we examined the protein
expression levels of apoptosis-related genes, including B-cell lymphoma
2 (Bcl-2) and Bcl-2-associated X protein (Bax) (Reyna et al., 2017).
After 24 h of treatment with evodiamine, a significant reduction in Bcl-
2 expression was observed, while Bax levels were significantly in-
creased in a dose-dependent manner (Fig. 2D). Taken together, these
results suggest that the effect of evodiamine on CCA cell viability is at
least partially mediated via apoptosis.

3.3. Evodiamine suppresses CCA cell migration and invasion

To explore the anti-metastasis potential of evodiamine, we first
examined the ability of evodiamine to modify cell invasion and mi-
gration by the Matrigel-based invasion assays and wound-healing as-
says in a low concentration (0, 4 or 8 uM), not induce cell apoptosis.
The results showed that evodiamine significantly inhibited CCA cell
invasion in a dose-dependent manner through Matrigel membrane
(Fig. 3A and C). Additionally, evodiamine dose-dependently decreased
the migration of TFK-1 cells in the wound-healing assay (Fig. 3B and C).
Both the wound-healing and Matrigel-based invasion assays suggested
that evodiamine could inhibit the motility of CCA cells.

Epithelial-to-mesenchymal transition (EMT) is known to be a cri-
tical event in tumor invasion and migration (Thiery et al., 2009). We
found the 24 h treatment of TFK-1 cells with 0, or 10 uM evodiamine
changed CCA cell morphology from fibroblast-like mesenchymal phe-
notype to round, epithelioid phenotype. (Fig. 3D). To further assessed
the results, the protein levels of matrix metalloproteinase-9 (MMP-9),
matrix metalloproteinase-2 (MMP-2) and vimentin, which are typical
EMT markers (Torzilli et al., 2012), were significantly reduced after the
treatment of evodiamine, whereas expression levels of the epithelial
marker E-cadherin was greater in the evodiamine-treated group than in
the control group (Fig. 3E). Accordingly, the anti-metastasis activity of
evodiamine observed in the wound-healing and Matrigel-based inva-
sion assays might be at least partially due to reversing the EMT change
of CCA cells.

3.4. Inhibitory effects of evodiamine on CCA cell proliferation and
metastasis are dependent on the suppression of IL-6/STAT3 activation

The results presented above suggest that evodiamine is a wide-
spectrum inhibitor of tumor cells on various aspects of cell biology:
suppressing cell proliferation, migration and invasion, and promoting
apoptotic cell death. While these effects together might account for the
anti-CCA efficacy of evodiamine, we intended to further decipher the
underlying molecular and signaling mechanisms. To this end, we con-
ducted the following experiments.

First, we investigated the potential involvement of STAT3 that are
known to be critical to the growth and metastasis of CCA cells. TFK-1
cells were treated with various concentrations of evodiamine (0, 5, 10,
20 or 40 uM) for 24 h or treated with 20 uM evodiamine for various
times (0, 1, 2, 4 or 8h). Our data demonstrated that evodiamine sig-
nificantly decreased the phosphorylated /activated form of STAT3
(Tyr705; p-STAT3) in dose-dependent manner and time-dependent
manner, whereas the total STAT3 protein expression was unchanged
(Fig. 4A and B). In addition, we tested another phosphorylation site of
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Fig. 1. Evodiamine inhibits CCA cell proliferation.
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The inhibitory effects of evodiamine on the survival of HuCCT1 and TFK-1 cells. (A) Chemical structure of evodiamine. (B & C) Cell viability of HuCCT-1 and TFK-1
was assessed by CCK8 assay and presented as percent of control. (D & E) The anti-proliferative effect of evodiamine on CCA cells was assessed by colony formation
assay. The data are expressed as the mean SD of 3 replicate experiments. Significant differences from the control are indicated by *P < 0.05, **P < 0.01,

***p < 0.001.

STATS3 at Ser727. However, data showed that there was no significant
change. Second, to examine whether evodiamine suppressed STAT3
activation by inhibiting the upstream signaling component IL-6 (inter-
leukin-6) that normally induces STAT3 phosphorylation in CCA cells,
we pretreated the CCA cells with evodiamine (20 uM) for 24 h followed
by stimulation with various concentrations of IL-6 (0, 10 or 20 ng/ml)
for 15min. As shown in Fig. 4C, the IL-6 induced-STAT3 phosphor-
ylation in a does dependent manners, and was reduced by evodiamine.
Consistently, immunofluorescence assay also exhibited a significant
decrease in p-STAT3 by evodiamine (Fig. 4D). Moreover, Western blot
data further unraveled that the level of nucleic STAT3 was reduced by
evodiamine, leaving total STAT3 unaltered (Fig. 4E). These data in-
dicated that evodiamine prevents the translocation of STAT3 from the
cytoplasm to the nuclei through suppressing its phosphorylation.

