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Summary
Purpose Transdifferentiation exists within stromal cells in the tumour microenvironment. Transforming growth factor-β
(TGF-β) secreted by tumour-associated fibroblasts (TAFs) affects the differentiation states of epithelial cells, including
epithelial-mesenchymal transition (EMT). Evodiamine, a natural drug, can regulate differentiation. However, the specific effects
and relative mechanisms of evodiamine remain unknown. Design We used four models to observe the influence of TAF-like
CCD-18Co cells on the colon epithelial cell line HCoEpiC: the 3D- and 2D-mono-culture system, Transwell and direct co-culture
model. Additionally, we established conditioned medium from CCD-18Co cells. The TGF-β pathway inhibitor LY364947 and
evodiamine were added. Morphological changes and classical EMT markers were observed and detected using phase contrast
microscopy and immunofluorescence. Cell migration was measured by the wound-healing assay. Western blotting was per-
formed to detect the TGF-β/Smad signalling pathway. Results CCD-18Co cells induced EMT-like changes in the 2D- and 3D-
cultured epithelial cell line HCoEpiC, accompanied by high expression of ZEB1 and Snail and the enhancement of migration.
Moreover, CCD-18Co-derived conditioned medium caused dysfunction of TGF-β/Smad signalling in EMT. Evodiamine
inhibited these EMT-like HCoEpiC and their migration. Additionally, evodiamine down-regulated the expression of
ZEB1/Snail and up-regulated the expression of phosphorylated Smad2/3 (pSmad2/3). Evodiamine also increased the ratios of
pSmad2/Smad2 and pSmad3/Smad3. Conclusion Based on our observations, evodiamine can reverse the TAF-induced EMT-like
phenotype in colon epithelial cells, which may be associated with its mediation of phosphorylated Smad2 and Smad3 expression.
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Introduction

Increasing evidence has indicated that the tumour microenvi-
ronment (TME) participates in tumourigenesis. The TME
consists of various cell types, including endothelial cells, leu-
kocytes, epithelial cells, fibroblasts and cancer cells, and com-
plex communication networks exist between cancer cells and
nearby stroma cells. These networks trigger diverse signalling
pathways to stimulate cancer initiation and progression. As
sentinel cells, normal fibroblasts play important functions in
the maintenance of epithelial tissue homeostasis and preven-
tion of the initiation of colon tumourigenesis. Unfortunately,
fibroblasts existing in the TME or tumour stroma exhibit an
activated and a myofibroblast-like phenotype with α-SMA
expression. These fibroblasts are primary cell types within
the stroma and are called cancer-associated fibroblasts
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(CAFs) or tumour-associated fibroblasts (TAFs) [1]. These
TAFs or CAFs promote cancer development and progression
by offering cancer cells a myriad of cytokines and growth
factors [1, 2]. Among these factors, transforming growth
factor-β (TGF-β) is a major active cytokine [3]. TAF-
derived TGF-β can act not only on tumour cells but also on
host cells [4]. The interaction between tumour cells and stro-
mal cells or between TAFs and other stromal cells promotes
the generation of an optimal microenvironment, contributing
to tumour development throughout all the steps of carcinogen-
esis at the microenvironment level [5].

However, TAFs in the TME can also communicate with
other stroma cells, including epithelial cells. An established
form of the communication is epithelial-mesenchymal transi-
tion (EMT) [6]. TAF-secreted TGF-β induces EMT-like phe-
notypes in epithelial cells. The epithelial cells undergoing
phenotypic changes participate in the synthesis of the pro-
fibrotic matrix [7], which provides a pro-tumourigenic local
niche for cancer growth. Therefore, pharmacological inhibi-
tion of the TGF-β/Smad pathway may be an effective and a
promising therapy to suppress the pro-EMT transformation of
epithelial cells.

Evodiamine (Evo), a natural product extracted from herbal
plants such as Tetradium, has been applied to treat multiple
diseases for centuries in China. Evo exerts multiple biological
functions, including cytotoxicity [8], the inhibition of cell mi-
gration and invasion [9], and the induction of apoptosis.
Emerging and increasing studies have focused on its anti-
cancer functions through multiple mechanisms. However,
the influence of Evo on TME is vague.

In the present study, we used a myofibroblast line CCD-
18Co from the colon and extracted its culture supernatant
called the conditioned medium. Next, the normal colon epi-
thelial cell line HCoEpiC (2D model) was induced by the
medium. Simultaneously, two other models, co-culture and
3-dimensional (3D) culture models, were established to ob-
serve the effect of CCD-18Co on HCoEpiC. Interestingly, the
induction of EMT was indeed realized in the above models
and was reversed by the TGF-β1 antagonist and Evo. Our
findings may provide an innovation of Evo for anti-cancer
treatment through regulating the TAF-induced phenotypic
transition of normal colon epithelium.