In order to further verify the role of STAT3 in mediating the cellular
effects of evodiamine, we transfected the TFK-1 cells with a STAT3C
plasmid or an empty vector as a negative control, which is con-
stitutively activated but not tyrosine phosphorylated (Sakaguchi et al.,
2012; Weissenberger et al., 2010). Following transfection, the cells
were treated with evodiamine at various concentrations for 24 h, and
the CCK-8 assay was performed to measure cell growth. Our results
showed that the growth of TFK-1 cells was inhibited by evodiamine in a
dose-dependent manner, which was partially reversed by STAT3C
overexpression (Fig. 4F), indicating that the inhibitory effect of evo-
diamine on CCA cell growth is dependent on the suppression of p-
STAT3. As expected, the levels of cleaved caspase 3 and cleaved caspase
9 were decreased, whereas those of MMP-2 and MMP-9 were increased
after STAT3C overexpression (Fig. 4G). p-STAT3 is a key upstream
regulator that influences the expression levels of downstream proteins,
which plays important roles in STAT3-mediated apoptosis and EMT
(Rokavec et al., 2014). In addition, western blot was also performed to

show that evodiamine-induced apoptosis and EMT related proteins
changes were partially reversed by STAT3C overexpression (Fig. 4H).
Accordingly, these results indicated CCA cells inhibition by evodiamine
likely through IL-6/STAT3 pathway.

3.5. Inhibitory effect of evodiamine on p-STAT3 (Try705) is mediated by
SHP-2

It has been reported that Numerous protein tyrosine phosphatase
(PTPs) are negative regulatory factors of STAT3 Tyr705 phosphoryla-
tion. Thus, we wondered whether evodiamine-induced inhibition of
STATS3 could be due to activation of PTPs. TFK-1 cells were treated with
PTP inhibitor sodium pervanadate at different concentrations for 1h,
and with additional 20 uM evodiamine for 2h. As shown in Fig. 5A,
sodium pervanadate reversed the evodiamine-induced suppression of
STATS3 activation in a dose-dependent manner. This result suggests that
PTPs are involved in the inhibition of STAT3 Tyr705 phosphorylation
by evodiamine. To identify which PTP is mediated by evodiamine, the
expression levels of SHP-1, TC-PTP and SHP-2 protein was analyzed in
TFK-1 cells. However, there were no obvious changes in the expression
levels of SHP-1 and TC-PTP (Fig. 5B), but treatment with evodiamine
led to increased expression levels of SHP-2 at the protein level (Fig. 5B).
In addition, immunofluorescence assay also conformed the increased
protein expression in SHP-2 by evodiamine (Fig. 5C). To validate the
role of SHP-2 in suppressing the STAT3 signaling, we next explored the
influence of gene silencing. TFK-1 cells were transfected with SHP-2 or
NC siRNA for 48 h and then treated with 20 pM evodiamine for 2 h. As
shown in Fig. 5D, knockdown of SHP-2 by small interfering RNA dra-
matically reversed the effect of evodiamine on STAT3 phosphorylation
at Tyr705. In addition, TFK-1 cells were transfected with SHP-2 or NC
siRNA for 48h and then treated with 20 uM evodiamine for another
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Fig. 2. Evodiamine induced apoptosis in CCA cells.

The pro-apoptosis effects of evodiamine on TFK-1 cells (A) Apoptosis was assessed using Hoechst 33258, and apoptotic features were assessed by observing chromatin
condensation and fragment staining (original magnification, x 200) (B) Detection of apoptosis via Annexin V/PI staining (X-axis: annexin V; Y-axis: PI) and analyzed
by flow cytometry. (C & D) The protein levels of cleaved-caspase-3, cleaved-caspase-9, Bcl-2 and Bax were measured by Western blot. -actin served as the loading
control. The data are expressed as the mean SD of 3 replicate experiments. Significant differences from the control are indicated by *P < 0.05, **P < 0.01,

***p < 0.001.

24 h followed by western blot analysis. Fig. S5E showed evodiamine-
induced cell apoptosis and EMT changes were reverted by knockdown
of SHP-2. Our results demonstrated that the increase in SHP-2 expres-
sion induced by evodiamine may be associated with the down-
regulation of constitutive STAT3 activation.

3.6. Evodiamine inhibits tumor growth in vivo in xenograft tumor-bearing
nude mice

To explore the effects of evodiamine on tumor growth in vivo, TFK-1
CCA xenografts were established and grew to a size of 112 mm3, after
which evodiamine was given i.p. every 2 days for 4 weeks. We then
examined the ability of evodiamine to suppress tumor growth in vivo. In
general, tumors in the control group grew continuously during the
experimental period, whereas tumor growth was significantly sup-
pressed in the evodiamine group (Fig. 6A). The average weight of tu-
mors in the evodiamine-treated animals was 0.99 g, whereas that of
tumors in the control animals was 0.18 g (Fig. 6B). The volume changes
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over the experimental period are provided in Fig. 6C. To evaluate
whether evodiamine administration affects normal physiology, we
treated non-tumor-bearing mice at the same dose of every 2 days at 20
mg/kg for 4 weeks. No apparent toxicity-related events or significant
body weight changes were observed in the evodiamine-treated animals
(Fig. 6D). To understand the effects of evodiamine on CCA in vivo, we
then measured the expression levels of SHP-2, p-STAT3 (Tyr705),
cleaved caspase 9 and vimentin. The results revealed that evodiamine
treatment reduced the expression levels of p-STAT3 (Tyr705) and vi-
mentin and increased that of cleaved caspase 9 and SHP-2 (Fig. 6E).
Immunohistochemistry was performed in xenograft tissue. Results
showed that evodiamine effectively suppressed the expression levels of
proliferation marker (Ki- 67), metastasis related molecules (vimentin)
and p-STAT3, whereas induced the expression levels of apoptotic
marker (cleaved caspase 3) and SHP-2 in tumor tissues (Fig. 7A&B).
Together, these results reveal a high propensity of evodiamine to inhibit
proliferation and metastasis of CCA in vivo without apparent toxicity-
related events or significant body weight changes.
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Fig. 3. Evodiamine suppresses CCA cell migration and invasion.

The effects of evodiamine on the migration and invasion of CCA cancer cells was explored. (A) Micrographs represent cell migration onto the underside of a transwell
membrane under 100 X magnification. (B) Micrographs represent cell migration under 40 X magnification, before and after injury. (C) The cell number of each field
was counted and averaged. Migrated cells were expressed relative to the control group. (D) Phase contrast microscopy. All images were obtained at a magnification of
x 100. (E)The effects of evodiamine on relative protein expression. The data are expressed as the mean SD of 3 replicate experiments. Significant differences from the

control are indicated by *P < 0.05, **P < 0.01, ***P < 0.001.

4. Discussion

CCA is the second most common hepatobiliary malignancy and has
emerged as one of the leading causes of cancer-related deaths world-
wide (Rizvi et al., 2017). More effective therapeutic approaches are
urgently needed to improve the outcomes of CCA treatment. Evodia-
mine has been used as a traditional Chinese medicine for many years
(Jiang et al., 2017). Previous studies have reported that evodiamine
reduces the phosphorylation of STAT3 (Tyr705) in human colorectal
cancer cells and in HCC (Yang et al., 2013; Zhao et al., 2015a). How-
ever, the effects of evodiamine on CCA and the role of STAT3 in evo-
diamine-mediated CCA inhibition have not yet been investigated. In the
present study, we showed that evodiamine inhibits the cell growth and
invasion through IL-6/ STAT3 signaling axis in CCA cells, and that SHP-
2 is a key modulator of dephosphorylation of IL-6/STAT3. Inhibition of
SHP-2 expression reversed the aforementioned effects of evodiamine. In
a xenograft tumor model, evodiamine elicited impressive anti-tumor
actions to limit tumor growth and metastasis in a mouse xenograft
model of CCA, as indicated by the significant decreases in tumor size in
the evodiamine-treated animals. To our knowledge, this is the first
study to demonstrate the anti-tumor effect of evodiamine and its un-
derlying mechanism in CCA cancer cells.