Methods

Cell line origin and maintenance

The human normal colon epithelial cell line HCoEpiC from the
American Type Culture Collection (ATCC) was purchased
from GuangZhou Jennio Biotech Co., Ltd. (Guangzhou,
Guangdong, China). CCD-18Co, a human colonmyofibroblast
line, was obtained from the ATCC.

HCoEpiC were recovered and cultured in RPMI 1640
(Gibco; 1830908) supplemented with 10% foetal bovine se-
rum (FBS; 1861242; Gibco, USA), 2 g/L of NaHCO3, and 1%
penicillin/streptomycin (Solarbio, 20171222). The CCD-
18Co cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (8117280; Gibco) supplemented with
4.5 g/L of D-Glucose, 10% FBS and 1% penicillin/streptomy-
cin. All the cells were cultured at 37 °C in a humidified atmo-
sphere with 5% (v/v) CO2.

Primary antibodies and reagents

Cultrex® Basement Membrane Extract (BME; PathClear®,
Trevigen, Inc.; 3432–010-01) is a soluble form of the base-
ment membrane purified from a Engelbreth-Holm-Swarm
(EHS) tumour. The extract gels at 37 °C can form a
reconstituted basement membrane. The major components
of the BME include laminin, collagen IV, entactin, and hepa-
rin sulphate proteoglycan.

Evodiamine (Evo) and TGFβ receptor kinase I inhibitor
LY364947 were purchased from Abcam (ab141890 and
ab142427, respectively). The following primary antibodies
were used: rabbit monoclonal anti-vimentin antibody
(ab92547; Abcam), rabbit monoclonal anti-alpha smooth
muscle actin (α-SMA) antibody (ab124964; Abcam), mouse
monoclonal anti-E-cadherin antibody (AF0138; Beyotime
Biotechnology, China), rabbit monoclonal anti-ZEB1 anti-
body (ab203829; Abcam), rabbit monoclonal anti-Snail anti-
body (ab216347; Abcam), rabbit monoclonal anti-Smad2 an-
tibody (AF1300; Beyotime, China), rabbit monoclonal anti-
Smad3 antibody (AF1501; Beyotime, China), rabbit mono-
clonal anti-phospho-Smad2 (Ser250) antibody (AF2545;
Beyotime, China), rabbit monoclonal anti-phospho-Smad3
(Ser423/425) antibody (AF1759; Beyotime, China), rabbit
monoclonal anti-TGF beta Receptor II antibody (Abcam;
ab184948), and rabbit monoclonal anti-Smad4 antibody
(AF1291; Beyotime, China). The secondary antibodies in-
cluded FITC-labelled goat anti-rabbit IgG (H + L) (A0562;
Beyotime, China), Alexa Fluor 488 (AF488)-labelled goat
anti-mouse IgG (H + L) (A0428; Beyotime, China), HRP-
labelled Goat Anti-Mouse IgG(H + L) (A0216; Beyotime,
China), and HRP-labelled Goat Anti-Rabbit IgG(H + L)
(A0208; Beyotime, China).

Preparation of CCD-18Co cell-derived conditioned
medium (CM)

The CCD-18Co cells cultured for 4 generations were collected
and washed three times with PBS to eliminate remnant FBS in
the culture medium. Next, the cells were treated with serum-
free medium for 48 h. The cell supernatants (called condi-
tioned medium, CM) were collected and then were centri-
fuged at 1650 g for 3 min. A series of CCD-18Co cell-derived
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CM with different percent values (from 12.5%, 25%, 50%,
75%, to 100%) was mixed with serum-free RPMI 1640 cul-
ture medium and pre-treated HCoEpiC.

3D culture model

To establish a 3D model, HCoEpiC were cultured on top of a
thick layer of Cultrex® Basement Membrane Extract (BME).
All the procedures were performed according to the specifica-
tions. Briefly, Cultrex® BME was thawed overnight at 4 °C
and then was mixed by slowly pipetting the solution up and
down, avoiding the introduction of air bubbles. Next, 200–
300 μl per cm2 of BME was pipetted into each well of a
twelve-well culture plate, and the coated objects were incubat-
ed at 37 °C for 30 min to allow solidification. Subsequently,
the objects were overlaid with 400 μl of complete medium
containing 1 × 104 trypsinized cells and 3% Cultrex® BME.
Finally, the cells were cultured for 7 days, and the medium
was replaced with fresh medium every 2 or 3 days. Images of
3D morphology were acquired by phase contrast microscopy.