Apoptosis, i.e., programmed cell death, plays a vital role in elim-
inating mutated or malignant cells (Bhola and Letai, 2016; Zhang et al.,
2016). Various natural compounds are known to prevent the growth of
tumor cells through inducing apoptosis (Dvorakova and Landa, 2017;
Hu et al., 2017b). Previous studies have shown that evodiamine inhibits
the growth of HCC cells and colorectal cancer cells by inducing apop-
tosis (Wang et al., 2008; Yang et al., 2013). Our data also demonstrate
that CCA cells treated with evodiamine exhibit specific morphological
changes consistent with apoptosis. In addition, flow cytometry data
further indicated that the percentage of apoptotic CCA cells
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dramatically increased following treatment with evodiamine. Persistent
STAT3 activation suppresses the expression levels of anti-apoptotic
proteins and up-regulates the expression levels of pro-apoptotic pro-
teins. Bax and Bcl-2have been reported to be involved in the mi-
tochondria-associated apoptosis pathway (Altieri, 2013; Moldoveanu
et al., 2014). Increased levels of Bax and decreased levels of Bcl-2 can
lead to a loss of mitochondrial membrane potential and trigger a series
of apoptotic events, including the activation of caspase 9 and caspase 3.
Cleaved caspase 9 further activates caspase 3, a key enzyme in the in-
trinsic apoptosis pathway, to induce subsequent apoptotic events
(Kermer et al., 2000). In the present study, we found that evodiamine
decreased the Bcl-2 level and increased the levels of Bax and cleaved
caspase 3 and caspase 9. Therefore, evodiamine might induce apoptosis
via the mitochondria-associated apoptosis pathway in CCA cells.

We also found that evodiamine effectively suppressed CCA cell
migration and invasion. It is well known that the EMT is a major factor
in the invasion and migration of cancer cells (Li and Li, 2015). The cell
status of mesenchymal-like phenotype and epithelial-like phenotype
can be transformed for each other when conditions change. When cells
undergo the EMT, epithelial markers, such as E-cadherin, decrease,
whereas mesenchymal markers, such as vimentin, MMP2 and MMP9,
increase (Qin et al.,, 2012). We demonstrated that evodiamine sig-
nificantly inhibited the migration and invasion of CCA cells and re-
duced the expression levels of MMP-2 and MMP-9 while increasing the
E-cadherin protein expression in a dose-dependent manner. These
findings indicate that evodiamine could suppress CCA migration and
invasion via reversing CCA cells EMT.

Different mechanisms underlying the anti-tumor effects of evodia-
mine have been reported in different types of tumor cells (Yang et al.,
2018; Zhao et al., 2015b; Zhong et al., 2015). STAT3 activation is in-
itiated by phosphorylation, followed by dimerization and translocation
into the nucleus, where it regulates the transcription of target genes
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Fig. 4. The inhibitory effect of evodiamine on
CCA cell proliferation is dependent on the
suppression of persistent IL-6/STAT3 activa-
tion.