Co-culture model

A classical co-culture system is the Transwell model. Thus,
CCD-18Co cells and HCoEpiC were co-cultured based on a
Transwell system with a 3:1 cell number ratio to mimic the
interactions between cells. In our co-culture system, 3 × 104

CCD-18Co cells were seeded into the ‘bottom’ chamber of a
24-mm Transwell plate and were incubated with 2 ml of
DMEM (10% FBS). Next, 1 × 104 HCoEpiC were cultured
with 1 ml of RPMI 1640 (10% FBS) onto the ‘top’ chamber
of the Transwell plate. These cells were co-cultured for 24 h,
48 h, and 72 h (Fig. 1). Additionally, we created another co-
culture model (named the direct co-culture model). Briefly,

CCD-18Co cells (3 × 104) and HCoEpiC (1 × 104) were first
cultured onto coverslips in a six-well culture plate. Because of
their different media, HCoEpiC were domesticated with 50%
DMEM and 50% RPMI 1640 to adapt to the subsequent co-
culture condition. Next, the coverslips coated with the cells
were placed into the same well of a six-well culture plate to
culture for 24 h, 48 h, and 72 h (Fig. 1), and then 1 ml of
DMEM (10% FBS) was added.

Treatment and induction of HCoEpiC by CM

Grouped HCoEpiC were seeded in a 6-well plate for 2D cul-
ture (Fig. 1). Twenty-four hours post seeding with 80%–90%
cell confluence, the culture medium was replaced with or
without the above different percent values of CCD-18Co
cell-derived CM and was incubated for different time points
(24 h, 48 h, and 72 h). The final volume in the 6-well plates
was 2 ml. During incubation, these CM-treated HCoEpiC and
control cells were photographed every 24 h using a phase-
contrast microscope (Olympus). Additionally, three EMT
markers (E-cadherin, vimentin, and α-SMA) were detected
in these HCoEpiC. In the 3D-cultured HCoEpiC, the media
of the formed multicellular spheroids were replaced with CM-
containingmedia (serum-free), continuing the culture for 24 h,
48 h, 72 h (Fig. 1). Next, the morphological changes were
observed using phase-contrast microscopy.

To inhibit the TGFβ/Smad pathway, HCoEpiC were pre-
treated with LY 364947, a potent and selective ATP-
competitive TGF-β receptor kinase I inhibitor; the treated
concentrations were 0.18 nMol, 1.8 nMol, and 18 nMol for
specified times (24 h and 48 h). Next, these cells were further
induced by CCD-18Co-derived CM. In this situation, an op-
timal interventional effect was observed according to the
phase-contrast microscope and aforementioned EMT

Fig. 1 Schematic diagram for our experimental design. CCD-18Co cells
were cultured and extracted to acquire conditioned medium (CM). The
Transwell system and direct co-culture model of CCD-18Co cells with
the colon epithelial cell line HCoEpiC were established. HCoEpiC
cultured in 2D and 3D models were treated with serum-free 25% CM.

Additionally, HCoEpiC in the 2D model were divided into 6 groups.
Morphological observation in the models was performed using a phase
contrast microscope (Olympus). All the experiments were performed in
triplicate, and the results were similar
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markers. The cell sizes were measured using the image anal-
ysis software Image J (National Institutes of Health, America).
Finally, the cells were harvested for subsequent experiments.

Cell migration detection by the wound healing assay

To perform the in vitro wound healing assay, cells were grown
up to 90% confluence in 35-mm dishes. First, a wound of the
cell layer was generated using a sterile 200-μl pipette tip,
followed by incubation of serum-free culture medium (with
or without CM) for 24 h. Observation of the wound was car-
ried out at 0 h, 6 h, 12 h, 18 h, and 24 h, and the corresponding
images were also collected using a phase contrast microscope.
Next, the degree of healing was measured and quantified ac-
cording to the areas of the wound by image analysis software
Image J (National Institutes of Health, America).

Immunofluorescence (IF) staining

HCoEpiC were plated on 15-mm coverslips pre-placed into 6-
well plates, followed by incubation for 24 h. The media were
replaced with fresh serum-free media containing 25% CCD-
18Co CM, and culture was continued for another 24 h. The
cells undergoing EMT were then treated with evodiamine at
different concentrations, 18 nMol of LY 364947, and 0.1%
DMSO for another 48 h. All the cells were washed three times
with PBS (pH 7.4), fixed with 4% paraformaldehyde for
20 min, and permeabilized with 0.5% Triton X-100 solution
for 30 min (permeabilization of E-cadherin was needless).
Next, these cells were incubated for 30min in blocking solution
(PBS supplemented with 10% sheep serum). After the blocking
solution was removed, the coverslips were incubated with anti-
E-cadherin (1:200), −vimentin (1:300), and -α-SMA (1:300)
primary antibodies at 4 °C overnight. They were then washed
with PBST (PBS supplemented with 0.05% Tween-20) and
incubated with goat anti-mouse AlexaFluor-488 antibodies
(E-cadherin) and goat anti-rabbit FITC antibodies (vimentin
and α-SMA) for 2 h at 37 °C. The cell nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) (C1005;
Beyotime, China) for 3 min at room temperature. The cover-
slips were again washed three times with PBST and were cov-
ered with antifade mounting reagent. Observation was per-
formed under a fluorescence microscope (Olympus) equipped
with a 960S-Fluor oil immersion lens. Additionally, the mean
fluorescence intensity of each image was calculated using
Image-Pro®Plusv6.0 (Media Cybernetics, USA). For represen-
tation, the images were deconvoluted with the deconvolve
three-dimensional (3D) plugin 61 of Image-Pro®Plusv6.0.
The deconvoluted image was pseudo-coloured, and a surface
plot was generated using IPP 6.0.

To quantify the changes in fluorescence, the images were
processed using the Image Pro plus software, Image-
Pro®Plusv6.0. A region of interest (ROI) was drawn around

each cell, and the mean density = (IOD SUM)/(area SUM).
Briefly, the images were converted to those with a grey scale
of 8, and contrast was inverted. The raw intensities were nor-
malized to the mean intensity of the integral optical density
(IOD) for each cell. The IOD and area of the ROI in each cell
were measured. Next, IOD SUM and area SUM were calcu-
lated using view statistics in this software.

Western blotting analysis

Protein extracts were prepared and run as previously described
[10]. Briefly, 10 μg of each protein sample was separated by
10% SDS-PAGE gel and electrotransferred onto a PVDF
membrane at 120 V for 1 h. Subsequently, the membranes
were blocked in Tris-buffered saline Tween (TBST) buffer
(20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.1% Tween-20)
with 10% non-fat milk at 25 °C for 2 h. Next, the membranes
were incubated with the following diluted specific primary
antibodies at 4 °C overnight: E-cadherin (1:500), vimentin
(1:1000), α-SMA (1:1000), ZEB1 (1:1000), Snail (1:1000),
TβRII (1:1000), Smad2 (1:500), Smad3 (1:500), ph-Smad2
(1:500), ph-Smad3 (1:500), Smad4 (1:500), and β-actin
(1:1000). These blotted proteins were subsequently incubated
with the corresponding horseradish peroxidase (HRP)-conju-
gated secondary antibody (1:1000) for 2 h at room tempera-
ture (25 °C). Molecular Imager ® Chemi Doc™ XR+ system
with Image Lab TM Software (Bio-Rad) was used to acquire
all protein bands and intensities.

Statistical analysis

All the data were analysed according using the statistical soft-
ware SPSS 20.0, and a two-tailed test was used in this study.
The data were presented as the mean (M) ± standard deviation
(SD). Differences were considered to be significant if the P
value was less than 0.05 (*P < 0.05). All the data were repre-
sentative of at least three different experiments.

Results

EMT-like phenotype transition in the colon epithelial
cell line HCoEpiC

Although fibroblasts resident in the tumour microenvironment
(TME) have been termed various names including
peritumoural (myo-)fibroblasts, cancer-associated fibroblasts
(CAFs) or tumour-associated fibroblasts (TAFs), and present
some difference with normal fibroblasts [11, 12], them express
common biomarkers, such as α-SMA, fibroblast surface pro-
tein (FSP1) and fibroblast-activated protein (FAP) [11, 12].

Increasingly evidence has shown involvement of TAFs in
tumour initiation and development. These processes are
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largely driven by their secretion of multiple cytokines and
growth factors which have influence on proliferation, adhe-
sion and migration of tumour cells [13, 14]. Perhaps the pro-
motion of tumour cell invasion and migration is the best-
understood function for TAFs. One of the underlying mecha-
nisms is the induction of the epithelial-to-mesenchymal tran-
sition (EMT). EMT is initiated by secreted matrix
metalloproteases or cytokines such as transforming growth
factor-β (TGF-β).

TAFs also affect other stroma cells in TME [15], including
epithelial cells. To verify this notion, we first used the condi-
tioned medium (CM) from CCD18-Co cells, a myofibroblast
cell line [16]. CCD18-Comyofibroblasts play an important role
in the remodelling of the surrounding matrix [17], similar to the
function of TAFs in microenvironment remodelling [18]. Thus,
in our experiment, we selected the CCD18-Co cell line as the
TAF model to evaluate the stromal-epithelial interactions.