Inhibitory effects of evodiamine is dependent
on the suppression of persistent STAT3 activa-
tion. (A & B) TFK-1 cells were treated with
evodiamine for the indicated concentrations
and indicated time, followed by western blot.
(C) TFK-1 cells were pretreated with evodia-
mine (20 uM) for 24h and then stimulated
with indicated concentrations of IL-6 (0, 10 or
20ng/ml) for 15min, followed by Western
blot. (D) Representative fluorescence micro-
scope images revealed the nucleus levels of
STAT3 (red). (E) The expression levels of
STAT3 in whole-cell lysates and nucleus were
analyzed by western blot. (F) TFK-1 cells were
transfected with empty vector or STAT3C
plasmid for 24h and then treated with evo-
diamine at the indicated concentrations for
24h. Cell viability was measured by CCK8
assay. (G) Cell lysates from EV or STAT3C-
transfected TFK-1 cells were analyzed by wes-
tern blot. (H) TFK-1 cells were transfected with
STAT3C or empty vector (EV) for 48 h followed
by evodiamine treatment for 24h. Relative
protein levels were measured by Western blot.
The data are expressed as the mean SD of 3
replicate experiments. Significant differences
from the control are indicated by *P < 0.05,
**p < 0.01, ***P < 0.001, #P < 0.05 and
##P < 0.01.
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(Vogt and Hart, 2011), participating in oncogenesis, such as apoptosis
inhibitors (Bcl-2, and Survivin), cell-cycle regulators (cyclin D1) and
EMT regulators (MMPs, vimentin) (Burdon et al., 2002; Qin et al., 2012;
Xiang et al., 2016). IL-6 is often expressed when there are stimuli that
are associated with cell damage or the expression of other pro-in-
flammatory cytokines (Banerjee and Resat, 2016). It can be
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overexpressed during inflammation and then lead to the activation of
JAK proteins, which are responsible for intracellular signalling and the
subsequent phosphorylation of STAT transcription factors, in particular
STAT3 (Johnstone et al., 2015). In addition, A few studies demon-
strated that IL-6 is partly produced by CCA cells acts by an autocrine
mechanism (Wehbe et al., 2006). The IL-6/STAT3 signaling plays an
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important role in various human cancers including CCA (Lin et al.,
2016; Zheng et al., 2014; Zhou et al., 2015). It has been recognized that
STATS3 inhibitors have tumor suppressive effects on various tumors.
AG490, an important STAT3 inhibitor, can induce CCA cell apoptosis
and then subsequently inhibits CCA cell proliferation (Lis et al., 2017;
Liu et al., 2017a). Fuzheng Kang-Ai, a Chinese Herbal Medicine, in-
duces Lung Cancer Cell Apoptosis via STAT3 Pathway. LKB1 inhibits

the progression of gallbladder carcinoma via the suppression of STAT3
pathway (Wang et al., 2018). It is therefore conceivable that STAT3 is a
potential therapeutic target for CCA treatment. Considering evodiamine
has been shown to exhibit a strong inhibitory effect on different types of
cancers. Present studies were performed to find whether the inhibitory
effects of evodiamine was STAT3 phosphorylation (Tyr705) inhibition
in CCA cells. Interestingly, evodiamine-induced inhibition of tyrosine
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Fig. 6. Evodiamine inhibits tumor growth in vivo in xenograft tumor-bearing nude mice.
Effects of Evodiamine on xenograft tumor model (A) Photos of 6 representative tumors excised from the animals of each group are presented to show the sizes of the
resulting tumors. (B) Statistical analysis of tumor weight. (C) Statistical analysis of tumor volume. (D) Statistical analysis of body weight. (E) Protein expression was

analyzed by western blot. The data are expressed as the mean SD of 3 replicate experiments. Significant differences from the control are indicated by *P < 0.05,
**P < 0.01, ***P < 0.001.

phosphorylation was observed for STAT3. STAT3 has two phosphor- secondary event after Tyr705 phosphorylation (Sakaguchi et al., 2012).
ylation sites, Tyr705 and Ser727. The Tyr705 site is the main phos- In our present study, we found that the inhibitory effect of evodiamine
phorylation site of STAT3, and Ser727 phosphorylation is considered a was due to the phosphorylation at Tyr705 site but not Ser727-

106



B. Zhu et al.

0 mg/Kg

Ki 67

Cleaved
caspase 3

Vimentin

Fig. 7. Immunohistochemical characterization of evodiamine treatment mice.

International Journal of Biochemistry and Cell Biology 108 (2019) 98-110

Ki 67

Numbers of

stained cells (%)

N -3 (=} (-3 3
o o =] (=3 =3 =3
|

0 mg/Kg 20 mg/Kg
evodiamine
Cleaved
caspase 3

Numbers of

stained cells (%)
- 8 8 3 3
l ¥

0 mg/Kg 20 mg/Kg
evodiamine

Vimentin

Numbers of

stained cells (%)
n 3 (=23 @ 3
o o o -3 o o
|

0 mg/Kg 20 mg/Kg
evodiamine
p-STAT3
*

1

0 mg/Kg 20 mg/Kg
evodiamine

SHP-2

all

0 mg/Kg 20 mg/Kg
evodiamine

o
£

Numbers of
8 8

Iy
<
0
©
o
-

@
£
)