We observed, for the first time, that 25% CM with serum-
free RPMI 1640 induced spindle-like morphological changes
in 2D-cultured HCoEpiC after a 24-h treatment compared with
the control (RPMI 1640 with CM-free), as shown in Fig. 2. To
better mimic the communication between the two cells types,
we found a similar phenomenon in the Transwell model
(Fig. 3). Additionally, based on co-culture, we innovatively

used a direct co-culture system in which CCD-18Co cells and
HCoEpiC grew in the same environment for 24 h. Exciting
results also revealed the spindle-shape morphological change
in the treated HCoEpiC, as shown in Fig. 3. Interestingly, under
3D culture, after 5 days with 25% serum-free CM stimulation,
some dispersive cells appeared in the periphery of HCoEpiC
organoids (Fig. 3) compared with those in the blank control
(serum-free without CM), suggesting the occurrence of cell
migration. Enhanced migration is a behaviour of the strength-
ened motility of cells undergoing EMT [19]. In the presence of
CCD-18Co CM, the migration of the cells was obviously pro-
moted (Fig. 4), in contrast to the cells without CM treatment
(Fig. 4). These observations demonstrated that EMT-like
HCoEpiC are induced and exhibit enhanced migration abilities
under CCD-18Co CM stimulation.

Additionally, fluorescence staining revealed that the expres-
sion of epithelial marker E-cadherin was down-regulated, while
that of the mesenchymal markers α-SMA and vimentin was
high-expressed, compared with the control (Fig. 5). The relative
transcription factors ZEB1 and Snail responsible for EMT induc-
tion were also up-regulated in their protein expression (Fig. 6).

Taken together, these observations indicate that in vitro
EMT-like changes of HCoEpiC can be induced by CCD-
18Co cells and may be associated with some active factors

Fig. 2 HCoEpiC were treated
with 25% CCD-18Co-derived
CM, and the EMT-like HCoEpiC
were treated with evodiamine at
different doses. a In the CM
group, HCoEpiC were treated
with 25% CM for 24 h. In the
CM+ LY364947 group, the cells
were co-treated with 25% CM
and 18 nMol of LY364947 for
24 h. b After HCoEpiC were pre-
treated with 25% CM for 24 h,
they were treated with
evodiamine at 16 nMol, 160
nMol, or 320 nMol for another
24 h. All morphological
observations were acquired using
a phase contrast microscope
(Olympus). Bars = 200 μm and
100 μm for × 100 and × 200
magnifications, respectively
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secreted by the latter. To further extend and explore these
observations, a TGF-β receptor kinase I inhibitor LY364947
was used. We found that the EMT-like changes of HCoEpiC
induced by CM were inhibited by 18 nMol LY364947 (Fig.
2). Additionally, the expression of E-cadherin was increased
and that α-SMA and vimentin was decreased (Fig. 5). The
levels of ZEB1 and Snail were also down-regulated by the
intervention of LY364947 (Fig. 6).

Dysregulated TGF-β/Smad signalling during the CCD-18Co
CM-induced EMT in the HCoEpiC

The above results indicated that in vitro EMT in HCoEpiC can
be induced by CCD-18Co cells, and this induction may be
driven by TGF-β. To further explore and confirm the theory,
we detected TGF-β/Smad signalling using western blotting.

The binding of TGF-β to TGF-β receptors (TβRI and
TβRII) promotes Smad2/3/4 complex formation and translo-
cation to the nucleus (Smad pathway), leading to transcrip-
tional regulation of multiple target genes [20]. Thus, this clas-
sical Smad pathway plays an important role in TGF-β-
induced tumour suppressor functions in normal epithelium
and in the early stage of tumour progression [21]. Notably,
among these targets mediated by Smads, some genes are re-
lated to EMT [22]. As shown in Fig. 6, TβRII expression was
increased during the EMT of HCoEpiC. Simultaneously, in-
creased expression levels of classical Smads, including
Smad2 and Smad3, were observed in the EMT-like
HCoEpiC. Additionally, as a common molecular partner of
receptor-regulated Smads (RSmads), Smad4 in the nucleus
and RSmads (Smad2 and Smad3) form a complex associated
with additional DNA-binding cofactors, and then bindingwith

high affinity and selectivity to specific target genes are
achieved [23]. In this scenario, TGF-β stimulates the occur-
rence of EMT through Smad-dependent transcriptional
events. As shown in our study, with CM treatment, high-
expressed Smad4 appeared in HCoEpiC undergoing EMT.
Surprisingly, both pSmad2 and pSmad3 expression levels
were down-regulated (Fig. 6). Additionally, CCD-18Co re-
duced the ratios of pSmad2/Smad2 and pSmad3/Smad3
(Fig. 6). With the addition of LY364947, the above phenom-
ena were inverted (Fig. 6).

These observations suggest that the dysregulation of
TGF-β/Smad signalling is activated in HCoEpiC undergoing
EMT induced by CM from CCD-18Co cells, and TGF-βmay
be involved in the communication between epithelial cells and
TAFs.

Reversion of EMT and repression of migration by evodiamine

As a natural product, evodiamine (Evo) exerts multiple phar-
macological anti-cancer activities, including cytotoxicity [8],
inhibition of cell migration and invasion. These activities are
related to Raf/MEK/ERK signalling [9] or repression of
MMP-2 expression [24]. Additionally, a study by Wei has
shown that evodiamine inhibits TGF-beta1-induced EMT in
NRK52E cells via the Smad and PPAR-gamma pathway [22].
However, whether Evo has the same inhibitory effects on
TAF-induced EMT in colon epithelial cells remains unknown.

As expected, 160 nMol and 320 nMol Evo significantly
reverted the EMT transition of HCoEpiC (Fig. 2). Similarly,
we found the inhibitory effect of Evo on the migration of
HCoEpiC undergoing EMT, especially at 160 nMol and 320
nMol Evo (P < 0.05) (Fig. 4), but its effect was not obvious

Fig. 3 Induction of CCD-18Co in 2D- and 3D-cultured HCoEpiC. In the
2D-cultured cells, two models, Transwell and direct co-culture, were used.
The morphological features between CCD-18Co and HCoEpiC were
different. CCD-18Co cells presented were spindle shaped, with a wide
intercellular space and prolonged cell length, while HCoEpiC were
characterized by a Bpaving stone^ and polygonal shape with a tight
intercellular space. CCD-18Co cells and HCoEpiC in the two models

were co-cultured for 24 h. Bars in the 2D model = 200 μm and 100 μm
for × 100 and × 200magnifications, respectively. In the 3D-culturedmodel,
when the multicellular spheroids were formed, the cells were treated with
25% CCD-18Co CM for 5 days. The control group comprised HCoEpiC
without CCD-18Co treatment. Bars in the 3D model = 300 μm and
150 μm for × 100 and × 200 magnifications, respectively
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at 16 nMol. Additionally, its anti-migration effect seems not
to be associated with the doses of Evo due to no statistical
significance between 160 nMol and 320 nMol. The observa-
tions revealed that the repressive effect of Evo on migration
needs to reach a certain dose. As shown in Fig. 5, Evo
promoted de novo expression of E-cadherin and down-
regulation of α-SAM and vimentin (P < 0.05) in a dose-
dependent manner compared with the CCD-18Co CM
group. Although its influence on α-SAM is non-significant
at the protein level (Fig. 5e-f), Evo indeed exerted the activ-
ities of anti-EMT and anti-migration.

Regulation of pSmad2/3 in the TGF-β pathway by evodiamine

The aforementioned results have revealed the anti-EMT and
anti-migration effects of Evo. Thus, we determined whether
these effects occurred through the regulation of TGF-β/Smad
signalling. We found that Evo remarkably reduced the expres-
sion levels of ZEB1 and Snail (P < 0.05, Fig. 6), especially at
160 nMol and 320 nMol. The results demonstrated that Evo
can revert EMT, which is consistent with the results of other
studies [22, 25], although its effect on ZEB1 was not obvious
at 320 nMol compared with the CCD-18Co CM group.

Fig. 4 Analysis of HCoEpiC
motility by the wound-healing
assay. a Cultured HCoEpiC were
analysed by phase contrast
microscopy (10 × 10). b Analysis
of the wound area by Image J,
with the area of the wound
presented as pixels per inch (PPI).
a: Blank control, b: CCD-18Co
CM, c: CCD-18Co CM+
LY364947, d: CCD-18Co CM+
16 nMol Evo, e: CCD-18Co
CM+ 160 nMol Evo, f: CCD-
18Co CM+ 320 nMol Evo

Invest New Drugs (2019) 37:865–875 871



Additionally, LY364947 reduced the expression levels of
TβRII, Smad2 and Smad3, but these expression levels were
not influenced by Evo (Fig. 6). By contrast, Evo increased the
levels of pSmad2 and pSmad3 expression (P < 0.05, Fig. 6), a
finding that is consistent with the effect of LY364947. We
observed that the effect of Evo may be related to the increased
ratio between phosphorylated Smad2/3 (pSmad2/3) and
unphosphorylated Smad2/3 (Smad2/3). As shown in Fig. 6c,
Evo significantly up-regulated the ratios of p-Smad2/Smad
and p-Smad3/Smad3.