3

3
T

Numbers of
stained cells (%)
&
=3

8
T
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SD of 3 replicate experiments. (B) The levels of stained cells were quantified. Data are expressed as mean + S.E.M., n = 5 for each group. Significant differences

from the control are indicated by *P < 0.05, **P < 0.01, ***P < 0.001.

phosphorylated site. These results suggest that evodiamine specifically
inhibited phosphorylation of STAT3 at Tyr705 site (Mai et al., 2018).

Several PTPs (eg., SHP-1 (Han et al., 2006), SHP-2 (Yang et al.,
2011), TC-PTP (Lee et al.,, 2017)) were involved in negatively reg-
ulating IL-6/STAT3 pathway signaling. In CCA, the role of PTPs for
inhibition of STAT3 have been rarely reported. Hu et al. showed that
SC-43 activated PTP activity, leading to p-STAT3 and downstream
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cyclin Bl and Cdc2 downregulation, which induced G2-M arrest and
apoptotic cell death in CCA cells (Hu et al., 2017c). Thus, PTPs may be a
promising phosphatase for inactivation of STAT3 signaling in CCA
cancer cells. Our further studies found that evodiamine up-regulated
SHP-2 expression, and suppression of SHP-2 by siRNA abrogated the
inhibitory effect of evodiamine on p-STAT3 (Tyr705) activation in CCA
cells. Evodiamine also up-regulated SHP-2 expression in TFK-1 cell
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Fig. 8. A schematic summary for the inhibition mechanisms of evodiamine on STAT3 signaling pathway in the present study.

xenograft tumor. Therefore, SHP-2 is likely the phosphatase responsible
for evodiamine induced p-STAT3 (Tyr705) dephosphorylation. In ad-
dition, evodiamine had no effects on SHP-1 and TC-PTP. Whether
evodiamine affect other phosphatases requires further investigation. In
addition, SHP-2 knockout mice might a better option for conforming
the results, and it would be used in our further studies.

Various evidence showed that evodiamine regulates cell gene ex-
pression except for our present study. Xiao-Long Yuan et al. showed
that evodiamine inhibits cycle-related genes (e.g. p53, Cdc14, TGF-,
Smad2, GADD45, Chkl, Mcmb5, and Mcm6) (Yuan et al., 2017). Yang
et al. demonstrated that evodiamine regulates autophagy related genes
(e.g. Beclin 1 and LC3) (Yang et al., 2008). Further studies needs to be
performed to explore whether evodiamine have effects on CCA through
these gene regulation. It has been reported that evodiamine also ex-
hibited inhibitory effect on PI3K/Akt/ NF-kB activation in pancreatic
cancer (Zhou and Wu, 2006). There may be relationship between the
blockage of STAT3 (Tyr705) activation and PI3K/Akt/ NF-kB activation
by evodiamine because several genes (e.g., cyclin D1, Bcl-2 and sur-
vivin) related to cell survival and proliferation and are regulated by
STAT3 and PI3K/Akt/ NF-xB were down-regulated by evodiamine.
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However, which mechanism involved in this relationship between
STAT3 pathway and PI3K/Akt/ NF-xB pathway remain to be further
investigated.

The in vivo study revealed a significant reduction in relative tumor
size and volume in the evodiamine-treated animals. In addition, evo-
diamine exhibited low toxicity, and animal weight did not change
significantly over the course of the experiment. Increased protein levels
of cleaved caspase 9 was accompanied by decreased vimentin and p-
STAT3 (Tyr705) expression in the evodiamine-treated animals. These
results are consistent with the in vitro data.

5. Conclusion

In summary, our study found that evodiamine blocked STAT3 sig-
naling pathway for the first time and this blockage was mediated by
induction of SHP-2. (Fig. 8) The inhibition of STAT3 (Tyr705) phos-
phorylation triggered down-regulation of gene products related to cell
apoptosis and cell EMT. And more importantly, evodiamine exhibited
anti-tumor effect in TFK-1 xenograft nude mice model. These results
suggested that evodiamine is a potential candidate to treat CCA.
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