As a TGF-β signal mediator, Smad4 is required for EMT,
and its frequent inactivation or decreased expression is often
observed in gastrointestinal cancers [26]. EMT induced by
TGF-β is generally considered to be a pro-tumourigenic event
[26], suggesting the tumour-promoting behaviour of Smad4.
CCD-18Co dramatically promoted the expression of Smad4
in HCoEpiC, consistent with the pro-EMT ability of Smad4.
Hence, inhibition of Smad4 becomes a good strategy. In this
study, we found that 16 nMol of and 160 nMol of Evo down-

regulated the level of Smad4, but 320 nMol of Evo significant-
ly promoted its expression (P < 0.05, Fig. 6), suggesting that
the expression of Smad4 may be drug concentration relevant.

Together, these observations demonstrated that evodiamine
reverses the EMTof colon epithelial cells induced by TAFs in
relation to the mediation of pSmad2/3 expression in the
TGF-β pathway.

Discussion

Stromal cells are the primary components in the tumour micro-
environment (TME). These cells contribute to carcinogenic ini-
tiation and development [27]. The pro-tumoural fibroblasts (also
named as myofibroblasts) possess abundant and heterogeneous
origination [28]. Resident fibroblasts from colon tissues are the
most possible cellular source of TAFs in colorectal cancer [6].
These myofibroblasts synthesize various types of collagens and
extracellular matrix (ECM) proteins to provide a scaffold for

Fig. 5 Immunofluorescence to detect EMTmarkers using a fluorescence
microscope (Olympus) equipped with a 960S-Fluor oil immersion lens
(10 × 100) and detection by WB. (a and c) Fluorescence of target
proteins. (b and d) Detection of fluorescence intensity. (e and f)
Detection of Western blotting of EMT markers. Green fluorescence of
E-cadherin was detected by AF488 (Alexa Flour488) staining, while
green fluorescence of vimentin and α-SMAwas detected by fluorescein

isothiocyanate (FITC) staining. Cell nucleus counterstaining was
performed using DAPI. a: Control, b: CCD-18Co CM, c: CCD-18Co
CM+LY364947, d: CCD-18Co CM+DMSO, e: CCD-18Co CM+ 16
nMol Evo, f: CCD-18Co CM+ 160 nMol Evo, g: CCD-18Co CM+ 320
nMol Evo. The error bar represents the SD (n = 3). *P < 0.05 and
**P < 0.01 versus the CCD-18Co CM group. Bar = 50 μm

872 Invest New Drugs (2019) 37:865–875



tumour growth and development [29]. Additionally, they secrete
numerous growth factors and cytokines enriched in the TME to

reinforce the communication between cancer cells and stromal
cells or between stromal cells [30].

Similar to TAFs, human colon CCD-18Co myofibroblasts
can remodel the ECM [17, 31]. Therefore, we used CCD-
18Co as our TAF model to explore the interaction between
TAFs and epithelial cells. Our results have shown that condi-
tioned medium (CM) or the co-culture of CCD-18Co induced
in vitro epithelial-mesenchymal transition (EMT)-like chang-
es in 2D- or 3D-cultured colon epithelial HCoEpiC. These
EMT-like HCoEpiC present the reduction of E-cadherin and
enhancement of vimentin and α-SMA, with high expression
of Snail and ZEB1. Interestingly, these phenomena can be
abolished by the TGF-β receptor kinase I inhibitor
LY364947, indicating that CCD-18Co cells produce a certain
amount of TGF-β. The CCD-18Co-derived TGF-β enhances
the communication between CCD-18Co and epithelial cells
through the induction of EMT. Novel studies have revealed
that much of the TGF-β produced by TAFs can strengthen the
stromal reaction and induce the transdifferentiation of epithe-
lial cells, and the TGF-β signalling pathway is the primary
inducer of EMT in various tumour types [15, 32].

In this context, the CCD-18Co-derived TGF-β signal func-
tions through type I and II TGF-β receptors (TβRI and
TβRII). TβRII binding to TGF-β ligand recruits and phos-
phorylates TβRI. This heterodimer complex activates and
phosphorylates downstream mediators Smad2 and Smad3 to
induce the combination with Smad4 and its entrance into the
nucleus. Existing substantial evidence has demonstrated that
the classical TGF-β/Smad signalling pathway is closely asso-
ciated with cell proliferation, differentiation and migration
[33]. However, in our study, we determined whether the
TGF-β signalling is activated in the pro-EMT process.
Subsequent results have revealed that CCD-18Co CM in-
creases the expression levels of TβRII, Smad2, Smad3 and
Smad4, suggesting that TGF-β/Smad signalling is activated in
EMT. Recent studies have reported that the over-activation of
TGF-β-Smad2 signalling promotes the establishment of EMT
bymaintaining the epigenetic silencing of key epithelial mark-
er genes, such as E-cadherin [34]. Although the functions of
Smad4 in colorectal cancer are not entirely clear, the positive
correlation of Smad4 with EMT transcription factors Snail-1,
Slug and Twist-1 expression was found in colon tumour spec-
imens [35]. Because Smad4 is an essential protein of the
TGF-β pathway, we consider that up-regulated Smad3 and
Smad4 contributes to the EMT process induced by CCD-
18Co.

In addition to the changes of Smad2/3/4, after treatment
with CCD-18Co-derived CM, the expression levels of
pSmad2 and pSmad3 and the ratios of pSmad2/Smad2 and
pSmad3/Smad3 were reduced. These results suggest that the
reduction of pSmad2/3 may be the dominant factor resulting
in EMT. In a study by Dong [36], TGF-β1 induced the up-
regulation of pSmad3 during EMT. However, staining for

Fig. 6 Detection of the expression of EMT transcription factors, TGF-β
receptors, and Smads by western blotting. a Protein bands of western blot
analysis in the cells treated with different conditions. b Analysis of the
expression of the protein bands. c Ratio between phosphorylated Smad2/
3 and unphosphorylated Smad2/3. a: Control, b: CCD-18Co CM, c:
CCD-18Co CM + LY364947, d: CCD-18Co CM +DMSO, e: CCD-
18Co CM + 16 nMol Evo, f: CCD-18Co CM + 160 nMol Evo, g:
CCD-18Co CM+ 320 nMol Evo. The error bar represents the SD (n =
3). *P < 0.05 and **P < 0.01 versus the CCD-18Co CM group
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pSmad2/3 was dramatically reduced in the epithelial cells of
colorectal cancer, in contrast to adjacent stromal cells or the
epithelial compartment of pre-malignant tissue [15]. These
data suggest the mysterious roles of pSmad2 or pSmad3 dur-
ing the process of EMT and tumourigenesis, and further ex-
ploration will be needed to confirm this impression.

Evodiamine (Evo) has potent anti-cancer effects, including
the arrest of cell growth and induction of apoptosis [8, 9, 24,
37]. Some studies have found that Evo represses TGF-β1-
induced EMT in rat renal proximal tubular epithelial cells
[22]. However, the effect of Evo on EMT induced by TAFs
and the underlying mechanisms remain vague. In the present
study, we have found that Evo exerts potential anti-EMT and
anti-migration activities, which are consistent with the previ-
ous results. The results indicated that Evo promotes the differ-
entiation of mesenchymal cells, which has been confirmed by
another study in which Evo promotes the differentiation in
C2C12 muscle cells [38].

TGF-β signalling is a master mediator of EMT, and
Smads are crucial components in this pathway.
Orchestrating the TGF-β/Smad signalling pathway is a
promising strategy. Our results have demonstrated that
CCD-18Co-stimulated HCoEpiC EMT and migration
were significantly suppressed by 160 nMol and 320
nMol of Evo (P < 0.05). Further detection found that
Evo (160 nMol and 320 nMol) significantly down-
regulated the levels of Snail and ZEB1, suggesting that
Evo plays an anti-EMT role in relation to the regulation
of ZEB1 and Snail. After intervention with a TGF-β
inhibitor LY364947, TβRII, Smad2, Smad3 and Smad4
expressions were down-regulated, accompanied with the
up-regulation of pSmad2 and pSmad3 (Fig. 6).
However, after treatment with Evo, the expression levels
of TβRII, Smad2 and Smad3 presented an increasing
trend. Additionally, although 320 nMol of Evo increased
the expression levels of Smad4, 16 nMol and 160 nMol
of Evo reduced its expression, suggesting that the effect
of Evo on Smad4 is likely associated with the drug
concentration.

Evo dramatically increased the expression of pSmad2/
3 and Smad2/3. Therefore, we deemed that the anti-EMT
function of Evo is mainly related to the up-regulation of
pSmad2/3 or Smad2/3 expression. However, LY364947
and Evo obviously increased the ratios of pSmad2/
Smad2 and p-Smad3/Smad3, indicating that Evo func-
tions through regulating the ratios of p-Smad2/Smad2
and p-Smad3/Smad3.

In summary, TGF-β may be an effector for CCD-18Co
cells in communication with colon epithelial HCoEpiC, and
Evo reverts the EMT-like changes of HCoEpiC induced by
CCD-18Co and represses migration through mediating the
expression levels of pSmad2 and pSmad3 or the ratios of
pSmad2/Smad2 and p-Smad3/Smad3.
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